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Abstract

The Maf family of transcription factors is expressed during development of various
organs and tissues, and is involved in a variety of developmental and cellular differentiation
processes. We previously found that c-maf and mafB are strongly expressed in hypertrophic
chondrocytes during cartilage development. Connective tissue growth factor (CTGF) is also
expressed in hypertrophic chondrocytes. Adenovirus mediated introduction of c-maf gene into
the mouse fibroblast cell line C3H10T1/2 strongly induced CTGF expression. CTGF can be
induced by TGF-p via the SMAD pathway; however, the c-Maf could not induce TGF-f3, nor
could TGF-B induce the c-Maf, suggesting that activation of CTGF by Maf is TGF-f
independent. Reporter transfection analysis using C3H10T1/2 cells shows that c-Maf
stimulates a CTGF reporter gene. Lc-Maf, a splice variant of c-Maf containing an extra 10
amino acids in the carboxyl terminus, was a stronger inducer of the CTGF reporter gene than
c-Maf. Chromatin immunoprecipitation analysis showed that c-Maf binds to the promoter
region of the CTGF gene, indicating that Maf directly activates the CTGF gene. Gel mobility
shift assays indicated that c-Maf binds to the region near the transcription initiation site of
CTGEF gene. Taken together, these data indicate that the CTGF gene is a target of c-Maf and

Lc-Maf in cartilage development.
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Introduction

The Maf family of basic-leucine zipper (bZip) transcription factors was first identified
through the viral maf oncogene, an avian retroviral transforming gene [1]. There are two
classes of Maf proteins, large Maf proteins such as c-Maf [2], MafB [3, 4], NRL [5], and
L-Maf/MafA [6-8], and small Maf proteins, which lack the activation domain present in the
large Mafs, including MafK, MafF [9, 10], and MafG [10]. The large Maf proteins can form
either homodimers, or heterodimers with other bZip family members, such as Jun and Fos [3,
11, 12]. Once dimerized, Mafs bind to the Maf recognition element (MARE,
-TGCTGAC(G)TCAGCA-), which overlaps with the 12-O-tetradecanoylphorbol 13-acetate
responsive element (TRE) and the cAMP-responsive element (CRE) [11, 13].

Although the c-maf and mafB genes display oncogenic potential when over-expressed
or translocated to the IgH locus [1, 14], recent reports support the involvement of these
proteins in a variety of normal developmental and differentiation processes. The Maf family
members appear to have significant and distinct functions in lens development, L-Maf and
c-Maf are expressed in lens and induce the expression of several crystallin genes, and
disruption of the c-maf gene in mice causes a failure in lens fiber formation [6, 15-18]. The
up-regulation of c-Maf by Pax6 is consistent with the role of c-maf in ocular development and
differentiation [19]. Murine c-Maf regulates tissue specific expression of IL-4 and is involved
in the cell fate determination of Th2 cells [20, 21]. c-Maf and MafA, activate glucagon and
insulin gene expression in pancreatic islet o- and p-cells, respectively [8, 22, 23].
Additionally, the expression of c-maf mRNA is down-regulated during adipogenesis and
up-regulated during myogenesis [24].

A recent study showed that c-Maf is highly expressed in hypertrophic chondrocytes
and c-Maf is required for normal chondrocyte differentiation during endochondral bone
development. Absence of c-Maf causes abnormal terminal differentiation of hypertrophic

chondrocytes during endochondral bone development and fetal bone length decreases



concomitantly with the decrease in the number of mature hypertrophic chondrocytes [25]
[26].

