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Cooperative Regulation of Chondrocyte Differentiation by CCN2 and
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Proteins in Cartilage
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ABSTRACT: CCN2 is best known as a promoter of chondrocyte differentiation among the CCN family
members, and its null mice display skeletal dysmorphisms. However, little is known concerning roles of the
other CCN members in chondrocytes. Using both in vivo and in vitro approaches, we conducted a comparative
analysis of CCN2-null and wildtype mice to study the roles of CCN2 and the other CCN proteins in cartilage
development. Immunohistochemistry was used to evaluate the localization of CCN proteins and other chon-
drocyte-associated molecules in the two types of mice. Moreover, gene expression levels and the effects of
exogenous CCN proteins on chondrocyte proliferation, differentiation, and the expression of chondrocyte-
associated genes in their primary chondrocytes were evaluated. Ccn3 was dramatically upregulated in CCN2-
null cartilage and chondrocytes. This upregulation was associated with diminished cell proliferation and
delayed differentiation. Consistent with the in vivo findings, CCN2 deletion entirely retarded chondrocyte
terminal differentiation and decreased the expression of several chondrocyte-associated genes in vitro,
whereas Ccn3 expression drastically increased. In contrast, the addition of exogenous CCN2 promoted dif-
ferentiation strongly and induced the expression of the associated genes, whereas decreasing the Ccn3 ex-
pression. These findings collectively indicate that CCN2 induces chondrocyte differentiation by regulating the
expression of chondrocyte-associated genes but that these effects are counteracted by CCN3. The lack of
CCN2 caused upregulation of CCN3 in CCN2-null mice, which resulted in the observed phenotypes, such as
the resultant delay of terminal differentiation. The involvement of the PTHrP-Ihh loop in the regulation of
CCN3 expression is also suggested.
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INTRODUCTION

ENDOCHONDRAL BONE FORMATION involves highly orga-
nized steps.t"” Several molecules controlling endo-
chondral bone formation have been defined, such as
PTH,® PTH-related protein (PTHrP), Indian hedgehog
(Thh),®* and bone morphogenetic proteins (BMPs).*>
However, the detailed characterization of the genetic con-
trol of endochondral bone formation remains to be eluci-
dated.

CCN2/connective tissue growth factor (CTGF) is com-
posed of four modules that interact with a variety of mol-
ecules such as growth factors, extracellular matrix (ECM)
components, and membrane receptors in a way that can
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result in modifying their actions,® suggesting that this fac-
tor acts, so to say, as a “signal conductor” in the microen-
vironment. CCN2 is one of the important factors expressed
during endochondral bone formation.'® Our previous
studies have shown the critical roles of CCN2 throughout
this process.(®!11® CCN2 is a member of the CCN (CCN1/
Cyr61,%” CCN2/CTGF, %' and CCN3/NOV??) fam-
ily,(é) which also includes CCN4/WISP1/Elm1, CCN5/
WISP2/rCop-1, and CCN6/WISP3.°? These members
share a high degree of structural homology, thus suggesting
that they may have similar or redundant functions.® In
addition, members such as CCN1, CCN3, CCN4, and CCN6
have been occasionally detected in chondrocytes,®*® thus
suggesting the contribution of the entire CCN family to the
process of cartilage formation in vivo. In this study, to fur-
ther characterize the comprehensive roles of CCN family
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members, we comparatively analyzed the gene expression
and protein production patterns of them in the developing
cartilage and in chondrocytes isolated from CCN2-null
(CCN2-KO) versus those in wildtype (WT) mice. Among
the CCN proteins, CCN3, a powerful suppressor of cell
proliferation,®”® has been reported to be downregulated
by PTHrP,®* an essential regulator of endochondral bone
formation.®* Therefore, particular attention was focused
on CCN2 and CCN3 in this study. As a result, the critical
and differential involvement of these CCN family proteins
during chondrocyte differentiation was shown.

