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A Promoter Element of the CD-RAP Gene is
Required for Repression of Gene Expression in
Non-Cartilage Tissues In Vitro and In Vivo
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Abstract The cartilage-derived retinoic acid-sensitive protein (CD-RAP) gene is expressed predominately in
cartilage. Previous studies in transgenic mice have shown that the DNA promoter segment from�2,251 bp to�2,068 bp
of the CD-RAP gene contains elements critical for gene expression. Subsequent studies revealed both positive and
negative regulatorymotifs in this 183 bp element. Herewe show that this element demonstrates activation or repression of
gene expression in vitro and in vivo basedoncell type andcontent of transcription factors. Thedistribution of Sox (positive)
and C/EBP (negative) transcription factors in cell lines and in mouse tissues is consistent with their positive and negative
roles. In transgenic mice, when the 183-bp element was removed from a 3,345-bp cartilage-specific CD-RAP promoter,
expression of the reporter gene became widespread, being observed in muscle, bone, lung, and liver in addition to
cartilage. In vitro, mutation of the C/EBP site activated the inactive 3,345-bp CD-RAP gene promoter in myoblastic cells,
suggesting that this site is responsible for (�2,079 bp) repression. These results indicate that the 183-bp element plays an
important role in cartilage-specific gene expressionby acting as a chondrocyte-regulatorymodule repressing transcription
in non-chondrocytes and contributing to activation in chondrocytes. This is the first report of a functional DNA element
necessary for repression in non-cartilage tissues in vivo. J. Cell. Biochem. 97: 857–868, 2006. � 2005 Wiley-Liss, Inc.

Key words: CD-RAP; cartilage; transcription; CCAAT enhancer binding protein; Sox9

Cartilage is a highly organized tissue that
functions as a template for developing bones as
well as shock absorber for joints. Chondrocytes
express a number of specific genes such as types
II, IX, and XI collagen, aggrecan, link protein,
and CD-RAP [Sandell and Adler, 1999]. The
mechanism of restricted tissue-specific gene
expression has attracted intensive investiga-
tion. Among the cartilage-characteristic genes,
a1(II) collagen (COL2A1) and a2(XI) collagen
(Col11A2) have been studied in detail. The

similar expression pattern of Col2a1 and
Col11a2 in mice suggests that these genes are
co-regulated by common mechanisms. In fact,
similar cartilage-specific regulatory elements
have been identified for Col2a1 [Lefebvre et al.,
1996, 1998; Zhang et al., 1996] and Col11a2
[Bridgewater et al., 1998; Tsumaki et al., 1998;
Liu et al., 2000], both genes being positively
regulated by high mobility group (HMG) pro-
teins, particularly the Sox family of transcrip-
tion factors. Sox9 has been shown to be an
activating transcription factor, indispensable
for chondrogenesis [Lefebvre et al., 1997; Bi
et al., 1999].

CD-RAP is a matrix protein expressed in
cartilage. It was originally cloned as an mRNA
co-regulatedwithCol2a1 in cartilage and down-
regulated in chondrocytes that were de-differ-
entiated by treatment with retinoic acid [Dietz
and Sandell, 1996]. Melanoma inhibitory activ-
ity (MIA), the human homologue of CD-RAP,
was independently isolated from a cell line
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derived from a brain metastasis of a human
melanoma [Blesch et al., 1994]. CD-RAP/MIA
is expressed by various tumor cells including
melanoma, chondrosarcoma, and breast cancer,
but its normal physiological expression is restri-
cted primarily to cartilage [Bosserhoff et al.,
1997; Chansky et al., 1998; Bosserhoff et al.,
1999]. CD-RAP/MIA is co-expressed with
COL2A1, from the beginning of chondrogenesis
and expressed throughout cartilage develop-
ment [Bosserhoff et al., 1997]. While the
function in cartilage is unknown, Stoll and
colleagues have shown that CD-RAP/MIA is
essentially an SH3 domain fold in solution and
binds to fibronectin [Stoll et al., 2001]. The CD-
RAP gene is highly conserved and compact
containing four exons in 1.5 kb of DNA in both
mouse and humans [Davies et al., 2004b].
Therefore, because of its small size and limited
distribution, it provides a good model for the
study of chondrocyte specific gene expression.

In a series of studies, we have identified and
characterized many regulatory elements in the
proximal promoter of the mouse CD-RAP gene.
All of these elements have also been shown to be
active in the cartilage gene Col2a1 as well. In
the CD-RAP gene, Activator protein-2 (AP-2)
binds to the sequence from �463 to �456 and
regulates transcription in a biphasicmanner: at
a low concentration, AP-2 activates transcrip-
tion and at a high concentration, represses
it [Xie et al., 1998]. Overexpression of AP-2
abrogates chondrogenesis [Huang et al., 2004].
In contrast, Sox9 binds at �410 to �404 and
appears to activate CD-RAP and other cartilage
genes via a cooperative DNA-binding mechan-
ism [Sock et al., 2003; Davies et al., 2004a].
Upstream Stimulatory Factor and d-crystallin/
E2-box factor 1 function at an E-box located at
�487 to �482 and activate or repress CD-RAP
dependingon theproportion of the each factor in
the nucleus [Li and Sandell, 2002].

In vivo studies in transgenic mice have
revealed that a 2,251-bp promoter directs tissue
specific expression of an E. coli b-galactosidase
(lacZ) reporter gene, consistent with the endo-
genous CD-RAP gene expression pattern [Xie
et al., 2000]. However, a similar construct
truncated to 2,068-bp was not reliably
expressed [Xie et al., 2000]. These results
suggested that the 183-bp fragment between
�2251 and �2068 contains elements that are
responsible for tissue specific expression of CD-
RAP.

In a separate series of studies, we have shown
that this 183-bp element has both enhancer and
repressor functions [Okazaki et al., 2002] and
found a functional site for CCAAT/enhancer-
binding proteins (C/EBPs) binding to the 183 bp
fragment that acts as a repressor in response
to IL-1b [Okazaki et al., 2002]. C/EBPs are a
family of basic-leucine-zipper transcription
factors with six known family members:
C/EBPa, b, d, e, g, and z [Akira et al., 1990].
Among these, C/EBPb and/or d activate
various genes related to inflammation, such
as phospholipase A2 [Massaad et al., 2000],
cyclooxygenase-2 [Thomas et al., 2000; Ogasa-
wara, 2001] and manganese superoxide dismu-
tase [Jones et al., 1997]. C/EBP also regulates
matrix proteins, such as type I collagen [Green-
wel et al., 2000],matrixGlaprotein [Kirfel et al.,
1997] and osteocalcin [Gutierrez et al., 2002].
C/EBPb has three major isoforms generated by
alternative translation start sites: full length
(38 kDa), liver-enriched activator protein (LAP,
36 kDa) and liver-enriched inhibitory protein
(LIP, 20 kDa). LAP is generally considered to be
an activator, while LIP, which lacks most of the
trans-activation domain of LAP, can act as a
dominant-negative inhibitor. LAP and LIP are
the predominant isoforms expressed in tissues.
We have previously reported that over-expres-
sion of C/EBPb (full length, LAP or LIP) or
C/EBPd represses the CD-RAP promoter activ-
ity in rat chondrosarcoma cells [Okazaki et al.,
2002]. IL-1b, an inhibitor of chondrocyte extra-
cellular matrix gene expression, up-regulates
C/EBPb and C/EBPd, that, in turn, represses
CD-RAP gene transcription via the 183 bp
element. This C/EBP site overlaps an HMG site
shown to bind to Sox 9, and the balance between
these factors is thought to determine whether
activation or repression occurs [Okazaki et al.,
2002; Imamura et al., 2005].