Connective tissue growth factor (CTGF) CTGF is a member of the CCN (CTGEF,
Cyr61, Nov) protein family which consists of CTGF, CRY61, Nov, WISP-1, WISP-2 and
WISP-3, and a 36 kDa cysteine rich protein [27, 28]. CTGF is expressed in a variety of tissues,
including hypertrophic chondrocytes[28, 29]. CTGF directly regulates the proliferation and
differentiation of chondrocytes and osteoblasts [28, 30], stimulates angiogenesis in vivo [28,
31], and promotes extracellular matrix production in connective tissue [32]. Furthermore,
CTGF plays an important role in the pathogenesis of various fibrotic disorders. It is
over-expressed in scleroderma, keloids, and other fibrotic skin disorders, as well as in stromal
rich mammary tumors, and in advanced atherosclerotic lesions [28, 33, 34]. CTGF is induced
by transforming growth factor 3 (TGF-f) through a TGF-f response element (TBRE) in the
CTGF gene promoter [28, 35]. A recent study also showed that TGF-f3 activates SMADs
and bound to the SMAD binding element (SBE) in the CTGF gene [36]. However, these
studies examined CTGF gene regulation in pathogenic or artificially induced conditions. The
regulation of normal developmental expression of CTGF, such as in hypertrophic
chondrocytes, might be different from the TGF-f3 mediated pathway [37].

In this study, we found that CTGF co-localized with c-Maf in hypertrophic
chondrocytes, and we analyzed the possible relationship between Maf and CTGF gene
regulation. The over-expression of c-Maf in the fibroblast cell line C3H10T1/2 strongly
induced CTGF mRNA. Reporter transfection analysis, electrophoretic gel mobility shift
analysis, and chromatin immunoprecipitation analysis each indicated that c-Maf and the
Lc-Maf splice variant activate the CTGF gene through direct interactions with the CTGF gene

promoter in a TGF-f independent manner.



Materials and Methods

In situ hybridization. - In situ hybridization was performed as described previously [25].
Pregnant mice were perfused through the aorta with 4% freshly prepared paraformaldehyde to
fix embryos. Sections of E17.5 mouse limbs were hybridized with anti-sense RNA probes
for c-maf and CTGF (1 x 10° dpm./mL). Slides were digested with RNase A (20 ug/mL) and
washed sequentially in 2x SSC, 1x SSC, 0.5x SSC, and then incubated for 30 min in 0.1x SSC
at 60°C. The sections were exposed to X-ray film (Kodak X-omat) for 3 days, then dipped in
NTB2 nuclear emulsion, (1:1 with water, Kodak), and exposed for 2 weeks. Radioactive RNA
probes of c-maf, mafB and CTGF were synthesized with [0->S] UTP by using the T7 RNA
polymerase. In control experiments, adjacent sections were treated with RNase before
hybridization or sense-strand RNA probes were used for hybridization.

Cloning of the mouse CTGF cDNA and genomic CTGF. - A mouse CTGF cDNA was
amplified by RT-PCR using 5’-CTCCGTCGCAGGTCCCATCA-3’ and
5’-CAGGCTTGGCGATTTTAGGT-3’ as primers and cloned into the pBluescript II vector
(Stratagene, La Jolla, CA). A mouse genomic library constructed in the EMBL-3 A phage
vector was screened using mouse CTGF cDNA. Various restriction fragments of the clone
were subcloned into pBluescript II and nucleotide sequences were determined by an ABI
Prism dye terminator cycle sequencing kit and ABI 373S DNA sequencer (Applied
Biosystems, Foster city, CA).

Construction of plasmids. - Various DNA fragments from the CTGF genomic clone were
prepared by restriction cleavage or PCR and inserted into the promoter-less luciferase plasmid
vector pGVB2 (Nippon Gene, Toyama, Japan). To analyze the enhancer activity of various
regions of the CTGF gene, the fragments were inserted into the pGVB2 vector, which
contains the rat glutathione S-transferase P (GST-P) gene promoter, -50 to +36bp, a minimal
promoter containing a TATA box and a GC box [38]. Expression vectors of c-Maf have been

described previously [25]. cDNA for rat Lc-maf, a splicing variant of c-maf, was cloned as



