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Abstract

The transcription factor SOX9 is essential for multiple steps during skeletal development, including
mesenchymal cell chondrogenesis and endochondral bone formation. We recently reported that the
human SOX9 proximal promoter region is regulated by the CCAAT-binding factor through two
CCAAT boxes located within 100 bp of the transcriptional start site. Here we report that the human
SOX9 proximal promoter is also regulated by the cyclic-AMP response element binding protein
(CREB) and Sp1. We show by DNasel protection and EMSA analysis that CREB and Sp1 interact
with specific sites within the SOX9 proximal promoter region. By transient transfection analysis we
also demonstrate that mutations of the CREB and Sp1 binding sites result in a profound reduction
of SOX9 promoter activity. Chromatin immunoprecipitation (ChIP) assay demonstrated that both
Spland CREB interact with the SOX9 promoter in vivo. Finally, we demonstrate that IL-1f treatment
of chondrocytes isolated from human normal and osteoarthritic (OA) cartilage down-regulates
SOX9 promoter activity, an effect accompanied by a reduction of Sp1 binding to the SOX9 proximal
promoter.
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INTRODUCTION

The transcription factor SOX9 is expressed during skeletal development in mesenchymal cells,
pre-chondrocytes, and differentiated chondrocytes but not in hypertrophic chondrocytes [1-
4]. SOX9 is a potent transcriptional activator of the COL2A1 gene and also controls the
expression of other genes encoding chondrocyte-specific extracellular matrix proteins such as
aggrecan core protein, COL11A2 and COL9AL [5-7]. Studies in mice have shown that SOX9
is required for multiple steps along the chondrocyte differentiation pathway. Sox9~~ cells are
not able to participate in mesenchymal condensation and hence chondrogenesis, and do not
express ECM genes known to be activated by SOX9 in chondrocytes [8]. SOX9 was found to
be required for mesenchymal cells to undergo condensation and for chondrogenesis to proceed
following condensation [9]. SOX9 was also implicated in regulating the conversion of
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prehypertrophic into hypertrophic chondrocytes during endochondral bone formation in the
growth plate [9]. Based on the considerable evidence linking SOX9 to chondrocyte function
and differentiation, SOX9 is considered to be a master regulator of chondrocyte-specific gene
expression and chondrogenesis [3,5-11].

Although there is substantial information about the tissue, and temporal-specific expression
profiles of SOX9 and its target genes, information on the transcription factors that regulate the
level of SOX9 gene transcription is scarce and only a few studies have performed a functional
analysis of the human SOX9 promoter. In one study, the sequences of the mouse Sox9 and
human SOX9 proximal promoter regions were compared and some functional analyses of the
mouse Sox9 promoter were performed [12]. The sequence analysis revealed conserved
transcription factor binding sites for GATA, CREB and two sites for CBF/NF-Y, along with
apossible SOX/Sry binding site. A DNasel hypersensitive site within the mouse Sox9 proximal
promoter region (approximately between —200 to —70 bp) was observed in gonadal somatic
cells, undifferentiated C3H10T1/2 cells and L-3T3 cells, but not in liver cells. The mouse
Sox9 proximal promoter activity was also assessed in C3H10T1/2 and L-3T3 cells, and in
primary testes, ovary and liver cells. The mouse Sox9 promoter was active in C3H10T1/2 and
L-3T3 cells until a deletion past -193 bp relative to the transcriptional start site was made.
These findings are similar to our recent results with the human SOX9 promoter in which activity
decreased markedly when a deletion was made past position -172 bp [13]. More recently,
Morishita, et al., [14] reported on the activity of the human SOX9 promoter region in several
different cell types. Their work showed that promoter activity decreased as much as 6 fold
when deletions were made past —1453 in rat articular chondrocytes (RACs) and approximately
3-5 fold in rat chondrosarcoma cells (RCS), ATDCS cells and MC3T3-E1 cells. The highest
activity was observed with a promoter fragment starting at position —734 bp relative to the
transcriptional start site. Interestingly, in this work an enhancer element within the first intron
was reported to function mainly in undifferentiated ATDCS5 cells, in which it resulted in
approximately an 8-fold increase in promoter activity. The enhancer element was less active
in RACs and RCS cells, in which it resulted only in a 2-fold increase.

Other potential Sox9 gene regulatory pathways include the fibroblast growth factors, the
cytokines IL-1p and TNF-a and certain members of the hedgehog family of proteins. Fibroblast
growth factors have been shown to up-regulate Sox9 mRNA expression in mouse primary
chondrocytes and in the mesenchymal C3H10T1/2 cell line through a MAP kinase mediated
pathway [15]. In contrast, IL-1p and TNF-a cause a marked suppression of gene expression in
primary mouse chondrocytes and MC615 cells (immortalized mouse chondrocytes) [16]. The
suppression of Sox9 gene transcription appears to be mediated through the direct/indirect action
of NF-kB [16]. In certain instances BMP-2 and -4 have been shown to up-regulate SOX9
expression while retinoic acid yielded mixed results [6,15,17-20]. Recent findings have shown
that hedgehog protein family members can cause an up-regulation of Sox9 gene expression
through the promoter region [21].

