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Transcriptional Suppression of Sox9 Expression in
Chondrocytes by Retinoic Acid
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Abstract SOX9 is a transcription factor that is expressed in chondrocytes and regulates expression of chondrocyte
phenotype related genes. Expression of these genes is known to be suppressed by retinoic acid (RA). We, therefore,
examined whether the Sox9 gene expression is regulated by RA in chondrocytes. RA treatment suppressed Sox9 mRNA
expression in primary chondrocytes prepared from newborn mouse rib cartilage within 12 h and this suppression lasted
at least up to 24 h. The RA suppression of Sox9 mRNA levels was dose-dependent starting at 0.5mM with a maximum at
1mM. Nuclear run-on assays revealed that RA reduced the rate of transcription of Sox9 gene. Finally, Western blot
analysis indicated that RA suppressed SOX9 protein levels in these chondrocytes. Furthermore, overexpression of SOX9
reversed RA suppression of Col2a1 enhancer activity. These observations indicate that RA suppresses Sox9 gene
expression in chondrocytes at least in part through transcriptional events. J. Cell. Biochem. Suppl. 36:71±78, 2001.
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INTRODUCTION

Sox9 is a member of the family of Sox (Sry-
type HMG box) genes [Wright et al., 1993] which
were ®rst identi®ed on the basis of a region with
a high homology to Sry (Sex-determining region

Y) [Gubbay et al., 1990]. This region encodes a
79 amino acid motif known as HMG box, which
is responsible for sequence-speci®c DNA bind-
ing [Giese et al., 1992; Harley et al., 1994].
Several HMG box proteins are known to act as
transcription factors [Jantzen et al., 1990] and
some of the Sox genes have been shown to be
expressed in a tissue speci®c manner during
development [Wegner, 1999]. SOX9 is ex-
pressed predominantly in mesenchymal con-
densations throughout the embryo in the
regions where deposition of cartilage matrix is
taking place, suggesting its role in skeletal
formation [Wright et al., 1995; Ng et al., 1997;
Zhao et al., 1997]. In addition, mutations in
human SOX9 are observed in patients with
campomelic dysplasia, characterized by skele-
tal malformation and XY sex reversal [Foster
et al., 1994; Wagner et al., 1994; Schafer et al.,
1995]. In mouse chimaeras, SOX9-/- cells are
excluded from all the cartilaginous tissues
during embryonic development and are present
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in juxtaposed mesenchyme that does not
express chondrocyte-speci®c markers such as
procollagen type II, IX, XI, and aggrecan [Bi
et al., 1999]. These observations indicate that
SOX9 plays a key role in chondrogenesis and
skeletogenesis.

Differentiation of chondrocytes is regulated
by cytokine, hormone, cell adhesion, and bio-
mechanical forces. Among these, RA has been
reported to suppress expression of genes encod-
ing chondrocyte-phenotype related proteins
such as aggrecan and type II collagen (Col2a1)
[Benya and Padilla, 1986; Horton et al., 1987b].
RA also affects other features of chondrocytes in
culture, including the alteration of cell morphol-
ogy [Brown and Benya, 1988] possibly related to
its induction of the synthesis of a large amount
of ®bronectin [Bernard et al., 1984].

RA is a vitamin A metabolite, which not only
modulates differentiation of chondrocytes but
also regulates skeletal morphogenesis during
embryonic development [Benya and Padilla,
1986; Horton et al., 1987b]. The RA activities
are mediated by RARs and RXRs, which belong
to the nuclear receptor superfamily [Mangels-
dorf et al., 1995]. RARs and RXRs are encoded
by at least three distinct genes, RAR a, -b, -g,
and RXR a, -b, -g respectively [Mangelsdorf
et al., 1992]. Mice lacking RARg alone [Lohnes
et al., 1993] or both RARa and RARg [Lohnes
et al., 1994] exhibit growth retardation, mal-
formation, and homeotic transformations in
their skeletons. Expression of a dominant-
negative RAR in chondrogenic cells using
Col2a1 promoter causes retardation in skeletal
formation and selective anterior transforma-
tion in their cervical vertebrae in mice [Yama-
guchi et al., 1998]. Recently, it was reported that
inactivation of the retinaldehyde dehydrogen-
ase-2 gene (Raldh2), which encodes the earliest
RA synthesis enzyme in the mouse embryos,
results in shortening of the body in anteriopos-
terior axis and loss of limb bud formation
[Niederreither et al., 1999]. These observations
indicate that RA is a potent modulator of
chondrogenesis during skeletal morphogenesis.