MATERIALS AND METHODS
Mice and tissue preparation

The CCN2-KO mice used in this study were previously
described.!® Hind limbs removed at embryonic day
(E)14.5-E18.5 were fixed with 4% paraformaldehyde
(PFA) in 0.1 M PB (pH 7.4) for 24 h. The samples were
decalcified with 10% EDTA for 3-7 days, depending on
their age before embedment in paraffin. Paraffin sections,
after immunostaining and/or staining with HE, Masson-
Goldner, or Safranin-O staining, were examined under a
Microphoto FXA light microscope equipped with a
DXM1200 digital camera (Nikon, Kawasaki, Japan). All
animal experiments in this study were conducted according
to the Guidelines for Animal Research of the Okayama
University and were approved by the animal committee.

Antibodies

The mouse monoclonal antibody against human prolif-
erating cell nuclear antigen (PCNA) was purchased from
DAKO. Rabbit polyclonal antibody against human type II
collagen was purchased from Chemicon International and
that against rat type X collagen from LSL Co. (Tokyo,
Japan). For the specific detection, of the six CCN family
proteins, we collected 27 different antibodies, some of
which were described previously,?*>” and the others were
purchased from Abcam, Santa Cruz Biotechnology, and
Gene Teqand R&D. All of them were evaluated for speci-
ficity by Western blotting, using recombinant human CCN
proteins described below. Eventually, we selected six anti-
bodies that did not cross-react with the other CCN proteins:
SC-13100 (lot. J2105) for CCN1 (Santa Cruz), SC-ab6992-
50 (lot. 314202) for CCN2 (Abcam), K-19M©? for CCN3,
SC-25441 (lot. B2806) for CCN4, SC-25442 (lot. K0805) for
CCNS5, and SC-25443 (lot. A2604) for CCNG6 (Santa Cruz).
Rabbit polyclonal antibody against human PTHrP, goat
polyclonal antibody against human Ihh, and mouse mono-
clonal antibody against human PTH/PTHrP receptor were
also purchased from Santa Cruz.

Recombinant CCN proteins

Recombinant human CCN2 (rCCN2) and CCN3
(rCCN3) were prepared as described previously.('>!63D
Apart from these recombinant CCNs (rCCNs), all of the
CCN members were commercially obtained. Bacterially de-
rived rCCNI, 3, 4, 5, and 6 were purchased from PeproTech
EC (London, UK). The remaining bacterially derived one,
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rCCN2, was purchased from Bio Vender Laboratory
(Heidelberg, Germany). These rCCNs were diluted with
0.1% BSA-PBS to a concentration of 50 pg/ml for use as
stock solutions.

Cell isolation and culture condition

Primary murine chondrocytes were isolated from rib car-
tilage at E18.5 by digestion with 0.1% collagenase A
(Roche) for 4 h after complete elimination of contaminat-
ing soft tissues by preliminary digestion with 0.25% trypsin
for 30 min at 37°C. Chondrocytes were inoculated into
culture dishes or plates (Greiner) in a-MEM (Sigma)
supplemented with 10% FBS (Invitrogen). All of these
chondrocytes were used fresh in primary cultures without
undergoing any further passage to avoid possible dediffer-
entiation.

RNA extraction and reverse transcription

Total cellular RNA was isolated from primary chondro-
cytes at confluence in culture derived from CCN2-KO or
WT mice by using an RNeasy Mini Kit according to the
manufacturer’s instructions (Qiagen, Hilden, Germany).
Chondrocytes from both types of mice were inoculated at a
density of 1 x 10°/dish into 3.5-cm culture dishes and were
grown to confluence. WT chondrocytes reached confluence
on day 6 or 7, whereas CCN2-KO chondrocytes took ~2
more days to reach it. RNA samples from eight WT and
eight CCN2-KO littermates were examined.

Total RNA was also extracted from WT and CCN2-KO
rib cartilage of embryos at E14.5, E16.5, and E18.5. The
samples were processed with a FastRNA Pro Green Kit
(Qbiogene, Irvine, CA, USA) and FastPrep 24 Instrument
(MP Biomedicals, Solon, OH, USA) according to the
manufacturer’s protocol. Thereafter, extracted total RNA
was purified with an RNeasy Mini Kit (Qiagen). RNA
samples from four WT and four CCN2-KO littermates were
examined.

For the long-term culture experiment, chondrocytes from
either type of mice were inoculated at a density of 1 x
10°/dish into 3.5-cm culture dishes and then grown to con-
fluence. At confluence, the initial RNA sample was pre-
pared; and, thereafter, cells were processed every 7 days.
RNA samples from chondrocytes from four WT and four
CCN2-KO littermates were examined.