Despite the extensive studies reviewed above, transcription factors that interact with the
SOX9 proximal promoter region and/or the upstream elements have yet to be identified and
functionally characterized. Here, we describe our studies on the identification and functional
analysis of transcription factors that interact with the SOX9 proximal promoter and on the
modulation of its activity by the cytokine IL-1p. We demonstrate that two Sp1-binding sites
within the human SOX9 proximal promoter region can specifically bind Sp1 and that mutation
or deletion of these sites diminishes SOX9 promoter activity. We also show that CREB can
interact with a CREB response element (CRE) ¥2-site located in the SOX9 promoter and that
mutation of this site also results in down-regulation of SOX9 promoter activity. Chromatin
immunoprecipitation (ChlP) assays demonstrated the in vivo occupancy of the SOX9 promoter
by CREB and Sp1. Finally, we showed that IL-1p has a potent inhibitory effect on SOX9
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promoter activity which is mediated, at least in part, by a reduction in Sp1 binding to the
promoter.

Materials and methods

Cell Culture

Pluripotent mesenchymal C3H10T1/2 cells and human chondrosarcoma HTB cells were
obtained from ATCC. Rat chondrosarcoma cells (RCS, early differentiated chondrocyte
phenotype) were a kind gift from Dr. Benoit de Crombrugghe [22]. Prechondrogenic
mesenchymal ATDCS cells were obtained from the RIKEN BioResource Center Cell Bank
(Ibaraki, Japan). C3H10T1/2, HTB and RCS cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% heat inactivated fetal bovine serum (FBS),
supplemented with L-glutamine (2 mM), penicillin (100 units/ml) and streptomycin (100 pg/
ml). For experiments involving treatment of C3H10T1/2 cells with interleukin-beta (IL-1p),
the indicated concentration (0, 5 or 10 ng/ml) of recombinant human IL-1p (PeproTech, Inc.,
Rocky Hill, NJ) was added to the cells in complete media for 0-24 hrs. ATDC5 cells were
propagated in DMEM/Ham’s F-12 (1:1) containing 5% FBS, 10 pg/ml human transferrin,
3x1078M sodium selenite and supplements as above. Bovine fetal epiphyseal cartilage from
the knee was obtained from Animal Technologies, Inc. (Tyler, TX). Normal human articular
chondrocytes (HAC) were obtained from the knee joints of organ donors through the
Cooperative Human Tissue Network. Osteoarthritic chondrocytes (OAC) were obtained with
IRB approval from patients undergoing knee-joint replacement at Thomas Jefferson University
Hospital. Chondrocytes were isolated as previously described [23]. Isolated chondrocytes were
frozen in 90% FBS/10% DMSO until used. Upon thawing, chondrocytes were maintained in
DMEM containing 10% FBS, supplemented with L-glutamine (2 mM), penicillin (100 units/
ml), streptomycin (100 ug/ml), fungizone (2.5 pg/ml) and 50 pg/ml ascorbic acid (complete
media). Adult human and fetal bovine chondrocytes (FBCs) were cultured in complete media
at a density of 5 x 106 cells/well in 60 mm plastic petri dishes that had been previously coated
with 0.9 ml of a 10% solution of poly-(2-hydroxyethyl) methacrylate (polyHEMA, Poly
Sciences Inc., Malvern, PA) to prevent attachment as described previously [24]. Human
chondrocytes were treated with 10 ng/ml of human recombinant IL-1p in complete media for
24 hrs.

Nuclear extracts

Nuclear extracts were prepared from sub-confluent cells according to the method of Dignam
et al., [25] using the CellLytic NUCLEAR extraction kit (Sigma-Aldrich, St. Louis, MO).
Briefly, cells were placed in hypotonic buffer (10 mM HEPES [pH 7.9], 1.5 mM MgCl,, 10
mM KCI, and 0.5 mM DTT) and incubated on ice for 15 min. Igeapal CA-630 detergent was
added to a final concentration of 0.6% and the mixture was vortexed vigorously for 10 sec.
Nuclei were recovered by centrifugation at 3,300xg for 30 sec at 4°C and extracted in buffer
containing 20 mM HEPES pH 7.9, 0.42 M NaCl, 25% glycerol, 1.5 mM MgC1,, 0.2 mM
EDTA, and 0.5 mM DTT for 30 min at 4°C by gentle shaking. The extract was then centrifuged
for 15 min at 25,000xg, and the supernatant was snap frozen at —70°C. All buffers contained
a protease inhibitor cocktail (2 mM 4-(2-aminoethyl)benzenesulfonylfluoride, 1.4 pM trans-
epoxysuccinyl-L-leucylamido [4-guanidinobutane], 130 pM bestatin, 1 uM leupeptin, and 0.3
pM aprotinin; Sigma-Aldrich).