In the current study, we further investigated
the mechanism of function of the 183-bp
element. As previous studies have suggested
this fragment could act as an enhancer or a
repressor depending on the availability of trans-
cription factors, we sought to test this hypo-
thesis in vitro and in vivo. We generated
transgenic mice that harbored a 3,345 bp CD-
RAP promoter and those in which the 183 bp
element was removed.We show that the 183-bp
element acts as a repressor of reporter gene
expression in non-chondrocytic cells in vivo.
In vitro studies further suggest that the
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mechanismof repression involves the binding of
C/EBP at the site previously shown to be re-
sponsible for downregulationby IL-1b [Okazaki
et al., 2002]. We propose that it is the balance of
Sox and C/EBP transcription factors that leads
to activation or repression of gene expression
through this ‘‘chondrocyte-regulatory module.’’
The structure and function of the CD-RAP
chondrocyte-regulatory module is similar to
the other cartilage-specific genes, Col2a1,
Col11a2, suggesting a common role for positive
and negative regulatory factors functioning
through a common cassette to regulate expres-
sion of these highly restricted genes.

MATERIALS AND METHODS

Cell Culture

RCJ3.1C5.18 rat chondrogenic (C5.18), rat
chondrosarcoma (RCS), and Balb3T3 mouse
fibroblast cell lines were cultured under stan-
dard conditions as described before [Xie et al.,
1998]. C2C12, a mouse myoblast precursor cell
line, was cultured under the same conditions as
Balb3T3 cells.

Plasmid Construction

Two different 50 upstream constructs of the
mouseCD-RAPgenewere subcloned into placF,
the expression vector that contains the lacZ
reporter gene described previously [Xie et al.,
2000]. Briefly, the placF vector contains the
lacZ gene followed by a sequence of the murine
protamine gene that supplies an intron and
a polyadenylation signal. The sequence from
�3,345-bp to �3-bp relative to the CD-RAP
translation start sitewas subclonedupstreamof
the lacZ gene of placF. To make the deleted
3,345-bp construct, the sequence from�3,345-bp
to �2,252-bp was generated by PCR and cloned
upstream of the �2,068-bp construct into the
placF vector [Xie et al., 2000]. As a result, the
deleted 3,345-bp construct (3,345-bp D183),
lacks the 183-bp element between �2,251-bp
to�2,068-bp. After confirmation by sequencing,
the 3,345-bp-placF and the 3,345-bpD183-placF
were digestedwithXba I andHind III to release
the fusion gene from the vector sequence (3,345-
bp-lacZ and 3,345-bpD183-lacZ).
The 3,345-bp CD-RAP promoter and the

3,345-bpD183 promoter were also subcloned
into pGL3-basic vector (pGL3b, Promega,Madi-
son, WI) for transfection assays. To make the C/
EBPmutant, 3,345-bp-pGL3b, containing a two

base pairmutation at�2,078-bp and�2,079-bp,
a site-directed mutagenesis kit (Sigma, St.
Louis, MO) was used. The abrogation of C/EBP
binding to this mutation was confirmed pre-
viously [Okazaki et al., 2002]. To add the 183-bp
element upstream to the SV-40 promoter, the
fragment between �2,251-bp and �2,045-bp
(24-bp longer than the 183-bp to rescue the
junction at �2,068-bp) was made by PCR, then
cloned into pGL3-promoter vector (pGL3pr,
Promega) to make 183-pGL3pr.

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts from C5.18, RCS, and
Balb3T3 cells were isolated using the Nu-Clear
ExtractionKitTM (Sigma, St. Louis,MO) accord-
ing to the manufacturer’s instructions. All
oligonucleotides were synthesized by Invitro-
gen (Carlsbad, CA) and the complementary
oligonucleotides were annealed to make dou-
ble-stranded oligonucleotides. Various double-
stranded oligonucleotides were end-labeled
using T4 polynucleotide kinase and [g-32P]
dATP. Band shifts were performed as described
[Lefebvre et al., 1996]. The antibodies for C/
EBPs were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). The DNA probe
for EMSA spanned nucleotides�2094 to�2069
of the 183 bp fragment. DNA protein complexes
were resolved on a 5% polyacrylamide gel at
100 V for several hours. The gels were dried and
autoradiography performed.

RNA Extraction and RT-PCR

Total RNA was isolated from cultured cells
using Qiagen RNeasy mini kitTM (Qiagen, Inc.,
Valencia, CA) and 1 mg of total RNAwas reverse
transcribed as described before [Okazaki et al.,
2002]. For semi-quantitative RT-PCR, several
pilot studies were performed in advance for
every gene in order to determine the linear
range of the PCR reaction. The primers used in
this study were as follows: Sox5: 50-GGCAGCT-
TAGCGGATGTGGT-30 (sense) and 50-TGCTG-
GCGCTGTTTCTCTATC-30 (antisense); Sox6:
50-CTTTGAGAACCTGGGTCCCC-30 (sense) and
50-GTCAGGGAAGGCCTGAAGAAT-30 (anti-
sense); Sox9: 50-GAGAACACACGGCCCCAG-30

(sense) and 50-TCCAGAGCTTGCCCAGAGTC-30

(antisense); C/EBPa: 50-AAGCCAAGAAGTCG-
GTGGA-30 (sense) and 50-CAGTTGACGGCT-
CAGCTGTT-30 (antisense); C/EBPb: 50-GGC-
GCGAGCGCAACAACATC-30 (sense) and 50-
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GCTCGGGCAGCTGCTTGAAC-30 (antisense);
C/EBPd: 50-ACGAGAAGCTGCATCAGCGT-30

(sense) and 50-GCTGCAATGGTAATAAGACG-
TAGAAAA-30 (antisense); MyoD: 50-ACAGCC-
GGTGTGCATTCC-30 (sense) and 50-CCTCC-
GGTTTCAGGAGGG-30 (antisense); CD-RAP:
5 0-TCCTATCTCCATGGCTGTGGCCCT-3 0

(sense) and 50-GCTACTGGGGAAATAGCCC-
AG-30 (antisense); and GAPDH: 50-GGTGTGA-
ACCACGAGAAATA-30 (sense) and 50-TGAAG-
TCGCAGGAGACAACC-30 (antisense). All pri-
mers recognize both mouse and rat transcripts.