followed. A rat EST (GenBank accession number; BF399640) containing the 3’-end of c-maf
mRNA open reading frame contiguous to the coding sequence of Lc-Maf [39] was identified
by a data base search. From this nucleotide sequence information, we designed the Lc-maf
primers, 5’-ACACGTCCTGGAGTCGGAGA-3’ and 5’-CCCACGGAGCATTTAACAAG-3’,
and successfully amplified rat Lc-maf cDNA encoding the C-terminal region of Lc-Maf by
RT-PCR. The 3’-terminal region of Lc-maf cDNA was ligated to the 5’-region of c-maf
cDNA. These expression vectors were constructed in pcDNA3.1 (Invitrogen, Carlsbad, CA).
Cell culture and transient transfection analyses. - The mouse fibroblast cell line C3H10T1/2
was obtained from the Japanese Collection of Research Bioresources (Tokyo, Japan), and
maintained in Dulbecco’s modified minimal essential medium (DMEM; Nissui, Tokyo, Japan)
supplemented with 10% fetal bovine serum (FBS). TGFf treatments of C3H10T1/2 cells were
performed according to Chen [40]. The cells were serum starved for 18 h before being treated
with 0.1 or 10 ng/mL TGF-f (Sigma, St. Louis, MO) and harvested after 24 h. Transient
transfections were performed as described previously [24]. Briefly, 24 h before transfection,
the cells were plated at a density of 1 x 10° cells/35-mm plate. C3HI10T1/2 cells were
co-transfected with a total of 2 ug DNA, which included 0.5 ug reporter plasmid, 0.2 ug
[-galactosidase expression plasmid (pSVp-gal; Promega, Madison, WI) as an internal control,
various amounts of expression plasmid and pUC18 DNA. After 45 h incubation, cells were
harvested and assayed for luciferase activity using a luciferase assay kit (Nippon Gene,
Toyama, Japan) and for (-galactosidase activity. Luciferase activity was normalized to
[-galactosidase activity and all experiments were repeated at least three times.

Adenovirus mediated introduction of Maf genes - Replication deficient adenoviruses
carrying c-maf (AXCALNLrmaf2) [25] and Cre genes (AxCANCre) were provided by the
RIKEN DNA Bank (Tsukuba, Japan). These genes are driven by the CAG promoter [41].
The c-maf gene is bracketed by the loxP element and expression is controlled by the Cre-loxP

system. C3H10T1/2 cells were seeded at 24 h before infection and were co-infected for 1 h



with various multiplicities of infection (MOI) of adenoviruses harboring a maf gene and the
Cre gene in 0.5 mL medium containing 5% FBS. Following co-infection, cells were fed 1.5
mL medium containing 10% FBS. After 48 h, cells were harvested for RNA or protein
extraction.

RNA analysis —Total cellular RNA from C3H10T1/2 cells and tissues was prepared using an
RNA extraction kit (Nippon Gene). To prepare an anti-sense RNA probe, cDNA fragments
were subcloned into pBluescript II and synthesized by either T7 or T3 RNA polymerase
(Takara, Kyoto, Japan) with [a-"P] UTP in vitro. The RNase protection analysis was
performed as described previously [24].

Western blot analysis- Proteins were separated by SDS—polyacrylamide gel electrophoresis
and transferred to a polyvinylidene difluoride membrane filter (Millipore, Bedford, MA). The
membrane was incubated with anti-c-Maf serum (1:10,000) or anti-CTGF antibody (1:3,000)
(Abcam, Cambridge, UK). After washing, the membrane was incubated with horseradish
peroxidase-conjugated anti-rabbit 1gG (Amersham—Pharmacia Biotech, Arlington, IL,
1:10,000) and the immunoreactive bands were detected using an enhanced
chemiluminescence system (Amersham—Pharmacia Biotech).