DNasel footprinting

DNasel footprinting was carried out according the method of LeBlanc and Moss [26]. The
following primers were used to amplify the region between position —41 and —315 (275 bp)
of the SOX9 promoter: forward; AAGATTCGCGCGGAGAAGGCA, reverse;
ACCTTAGAGCCACCCGCCAA. Before the PCR reaction, the reverse primer was 5-end
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labeled with 32P in order to generate an individual strand labeled probe. For DNA-protein
binding reactions, purified-radiolabeled probe (50,000 cpm) was incubated with 30 ug of
nuclear protein for 20 min on ice in a 50 pl volume containing 10 mM Hepes (pH 7.9), 100
mM NaCl, 0.1 mm EDTA, 0.5mM DTT, 1 pg of poly dA-dT or dI-dC and 10% glycerol.
Following the binding reaction, 50 pl of 10 mM MgCl,/5 mM CaCl, was added (final
concentration of 5 and 2.5mM, respectively). Reactions were shifted to room temperature and
then 0.001-0.005 units of DNasel were added. The DNasel reactions were incubated at room
temperature for 2 min followed by the addition of 100 pl of stop solution (1% SDS, 200 mM
NaCl 20 mM EDTA, pH 8.0, 40 pg/ml tRNA). The reactions were then phenol/chloroform
extracted and ethanol precipitated. After washing twice in 70% ice-cold ethanol, the DNA was
resuspended in 3.5 ul of formamide loading dye. The samples were then denatured at 90°C for
7 min and loaded onto 6.5% polyacrylamide-urea sequencing gels. Gels were pre-run at 2200v
for 30 min and run for 1.5 hrs at 2200v. Gels were dried and exposed to x-ray film at —80°C.

Electromobility shift assays

EMSASs were carried out as previously described with minor modifications [7,27,28]. Briefly,
binding reactions consisted of 12.5 mM Hepes, pH 7.9, 50-100 mM NaCl, 5 % glycerol, 2 mg/
ml BSA, 1-2 ug poly-dIidC, 0.1 mM EDTA, 0.1 mM DTT, 0.5-1 ng of 32P-end labeled double
stranded oligonucleotide probes and 10-15 ug of nuclear protein. Binding reactions were
incubated for 30 min at room temperature and then loaded onto either 5% acrylamide-0.5X
tris-borate-EDTA gels or 50mM Tris/0.38M glycine-2 mM EDTA gels and electrophoresed
at 130V for 2-3 hrs. For competition analyses, 100-fold excess of unlabeled-competitor probe
was included in the binding reaction. For the supershift experiments, 1-2 pl of anti-Sp1
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or anti-CREB antibody (Chemicon
International, Temecula, CA) was added to the binding reaction for 25 min at room temperature
prior to the addition of labeled DNA probe. After addition of labeled DNA-probe, the binding
reaction was incubated for additional 20 min at room temperature.

SOX9-luciferase constructs

The human SOX9 proximal promoter region from —1034 bp to +67 bp relative to the
transcriptional start site was obtained by PCR using human genomic DNA as a template and
the following primers: forward; 5’-GTGGAGCGTTTTGTCTGC-3’, reverse; 5°-
TGAAACTGGCGAGTCTCC-3’. The PCR product was cloned into the pCR-Blunt vector
(Invitrogen, Carlsbad, CA) and then transferred as a Kpnl-EcoRV fragment into the pGL3-
Basic vector (Promega, Madison, WI) that had been digested with Kpnl-Smal. Site directed
mutagenesis of the SOX9-promoter construct was performed by a two-step PCR-based protocol
[29]. Deletions were introduced into the SOX9-promoter construct using the Quick change
mutagenesis kit (Stratagene, La Jolla, CA).

Transient transfection and luciferase assays

All cell types were transfected employing the FUGENE 6 transfection reagent (Roche,
Indianapolis, IN). C3H10T1/2 cells were plated at 50,000 cells/well and ATDCS5 cells at
100,000 cells/well in 6-well plates 24 hrs before transfection. Cell lines were transfected with
2 ug DNA/well (1.5 pg construct and 0.5 ug pPCMV, a constitutive beta-galactosidase
mammalian expression plasmid as a control for transfection efficiency, Clontech, Palo Alto,
CA). FBCs were transfected utilizing the procedure of Madry and Trippel et al., [30] with
modifications. FBCs were maintained in polyHEMA coated dishes in suspension culture in
order to preserve the differentiated phenotype [24,31]. FBCs in suspension culture were
digested overnight with 0.5 mg/ml collagenase in DMEM containing 10% FBS and
supplements. After digestion the cells were plated into 24-well plates at 75,000/well and grown
to ~70% confluence. The FBCs were then treated with 10 U/ml hyaluronidase for 4 hrs before

Exp Cell Res. Author manuscript; available in PMC 2008 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Piera-Velazquez et al.

Page 5

and during transfection. FBCs were transfected with 1 png DNA/well (0.5 pg construct and 0.5
ug pCMVB). Cells were harvested 36—42 hrs after transfection and luciferase assays were
performed with a luciferase assay kit (Promega) and a Turner Designs TD 20/20 luminometer
(Turner Designs, Sunnyvale CA). B-galactosidase assays were performed
spectrophotometrically with a B-galactosidase enzyme assay system (Promega). Luciferase
activity was normalized to B-galactosidase activity to correct for transfection efficiency.
Transfection data represent at least three independent experiments each performed in triplicate.