SOX9 protein has been reported to bind
speci®cally to the regulatory sequences located
in the ®rst intron of Col2a1 gene to activate its
expression in a cartilage speci®c manner in
vitro [Lefebvre et al., 1997] and in vivo [Bell
et al., 1997]. Based on these observations, we
hypothesized that RA may regulate Sox9 gene
expression. The purpose of this study was to

examine directly whether RA is able to in¯uence
Sox9 gene expression in chondrocytes.

MATERIALS AND METHODS

Cell Culture

Chondrocytes were prepared from rib carti-
lage of 0 to 7 d-old ICR mice [Lefebvre et al.,
1994]. Rib cages were incubated in 3 mg/ml
collagenase (Sigma, St. Louis) in DMEM
(GIBCO BRL, NY) for 30 min at 378C, rinsed
with PBS and then incubated in 3 mg/ml
collagenase in DMEM at 378C in a CO2

incubator for 5 h. Undigested bony parts were
discarded and primary schondrocytes were
plated at 105 cells/cm2 in tissue culture plastic
dishes and were used within several days.
These cells were cultured in DMEM supple-
mented with antibiotics (100 U/ml penicillin G
sodium, 100 mg/ml streptomycin sulfate, and
0.25 mg/ml amphotericin B) and 10 % FBS
(GIBCO BRL, NY). All-trans RA (Sigma, St.
Louis) was dissolved in 95% ethanol. Control
cultures received an equivalent amount of 95%
ethanol.

Northern Analyses

An EcoRI-Bgl II 1.6kb fragment of the mouse
Sox9 cDNA was used as a probe [Wright et al.,
1995]. An EcoRI 1.2 kb fragment of the glycer-
aldehyde-phosphate dehydrogenase (GAPDH)
probe was used as a control. Total RNA was
prepared according to the acid guanidium
thiocyanate-phenol-chloroform method [Chom-
czynski and Sacchi, 1987]. Aliquots of 10mg of
the total RNA per lane were electrophoresed in
1.0 % agarose gels containing 0.66 M formalde-
hyde and transferred to nylon ®lters (Hybond-
N, Amersham Pharmacia Biotech, England) by
electroblotting. Filters were prehybridized for
1 h at 428C. Each cDNA was labeled using
BcaBEST random primer labeling kit (Takara
Shuzo Co., Ltd.,Tokyo) and [a-32P] dCTP (NEN
Life Science Products, Boston, MA). Hybridiza-
tion was performed at 428C for 24 h. Filters were
washed in 2x SSC, 0.5% SDS for 20 min at room
temperature and in 0.2x SSC, 0.5% SDS for
20 min at 658C. Filters were exposed to X-ray
®lm using intensifying screens at ÿ808C. The
bands in the northern blot autoradiographs
were quanti®ed by desitometry and each value
was normalized against that of the GAPDH
band in the corresponding lane. The normalized
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values obtained were used to evaluate the levels
of mRNAs.

Nuclear Run-on Assay

Nuclei were isolated from control and 1mM
RA-treated chondrocytes after 48 h in culture as
previously reported [Horton et al., 1987b] [Der-
man et al., 1981]. The cells were rinsed with
phosphate-buffered saline and harvested in cold
phosphate-buffered saline. The cells were lysed
in 2 ml RSB solution (10 mM KCl, 10 mM Tris-
HCl pH 7.5, 15 mM MgCl2) by 10 strokes in a
Dounce tissue homogenizer. The homogenates
were allowed to swell for 10 min on ice. After
adding 2 ml RSB � 0.6M sucrose, the cells were
further subjected to lysis by 10 strokes in a
homogenizer. The nuclei were spun down by
centrifugation at 1500 rpm for 3 min at 48C and
were washed in 1 ml RSV�0.3M sucrose.
Furthermore, the nuclei were spun down by
centrifugation at 500 rpm for 1 min at 48C and
resuspended in 75ml Mg free RSB solution
(10 mM KCl, 10 mM Tris-HCl PH 7.5).