Transient Transfection and Luciferase Assay

DNA transfections were performed using
FuGENE 6TM (Roche Molecular Biochemicals,
Indianapolis, IN) transfection reagent as des-
cribed previously [Okazaki et al., 2002]. Cells
were plated at the following densities: 1� 105 of
C5.18 or ROS 17/2.6; 2.2� 105 of RCS cells; or
1.5� 105 of C2C12 cells /well of a 12 well dish
and cultured overnight. Transfection mixture
containing 3 ml of FuGENE 6TM, 400 ng of
various promoter constructs, and 100ng pCMV-
b-galactosidase were then added and the cells
were further cultured for 48 h. In some experi-
ments, various expression vectors were co-
transfected as indicated. The total amount of
DNA used was adjusted using empty vector.
The cells were then harvested and the lysate
was analyzed for luciferase activity. The b-
galactosidase activities were also measured to
normalize variations in transfection efficiency.
Each transfection experiment was performed in
triplicate and repeated at least twice.

Statistical Analysis

Statistical analysis was performed using one-
way ANOVA with post-hoc test (Bonferroni/
Dunn).

Generation of Transgenic Mice

The fusion genes, CD-RAP 3,345-lacZ and
3,345-bpD183-lacZ, were purified and microin-
jected into the pronuclei of fertilized eggs from
B6SJL hybrid to generate transgenic mice, as
described previously [Xie et al., 2000]. The
surviving eggs were implanted into pseudo-
pregnant foster mothers. Founder mice were
identified byPCR of the genomicDNAextracted
from tails. The lacZ-specific primers were as
follows: 50-GCATCGAGCTGGGTAATAAGCG-
TTGGCAAT-30 (sense) and 50-GACACCAGAC-

CAACTGGTAATGG-30 (antisense), which are
expected to amplify an 822-bp fragment. Four
founder mice were obtained for each transgenic
line. Transgenic mice lines were established
and maintained by out-breeding with wild type
mice. To analyze b-galactosidase expression,
the positive founders or F1 males were mated
with the wild type females and embryos were
isolated at 13.5 or 14.5 days of gestation. The
day of thevaginal plugwasdesignatedday0.5 of
gestation. Analysis was performed in at least
five different litters for each transgenic line.

LacZ Staining and Immunohistochemistry

To assess the spatio-temporal expression
pattern of the transgene, b-galactosidase acti-
vity was detected in the whole embryo as
described previously [Xie et al., 2000]. Briefly,
embryos were liberated from the uterus and
fixed in 4% paraformaldehyde at 48C for 10 to
15 min. After overnight incubation at 308C in
the staining solution (1 mg/ml X-gal, 4 mM
MgCl2, 0.15 M NaCl, 3 mM potassium ferricya-
nide, 3 mM potassium ferrocyanide, and 0.1%
Triton X-100 in 0.1 M Phosphate Buffer), the
positive embryos were photographed and post-
fixed in 4% paraformaldehyde overnight at 48C.
In some experiments, the fixed embryos were
embedded in paraffin and serial sections of
10 mm thick were prepared for immunohisto-
chemistry. Immunohistochemistry was carried
out using antibodies against b-galactosidase
(Rockland, Gilbertsville, PA), human CD-RAP
[Bosserhoff et al., 1997] and C/EBPb (Santa
Cruz). Briefly, sections were incubated in 3%
hydrogen peroxide at room temperature for
30 min followed by digestion with 1% hyalur-
onidase at 378C for 30 min. For detection of
CD-RAP, the sections were incubated in 2%
b-mercaptoethanol at room temperature for
20 min. After blocking with 10% normal goat
serum, the sections were incubated with pri-
mary antibodies (1 mg/ml for anti-b-galactosi-
dase and all of C/EBPs, 1:1,000 dilution for
anti-CD-RAP) at 48C overnight. Normal rabbit
serum (1:1,000 dilution) or 1 mg/ml of purified
normal rabbit IgG (Santa Cruz) was used for
negative controls of primary antibodies. The
primary antibodies were detected using a
DAKO EnVisionTM System HRP kit (Dako
Corp, Carpinteria, CA) and the sections were
counterstained with Hematoxylin or Methyl
green.
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RESULTS

In Vitro Analysis of the 183 bp Element

We have reported that IL-1b induces C/EBPb
and d in chondrocytes, and that the direct
binding of C/EBPb to the C/EBPmotif represses
the transcription of the CD-RAP gene. C/EBPs
are reported to form heterodimers with differ-
ent family members (C/EBPa or d) or different
isoforms of C/EBPb (38, 36, and 20 kDa) [Akira
et al., 1990]. In theC5.18 chondroprogenitor cell
nuclear extract used in this study, we were
able to confirm that various isoforms of C/EBPb
or d and C/EBPa bind to the 183 bp element
by supershifting with specific antibodies to C/
EBPa, C/EBPb, and C/EBPd (Fig. 1A). The C/
EBPa and d supershifted bands cannot be seen
on this exposure, but are implied from the
removal of specific shifted bands. The multiple
bands of C/EBPb are considered to be caused by
the different heterodimers, since all three iso-
forms of C/EBPb are present in C5.18 nuclear
extracts (Fig. 1B).

C/EBPs are Reciprocally Expressed With CD-RAP

Wehave shown that the DNA structure of the
CD-RAP gene is such that it is available for
transcription [Davies et al., 2004b], therefore,
the activity of the 183 bp element is determined
primarily by the presence of specific transcrip-
tion factors. Consequently, we examined the

mRNA levels of relevant transcription factors in
the cells used in this study: the chondrocyte-like
RCS; the chondroprogenitor C5.18; the fibro-
blast Balb 3T3; and the muscle progenitor line,
C2C12 (Fig. 2). In each PCR reaction, cycle
numbers and amount of template DNA were
optimized to be in the linear range in order
to semi-quantify the amount of transcripts
between the cell types. Although Sox 5, 6, and
9 were all expressed in both chondroprogenitor
cells and chondrocytes (C5.18 and RCS), CD-
RAP mRNA was detected only in RCS cells. In
contrast, C/EBPa and bwere barely detected in
RCS cellswhereas theywere strongly expressed
in other cells. C/EBPd was detected only in
C5.18 cells. These PCR results are consistent
with protein expression by Western blot analy-
sis (data not shown). Therefore, the expression
of CD-RAP in these cell lines is both positively
correlatedwith expression of Sox 5, 6, and 9 and
inversely correlated with the expression of C/
EBPs. Immunohistochemistry for CD-RAP and
C/EBPa, b, d confirmed this expression pattern
in vivo (data not shown). C/EBPb and C/EBPd
were detected in the lower half of the growth
plate where CD-RAP expression begins to
decline [Davies et al., 2002]. C/EBPa was not
detected (data not shown). Thus, the reciprocal
expressionofC/EBPbandCD-RAP,both invitro