For the evaluation of the effects of exogenous rCCN2
and rCCN3 on the expression of chondrocyte-associated
genes, WT or CCN2-KO chondrocytes seeded at a density
of 2.5 x 10°/ 3.5-cm dish were grown to confluence, requir-
ing 3 or 4 days. Thereafter, the cells were maintained for
24 h in a-MEM containing 0.5% FBS before treatment and
were further incubated for 6, 12, 24, or 48 h in the same
medium containing 50 ng/ml of rCCNs or an equal volume
of 0.1% BSA-PBS. RNA samples from eight WT and eight
CCN2-KO littermates were examined.

Quantitative real-time PCR

One microgram of total RNA of each sample was re-
verse-transcribed with avian myeloblastosis virus (AMV)
reverse transcriptase (Takara Bio, Otsu, Japan) at 42°C for
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TABLE 1. PRIMERS USED FOR REAL-TIME RT-PCR EXPERIMENTS
PCR product
Gene GenBank accession no. Primer sequence Primer length length (bp)

GAPDH NM_008084 5'-ATCTTGGGCTACACTGAGGA-3'(S) 20-mer 122
5'-CAGGAAATGAGCTTGACAAAGT-3'(AS) 22-mer

CCNI NM_010516 5'-ATGAAGACAGCATTAAGGACTC-3'(S) 22-mer 172
5'""TGCAGAGGGTTGAAAAGAAC-3'(AS) 20-mer

CCN2 NM_010217 5'-CCACCCGAGTTACCAATGAC-3'(S) 20-mer 169
5'-GTGCAGCCAGAAAGCTCA-3'(AS) 18-mer

CCN3 NM_010930 5'-TGAAGTCTCTGACTCCAGCATT-3'(S) 22-mer 230
5'-TGGCTTTCAGGGATTTCTTG-3'(AS) 20-mer

CCN4 NM_018865 5'-TGAGAACTGCATAGCCTACAC-3'(S) 21-mer 192
5'-TACACAGCCAGGCATTTC-3'(AS) 18-mer

CCN5 NM_016873 5'-GCTGTGATGACGGTGGTT-3'(S) 18-mer 194
5'-GACAAGGGCAGAAAGTTGG-3'(AS) 19-mer

CCNo6 XM_282903 5'-CTGCAAAGTCTGTGCCAAG-3'(S) 19-mer 151
5'-GAACTCACATCCAACTGCC-3'(AS) 20-mer

AGGRECAN NM_007424 5'-CTTGGGCAGAAGAAAGATCG-3'(S) 20-mer 175
5'-GTGCTTGTAGGTGTTGGGGT-3'(AS) 20-mer

SOX9 NM_011448 5'-AGGCCACGGAACAGACTCA-3'(S) 19-mer 170
5'-AGCTTGCACGTCGGTTTTG-3'(AS) 19-mer

COL2A1 NM_031163 5'-TGGTCCTGGCATCGACATG-3'(S) 19-mer 191
5'-GGCTGCGGATGCTCTCAAT-3'(AS) 19-mer

COLIOAI NM_009925 5'-AATACCCTTTCTGCTGCTAATG-3'(S) 22-mer 173
5'-GAATGCCTTGTTCTCCTCTTAC-3'(AS) 22-mer

PTHrP NM_008970 5" TGGTTCAGCAGTGGAGTGT-3'(S) 19-mer 173
5'-ATGGTGGAGGAAGAAACG-3'(AS) 18-mer

IHH NM_010544 5'-GCTTCGACTGGGTGTATT-3'(S) 18-mer 155
5'-TGGCTTTACAGCTGACAG-3'(AS) 18-mer

S, sense; AS, antisense.

30 min. Thereafter, real-time PCR was performed as de-
scribed earlier.®> Sequences of primer sets are shown in
Table 1.