For transcription, nuclei were incubated for
20 min at 258C in a 100 ml 2x transcription
mixture (100 mM Tris-HCl PH 7.5, 200 mM
(NH4)2SO4, 3.6 mM DTT, 3.6 mM MnCl2), 2ml
of 33mM ATP, CTP, and GTP, 2 ml of 3 mM UTP,
5ml a-[32P]UTP(3000Ci/mmol, Amersham), and
80 units RNase inhibitor (RNasin, PROMEGA,
Madison). The reaction was then treated with
RNAase-free DNAase (Boehringer Mannheim,
Germany) in the presence of 100 mg yeast
transfer RNA (Boehringer Mannheim, Ger-
many) for 15 min at 258C, after which the
sample was deproteinized with 800 mg protei-
nase K (Sigma, St. Louis, MO) in the presence of
1% SDS for 60 min at 48C. Phenol/chloroform
extraction was performed and 0.1 volume of 3M
NaCl was added to the aqueous phase and
precipitated with 2 volumes of ethanol on dry
ice-ethanol bath. After centrifuge at 15,000 rpm
for 5 min, the pellet was washed with 80%
ethanol at ÿ208C and resuspended in 6M
GuHCl and was allowed to hydrate for 15 min.
The sample was mixed with 250 ml ethanol and
was allowed to precipitate at ÿ208C overnight.
After centrifuge, the pellet was rinsed with 80%
ethanol at ÿ208C and resuspended in H2O.

Linearized plasmid DNA (10 mg) was dis-
solved in 170ml Tris-HCl (100 mM, pH 7.4),
30ml 2N NaOH, and 100 ml 20x SSC as pre-
viously reported [Derman et al., 1981; Horton

et al., 1987b]. The DNA was denatured at 808C
for 10 min, then cooled and neutralized with
40 ml of 2M Tris-HCl, pH 7.0. The DNA was
blotted onto nylon ®lter (GeneScreen, NEN Life
Science, Boston, MA) using a ®ltration manifold
apparatus (Schleicher & Schuell). The ®lters
were blotted, dried overnight, and prehybri-
dized in 50% formamide, 5x SSC, 5X Denhaldt's
solution, 10 mM EDTA, 0.1% SDS, 50 mM Tris-
HCl pH 7.5, 20 mg/ml yeast transfer RNA, 10 mg/
ml poly A and 100 mg/ml salmon sperm DNA at
428C overnight. The ®lters were hybridized in a
fresh solution containing the radiolabeled RNA
isolated from control and RA-treated nuclei at
428C for 3 days. Then, the ®lters were washed in
2X SSC and 0.1% SDS for 10 min at room
temperature, followed by wash in 0.2x SSC
and 0.1% SDS for 10 min at 608C. The ®lters
were dried and then exposed to X-ray ®lms.

Western Blotting

Chondrocytes were cultured for 24 h in the
presence or absence of RA and then scraped in a
lysis buffer (150 mM NaCl, 1 mM PMSF, 1%
Triton X100, 1 x protease inhibitor Complete
(Boehringer Mannheim, Germany), 20mM Tris
pH 8.0). The supernatants were used for
Western blotting. Extracts were fractionated
on 10% SDS-polyacrylamide gel and trans-
ferred to Immobilon-P membrane (Millipore,
Molsheim, France). The ®lters were blocked in
5% skim milk in Tris-buffered saline overnight
and incubated with a 1/5000 dilution of anti-
SOX9 antibody and then incubated with a 1/
4000 dilution of horseradish peroxidase-conju-
gated goat anti-rabbit antibody. The SOX9
protein was detected by using ECL kit (Amer-
sham Pharmacia Biotech, England). Anti-SOX9
antibody was produced in a rabbit which was
injected with a chemically synthesized peptide
coupled to KLH (keyhole limpet haemocyanin).
This peptide corresponds to the amino acid
sequence 486 to 509 at the C-terminus of human
SOX9 protein. HA-tagged full length SOX9
protein was used as a positive control and
luciferase protein was used as a negative
control. For the production of full-length human
SOX9, PBS-HA-SOX9 plasmid was constructed
by PCR ampli®cation using SOX9 cDNA as a
template [Mertin et al., 1999]. SOX9 protein
(509 amino acids) was produced using the TNT
T3-coupled rabbit reticulocyte lysate system
(Promega, Madison, WI).
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CAT Assay