Fig. 2. Transcription factors in RCS, C5.18, Balb 3T3, and
C2C12 Cells. We used RT-PCR to determine the presence of
various transcription factors and CD-RAP in cell lines. Both
chondrocyte-like cell lines, RCS and the chondroprogenitor cell
line C5.18, express Sox5, 6, and 9. C5.18, Balb3T3, and C2C12
all strongly express C/EBPa and bwhereas RCS barely express C/
EBPb and no C/EBPd. CD-RAP mRNA is only detected in RCS
cells.

Fig. 1. C/EBP isoforms inC5.18nuclear extracts.A: EMSAusing
a portion of the 183 spanning the C/EBP site as probe, and C5.18
nuclear extracts. Competitor 3 covers the C/EBP site. For
suupershift analysis, antibodies for C/EBPa, b and d were added
in various combination as indicated for supershift analysis. C/
EBPb formed the predominant complexes. C/EBPa binding is
shown as a weak band. C/EBPd formed several bands as
heterodimers with b. B: Western blot of C5.18 nuclear extract
for C/EBPb showing the presence of three isoforms of C/EBPb: full
length (38 kDa), LAP (36 kDa) and LIP (20 kDa).
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and in vivo, is consistent with biochemical data,
all demonstrating that the presence of C/EBP is
inversely correlatedwithCD-RAPbiosynthesis.
The expression of the muscle-specific transcrip-
tion factor Myo D was determined in C2C12
cells as a marker for potential muscle cell
differentiation.

The 183-bp Element Acts as an Enhancer in RCS
Cells and as a Repressor in C5.18 cells

Previously, we showed that site-directed
mutagenesis of the C/EBP site within the
2,251-bp promoter increased the promoter
activity twofold in C5.18 cells [Okazaki et al.,
2002]. To test whether constructs with and
without the 183 bp element containing the C/
EBP site demonstrate cell-specificity, promoter
constructs with (2251) and without (2068) the
183 bp element were transfected into RCS
(Fig. 3A) and C5.18 cells (Fig. 3B). In RCS cells
(CD-RAP positive; C/EBP negative), the 2,251
bp promoter activity was stronger than the
2,068 bp, consistent with the presence and
activity of Sox proteins and absence of C/EBP
in these cells (seeFig. 2). InC5.18 cells (CD-RAP
repressed; C/EBP positive), the 2,251-bp pro-
moter was weaker than the 2,068-bp. These
results suggest that the 183-bp element present
in the 2,251 bp promoter acts as an enhancer in
RCS cells and as a repressor in C5.18 cells, and
that C/EBP is responsible for the repressive
effect of this element. That is, in the presence of
C/EBP (C5.18 cells) and C/EBP binding sites
(2,251 bp promoter) repression is observed;

without C/EBP (RCS cells) expression is
enhanced.

Removal of the 183 bp Element Relieves
Repression of C5.18 Cells

In preparation for testing the function of the
183 bp fragment in transgenic mice, a longer
promoter construct containing CD-RAP up-
stream DNA was tested by transient transfec-
tion in C5.18 cells. The rationale for choosing a
longer construct for transgenic mice was two
fold: first, merely truncating the 2,251 bp con-
struct by 183 bp significantly reduced activity in
vivo [Xie et al., 2000], and, secondly, the longer
construct would contain more contextual DNA.
Wehave recently shown that a similar construct
demonstrated high activity in directing gene
expression inRCS cells [Davies et al., 2004b]. In
order to examine the function of the 183-bp
element in the 3,345 bp promoter, the 183 bp
fragment was deleted from the 3,345 bp promo-
ter (Fig. 4A). The 3,345-bp, 3,345-bpD183, and
2,251-bp promoter constructs were tested by
transfection into C5.18 or RCS cells (Fig. 4B,C).
The 2,251-bp promoter was included so that the
results could be compared to previous reports
[Xie et al., 2000]. The 3,345-bp promoter had
similar activity to the 2,251-bp promoter in both
cell lines. Removal of the 183 bp fragment had
no effect in RCS cells (Fig. 4B), but in C5.18
cells, removal of the 183 bp fragment increased
expression by 2.5 fold (Fig. 4C). This result is
consistentwith the hypothesis that a repressive
site (potentially C/EBP) was removed in the
3,345-bpD183 construct, thus permitting ex-
pression in cells that contain C/EBP proteins.

In Vivo the 3,345 kb Promoter Directs
Cartilage-Specific Gene Expression Whereas the

3,345D183 kb Promoter is Widely Expressed

In order to explore the promoter activities of
3,345-bp and3,345-bpD183-bppromoter in vivo,
transgenic mice that harbor either 3,345-bp or
the 3,345-bpD183 promoter linked to lacZ gene
were generated. The X-gal staining analysis for
whole embryo (day E14.5) revealed that the
3,345-bp promoter induced tissue-specific exp-
ression of the lacZ gene in cartilage primordium
of rib, limb, scapula, nasal bone, temporal bone
and caudal vertebra (Fig. 5A). In contrast, the
3,345-bpD183-bp promoter directed increased
gene expression both inmagnitude and range of
tissues (Fig. 5B). Strong X-gal staining was also
observed in the 3,345-bpD183-bp embryo in

Fig. 3. Activity of the 183 bp element is dependent on cell line.
The183-bpelement acts as anenhancer or a repressor depending
on which cell type is transfected. The 2,251-bp-pGL3b or 2,068-
bp-pGL3bwas transiently transfected into RCS (A) or C5.18 cells
(B). The activity of 2,251-bp promoter was stronger than that of
2,068-bp in RCS cells, but weaker in C5.18 cells. The activity of
promoterless pGL3b was set as 1 (P< 0.01).
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cartilages, as well as many other tissues. The
limbs, face and ribs were positive for LacZ
expression as well as soft tissues beneath the
surface, suggesting expression in muscle. Con-
sistent results were observed in different litters
from four different founders of each transgenic
line.
Localization of b-galactosidase was carried

out to demonstrate the specific tissue expres-
sion pattern of the lacZ gene. The distribution of
b-galactosidase driven by thewild type 3,345-bp
promoter was detected by immunohistochemis-
try (Fig. 5E–H). The distribution of anti-b-
galactosidase (Fig. 5E,F) was the same as
endogenous CD-RAP protein detected with
anti-CD-RAP antibody(Fig. 5C,D). The analysis