Overexpression of CREB and Sp1l

DNA affinity

C3H10T1/2 cells were plated in monolayer cultures and transfected following the same
protocol described above. Co-transfections of the SOX9-promoter construct along with
constructs expressing either CREB (pCMV50ACRERB, gift from Dr. Vinson) or Sp1 (pEGFP-
C1-NLS-Sp1, gift from Dr. Folz) were performed. As a control the cells were co-transfected
with the SOX9-promoter construct along with the empty pCMV} vector.

precipitation assay

DNA affinity precipitation assay (DAPA) was performed according to the method described
by Zhu et al. [32]with some modifications. The binding assay was performed by mixing 50
ug of nuclear extract proteins from ATDCS cells cultured in chondrogenic differentiation
media (DMEM/Ham’s F-12 1:1 containing 10% FBS supplemented with L-glutamine (2 mM),
penicillin (100 units/ml) and streptomycin (100 pug/ml)) for 0, 3, 5, 7 and 13 days with
Dynabeads M-208 Streptavidin (Invitrogen) which had been previously bound to 10 pmol of
either biotinylated SOX9 promoter specific CRE sequence probe or the same probe with a
mutated CREB site in the SOX9 promoter. The mixture was incubated at room temperature for
30 min with shaking and then the beads were separated and washed following the
manufacturer’s standard protocol. Non- specifically bound proteins were removed by two
washes in a 10 mM Tris buffer containing 50 mM KCI, 1 mM MgCl,, 1 mM EDTA, 5.5 mM
DTT, 5% Glycerol and 0.03% Nondiet P-40. Finally the bound proteins were eluted by
resuspending the beads in sample buffer and boiling them for 5 min and then separated by
SDS-PAGE in 4-10% polyacrylamide gradient gels. Western Blot analysis was performed
with a specific anti-CREB antibody (Chemicon). Appropriate secondary antibodies coupled
to peroxidase and the SuperSignal detection system (Pierce) were employed for detection.

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation assay was performed using the Chip-1T kit (Active Motif,
Carlshad, CA) following the manufacturer’s instructions. Briefly, three 100 cm? plates of 70—
80%-confluent HTB cells were treated with 1% formaldehyde in PBS for 10 min at room
temperature. The formaldehyde was inactivated by the addition of 0.125 M glycine in PBS to
the cells for 5 min at room temperature. The cells were then washed in ice-cold PBS and
harvested by scraping. The cells were then resuspended in lysis buffer and the nuclei released
by Dounce homogenization. The nuclei were pelleted by centrifugation at 2400xg for 10 min
at 4°C. To shear genomic DNA, the nuclei were subjected to an enzymatic digestion with 5U
of Enzymatic Shearing Cocktail solution (Active Motif) for 5 min at 37 °C. The sheared DNA
was then centrifuged at 12000xg for 10 min at 4°C and the supernatant collected. For each
immunoprecipitation, 50 ul of chromatin was pre-cleared with Protein G agarose beads for 1—
2 hrs at 4°C. Six pg of the appropriate antibody was incubated with a pre-cleared chromatin
aliquot overnight at 4°C with gentle rotation. Anti-Sp1 antibodies were obtained from Santa
Cruz Biotechnology and anti-CREB antibody from Chemicon. The antibody-chromatin
mixtures were incubated with Protein G beads for 1.5 hrs at 4°C. The antibody/chromatin/
Protein G bead mixtures were then washed extensively and the DNA eluted. Crosslinks were
reversed and the DNA was purified for semiquantitative PCR analysis. The sequences of the
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primers utilized to amplify a 150 bp segment approximately 3 kb upstream of the SOX9
transcriptional start site were: forward; 5-ACACACTTGGAAGTCCCGGG-3' and reverse;
5-TTGGGAGGGAGGAGGATTG-3". The initial denaturation was performed at 94 °C for 20
s and the annelation at 59 °C for 30 s with 36 cycles of amplification. The sequences of the
PCR products were confirmed by sequencing.

DNasel protection analysis of the human SOX9 proximal promoter region

Figure 1 shows the sequence of the human SOX9 proximal promoter region from —315 to +5
bp relative to the start site of transcription as mapped by Wagner et al. [33]. Within this region
there are predicted to be several transcription factor-binding sites including two Sp1-like sites,
a CRE Y-site and two CCAAT hoxes [12]. We have recently shown that the two CCAAT
boxes can interact with the CCAAT-binding factor and are important for SOX9 promoter
activity [13]. In order to determine whether the Sp1 sites and the CRE Y-site are also
functionally important for the activity of the SOX9 promoter, we undertook a DNasel
footprinting analysis of the region from —315 to —41 bp of the SOX9 proximal promoter
(bracketed region, Fig. 1). Figure 2A shows the results of a DNasel footprint analysis of the
region from —166 to —112 bp that contains the CRE %-site. The CRE was protected when
incubated with nuclear extracts from prechondrogenic mesenchymal ATDCS cells. Figure 2B
shows protection of the Sp1-1 and Sp1-2 sites with nuclear extracts from ATDCS5 cells. We
conclude from these experiments that ATDC5 nuclear extracts contain specific factors that
bind to the predicted CRE and Sp1 sites within the human SOX9 promoter.