Chondrocytes were plated in 6-well cluster
plates (35 mm in diameter) at 60±70% con¯u-
ence. Twelve hours later, the cells were cotrans-
fected with 1mg of pCII4-C reporter plasmid
containing promoter and enhancer regions of
Col2a1 gene [Horton et al., 1987a] and a SOX9
expression vector containing 1.9kb Sox9 cDNA
[Wright et al., 1995] or pSG5 vector plasmid.
The cells were then cultured in the presence or
absence of 1 mM RA and were harvested 48 h
after the initiation of RA treatment. Transfec-
tion was performed using FuGENE6 (Boehrin-
ger Mannheim, Germany). pSV2-CAT plasmid
was used as a positive control. Cell extracts
were then prepared and used for CAT assay.
Protein concentrations in the lysates were
determined by the Coomassie Brilliant Blue G
method. Equivalent amounts of the cellular
proteins were incubated in a reaction buffer
(0.25M Tris-HCl, 40mM acetyl CoA (Sigma),
[14C] chloramphenicol (Amersham Corp.
Tokyo)) for 2 h at 378C. The levels of acetylation
were examined by TLC followed by autoradio-
graphy. Quantitation of the acetylation levels
was performed by using a Bioimaging Analyzer
BAS 2000 system (Fuji Film Inc., Tokyo, Japan).
Transfection ef®ciency was monitored in a part
of experiments by cotransfection with PGL2-
Control LUC (Promega).

RESULTS

RA Suppresses Sox9 mRNA Expression in
Chondrocytes

Sox9 mRNA is expressed at high levels in the
primary cultures of chondrocytes, as previously
reported [Lefebvre et al., 1997]. Sox9 mRNA
was detected as a 4.7 kb band in these cells (Fig.
1). Treatment with RA suppressed Sox9 mRNA
levels in a dose-dependent manner: suppression
of the Sox9 mRNA expression was ®rst observed
at 0.5 mM RA and was maximal at 1mM after
24 h treatment (Fig. 1). RA did not affect
GAPDH mRNA levels, indicating speci®city of
its effect on Sox9 mRNA. The RA effect was
time-dependent with Sox9 mRNA abundance
decreasing by about 80% within 12h remaining
low at least up to 24 h (Fig. 2).

RA suppresses Sox9 expression at the
transcriptional level. Since RA binds to a
nuclear receptor which acts as a transcription
factor, we examined whether RA treatment

affects Sox9 gene transcription. Nuclear run-
on assays were performed using primary chon-
drocytes. The rate of Sox9 gene transcription
was reduced by about 80% in the nuclei isolated
from RA-treated chondrocytes compared to that
in control cell nuclei (Fig. 3). The rate of GAPDH
gene transcription was similar regardless of the
presence or absence of RA (Fig. 3), indicating the
speci®city of RA effects on the rate of Sox9 gene
transcription. No signal was detected in the
pSG5 spots used as negative control. These
results indicate that RA suppresses Sox9 gene
expression at least in part at transcriptional
level.

RA does not affect Sox9 mRNA stabi-
lity. To examine whether RA also affects Sox9
mRNA stability, a transcription inhibitor, acti-
nomycin D was added to culture medium 15 min
before the addition of vehicle or 1 mM RA. The
half life of the Sox9 mRNA in the absence of RA
was about 2.5 h and this was similar in the

Fig. 1. Dose-dependence of the effects of RA on Sox9 mRNA
levels in chondrocytes. Primary cultures of chondrocytes were
treated with the indicated doses of RA for 24 h. Sox9 mRNA
expression was examined by Northern blot analysis as described
in Materials and Methods. The data represent one of three
experiments with similar results.