Fig. 4. Luciferase reporter constructs to test the 183 bp activity
in vivo. A: Diagram of 3,345-bp and 3,345-bpD183 promoters
linked to luciferase or lacZ gene reporter. The 183-bp element
was removed from 3,345-bp promoter to make the deleted
3,345-bp promoter (3,345-bpD183). The luciferase gene
(pGL3b) was used for transfection assays and lacZ gene (placF)
was used for transgenic mice. The black box represents the
polyadenylation site in the vector. Transfection of the 3,345-bp-
pGL3b, the 3,345-bpD183-pGL3b and 2,251-bp-pGL3b in RCS
cells (B) and transfection in C5.18 cells (C). When compared to
the intact 3,345-bp construct, the expression of 3,345-bpD183
promoter was stronger in both C5.18 and RCS cells. The activity
of promoterless pGL3b was set as 1. Each bar represents the
mean� SD (P<0.0001).

Fig. 5. Removal of the 183 bp domain in vivo. X-gal staining of
embryo (day 14.5) of transgenic mice that harbors the 3,345-bp-
lacZ (A) or the 3,345-bpD183-lacZ (B). The wild type 3,345-bp
promoter generates lacZ expression in cartilage of ribs, shoulder,
limbs, nose, temporal bone, and vertebra. In contrast, the 3,345-
bpD183 promoter generates much broader expression. Note the
more ubiquitous staining in limb and back suggesting themuscle
staining in addition to cartilage. Immunohistochemistry for CD-
RAP and LacZ in the E14.5 transgenic mice (C–H). Reddish/
brown staining indicates positive immunoreaction. Sections are
counterstained with hematoxylin or methyl green. Immunolo-
calization of endogenous CD-RAP (C, D). LacZ staining in the
3,345-bp promoter mouse (E, F). LacZ staining in 3,345-bpD183
promoter mouse in sections similar to those in A-D (G, H). The
3,345-bp promoter generates LacZ expression in cartilage (E, F)
in the same distribution as that of endogenous CD-RAP (C, D)
whereas the deleted promoter drives expression in muscle and
other tissues in addition to cartilage (G, H). (C, E and G) rib
cartilage; (D, F and H) Meckel’s Cartilage; Cartilage (C), Tongue
(T) Muscle (M). A–B: the bars represent 1 mm; (C–H) the bars
represent 100 mm.
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showed that the wild type 3,345-bp promoter
directed gene expression in all cartilage primor-
dia including limb, nasal bone, vertebra, rib
(Fig. 5E), palatal shelf of maxilla, basisphenoid
bone, and Meckel’s cartilage (Fig. 5F, and
unpublished data), but not in tongue (Fig. 5F)
and surrounding tissues. In contrast, the 3,345-
bpD183-bp promoter induced the expression
of b-galactosidase in cartilages and muscle
(Fig. 5G,H), as well as epithelial cells of the
lung, myoblasts in muscle, and hepatocytes in
the liver (Fig. 6A,B and data not shown).

Sincewehypothesized that repression in non-
cartilage tissue was due to functional C/EBP
binding, the localization of C/EBPb protein was
also examined. C/EBPb was detected in the
nuclei of all cells where repression was abro-
gated by deletion of the 183 bp element:
epithelial cells in lung (Fig. 6C), muscle cells,
(Fig. 6D) and in liver cells (data not shown)
in the same tissue distribution as that of
b-galactosidase protein in the 3,345-bpD183
mice (Fig. 6A,B). In the cell cytoplasm center,
newlysynthesizedosteoidswerealsopositive for
b-galactosidase in the 3,345-bpD183 mice
(Fig. 6H) but not in the wild type 3,345 mice
(Fig. 6G), suggesting that the 3,345-bpD183
promoter was no longer repressed in
osteoblasts.

The C/EBP Site is Responsible for Repression of
the CD-RAP Promoter in C2C12 Myoblastic Cells

The results from transgenic experiments
suggest that the repressive activity of the
183 bp element is responsible for the lack of
expression in non-cartilaginous tissues. We
hypothesized that this repressive activity was
due to the binding of C/EBP. Because the 3,345-
bpD183 promoter induced LacZ gene expression
in muscle cells, in vivo, the function of the 183-
bp element and the C/EBP binding site were
examined in C2C12 myoblasts, a non-cartilagi-
nous cell line. C2C12 cells were transfected
with wild type 3,345 CD-RAP promoter, the
3,345D183 promoter, and a promoter in which
the C/EBP site was inactivated (Fig. 7A). The
3,345-bp promoter construct was not active
in C2C12 cells (Fig. 7B). However, the 3,345-
bpD183 promoter demonstrated approximately
3.7-fold activation. Moreover, a 2-bp inactivat-
ingmutation at theC/EBP site (C/EBPmu3345-
pGL3b) [Okazaki et al., 2002] yielded a promo-
ter with even higher activity, about sevenfold
higher than the wild type 3,345-bp. These
results show that within the context of the
3,345-bp long promoter, the elimination of C/
EBP binding at a single site in the DNA, incre-
ased gene expression in muscle cells by almost
an order ofmagnitude compared to thewild type
DNA. To confirm the inhibitory effect of the
isolated element, the 183-bp module was also
cloned into thePGL3promoter vector and trans-
fected into C2C12 cells. Inclusion of the 183 bp-
module in pGL3pr reduced activity of the vector
by 75%. Therefore, the 183-bp element acted
as a repressor in C2C12 myoblasts and was

Fig. 6. Expression of the 3,345-bpD183 transgene and C/EBPb.
A: LacZ localization in 3,345-bpD183 (del) promoter mouse
showing reactivity in the lung tissue, both in epithelial cells and
surrounding tissue. B: LacZ localization in the 3,345-bpD183
promoter mouse showing reactivity in muscle. C, D: C/EBPb
localization in the nuclei of lung epithelium and surrounding
cells (L), and in muscle (M). E, F: Negative control showing no
staining of LacZ in wild type 3,345-promoter mice. G:
Endochondral ossification of radius in 3,345-bp-lacZ mouse
(embryonic day 15.5) immunostained for LacZ.H: Endochondral
ossification of radius in 3,345-bpD183-lacZ mouse (embryonic
day 15.5) immunostained for LacZ. In the endochondral
ossification of 3,345-bpD183 promoter mouse, LacZ expression
was observed in newly synthesizedmatrix aroundosteoblasts (H,
arrowheads) whereas no LacZ staining is observed in the wild
type 3,345-bp mice (G). Bars represent 100 mm.