Western blotting

Chondrocytes were seeded at a density of 1 x 10°/dish in
3.5-cm dishes. Total cellular proteins were prepared by lys-
ing cells in CelLytic-M lysis reagent (Sigma) at confluence.
Thirty micrograms of the proteins were separated by SDS-
PAGE using a 12.5% polyacrylamide gel, and the proteins
were subsequently transferred onto a PVDF membrane
(Bio-Rad). Nonspecific binding was blocked by incubating
the membrane in Casein Buffer (Vector Laboratories) for 1
h at room temperature, after which it was incubated over-
night at 4°C with a primary antibody specific for each CCN
member at the supplier’s recommended concentration. The
membrane was washed with TBS containing 0.1% Tween
20 (TBS-T) and further incubated with a biotinylated sec-
ondary antibody and then with Avidin-Biotin Complexes
(Vectastain Elite ABC kit; Vector). The signal was devel-
oped using an enhanced chemiluminescence (ECL) kit (GE
Healthcare).

Immunohistochemistry

Paraffin-embedded sections were processed for immuno-
histochemistry for PCNA, CCN family members, PTHrP,
PTH/PTHrP receptor, and Ihh. Deparaffined sections were
immersed in methanol containing 0.3% H,O, for 30 min to
block endogenous peroxidase activity. For antigen activa-

tion, they were immersed in Antigen Retrieval Reagent
(DAKO) and microwaved for 30 s in a 700-W microwave
oven twice. For the detection of collagens, enzymatic diges-
tion with 0.1% pepsin (Sigma) was performed at 37°C for
30 min. To reduce nonspecific binding, Histofine Blocking
Reagent (Nichirei Bioscience, Tokyo, Japan) was applied
to the sections for 60 min. They were incubated with the
primary antibodies described above in blocking reagent at
the suppliers recommended concentration at 4°C overnight.
Positive signals were visualized by using a Histofine Mouse
Stain Kit (for mouse primary antibodies), Histofine Simple
Stain Mouse MAX-PO(R) (for rabbit primary antibodies),
or Histofine Simple Stain Mouse MAX-PO(G) (for goat
primary antibodies), all from the same vender (Nichirei
Bioscience), and 3,3-diaminobenzidine tetrachloride
(DAB: Sigma). Finally, the sections were counterstained
with methyl green.

Alizarin red staining

Chondrocytes in 3.5-cm dishes were grown to confluence,
requiring ~7 days. They were fixed with 4% PFA-PBS for
10 min. After several washes with PBS, the samples were
stained with Alizarin Red S solution (Sigma) for 30 min at
room temperature. Both WT and CCN2-KO chondrocytes
were further cultured for 35 days, with some cultures being
fixed every 7 days and then stained with the dye. The im-
ages were captured by using a CanoScan D 2400U digital
camera (Canon, Tokyo, Japan).
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Cell proliferation assay

For the evaluation of cell proliferation, the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT)
method was used. In this study, 2 days after chondrocytes
had been seeded into 48-well plates at a density of 2 x
10*/well, the concentration of FBS in the medium was re-
duced to 0.5%; and the cells were preincubated for 24 h and
further incubated for 24 h in the same medium containing
50 ng/ml of a given rCCN or an equal volume of 0.1%
BSA-PBS. Thereafter, the lysates were analyzed as previ-
ously described.*?

Evaluation of proteoglycan synthesis

Chondrocytes were seeded at a density of 5 x 10%/well
and grown to confluence in 48-well plates, which required 3
days. The cells were preincubated in «-MEM containing
0.5% FBS for 24 h and further incubated in the same me-
dium with 50 ng/ml of rCCN2 and/or rCCN3 or an equal
volume of 0.1% BSA-PBS for 5 h. Next, [*°S] sulfate was
added to the cultures at a final concentration of 370 kBq/ml,
and incubation was continued for another 17 h. The radio-
activity in the proteoglycan fraction in both the cell layer
and culture medium was measured according to a previ-
ously described procedure.?

Maturation and matrix calcification assay

The WT chondrocytes were seeded at a density of 2 x
10*well and grown in 48-well plates for 7 days to reach
confluence. Next, the concentration of FBS was reduced to
5% with 50 ng/ml of each rCCN or an equal volume of 0.1%
BSA-PBS, 50 pg/ml ascorbic acid was added, and the cells
were further cultured for 10 days, with the medium being
replaced every 3 days. One day after the fourth medium
change, the cells were fixed. Samples were stained with
Alizarin Red S solution or Alcian Blue solution (pH 2.5;
Nakarai Tesque, Kyoto, Japan) for 30 min. Macroscopic
images were captured, and the alizarin red-stained matrix
was extracted with 200 pl/well of CelLytic-M lysis reagent
for the measurement at a wave length of 492 nm. The Al-
cian blue-stained proteoglycan was extracted with 200 wl/
well of 6 M guanidine-HCI and measured at a wave length
of 620 nm.