ChIP analysis. —ChIP analysis was carried out as described previously [42, 43]. Briefly,
cells were fixed in 1% formaldehyde and washed twice with phosphate-buffered saline
containing protease inhibitors (1 mM PMSF, 1 ug/mL aprotinin, 1 ug/mL pepstatin). DNA of
the fixed cells were sheared by sonication and diluted 10-fold with IP buffer (0.01% SDS,
1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI, pH 8.1, 167 mM NaCl). The samples
were pre-cleared using Protein A-Sepharose (Pharmacia Biochemicals, Stockholm, Sweden)
containing 20 ug/mL sheared salmon sperm DNA and 1 mg/mL BSA) and then incubated
with an anti-c-Maf antibody or rabbit pre-immune serum for 16 h at 4°C. Immune complexes
were precipitate with Protein A Sepharose and washed sequentially with wash buffer-1 (0.1%

SDS, 1% Triton X-100, 2 mM EDTA, 20mM Tris-HCl, pH8.1) containing 150mM NaCl,



wash buffer-1 containing 500 mM NaCl, wash buffer-2 (0.25 M LiCl, 1% NP40, 1% sodium
deoxycholate, 1 mM EDTA, 10 mM Tris-HCI, pHS8.1) and TE (10 mM Tris-HCl, pHS8.1, 1
mM EDTA). The complexes were eluted in 1% SDS, 0.1 M NaHCO,, and cross-linking was
reversed by heating to 65°C for 4 h. DNAs were purified and specific promoter regions were
amplified by PCR using the following primers: CTGF
(5’-GGATCCGGTGTGAGTTGATGAGG-3’ and 5’-GAGTGGATCTGGCTGAGTCT-3),
and c-jun (5’-AGAAAGAAGGGCCCAACTGTAGG-3’ and
5’-ATCCAGCCTGAGCTCAACACTTA-3’).

Preparation of nuclear extracts and EMSA — Electrophoretic gel mobility shift assays
(EMSA) were performed using a nuclear extract from C3HI10T1/2 cells over-expressing
c-Maf. Nuclear extracts were prepared using a nuclear extract preparation kit (Sigma). Probes
were synthesized by filling in the 5’-overhanging end of the appropriate restriction enzyme
fragment of the CTGF gene using Klenow DNA polymerase I (Takara, Kyoto, Japan) and
[0-7P]-dCTP. EMSA analyses were performed essentially as described previously [24].
Briefly, approximately 2.5 ug nuclear extract was incubated with 2.5 ug poly(dl/dC) in
binding buffer (20 mM Hepes, pH 7.9, 20 mM KCI, 1 mM EDTA, 5 mM DTT, 4 mM MgCl,,
15% glycerol, and 100 wg/mL BSA) and **P-labeled DNA probe. For supershift assays,
anti-c-Maf rabbit polyclonal IgG (Santa Cruz Biotechnology, Santa Cruz, CA) was incubated
with the nuclear extract for 1 h at 15°C prior to the binding reaction. Protein-DNA complexes
were analyzed by 4% polyacrylamide gel electrophoresis in 25 mM Tris-borate, 0.5 mM

EDTA buffer.



Results
The expression of c-maf and CTGF mRNA in mouse embryonic limbs.

We have previously reported that c-maf is strongly expressed in hypertrophic
chondrocytes in the cartilages of the adult femur epiphysis and in the ribs and limbs of E15 rat
embryos. Cartilage tissues artificially induced by subcutaneous implantation of bone
morphogenetic protein (BMP) in rat also expressed c-maf[25]. Takigawa and colleagues
reported that CTGF is also expressed in hypertrophic chondrocytes [29, 30]. To confirm the
co-expression of these genes in hypertrophic chondrocytes, we conducted an in
situ-hybridization analysis in developing mouse limbs (Fig. 1). In the E17.5 embryos, c-maf
and CTGF mRNAs were strongly detected and showed similar tissue localization. The

mRNAs were restricted almost entirely to hypertrophic chondrocytes in cartilage.

Adenovirus mediated introduction of c-maf gene induces CTGF expression in
C3H10T1/2 cells.