EMSA analysis of the CRE Y2-site within the human SOX9 proximal promoter

Sequence analysis of the CRE protected site in the human SOX9 promoter revealed that it was
a CRE ¥2-site (consensus CGTCA) [34]. CREB has been shown to bind to and transactivate
from both low affinity %2-sites and the higher affinity full palindromic sites (TGACGTCA)
[34,35]. In order to further define the specificity of the CRE Y2-site within the SOX9 promoter,
we performed EMSA competition and supershift analyses. Figure 3A shows strong binding
activity to the wild-type (WT) SOX9 CREB site in nuclear extracts from several different cell
lines. Figure 3B shows that the binding is specific for the CRE 2-site. Binding to the CRE Y-
site was observed in nuclear extracts from ATDCS5 cells, RCS cells, FBCs and C3H10T1/2
cells with a WT SOX9 CRE “-site probe, but not a mutated version (Fig 3B). Figure 4 shows
that either an unlabeled WT SOX9 CREB-¥: site probe or an unlabeled CRE-consensus site
probe could compete for binding with a labeled WT SOX9 CRE “-site probe in nuclear extracts
from ATDCS cells, whereas an unlabeled mutant CRE-consensus probe was unable to
efficiently compete. In Figure 5, we show that antibodies to CREB can specifically supershift
the CREB-SOX9 probe complexes, as well as CREB-consensus probe complexes, in nuclear
extracts from ATDCS cells, RCS cells, FBCs and C3H10T1/2 cells. From these experiments
we conclude that CREB can specifically interact with the WT SOX9 CRE ¥%2-site probe.

EMSA analysis of the Sp1 sites within the SOX9 proximal promoter

In the DNasel protection experiments described above (see Fig. 1), we demonstrated that the
Spl-1 and Sp1-2 sites were protected by nuclear extracts from several different cell lines. To
investigate the specificity of binding of Sp1 to the SOX9 Sp1-1 and Sp1-2 sites within the

proximal-promoter region we performed EMSA competition and supershift analyses. In Figure
6A it can be seen that the binding activity to the WT SOX9 Sp1-1 and Sp1-2 sites in nuclear
extracts from ATDCS cells can be efficiently competed away with either unlabeled WT SOX9
Sp1-1or Spl-2 probesor with an unlabeled Sp1 consensus probe. In Figure 6B we demonstrate
that Sp1 binding to the WT Sp1-1 or Sp1-2 sites within the SOX9 proximal promoter can be
inhibited by inclusion of an anti-Sp1 antibody. In the supershift experiment (Fig. 6B) we noted
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that not all of the Sp1 binding activity to the SOX9 Sp1 sites was inhibited by the Sp1 antibody,
as was the case for the Sp1 consensus probe, an observation which suggests that other Sp-like
proteins can also interact with these sites.

Functional analysis of the CRE-1/2 and Sp1-1 sites within the human SOX9 promoter

The roles of the CRE % site and the Sp1-1 site in transcriptional control of the human SOX9
proximal promoter were investigated next. SOX9 promoter-reporter constructs containing the
WT, mutated CRE-%2 or deleted Sp1-1 sites (Figure 7A) were transfected into C3H10T1/2 cells,
ATDCS cells or FBCs. In all three-cell types, SOX9 proximal-promoter activity was reduced
by 40-60% when either the CRE Y%2-site was mutated or the Sp1-1 site was deleted (Figs. 7B,
C and D). We conclude from these experiments that human SOX9 proximal-promoter
transcriptional activity is regulated by CREB and Sp1.

To confirm these observations we over-expressed CREB and Spl in C3H10T1/2 cells by co-
transfection of CREB or Sp1 expression constructs. The results (Figure 7E) show that the
activity of SOX9 promoter is increased 1.6 times when CREB is overexpressed. While Spl
overexpression resulted in an increase in 1.8 times of SOX9 promoter activity.

DNA affinity precipitation analysis of CREB binding to the SOX9 promoter during
chondrogenesis

Toinvestigate the functional significance of CREB binding to the promoter region of the human
SOX9 promoter analysis of CREB binding during the chondrogenesis process was performed
by DAPA. ATDCS5 cells were induced to undergo chondrogenic differentiation by culturing
them in differentiation medium as described in Materials and Methods. After 0, 3, 5, 7 and 13
days cells were harvested and nuclear extracts were prepared. Biotinylated SOX9 promoter
oligonucleotides which contained either the wild-type or a mutated CRE site were incubated
with nuclear extracts obtained from the ATDCS5 cells. Precipitation of the specific complex
performed with streptavidin-agarose beads followed by electrophoresis and Western blot
analysis indicated that chondrogenesis of ATDC5 cells was accompanied by an increase in
CREB binding to the human SOX9 promoter with maximum binding at 7 days of differentiation
(Figure 8).