Small interfering RNA and RNA transfection

To knockdown Ccn3 expression, we used an RNA inter-
ference method. The small interfering RNA (siRNA) di-
rected against mouse Ccn3 (S70714) were designed and
purchased from Ambion. The nucleotide sequences were
5'-CAAGAGCCCGAGGAAGUAALtt-3' (sense), and 5'-
UUACUUCCUCGGGCUCUUGtt-3’ (antisense). Nonsi-
lencing oligonucleotide (4390843) was also purchased from
Ambion and used. Chondrocytes from WT and CCN2-KO
mice were plated at 3.0 x 10° in 3.5-cm culture dishes con-
taining DMEM supplemented with 10% FBS. At 24 h after
seeding, the cells were treated with 0.1% collagenase A
(Roshe) and 0.1 U/ml chondroitinase (Sigma) at 37°C for 30
min for WT or with 0.05% collagenase A and 0.05 U/ml
chondroitinase at 37°C for 20 min for CCN2-KO. Thereaf-
ter, the FBS concentration was reduced to 5%; cells were
transfected with siRNA (75 nM) with the aid of RNAiFect
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transfection reagent (Qiagen) used according to the manu-
facturer’s instructions. Forty-eight hours after transfection,
total cellular RNA was harvested and evaluated for the
expression of chondrocyte-associated genes. RNA samples
from four WT and four CCN2-KO littermates were exam-
ined.

Statistical analysis

Unless otherwise specified, all experiments were re-
peated at least twice, and similar results were obtained. The
data were analyzed by using GraphPad Prism Software with
the Mann-Whitney’s U test. All p values were obtained
from two-sided tests, and p < 0.05 was considered statisti-
cally significant.

RESULTS

To analyze the morphological differences between WT
and CCN2-KO mice in detail, we compared histological
findings to evaluate the integrity of cartilage ECM compo-
nents. The hypertrophic zone in the CCN2-KO tibia at
E18.5 appeared enlarged (black bidirectional arrows in
Figs. 1A and 1B). In contrast, Masson-Goldner staining
showed that the ossified area in the CCN2-KO tibia was
shorter than that in the WT one (Figs. 1C and 1D). No
conspicuous difference in the total length existed between
WT and CCN2-KO at E18.5. A previous study reported
that proteoglycan levels were apparently normal in the
CCN2-KO tibia at P0.%'> However, because another study
showed that the mRNA level of Aggrecan was prominent at
E13.5 and decreased as gestation continued,®® we found it
appropriate to study the effect of Ccn2 deletion on proteo-
glycan synthesis by examining mice around E14. Safranin-O
staining showed a lower level of proteoglycan in CCN2-KO
mice than in WT mice (Figs. 1E and 1F) at E14.5. The WT
mice showed intense immunoreactivity for type II collagen
throughout the cartilage matrix (Fig. 1G). In contrast,
CCN2-KO mice showed a remarkable faint immunoreac-
tion (Fig. 1H). In the CCN2-KO tibia, the intensity of the
immunoreaction for type X collagen was also reduced sig-
nificantly (Figs. 1T and 1J). Previous studies showed that
CCN2 promotes chondrocyte proliferation in vitro.(®1271%)
Therefore, immunostaining for PCNA was used to compare
the proliferative activities between WT and CCN2-KO
chondrocytes. PCNA immunopositivity was found in the
nuclei of almost all of the chondrocytes in the proliferating
zone of E16.5 and E18.5 WT cartilage of tibias (Figs. 1K
and 1M). However, in the E16.5 CCN2-KO tibias, the im-
munoreaction was reduced (Figs. 1L and 10). At E18.5,
very few PCNA™ cells were recognizable in these tibias
(Figs. IN and 10). There was no significant difference in
the number of chondrocytes in both types of mice at E16.5.
However, at E18.5, the number of chondrocytes present in
the same area was markedly decreased in the CCN2-KO
mice (Fig. 1P), and the size of these cells appeared to be
slightly larger.