864 Okazaki et al.



dependent upon the C/EBP binding site for this
activity. The presence of endogenous C/EBPb
isoforms was confirmed in C2C12 nuclear
extracts by Western blot analysis (Fig. 7C).

DISCUSSION

We have identified a regulatory module that
can direct gene expression in chondrocytes and

repress expression in muscle, bone and other
tissues. Studies in vitro demonstrate that the
activity of the regulatory module is dependent
on the presence of specific transcription factors,
specifically members of the Sox and C/EBP
protein families. Removal of this chondrocyte
regulatory module from a 3,345-bp promoter
abrogates tissue specific expression in vitro,
and, in transgenic mice, permits expression in
muscle, bone, and other tissues where it would
not normally be expressed. Other transcription
factors that bind to this DNA domain may also
contribute to redundant or additional regula-
tion, such as the negative factor aA-crystallin
binding protein 1 (CRYBP1) [Tanaka et al.,
2000] located close to the C/EBP site in Col2al
and CD-RAP genes. The function of this puta-
tive chondrocyte-regulatory module supports
an emerging paradigmwhere gene repression is
mediatedby lack of geneactivation coupledwith
active repression [Barolo and Posakony, 2002].

Many studies have demonstrated the ability
of the enhancers ofCol2a1 andCol11a2 to direct
cartilage-specific gene expression. In Col2a1, a
48-bpcoreenhancerwasdefined [Lefebvreetal.,
1996]. Eight copies of this 48-bp core enhancer
directed gene expression in cartilage in vivo,
suggesting this element is sufficient to generate
cartilage-specific expression [Zhou et al., 1998].
Positive expression was attributed to Sox
protein binding. However, unrecognized at that
time was the mechanism of negative regulation
in non-cartilage tissues. In Col11a2, two differ-
ent elements have been identified by different
laboratories: a 60-bp element in the first intron
[Liu et al., 2000] and multiple HMG sites
between �620-bp to �489-bp in the 50 region
[Bridgewater et al., 1998]. Multiple repeats of
the 60-bp intronic element directs cartilage-
specific gene expression [Liu et al., 2000],
similar to the 48-bp enhancer of Col2a1. Muta-
tion of the HMG site at�502-bp in the 50 region
of Col11a2 eliminates the Sox9 binding result-
ing in loss of gene expression in cartilage
[Bridgewater et al., 1998]. These previous
studies were designed to identify positive
regulators, and showed that all three carti-
lage-specific elements are positively regulated
by Sox proteins: Sox9, L-Sox5, or Sox6. The role
of a repressor element in non-cartilaginous
tissues was not appreciated in these studies,
although it was most probably active. Indeed,
the lack of expression in non-cartilage tissues
when theCol2a1 orCol11a2 elementswereused

Fig. 7. Mutation of C/EBP DNA binding site relieves repression
in C2C12 Cells. A: Diagram of promoter constructs used for
transfection.C/EBPmu3,345-bp-pGL3bhas a two-bpmutation in
the C/EBP site at �2,078 and �2,079-bp within the 3,345-bp
promoter that abrogates C/EBP binding in vitro [Okazaki et al.,
2002].B: Transient transfection of various constructs into C2C12
myoblasts. The activity of the promoterless pGL3b is set as 1.
Each bar represents the mean� SD (P<0.0001, *P<0.05). C:
Western blotting for C/EBPb protein in C2C12 nuclear and
cytoplasmic extracts. Three isoforms of C/EBPb (full length 38
kDa, LAP 36 kDa, and LIP 20 kDa) were observed in the nuclear
extract.
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to drive tissue-specific expression, strongly
suggests that repressive sites were functional
in non-cartilaginous cells. All of these modules
that direct cartilage specific expression also
contain potential C/EBP binding motifs.

We hypothesized that the negative motif
responsible for repression is the C/EBP binding
site. This hypothesis arises from our recent
findings that (1) the negative response induced
by IL-1 functions through a C/EBP site in the
CD-RAP 183-bp domain [Okazaki et al., 2002];
(2) the current data showing that mutation of
the CEBP site in the context of the 3,345 bp
promoter activates gene expression in myo-
blasts; and (3) the expression pattern of C/EBP
proteins in vitro and in vivo. The core sequence
for binding of C/EBP family members is T(T/
G)NNGNAA [Akira et al., 1990]. We found that
the 48-bp enhancer of Col2a1 also contains a C/
EBP motif-like sequence (TTGAGAAA) next to
the multiple HMG-like sites, although the
function of C/EBP at this specific site has not
been investigated. Moreover, in Col11a2, both
of the cartilage-specific regulatory elements in
the first intron [Liu et al., 2000] and 50 promoter
region [Bridgewater et al., 1998] contain
TTTCCTCA andTTTTCAAA, respectively, that
are also similar to the C/EBPmotif, located in a
position overlapping or close to functional HMG
sites. In the 530-bp promoter of Col11a2,
deletion of the cartilage-specific regulatory
element (453-bp promoter) resulted in random
tissue expression in transgenic mice [Tsumaki
et al., 1998], but no expression in cartilage. The
similarity of cartilage-specific regulatory ele-
ments among these genes and the lack of
specificity generated by the deleted promoter
in the current study imply the importance of
repressor function coincident with HMG-bind-
ing sites as a common role of cartilage-specific
gene regulation. Two other functional negative
regulatory elements; CRYBP1 [Tanaka et al.,
2000] and dEF-1 [Murray et al., 2000] also
demonstrate inverse correlations with cartilage
Col2a1 expression. These elements have not
been tested in vivo.

The 183-bp element was necessary in the
2,251-bp CD-RAP promoter to produce expres-
sion in cartilage since the 2,068-bp promoter did
not exhibit gene expression in the previous
transgenic mice study [Xie et al., 2000]. In the
longer 3,345-bp promoter used in this study,
deletion of the 183-bp element resulted in ahigh
level of non-specific gene expression. Therefore,

the 183-bp element participates in both positive
and negative tissue-specific expression. A spe-
cific inactivatingmutation of theC/EBPbinding
site increased the promoter activity of �3,345-
bp promoter in C2C12 myoblasts, suggesting
that theC/EBPsitewithin the 183-bp element is
necessary for repression in myoblasts. We have
recently reported that IL-1b down-regulates
both CD-RAP and Col2a1 through induction of
C/EBPb and d [Okazaki et al., 2002], whereas
Murakami et al. [2000] have shown that IL-1b
represses Col2a1 activity through repression of
Sox9. This reciprocal switch in transcription
factor expression is consistent with our hypoth-
esis that the balance of transcription factors
capable of binding at the chondrocyte regula-
tory module will determine the level of gene
expression. This hypothesis is also supported by
our RT-PCR results showing that neither C5.18
nor C2C12 cells express CD-RAP although
these cells do express Sox9 and C518 cells
synthesize Sox5 and Sox6. We believe this is
due to the presence of C/EBPs in both cell types
(Fig. 2).