Association of CREB and Sp1 with the Sox9 promoter in vivo

In order to confirm the observations obtained with EMSA and to demonstrate that Sp1 and
CBF interact with the SOX9 promoter in vivo, a chromatin immunoprecipitation (ChIP) assay
was carried out. For this purpose HTB cells were subjected to cross-linking with formaldehyde,
the cells were lysed and the chromatin was cleaved by nuclease digestion. The chromatin was
then immunoprecipitated with anti-1gG, anti-Sp1 and anti-CREB antibodies and the DNA
precipitated in the complexes was subjected to PCR amplification with primers flanking the
region containing the two Sp1 sites and the CRE site (Fig. 9A). Figure 9B shows that both anti-
CREB and anti-Sp1 antibodies precipitated proteins bound in vivo to the amplified sequence
of the SOX9 proximal promoter whereas non-specific 1gG antibody (control antibody) failed
to precipitate proteins bound in vivo this sequence.

IL-1B treatment reduces SOX9 promoter activity in C3H10T1/2 cells and Sp1l binding activity
in normal and OA human articular chondrocytes

It has been well documented that pro-inflammatory cytokines, such as IL-1p and TNF-a down
regulate the expression of chondrocyte-specific genes including SOX9 and COL2A1. Indeed,
previous work has shown that IL-1p and TNF-a cause a potent suppression of SOX9 gene
expression in primary chondrocytes and MC615 cells (immortalized mouse chondrocytes)
[16]. In order to determine whether this suppression involves regulation of the SOX9 promoter,
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C3H10T1/2 cells were transiently transfected with a human SOX9 promoter (Figure 10A) and
after 24 h were treated with IL-1p. Figure 10B shows that the activity of the SOX9 promoter
is suppressed by approximately 50-60% upon treatment with either 5 or 10 ng/ml of IL-1p for
24 h. Figure 10C shows that the full effect of IL-1p on the SOX9 promoter occurs within 4 h
of treatment. In order to determine whether this suppression involves modulation of Sp1
interaction with the SOX9 promoter we performed an EMSA analysis with nuclear extracts
from human adult normal or OA articular chondrocytes that had been treated with IL-1p. As
can be seen in Figure 9D, treatment of human normal (N) and OA (OA) chondrocytes with 10
ng/ml IL-1p for 24 h resulted in a significant reduction in binding to either the SOX9 Sp1-1
site (SX) or an Sp1 consensus site (CN).

DISCUSSION

In this work, we have documented the specific interaction of CREB with the SOX9 promoter
through a CRE Y2-site located at position —147. We have also demonstrated that mutation of
the CRE %-site reduces SOX9 promoter activity. In response to several signaling cascades,
including cAMP levels, FGFs, IGFs, hypoxia and parathyroid hormone-related peptide
(PTHTrP), the dimeric, basic-leucine zipper transcription factor CREB is phosphorylated at a
specific serine residue leading to the induction of genes containing a cyclic AMP response
element [34]. Signaling through CREB has been shown to be important for cell survival,
proliferation and neural cell function, and CRE-containing target genes are found in many
different functional categories [34]. The CRE consists of the palindromic sequence
TGACGTCA but CREB can also bind to a %2-site, CGTCA, with relatively high affinity (5
nM) [34,36]. CREs are generally found 50-150 bp upstream from the start site of transcription
although one third of CRE sites are located further away than 150 bp [34,37]. Interestingly,
CREB can stimulate both basal transcription and inducible transcription through its bipartite
transcriptional activation domain [34,38,39]. The domain contains a constitutive activation
domain that can interact with components of the general transcriptional machinery and a
kinase-inducible domain that when phosphorylated at a serine residue promotes the recruitment
of transcriptional co-activators such as CREB-binding protein and p300 [38-43]. A recent
study of CREB binding has shown that the protein has the ability to bind its cognate site in
responsive gene promotes either as a monomer or as a homodimer or a heterodimer with other
transcription factors such as NFIL3 [44]. These observations might explain the presence of
multiple shifted bands in our EMSA analyses of CREB binding to the SOX9 promoter. Another
alternative to explain the presence of multiple bands on the EMSA experiments is the
previously demonstrated molecular heterogeneity of CREB with several species of varying
molecular sizes (see Figure 2, frame A, in reference [45]).