To investigate possible interactions between Mafs and CTGF expression, we have
introduced the c-maf genes into C3H10T1/2 cells by adenovirus mediated gene transfer. We
used the C3H10T1/2 mesenchymal stem cell line because these cells are able to differentiate
into chondrocytes following treatment with 5-aza-cytidine, an inhibitor of DN A methylation
[44], and are commonly used to investigate the mechanisms of chondrocyte differentiation
[45-47]. CTGF mRNA was measured in C3H10T1/2 cells that over-expressed c-maf.
Co-infection of C3H10T1/2 cells with c-maf containing adenovirus and Cre-expression virus
induced CTGF mRNA in an MOI dependent manner (Fig. 2A). Western blotting analysis
confirmed the induction of CTGF protein by c-Maf (Fig. 2B). To examine the effect of c-Maf
on CTGF expression in vivo, we analyzed CTGF mRNA expression in mouse embryonic
fibroblast (MEF) cells, established from c-maf knockout mice (generously provided by Dr. L.

H. Glimcher, Harvard Medical School). CTGF mRNA in E17.5 knockout MEF cells was



significantly reduced compared to wild-type MEF cells from a liter mate (Fig. 2C). Infection
of c-maf’” MEF cells with c-maf containing adenovirus restored CTGF mRNA level to that of
the wild type. CTGF mRNA expression was not completely shut-off in the c-maf” MEF cells,

but it is likely that MafB, as well as other factors, may activate CTGF gene.

The CTGF induction by c-maf is TGF-f independent.

Many previous reports indicate that CTGF expression was induced by TGF-f3 along
with SMAD and other pathways [36, 48, 49]. Therefore, we investigated whether CTGF
induction by Mafs correlated with TGF-f3 expression. TGF-3 mRNA levels did not change
significantly in adenovirus infected cells expressing c-maf (Fig. 3A). Additionally, 10
ng/mL TGF-B induced CTGF mRNA in C3HI10T1/2 cells, but c-maf mRNAs were not
detected (Fig. 3B). The control cells, kidney, expressed c-maf mRNAs. CTGF induction by
TGF-B was confirmed by western blotting analysis, but c-Maf was not detected (Fig. 3C).

These results suggest that CTGF induction by c-Maf is independent of the TGF-[3 pathway.

Cloning of Lc-maf cDNA, a long splice variant of c-maf.

Alternative splicing generates two forms of c-maf mRNA, the original described
short-form, c-maf, and a long form, Lc-maf. The long form, Lc-maf encodes an extra 10
amino acids at the carboxyl terminus of c-Maf; the termination codon (UGA) of the c-maf
mRNA is converted to UGC (tyr) by alternative splicing and another 9 amino acids are
encoded in this transcript (Fig. 4A). Huang et al. reported that Lc-Maf is expressed in
chondrocytes and transactivation of the collagen gene by Lc-Maf is stronger than that of
c-Maf in a reporter transfection assay [39]. Therefore, we have cloned the rat Lc-Maf cDNA
and analyzed its ability to induce CTGF gene expression. Cloning of Lc-maf by RT-PCR is
described in the Materials and Methods. Lc-maf was successfully amplified from RNA from

muscle, brain, the 3Y1 fibroblast cell line, and BMP induced cartilage tissues. From a data
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base analysis, we determined that the second exon encoding 10 carboxyl-terminal amino acids
is located more than 12 kb downstream from the first exon (Fig. 4A). We have analyzed the
expression of c-maf and Lc-maf in various tissues by RNase protection analysis (Fig. 4B). The
anti-sense RN A probe used was the c-maf/Lc-maf junction region of the anti-Lc-maf mRNA
sequence (-182/4+60, relative to the c-maf termination codon, UGA), and, therefore, c-maf and
Lc-maf mRNAs protected short (182 b) and long (242 b) probe sequences, respectively.
Lc-maf expression was relatively minor compared to c-maf in all tissues examined. The
cartilage tissues induced by subcutaneous implantation of BMP [25] also weakly expressed
Lc-maf mRNA. The muscle cells expressed a relatively higher proportion of Lc-maf to c-maf

mRNA than found in other tissues.