By performing microarray analysis (mouse Panorama
Micro Array; Sigma) of the RNA collected under the same
conditions as used for the experiments whose results are
shown in Figs. 2A-2D, we identified many genes that were
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FIG. 1. Histological examina-
tion and immunostaining for
collagens and PCNA of WT

O  PCNAPOSITIVECELLS and CCN2-KO mice. (A and B)

100 HE-stained proximal end of

tibias. (C and D) Masson Gold-

80 O WT | nerstained sections of tibias.

%) 60 ko | (E and F) Safranin-O-stained

developing tibial growth plates.

40 (G-N) Immunoreaction for

type II and type X collagens

E16.5 20 and PCNA in the tibial growth
plates. (O and P) Quantifica-

0 Et65 E185 tion of PCNA™* cells with values

in the graphs expressed as per-

cent positive cells and total

P MRBEEROF GELLS number of cells in the same

100 area. The cells in four adjacent

sections (black boxes, 200 x

80 200-pm area/section) were

et scored by an analyst blinded to

i 60 the genotype. Data are the

E18.5 O 40 mean + SE. #*p < 0.05, *¥p <

either upregulated or downregulated in the CCN2-KO
chondrocytes in comparison with their expression in WT
chondrocytes (data not shown). Among them, upregulated
Ccn3 and downregulated Aggrecan genes were of particular
interest. To confirm and expand these findings quantita-
tively, we subsequently evaluated the alterations in gene
expression of the other Ccn family members including Ccn3
and chondrocyte-specific genes in the CCN2-KO mice by
using quantitative real-time PCR analysis. As a result, the
mRNAs of all of the Ccn members were detectable in WT
chondrocytes at confluence in regular cultures (Fig. 2A).
Interestingly, CCN2 deletion caused upregulation of Ccn3
and downregulation of Ccn6 mRNA levels (Fig. 2B). In
addition, the deletion also caused a significant reduction in
the expression of Sox9, Aggrecan, and Col2al mRNAs (Fig.
2C). The more striking difference at the RNA level than

0.001, significantly different
from WT. Scale bar: 200 pm (A
and B), 2 mm (C and D), and
100 wm (E-J).

E185

was found in the qualitative immunostaining (Fig. 1) sug-
gests the possible regulation of these genes at the transla-
tion level. There was no remarkable difference in the
mRNA levels of other Ccn family members or Coll0Oal.
The levels of CCN member proteins were also studied. The
production of CCN3 protein increased and that of CCN6
protein decreased in the CCN2-KO chondrocytes (Fig. 2D).
No significant differences were observed in the other CCN
members. In addition, we examined the localization pattern
of CCN family proteins in cartilage. At E14.5, each member
showed its own characteristic distribution pattern (Fig. 2E).
The CCN1 immunopositive area was broadly discernible
over the proliferating and prehypertrophic zones in the WT
tibias. Immunoreactions for CCN2, 3, and 6 were found in
the proliferating and prehypertrophic zones and in the re-
gion where angiogenesis would occur (black arrows in Fig.
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2E). The hypertrophic zone had immunoreactivity for
CCN4 and 5. In the CCN2-KO mice, immunopositivities for
CCN1, 4, 5, and 6 showed almost the same localization
patterns as those in WT mice, despite the reduction in their
immunointensity. Of note, CCN2-KO mice exhibited a re-
markable enlargement of their CCN3-immunopositive
area. Moreover, to further confirm the in vitro findings
(Figs. 2A-2C), we directly extracted RNA from rib carti-
lage at several developmental stages and quantified the
mRNA levels of the relevant genes. As shown in Figs. 2F-
21, the induction of Ccn3 and repression of Aggrecan,
Col2al, and Coll0al genes were clearly observed, support-

E14.5 E16.5 E185

teins in vivo. (A) The mRNA
expression profile of Ccn family
members in WT chondrocytes
at confluence. (B) The mRNA
expression profile of Ccn family
members in CCN2-KO chon-
drocytes vs. WT ones. Data
from CCN2-KO were standard-
ized against the respective ex-
pression levels in WT. (C)
Comparison of mRNA levels of
chondrocyte marker genes;
Sox9, Aggrecan, Col2al, and
Coll0al. Data are means = SE
of eight samples from eight lit-
termates. (D) Western immu-
noblot analysis of the CCN
proteins in WT vs. CCN2-KO
chondrocyte cell lysates. (E)
Immunolocalization of each
CCN member at E14.5. Nega-

E145 E165 E185 significantly different from WT.

ing the results obtained in vitro. Of note, strong expression
of Aggrecan was detected at E14.5 in the rib cartilage and
then decreased as gestation continued, where the effect of
the CCN2 deletion was most evident at E14.5 (Fig. 2G).
Interestingly, the expression level of Ccn3 in the CCN2-KO
rib cartilage showed a fluctuation pattern opposite to that
for the WT (Fig. 2F).