Fig. 2. Time-course of the effects of RA on Sox9 mRNA levels
in chondrocytes. Primary cultures of chondrocytes were treated
with 1 mM RA for the indicated periods of time. Sox9 mRNA
expression was examined by Northern blot analysis as described
in Materials and Methods. The data represent one of three
experiments with similar results.
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presence of RA (Fig. 4), indicating that RA does
not affect Sox9 mRNA stability.

RA decreases SOX9 protein expres-
sion. We next determined whether the effect
of RA on Sox9 mRNA levels is re¯ected in
protein expression levels, using Western blot
analysis. Treatment with RA decreased the
abundance of SOX9 protein, which migrated

as a 69 kDa band (Fig. 5). These experiments
indicate that RA suppression of Sox9 gene
transcription rate leads not only to the reduc-
tion of its mRNA levels but also to the down-
regulation of the SOX9 protein levels.

SOX9 overexpression blocks RA sup-
pression of Col2a1 enhancer activity. RA
suppresses Col2a1 enhancer activity in chon-
drocytes [Horton et al., 1987a]. We therefore
examined whether SOX9 mediates this sup-
pression using transient transfection assays. As
shown in Figure 6, RA suppressed the activity of
pCII4-C CAT reporter construct, which con-
tains chondrocyte-speci®c Sry-Sox consensus
sequence within the enhancer region of Col2a1
gene as previously reported [Horton et al.,
1987a]. SOX9 overexpression blocked RA sup-
pression of the type II procollagen enhancer
activity (Fig. 6). Neither RA treatment nor
SOX9 overexpression altered pSV2-CAT activ-
ity, indicating the speci®city of the effects of RA
and SOX9 on the Col2a1 enhancer (data not
shown).

DISCUSSION

We show here that expression of SOX9, a
transcription factor essential for chondrocyte-
speci®c phenotype expression, is suppressed by
RA in chondrocytes. We also found that RA
regulates Sox9 gene expression at least in part
via transcriptional events.

SOX9 inhibition requires at least 500 nM
whereas the physiological plasma levels of
retinoic acid are about 3 nM. Thus, it appears
that the observations presented in this paper
may not represent a physiological but rather a
pharmacological effect. Certainly the RA con-
centrations required to modulate Sox9 activity

Fig. 3. Nuclear run-on assay indicates that RA suppresses
transcription of Sox9 Nuclear run-on assays were performed
using control chondrocyte nuclei and nuclei from chondrocytes
treated for 48 h with 1 mM RA as described in Materials and
Methods. RA treatment decreased the levels of Sox9 transcripts.
The level of GAPDH transcript was not affected by RA. As
negative control, pSG5 vector plasmid was used.

Fig. 4. Sox9 mRNA stability in the presence of RA. Primary
cultures of chondrocytes were treated with 0.2 mg/ml actino-
mycin D (AD) 15 min prior to the addition of vehicle (ÿ) or 1 mM
RA (�). Total RNA was extracted at 0, 0.5. 1, 2, and 3 h after the
addition of vehicle or RA and was subjected to Northern blot
analysis as described in Materials and Methods. The ratios of
Sox9/ GAPDH are indicated. The ®gure represents one of two
experiments with similar results.

Fig. 5. Suppression of SOX9 protein levels by RA. Primary
cultures of chondrocytes were treated with 1 mM RA for 24 h.
Cell extract was prepared and was subjected to Western blot
analysis as described in Materials and Methods. HA-tagged full
length SOX9 protein which migrated as a 69 kDa band was
used as a positive control and luciferase protein was used as a
negative control. The data represent one of three experiments
with similar results.
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are comparable with those previously reported
to affect chondrogenesis in vivo and in vitro.