CREB has been implicated in the process of chondrocyte differentiation during endochondral
bone formation based on the observations that the expression of a dominant negative form of
CREB (A-CREB) in transgenic mice [46] resulted in a reduction in the proliferative zone of
the growth plate along with a delay in chondrocyte hypertrophy, presumably owing to the loss
of the pool of precursor chondrocytes. Furthermore, a recent study which examined the process
of chondrogenic differentiation induced in human dermal fibroblasts cultured in collagen
sponges containing demineralized bone powder found a remarkable increase in SOX9 gene
expression which was accompanied by a two fold increase in CREB protein, and a three-fold
in CREB phosphorylation [47]

In other studies, CREB has been implicated in PTHrP signaling pathway in chondrocytes
[48]. In these studies it was demonstrated that inhibition of CREB function during PTHrP
signaling led to a decrease in chondrocyte proliferation and an increase in maturation, similar
to that observed in PTHrP-KO mice [49]. More recent results have demonstrated that forced
expression of sonic hedgehog (Shh) in mice can up-regulate the Sox9 gene and Shh over-
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expression in cells can stimulate the Sox9 promoter [21]. Interestingly, PTHrP is known to be
downstream of hedgehog signaling in the regulation of chondrocyte differentiation in the
growth plate [50]. Based on our results, we postulate that CREB influences the basal
transcription of the SOX9 promoter through its constitutive activation domain and that
regulation of the SOX9 gene by agents such as the hedgehog proteins may proceed through
PTHTrP to the SOX9 promoter via the CREB binding site and activation of CREB.

We have also demonstrated in this work that the human SOX9 promoter contains two Sp1-like
sites, designated Sp1-1 and Sp1-2, and that deletion of the Sp1-1 site results in decreased
promoter activity. Interestingly, the Sp1-2 site is located adjacent to the CRE %-site. Splis a
member of a family of transcription factors containing a conserved set of Cys-His zinc-fingers
within their DNA-binding domain that recognize both GC and GT boxes, which are found in
the proximal-promoter regions of many genes [51]. To date, there are at least 8 related Sp-
proteins (Sp1-Sp8) found in humans. Some members, such as Spl and Sp3, are expressed in
most tissues whereas some show a more tissue-restricted pattern of expression (i.e., Sp4 and
Sp7) [51]. Related Sp-transcription factors can act both as activators or repressors. Some
authors have shown that Sox9 gene expression is repressed by IL-1p treatment and we have
shown that SOX9 gene expression is down-regulated during chondrocyte de-differentiation
[16,28]. In this work we confirm that the human SOX9 promoter is down-regulated by IL-13
treatment of transiently transfected C3H10T1/2 cells and that the binding activity of Sp1 to the
SOX9 promoter is decreased in IL-1p treated normal and OA human articular chondrocytes.
Other studies have shown that IL-1p treatment of rabbit articular chondrocytes resulted in
decreased Spl protein expression[14,52] thus, it is likely that IL-1f induced reduction of Spl
is responsible for the reduced DNA binding activity of the SOX9 promoter observed in our
study.

Elucidating the identity and function of transcription factors that regulate the expression of the
SOX9 gene, a master regulator of chondrogenesis, will ultimately provide insight into the
pathways that control mesenchymal cell and chondrocyte differentiation and maturation during
development as well as changes in chondrocyte function occurring in disease states such as
OA. Indeed, evidence suggests that SOX9 is up-regulated in OA articular cartilage, perhaps in
an effort to repair damaged tissue [19]. Unfortunately, the repair process is not efficient and
eventually declines, leading to cartilage degeneration and failure. An in depth understanding
of pathways and factors that govern SOX9 gene expression, a gene that promotes the expression
of many cartilage extracellular matrix protein genes, would provide novel molecular targets
for developing therapeutic agents that could promote the repair of damaged or diseased
cartilage.
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Figure 1. Sequence of the human SOX9 proximal promoter region from —315 to +5 bp

The Sp1-1 and Sp1-2 sites, the CRE Y2-site, the CCAAT boxes, and the TATA box sequences
are in bold and labeled above the corresponding sequence. The sequences of the transcription
factor binding sites are underlined. The transcriptional start site is indicated by the open arrow.
Brackets indicate the region that was analyzed by DNasel protection (see Fig. 2).
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Figure 2. DNasel protection experiment

(A) Lane IT; ATDCS nuclear extract with poly dI-dC as non-specific competitor, lane AT;
ATDCS5 nuclear extract with poly dA-dT as non-specific competitor, lanes N; naked DNA,;
lane L; G+A DNA sequence ladder. The sequence shown is from —166 to —112 bp. (B) DNasel
footprinting of the Sp1 sites within the human SOX9 proximal promoter region with nuclear
extracts from ATDC5 cells. L; G+A DNA sequence ladder, N, naked DNA; A; ATDC5 nuclear
protein.
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Figure 3. EMSA of the CREB binding site in the human SOX9 promoter

(A) Binding activity of the SOX9 promoter CRE ¥%2-site in nuclear extracts from various cell
lines. NP=no protein; (B) Binding of CREB from nuclear extracts from ATDC5, C3H10T1/2,
RCS cells and from primary fetal bovine chondrocytes (FBC) to a WT or mutated (MUT)
SOX9 CREB-¥:site probe. (C) Sequences of the WT and mutated (Mut) EMSA probes. Arrows
indicate putative DNA-CREB complexes.
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Figure 4. EMSA competition analysis of CREB binding to the human SOX9 promoter

Binding of CREB to the SOX9 CRE ¥2-site was competed with either the WT SOX9 CRE %2-
site probe, a CREB-consensus site probe or a mutated CREB-consensus site probe. Sequences
of the EMSA probes can be found in Figure 3C. Arrows indicate putative DNA-CREB
complexes.
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Figure 5. Supershift analysis of CREB binding to the human SOX9 promoter in nuclear extracts
from various cell lines