Next we performed alizarin red staining on primary cul-
tures every 7 days after they had become confluent to
evaluate calcification (Fig. 3A). On day 21, the calcification
of CCN2-KO chondrocytes was remarkably delayed, al-
though there was no morphological difference at conflu-
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ence between WT and CCN2-KO cells. On day 42, the
CCN2-KO chondrocytes showed a drastic reduction in cal-
cification. The changes over time in the mRNA expression
of the Ccn family members and chondrocyte marker genes
during terminal differentiation of WT and CCN2-KO chon-
drocytes in vitro were also studied. The mRNA samples
were collected every 7 days and evaluated for the gene
expression. First of all, the gene expression profile of the
marker genes firmly supports the proper differentiation of
these chondrocytes in vitro. Ccnl, Ccn2, and Ccn6 mRNA
levels reached their peak on day 28 in WT chondrocytes
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(Figs. 3B, 3C, and 3G). The Col2al mRNA level showed a
pattern similar to that of these 3 Ccn members (Fig. 3I). In
contrast, in CCN2-KO chondrocytes, the onset of the in-
crease in the Ccnl mRNA level was delayed, and Ccn6 and
Col2al mRNA levels did not increase significantly. In the
WT chondrocytes, the expression of Ccn3 and Aggrecan
mRNA levels reached its peak on day 21, whereas Ccn3
expression was remarkably enhanced and Aggrecan expres-
sion was entirely repressed in the CCN2-KO chondrocytes
(Figs. 3D and 3H). In addition, Ccn4 and Ccn5 mRNA
levels increased from day 14 and continued to increase in
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WT chondrocytes, whereas CCN2-KO chondrocytes did
not show such a remarkable increase (Figs. 3E and 3F). The
increase in the Coll0al mRNA level was delayed in the
CCN2-KO chondrocytes (Fig. 3J).

After a series of comprehensive analyses, we focused on
two particular CCN members, CCN2 and CCN3. A previ-
ous study reported that rCCN2 promotes the proliferation
of several types of chondrocytes.®'>7'> In contrast, CCN3
was reported to restrict the growth of other types of
cells.®?® Therefore, the effect of these proteins on WT and
CCN2-KO chondrocytes was evaluated. Without the addi-
tion of an exogenous factor, the proliferative activity of
CCN2-KO chondrocytes was ~40% less than that of WT
chondrocytes (Fig. 4A). As expected, rCCN2 promoted the