Although RA induces dedifferentiation of
chondrocytes biochemically and morphologi-
cally by downregulating expression of genes
speci®cally expressed in these cells, there have
been only a limited number of reports on the
molecular mechanism(s) of this RA suppres-
sion of chondrocyte dedifferentiation. RA was
reported to suppress the expression of cartilage-
derived RA-sensitive protein (CD-RAP), a mole-
cule expressed exclusively in chondrocytes and
co-downregulated with type II collagen by RA.
This RA suppression of CD-RAP gene is
mediated by RA enhancement of AP-2 [Xie
et al., 1998], which plays a crucial role in the
control of gene expression in response to a
variety of cell diffferentiation signals [Mitchell
et al., 1991]. The AP-2 null mice die perinatally
with cranio-abdominoschisis and severe dys-
morphogenesis of the face and skull [Schorle
et al., 1996; Zhang et al., 1996]. However, AP-2
is a ubiquitous transcription factor and, there-
fore, no cell-speci®c transcriptional factors and/
or cell-speci®c post-transcriptional events have
been identi®ed to be involved in the RA action in
chondrocytes. Our data indicate that RA down-
regulates expression of SOX9, a chondrocyte-

related transcription factor which directly reg-
ulates a suite of genes encoding major cartilage-
speci®c extracellular matrix proteins such as
type II collagen [Bell et al., 1997; Lefebvre et al.,
1997].

SOX9 was also reported to bind to a SOX
consensus sequence in the CD-RAP promoter
and enhance its activity in chondrocytes [Xie
et al., 1999]. Our present data suggest that
SOX9 may mediate the effect of RA on CD-RAP
expression.

RA suppressed the transcriptional activity of
a Col2a1-CAT construct that contains Sry/Sox-
consensus sequences from the ®rst intron
fragment of the Col2a1 gene. However, the
30% decrease in Col2-CAT activity was not as
great as the suppression of endogenous Col2a1
mRNA expression (data not shown). As compar-
ing the activity of a construct in transient
expression experiments with the activity of the
endogenous gene in its chromatin environment
does not allow clear conclusions, the reason for
the relatively small levels of the suppression in
Col2-Cat activity still remains to be elucidated.

Although it was reported that most of the
elements necessary for proper expression of
Sox9 in skeletal tissues are located up to 350 kb
upstream of Sox9 [Wunderle et al., 1998], and
that RA downregulates transcription of several
genes [Horton et al., 1987b], no consensus
sequences have been yet identi®ed as negative
RA response elements (nRERs) except that
RARE acts as a negative regulator of the keratin
K5, K6, and K17 genes [Radoja et al., 1997]. Our
data suggest the presence of nRERs within the
Sox9 gene though the exact nature of these
elements is yet to be clari®ed.

We have previously reported that RA
enhances SOX9 mRNA expression in the carti-
laged-derived cell line, TC6 [Sekiya et al., 2000].
Responsiveness to RA may depend on chondro-
cyte subtypes. Primary chondrocytes consist of
heterogeneous subpopulations whereas TC6
cells represent a homogeneous population of
chondrocytes at a certain stage, in which RA
may up-regulate SOX9. Further analysis on the
RA effects on chondrocytes in vivo and /or in
vitro at different time course and doses would be
required to reconcile these observations.

In conclusion, we show here that SOX9 is one
of the targets of RA regulation of chondrocyte
function. Since SOX9 is the key transcription
factor for the regulation of Col2a1 gene expres-
sion, the pathway identi®ed in this report would

Fig. 6. Sox9 overexpression blocks RA suppression of Col2a1
enhancer activity. Primary cultures of chondrocytes were co-
transfected with 1 mg of Col2a1-promoter/enhancer-CAT repor-
ter plasmid and 0.5 mg of SOX9 expression vector or 0.5 mg of
pSG5 vector plasmid. Then the cells were cultured in the
presence or absence of 1mM RA for 48 h. CAT activity was
determined as described in Materials and Methods. Experiments
were repeated twice in triplicate with independent preparations
of cell extracts. The representative data was shown. Data are
presented as mean � S.D. (n�3). *, P < 0.01, **, P < 0.05, by
unpaired Student's t-test.

76 Sekiya et al.



at least partially mediate the activity of RA in
controlling chondrocyte differentiation.
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