Lc-Maf and c-Maf activate the CTGF promoter

To clarify the molecular mechanism of CTGF gene activation by c-Maf, we performed
a reporter transfection analysis using C3H10T1/2 cells. A reporter construct having 0.8 kb of
the 5’-upstream region of the CTGF gene fused to a luciferase gene was strongly activated by
co-transfection with the c-Maf or Lc-Maf expression vectors (Fig. 5A). We analyzed up to 5
kb from the cap site of the CTGF gene and activation of the reporter by either Lc-Maf or
c-Maf was not significantly different from the 0.8 kb 5’ flanking sequence (data not shown).
Lc-Maf activation of the CTGF reporter was 2-3-fold stronger than activation by c-Maf. To
identify the c-Maf response elements in the CTGF gene, we analyzed a series of 5’-deletion
constructs. Figure 5A shows that all of the constructs having up to —134 bp from the cap site
were activated by co-transfection with c-Maf or Lc-Maf, suggesting that this proximal region
was responsible for activation.

Next, various regions of the 5’-flanking sequence, —820/-596, -599/-319, -322/-136
and -139/437 were fused to a heterologous promoter, the rat glutathione-S transferase

minimal promoter region, containing TATA- and GC- boxes, and the luciferase gene [38].
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Although all of the fragments were activated by c-Maf and Lc-Maf, the proximal promoter
fragment, -139/437, was most highly activated. Next, we examined regions farther
down-stream of the cap site. Figure 5B shows the results of activation in reporter constructs
using -82/+212 bp or -82/+29 bp. The construct with -82/+126 bp showed the strongest
activation. However, when we deleted +70 - +126 bp, the activity was reduced by half,
suggesting that this region contains some activation elements. These results suggest that
multiple elements exist near the promoter region, -82 - +212. This region did not contain a
typical MARE sequence (-TGCTGACTCAGCA- or TGCN, GCA), but similar sequences
were identified; TGAGTCTTCTT at +21, TCCNy;GCA at +70, TGGNy;GAC at +123 and
TGCN,,GCA at +191. However, none of these sequences alone strongly responded to c-maf
co-transfection. These data suggest that each of these elements alone are not strong enough
to bind c-Maf or Lc-Maf. The combination of multiple binding elements may contribute to the

strong binding and activation by these transcription factors.

c-Maf binds to the CTGF gene promoter region.

To examine whether the induction of CTGF expression by c-Maf is a direct interaction
to with CTGF gene in vivo, we performed a chromatin immunoprecipitation (ChIP) analysis
using an anti-c-Maf antibody. Chromatin from C3HI0T1/2 cells with or without
c-maf-adenovirus infection was used for this experiment. The anti-c-Maf antibody
precipitated the CTGF promoter region from the chromatin of c-maf-adenovirus infected
C3H10T1/2 cells, but not from un-infected cells (Fig. 6A). As a negative control, we
amplified c-jun, and no amplified DNA was detected in any of the ChIP samples. This result
clearly indicates that c-Maf directly and specifically binds to the CTGF gene promoter in cells
over-expressing c-Maf.

To further narrow-down the region interacts with c-Maf, we carried out EMSA using

nuclear extracts from c-Maf over-expressing C3H10T1/2 cells. Five fragments of he promoter
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region were used as probes. Although multiple protein-DNA complexes were seen with
most of the probes, inclusion of the anti-c-Maf antibody in the assay decreased the amount of
the c-Maf specific band and resulted in the appearance of a super-shifted band with some
probes (Fig. 6B). Inclusion of anti-c-Maf in assays with probe D resulted in a decrease in
the specific c-Maf band and the appearance of a super shifted band. In the presence of probe
B, the super shifted band was very weak, but the band corresponding to the c-Maf specific
complex decreased in the presence of the anti-c-Maf antibody. Probe A also bound c-Maf and
weakly super shifted. In assay using probe C, the c-Maf complex decreased slightly, but a
super shifted band was not clearly detected. These results suggest that multiple elements in
the CTGF promoter from —135 to +175 bp of transcription initiation sites bind to the c-Maf.
ChIP and EMSA analyses clearly indicate that c-Maf bind to the promoter region of the

CTGEF gene in vivo and in vitro.
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Discussion