Recently, we [Imamura et al., 2005] and
others [Tsuda et al., 2003] have shown that
the nuclear co-regulators, p300/CBP can alter
the availability of Sox9 and C/EBP. In COL2A1
[Tsuda et al., 2003] and CD-RAP [Imamura
et al., 2005], p300/CBP acts to increase binding
of Sox9 to DNA, while inhibiting binding of C/
EBP to DNA. Consequently, p300/CBP helps to
increase cartilage gene expression by enhan-
cing the positive transcription factor (Sox9) and
inhibits the negative factor (C/EBP). C/EBPb
and d were detected in osteoblasts and C2C12
myoblasts. C/EBPb and dmay contribute to the
repression of chondrocytematrix genes, such as
Col2a1 and CD-RAP, as well as activation or
maintenance of the osteoblastic or myoblastic
phenotype. For example, in osteoblasts,C/EBPb
and d act synergistically to activate osteocalcin
by specific interaction with runt-related gene/
core-binding factor a1 [Gutierrez et al., 2002].
The mechanism of this interaction is thought to
be through the C/EBP binding site and not
through the runt-related gene/core-binding
factor a1 site. This regulatory mechanism may
be important in osteoblast differentiation as C/
EBPb and d are expressed in skeletal tissues
and are developmentally regulated during
osteoblast maturation. In addition, C/EBPb
and d are responsive to vitamin D3, a positive
regulator of osteoblast differentiation and
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osteocalcin gene expression [Gutierrez et al.,
2002]. The addition of 183-bp element upstream
of a SV-40 promoter resulted in repression of
promoter activity in C2C12 cells. The 3,345-
bpD183 promoter was expressed in osteoblasts
at the endochondral ossification center (Fig. 6H)
Consequently, in bone, the presence of C/EBP
proteins favors the expression of bone genes,
while repressing cartilage genes.
In summary, we show that the 183-bp

element of the CD-RAP promoter is essential
for both positive and negative gene expression
in cartilage. Additionally, the 183-bp element
repressed the SV-40 promoter in myoblasts and
mutation of the C/EBP site abrogated repres-
sion of the CD-RAP promoter in myoblasts.
These results strongly suggest that the 183-bp
element, in particular the C/EBP binding site,
acts as a repressor to insure that specific genes
are not expressed in C/EBP-containing, i.e.,
non-cartilaginous cells. Lastly, the arrange-
ment of positive and negative cis-regulatory
motifs in the 183 bp element is similar to other
cartilage-specific enhancer elements, and, con-
sequently, these elements may be considered
a chondrocyte-regulatory module, enhancing
gene expression in chondrocytes and repressing
in non-chondrocytes.

ACKNOWLEDGMENTS

We thank Dr. Richard Pierce for critical
reading of this manuscript. We are grateful to
Mr. Carl Franz for help in preparing this
manuscript.

REFERENCES

Akira S, Isshiki H, Sugita T, Tanabe O, Kinoshita S, Nishio
Y, Nakajima T, Hirano T, Kishimoto T. 1990. A nuclear
factor for IL-6 expression (NF-IL6) is a member of a C/
EBP family. EMBO J 9:1897–1906.

Barolo S, Posakony JW. 2002. Three habits of highly
effective signaling pathways: Principles of transcrip-
tional control by developmental cell signaling. Genes Dev
16:1167–1181.

Bi W, Deng JM, Zhang Z, Behringer RR, de Crombrugghe
B. 1999. Sox9 is required for cartilage formation. Nat
Genet 22:85–89.

Blesch A, Bosserhoff AK, Apfel R, Behl C, Hessdoerfer B,
Schmitt A, Jachimczak P, Lottspeich F, Buettner R,
Bogdahn U. 1994. Cloning of a novel malignant mela-
noma-derived growth-regulatory protein, MIA. Cancer
Res 54:5695–5701.

Bosserhoff AK, Kondo S,MoserM, Dietz UH, Copeland NG,
Gilbert DJ, Jenkins NA, Buettner R, Sandell LJ. 1997.
Mouse CD-RAP/MIA gene: Structure, chromosomal

localization, and expression in cartilage and chondrosar-
coma. Dev Dyn 208:516–525.

Bosserhoff AK, Moser M, Hein R, Landthaler M, Buettner
R. 1999. In situ expression patterns of melanoma-
inhibiting activity (MIA) in melanomas and breast
cancers. J Pathol 187:446–454.

Bridgewater LC, Lefebvre V, de Crombrugghe B. 1998.
Chondrocyte-specific enhancer elements in the Col11a2
gene resemble the Col2a1 tissue-specific enhancer. J Biol
Chem 273:14998–15006.

Chansky H, Robbins JR, Cha S, Raskind WH, Conrad EU,
Sandell LJ. 1998. Expression of cartilage extracellular
matrix and potential regulatory genes in a new human
chondrosarcoma cell line. J Orthop Res 16:521–530.

Davies SR, Sakano S, Zhu Y, Sandell LJ. 2002. Distribution
of the transcription factors Sox9, AP-2, and deltaEF1
in adult murine articular and meniscal cartilage and
growth plate. J Histochem Cytochem 50:1059–1065.

Davies S, Chang L, Yu H, Stormo G, Sandell LJ. 2004a.
Computational identification of a chondrocyte regulatory
module. Trans Orthopedic Res Soc 50:61.

Davies SR, Li J, Okazaki K, Sandell LJ. 2004b. Tissue-
restricted expression of the Cdrap/Mia gene within a
conserved multigenic housekeeping locus. Genomics 83:
667–678.

Dietz UH, Sandell LJ. 1996. Cloning of a retinoic acid-
sensitive mRNA expressed in cartilage and during
chondrogenesis. J Biol Chem 271:3311–3316.

Greenwel P, Tanaka S, Penkov D, Zhang W, Olive M, Moll
J, Vinson C, Di Liberto M, Ramirez F. 2000. Tumor
necrosis factor alpha inhibits type I collagen synthesis
through repressive CCAAT/enhancer-binding proteins.
Mol Cell Biol 20:912–918.

Gutierrez S, Javed A, Tennant DK, van Rees M, Montecino
M, Stein GS, Stein JL, Lian JB. 2002. CCAAT/enhancer-
binding proteins (C/EBP) beta and delta activate osteo-
calcin gene transcription and synergize with Runx2 at
the C/EBP element to regulate bone-specific expression.
J Biol Chem 277:1316–1323.

Huang Z, Xu H, Sandell L. 2004. Negative regulation of
chondrocyte differentiation by transcription factor AP-
2alpha. J Bone Miner Res 19:245–255.