Supershift analysis of CREB binding to the SOX9 CRE ¥%:-site or a CRE-consensus site probe
with an anti-CREB antibody. A=ATDC5, R=RCS, C=C3H10T1/2 and F= fetal bovine
chondrocyte nuclear extract. Sequences of the EMSA probes can be found in Figure 3C. Thick
arrows indicate putative DNA-CREB complexes. Thin arrows point supershifted complexes.
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Figure 6. Competition and supershift EMSA of the human SOX9-promoter Sp1-1 and Sp1-2 sites
(A) EMSA competition analysis of the human SOX9 promoter Sp1-1 and Sp1-2 sites (see Fig.
1) with ATDCS5 cell nuclear extracts. In each case 100X of either an unlabeled SOX9 WT

Sp1-1or Spl1-2 probe or an unlabeled Sp1-consensus probe was used as a competitor. Sp1Con=
Sp1 consensus probe. Note decreased binding (arrow). (B) EMSA super shift analysis of the
human SOX9 promoter Sp1-1 and Sp1-2 sites with ATDCS5 cell nuclear extracts and an anti-
Sp1 antibody. Inclusion of the Sp1 antibody resulted in partial inhibition of binding to the

SOX9 Sp1-1 site and almost complete inhibition of binding to the SOX9 Sp1-2 site (arrow).

In contrast, the antibody fully inhibited binding to the Sp1 consensus probe (Cons).
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Figure 7. Functional analysis of the CREB and Sp1-1 sites in the human SOX9 proximal promoter
(A) Sequence of the CRE mutation and Sp1-1 deletion introduced into the WT human SOX9
promoter construct. (B-D) Relative promoter activity of the WT SOX9-luciferase promoter-
reporter construct and constructs containing either a mutated CRE site or a deleted Sp1-1 site
in C3H10T1/2 cells, ATDCS5 cells or FBCs, respectively. Data are expressed as percent activity
of the full length —1034/+67 bp SOX9-promoter-luciferase construct. (E) Relative promoter
activity of the WT SOX9-luciferase promoter-reporter construct in C3H10T1/2 cells co-
transfected with CREB and Sp1 expression constructs. Data are from three separate
experiments each performed in triplicate and expressed as percent activity of the full length
—1034/+67 bp SOX9-promoter-luciferase construct when co-transfected with either CREB or
Sp1l expression constructs (+). Transfection efficiency was normalized by including the
pCMVB plasmid and then normalizing luciferase activity to B-galactosidase activity. The bars
show S.D.
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Figure 8. DNA affinity precipitation of nuclear proteins from ATDCS cells induced to undergo
chondrogenic differentiation

Nuclear extracts from ATDCS5 cells during 0, 3, 5, 7 or 13 days of chondrogenic differentiation
were incubated with biotinylated wild type (CREB wt) or mutated CREB site (CREB Mut)
SOX9 promoter sequence oligonucleotides. Nuclear protein/oligonucleotide complexes were
purified by precipitation with streptavidin-agarose beads, separated on SDS/PAGE, and
subjected to a Western blot analysis using a specific anti-CREB antibody.
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Figure 9. Chromatin immunoprecipitation analysis

A chromatin immunoprecipitation (ChIP) analysis was performed to confirm the interaction
of Spl and CREB with the SOX9 promoter in vivo. (A) Sequence of the region of the human
SOX9 promoter and location of primers that was used in the PCR amplification after the ChIP
assay. The Spl and CREB sites are underlined. (B) PCR products from the ChIP assay run on
an agarose gel. Precipitation with an unrelated antibody was used as negative control. The input
DNA represents total and 1/10 of the starting material.
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Figure 10. Suppression of SOX9 promoter activity and Sp1 binding by IL-1f

(A) Schematic depiction of the —1034 bp human SOX9 promoter construct showing relevant
transcription factor binding sites. (B) Dose-response of the full-length human SOX9 promoter
activity to IL-1p treatment in C3H10T1/2 cells. C3H10T1/2 cells transiently transfected with
the —1034 SOX9 promoter construct were treated with either 0, 5 or 10 ng/ml IL-1p for 24 h.
(C) Time-course of IL-1p treatment. C3H10T1/2 cells transiently transfected with the —1034
bp SOX9 promoter construct were treated with 10 ng/ml IL-18 for 0, 1, 2, 4, 6 or 8 h. (D) Effect
of IL-1p treatment on Sp1 binding to the SOX9 promoter. Primary adult human normal and
OA chondrocytes were cultured in suspension and treated with 10 ng/ml IL-1p for 24 h followed
by nuclear extract preparation. The SOX9 Sp1-1 probe or an Spl consensus probe was then
utilized in an EMSA. CN, Sp1 consensus probe; SX, SOX9 Sp1-1 probe; NP, no protein; N,
normal chondrocyte nuclear extract; OA, osteoarthritis chondrocyte nuclear extract.
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