The importance of CTGF in the development of cartilage tissues was demonstrated by
the CTGF knockout mouse [31]. CTGF stimulated cell proliferation, matrix remodeling and
angiogenesis during chondrogenesis. TGF-f activates the CTGF gene through the TGF-f
responsive element and SMAD binding element located on the CTGF promoter. However,
several lines of evidence suggest that CTGF is also activated by TGF-f independent manner
[37]. Here, we showed that the Maf transcription factor activates CTGF gene in a TGF-3
independent manner. Over expression of c-Maf gene strongly induced CTGF expression (Fig.
2) and a reporter transfection analysis indicated that the proximal promoter regions were
responsible for that activation (Fig. 5). ChIP and EMSA analyses indicated that c-Maf and
Lc-Maf bound near the promoter region of the CTGF gene in vivo and in vitro (Fig. 6).

Previous studies have identified several functional response elements in the promoter
region of the CTGF gene. Grotendorst et al. identified a TGF-f responsive element at —162 bp
in the CTGF gene, but the factor binding to this element was not identified. In addition to this
element, Holmes et al identified a SMAD binding sequence just up-stream of the TGF-f
response element. These TGF-f3 responsive sites are located out-side of the Maf responsive
sequence, as determined by reporter transfection analysis and EMSA (Fig. 5, 6). These data
are consistent with the results showing that Maf activates the CTGF gene independently of
TGF-.

Multiple AP-1 binding sites were found in the 5’-flanking sequence of CTGF.
Although the AP-1 binding sequence resembles the MARE sequence, these AP-1 sites were
did not contribute significantly to activation by Maf in the reporter transfection analysis (Fig.
5). EMSA also showed that the fragments containing AP-1 sites did not bind to the c-Maf
protein (data not shown). Reporter transfection analysis and EMSA using nuclear extracts
from cells over-expressing c-Maf indicate the presence of multiple c-Maf responsive elements

between —131 to +175 bp of the CTGF gene. However, a typical MARE sequence was not
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found in this region. Some related sequences were found, as described above, but we could
not identify the exact binding site in this region by footprinting analysis using the nuclear
extracts because of the formation of multiple complexes and weak binding in the EMSA
experiment (Fig. 6B). Recombinant Maf protein also failed to bind these sequences in
EMSA (data not shown). These results suggest the possibility that c-Maf binds to these
regions as a heterodimer with an unknown partner. c-Maf is known to form heterodimer
with bZip- or other transcription factors, and heterodimer formation alters the binding
sequence specificity [11, 12, 50]. 'We previously reported that heterodimers of c-Maf and
c-Fos bind to different sequence than the c-Maf homodimer [11]. Therefore, it is possible that
c-Maf or Lc-Maf form heterodimers with some unknown factor and bind to the CTGF
promoter region. In the anti-c-Maf super-shift analysis (Fig. 6B), the behaviors of shifted and
super-shifted bands were somewhat different depending on the probes used. Shifted bands of
probe B decreased in the presence of the antibody but super-shifted bands were not
significantly increased, whereas super-shifted bands of probe D clearly increased in the
presence of antibody. It is possible that there are different heterodimer partners of c-Maf and
the DNA binding activity of the heterodimers is differentially affected by the antibody.
Recently, Friedman et al. reported that NRL, a member of the large Maf family, and
possibly other large Maf factors including c-Maf strongly interact with TATA binding protein
(TBP) through the conserved N-terminal transactivation domain [51]. c¢c-Maf and TBP may
form part of a pre-initiation complex that binds near the promoter region with relatively weak
binding affinities.
CTGF mRNA expression in the MEF cells from c-maf knockout mice, examined by
RNase protection analysis (Fig. 2C) tended to decrease, but the effect was not significant. In
situ hybridization analysis of CTGF expression in cartilage of the embryonic femur found no
obvious difference from that of wild type mice (data not shown). This effect may be due to

complementation by other transcription factors. Since over expression of MafB also
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activated CTGF expression in fibroblasts (data not shown), it is possible that MafB
complements the c-Maf deficiency. However, the c-maf and CTGF knockout mice share the
common phenotypes, showing expanded hypertrophic chondrocytes in the E16-E17 embryo
and reduced ossification in the center of the tibia [26, 31]. Taken together these results
indicate that c-Maf has important roles in chondrocyte development thorough the control of

CTGEF gene expression.
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Figure Legends

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Expression of CTGF and c-maf mRNA in the limbs of an E17.5 mouse embryo.
The indicated mRNAs were detected by in sifu hybridization in hypertrophic
chondrocytes.