Imamura T, Imamura C, Iwamoto Y, Sandell LJ. 2005.
Transcriptional co-activators CREB-binding protein/
p300 increase chondrocyte Cd-rap gene expression by
multiple mechanisms including sequestration of the
repressor CCAAT/enhancer-binding protein. J Biol Chem
280:16625–16634.

Jones PL, Ping D, Boss JM. 1997. Tumor necrosis factor
alpha and interleukin-1beta regulate the murine man-
ganese superoxide dismutase gene through a complex
intronic enhancer involving C/EBP-beta andNF-kappaB.
Mol Cell Biol 17:6970–6981.

Kirfel J, Kelter M, Cancela LM, Price PA, Schule R. 1997.
Identification of a novel negative retinoic acid responsive
element in the promoter of the humanmatrix Gla protein
gene. Proc Natl Acad Sci USA 94:2227–2232.

Lefebvre V, ZhouG,Mukhopadhyay K, Smith CN, Zhang Z,
Eberspaecher H, Zhou X, Sinha S, Maity SN, de
Crombrugghe B. 1996. An 18-base-pair sequence in the
mouse proalpha1(II) collagen gene is sufficient for
expression in cartilage and binds nuclear proteins that
are selectively expressed in chondrocytes. Mol Cell Biol
16:4512–4523.

Cartilage-Regulatory Element in the CD-RAP Gene 867



Lefebvre V, Huang W, Harley VR, Goodfellow PN, de
Crombrugghe B. 1997. SOX9 is a potent activator of the
chondrocyte-specific enhancer of the pro alpha1(II)
collagen gene. Mol Cell Biol 17:2336–2346.

Lefebvre V, Li P, de Crombrugghe B. 1998. A new long form
of Sox5 (L-Sox5), Sox6 and Sox9 are coexpressed in
chondrogenesis and cooperatively activate the type II
collagen gene. EMBO J 17:5718–5733.

Li J, Sandell LJ. 2002. E-box-related transcription factors
regulate CD-RAP gene expression by alternate formation
of activating and repressing nuclear protein complexes.
Trans Orthopedic Res Soc 48th Annual Meeting:11.

Liu Y, Li H, Tanaka K, Tsumaki N, Yamada Y. 2000.
Identification of an enhancer sequence within the first
intron required for cartilage-specific transcription of the
alpha2(XI) collagen gene. J Biol Chem 275:12712–12718.

Massaad C, Paradon M, Jacques C, Salvat C, Bereziat G,
Berenbaum F, Olivier JL. 2000. Induction of secreted
type IIA phospholipase A2 gene transcription by inter-
leukin-1beta. Role of C/EBP factors. J Biol Chem 275:
22686–22694.

Murakami S, Lefebvre V, de Crombrugghe B. 2000. Potent
inhibition of the master chondrogenic factor Sox9 gene
by interleukin-1 and tumor necrosis factor-alpha. J Biol
Chem 275:3687–3692.

Murray D, Precht P, Balakir R, Horton WE Jr. 2000. The
transcription factor deltaEF1 is inversely expressed with
type II collagen mRNA and can repress Col2a1 promoter
activity in transfected chondrocytes. J Biol Chem 275:
3610–3618.

Ogasawara A. 2001. Fluid shear stress-induced cycloox-
ygenase-2 expression is mediated by C/EBP beta, cAMP-
response element-binding protein, and AP-1 in osteo-
blastic MC3T3-E1 cells. J Biol Chem 276:7048–7054.

Okazaki K, Li J, Yu H, Fukui N, Sandell LJ. 2002. CCAAT/
enhancer binding protein beta and delta mediate the
repression of gene transcription of cartilage-derived
retinoic acid-sensitive protein induced by interleukin-
1b. J Biol Chem 277:31526–31533.

Sandell LJ, Adler P. 1999. Developmental patterns of
cartilage. Front Biosci 4:D731–D742.

Sock E, Pagon RA, Keymolen K, Lissens W, Wegner M,
Scherer G. 2003. Loss of DNA-dependent dimerization of
the transcription factor SOX9 as a cause for campomelic
dysplasia. Hum Mol Genet 12:1439–1447.

Stoll R, Renner C, Zweckstetter M, Bruggert M, Ambrosius
D, Palme S, Engh RA, Golob M, Breibach I, Buettner R,
Voelter W, Holak TA, Bosserhoff AK. 2001. The extra-
cellular human melanoma inhibitory activity (MIA)
protein adopts an SH3 domain-like fold. EMBO J 20:
340–349.

Tanaka K, Matsumoto Y, Nakatani F, Iwamoto Y, Yamada
Y. 2000. A zinc finger transcription factor, alphaA-
crystallin binding protein 1, is a negative regulator of
the chondrocyte-specific enhancer of the alpha1(II)
collagen gene. Mol Cell Biol 20:4428–4435.

Thomas B, Berenbaum F, Humbert L, Bian H, Bereziat G,
Crofford L, Olivier JL. 2000. Critical role of C/EBPdelta
and C/EBPbeta factors in the stimulation of the cycloox-
ygenase-2 gene transcription by interleukin-1beta in
articular chondrocytes. Eur J Biochem 267:6798–6809.

Tsuda M, Takahashi S, Takahashi Y, Asahara H. 2003.
Transcriptional co-activators CREB-binding protein
and p300 regulate chondrocyte-specific gene expression
via association with Sox9. J Biol Chem 278:27224–
27229.

Tsumaki N, Kimura T, Tanaka K, Kimura JH, Ochi T,
Yamada Y. 1998. Modular arrangement of cartilage- and
neural tissue-specific cis-elements in the mouse
alpha2(XI) collagen promoter. J Biol Chem 273:22861–
22864.

Xie WF, Kondo S, Sandell LJ. 1998. Regulation of the
mouse cartilage-derived retinoic acid-sensitive protein
gene by the transcription factor AP-2. J Biol Chem 273:
5026–5032.

Xie W-F, Zhang X, Sandell LJ. 2000. The 2.2 kb promoter of
cartilage-derived retinoic acid-sensitive protein controls
gene expression in cartilage and embryonic mammary
buds of transgenic mice. Matrix Biol 19:501–509.

Zhang D-E, Hetherington CJ, Meyers S, Rhoades KL,
Larson CJ, Chen H-M, Hiebert SW, Tenen DG. 1996.
CCAAT enhancer-binding protein (C/EBP) and AML1
(CBFa2) synergistically activate the macrophage colony-
stimulating factor receptor promoter. Mol Cell Biol 16:
1231–1240.

Zhou G, Lefebvre V, Zhang Z, Eberspaecher H, de
Crombrugghe B. 1998. Three high mobility group-like
sequences within a 48-base pair enhancer of the Col2a1
gene are required for cartilage-specific expression in vivo.
J Biol Chem 273:14989–14997.

868 Okazaki et al.