Induction of CTGF mRNA by adenovirus mediated over-expression of c-maf. (A)
CTGF and c-maf mRNAs were detected by RNase protection analysis in 10 ug of
total RNA from c-maf (Ad/c-maf) expressing adenovirus infected C3H10T1/2
cells. The MOIs are indicated above the samples. The cultures were co-infected
with the same dose of Cre expressing adenovirus. (B) CTGF and c-Maf proteins
in c-Maf over-expressing cells (100 ug cell lysate) were detected by Western
blotting. (C) CTGF mRNA was analyzed from the c-maf knockout- and wild
type-mice E17.5 MEF cells, as in (A).

CTGEF gene activation by Maf is TGF-f independent. The mRNAs of TGF-f3 and
CTGF were determined in c-Maf over-expressing cells by RNase protection
analysis, as described in Fig. 2A. Ten micrograms of total RNA was used for each
analysis. (B) c-maf and CTGF mRNAs were analyzed in TGF-f treated
C3H10T1/2 cells, as described in the Materials and Methods. Rat kidney RNA
was used as a positive control. (C) CTGF and c-Maf proteins were detected by
Western blotting analysis. Recombinant c-Maf/maltose binding protein fusion

protein was used as a positive control (c-Maf/Mal)

Cloning and expression of Lc-Maf mRNA. (A) Schematic representation of rat
c-maf gene, and the c-maf and Lc-maf mRNAs. The nucleotide sequences
encoding the c-terminal region of c-maf and Lc-maf are shown. The probe used
for RNase protection analysis is indicated by the horizontal bar. The closed and
open arrowheads indicate the transcription and translation initiation sites,
respectively. (B) Expression of c-maf and Lc-maf mRNA in various tissues. Ten
micrograms of total RNA from the indicated tissues were analyzed. Liv: liver, Br:
brain, Mus: muscle, BMP: chondrocyte tissues induced by subcutaneously
implanted BMP in rat.

Activation of the CTGF promoter by c-Maf and Lc-Maf. (A) The indicated CTGF
promoter constructs, containing 5’-deletions or internal deletions, were
co-transfected with or without c-Maf or Lc-Maf expression plasmids into
C3H10T1/2 cells and luciferase activity was measured in cell extracts collected 45
h after transfection. The structure of the CTGF gene is indicated schematically in
the upper panel. Transcription and translation initiation sites are indicate by closed

and open horizontal arrows, respectively. (B) Transfection analysis of regions
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Figure 6

proximal to and down-stream of the cap site. The indicated constructs were

analyzed as described in (A).

c-Maf binds to the CTGF gene promoter in cells over-expressing c-Maf in vivo
and in vitro. (A) Chromatin immunoprecipitation analyses were performed with
anti-c-Maf antibody in C3H10T1/2 cells with (C3H10T1/2-Ad/c-maf) or without
(C3H10T1/2) Ad/c-Maf infection, as described in the Materials and Methods. The
DNAs were extracted from total sonicated nuclei (Input), Protein A without
antibody (-), Protein A with antibody (Anti-c-Maf), or with pre-immune serum
(Pre-Immune). Specific promoter regions of the CTGF and c-jun genes were
amplified by PCR (33 cycles), separated on 5% polyacrylamide gels and stained
with ethidium bromide. (B) EMSA analysis of c-Maf binding to CTGF promoter
fragments. Nuclear extracts of C3H10T1/2 cells over-expressing c-Maf were
incubated with the indicated CTGF promoter fragments, with (+) or without (-)
anti-c-Maf antibody. Transcription and translation initiation sites are indicate by

closed and open horizontal arrows, respectively.
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