proliferative activity in both types of chondrocytes. The
proliferative activity of the CCN2-KO chondrocytes recov-
ered to the WT level. In contrast, rCCN3 inhibited the pro-
liferation of WT chondrocytes, whereas it had no effect on
the proliferation of CCN2-KO chondrocytes under this
condition. Of note, rCCN3 did not counteract the rCCN2
activity toward the cell proliferation at the same concentra-
tion. The effects of rCCN2 and rCCN3 on proteoglycan
synthesis in murine chondrocytes were also examined (Fig.
4B). Proteoglycan synthesis in CCN2-KO chondrocytes was
also ~40% less than that of WT chondrocytes. As expected,
rCCN2 induced proteoglycan synthesis in both WT and
CCN2-KO chondrocytes. In contrast, rCCN3 diminished
the proteoglycan synthesis level of WT chondrocytes down
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to that of CCN2-KO chondrocytes. Interestingly, rCCN3
exerted no inhibitory effect on the proteoglycan synthesis
promoted by rCCN2 at the same concentration. Next, long-
term chondrocyte maturation and matrix calcification as-
says were performed (Figs. 4C—4E). The rCCN2 dramati-
cally induced proteoglycan accumulation (positive for
Alcian blue staining) and calcification (positive for alizarin
red staining). However, rCCN3 significantly inhibited both
maturation and calcification. Phase-contrast images showed
numerous developing cartilage nodules in the presence of
rCCN2. In contrast, rCCN3 significantly repressed the for-
mation of nodules, although it did not inhibit rCCN2 activ-
ity at the same concentration.
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To uncover the molecular background supporting such
biological functions of CCN3 as well as CCN2, we studied
the effects of exogenous CCN2 and CCN3 on the expres-
sion of chondrocyte-associated genes in both types of chon-
drocytes by performing a time-course experiment. The re-
sults showed that rCCN2 induced its own mRNA
expression in WT chondrocytes up to 3-fold at 6 h after
addition. In contrast, rCCN3 reduced Ccn2 mRNA expres-
sion after 12 h (Fig. SA). Interestingly, rCCN2 significantly
reduced Ccn3 expression after 24 h in both chondrocytes,
which reduction became much more prominent after 48 h
(Figs. 5B and 5C). In contrast to CCN2, rCCN3 had no
effect on its own mRNA expression (Figs. 5B and 5C).
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Rapid induction of Aggrecan and Sox9 gene expression by
rCCN2 was observed in both chondrocytes. The effect was
relatively stable in WT chondrocytes, whereas it was
sharper and transient in CCN2-KO chondrocytes. Contrar-
ily, rCCN3 reduced it after 6 h (Figs. 5SD-5G). Col2al and
Coll0al were dramatically induced by rCCN2 in both types
of chondrocytes, whereas rCCN3 caused a reduction in
Col2al and Coll0al gene expression in WT chondrocytes
after 24 h (Figs. SH-5K). According to a recent study, ex-
ogenous rCCN3 upregulated Coll0al gene expression at a
concentration of 500 ng/ml or 5 pg/ml in both ATDCS cells
and murine primary chondrocytes.*” However, these ex-

12 24 48 HOURS

duplicate samples from eight
WT and eight CCN2-KO mice.

periments showed that the minimal and effective dose of
rCCN3 reduced CollOal gene expression. Moreover,
rCCN2 treatment also rapidly induced Sox9 mRNA expres-
sion, whereas rCCN3 reduced it.

To assess the mechanism of CCN2 control of chondro-
cyte differentiation, the expression of PTHrP, PTH/PTHrP
receptor, and Thh was examined. PTHrP protein was
broadly and abundantly distributed in the resting and pre-
hypertrophic chondrocytes in the WT tibia (Fig. 6A). How-
ever, the CCN2-KO tibia showed significantly reduced pro-
duction of PTHrP (Fig. 6B). No remarkable difference
existed in the PTH/PTHrP receptor or Ihh immunopositive



CCN FAMILY PROTEINS IN CARTILAGE DEVELOPMENT

area between WT and CCN2-KO tibias (Figs. 6C-6F). In
addition, CCN2-KO chondrocytes always maintained a
lower level of Pthrp mRNA expression during their termi-
nal differentiation (Fig. 6G). Moreover, the induction of
Ihh was delayed, and its expression level was consistently
lower than that in WT chondrocytes (Fig. 6H). To clarify
the effect of CCN2 and CCN3 on Pthrp and Ihh gene ex-
pression in chondrocytes, rCCN2 or rCCN3 was added to
both types of chondrocyte cultures. The Pthrp expression
was rapidly increased after 6 h by rCCN2, and the effect
continued after 12 h in the WT chondrocytes (Fig. 61). In
the CCN2-KO chondrocytes, the Pthrp expression was in-
creased after 6 h as in the WT chondrocytes, although the
effect did not continue as long (Fig. 6J). The rCCN2 rapidly
induced and maintained the /A4 mRNA expression in the
WT chondrocytes up to >10-fold after 6 h, whereas its ex-
pression was decreased by rCCN3 after 24 h in these cells
(Fig. 6K). In the CCN2-KO chondrocytes, rCCN2 induced
transient Ihh expression (Fig. 6L).

Among all of the genes evaluated, Ccn3 was most strik-
ingly modulated by the CCN2 deletion. To estimate the role
of CCN3 in the endochondral bone formation, we knocked
down Ccn3 expression in both types of chondrocytes by
using siRNAs and evaluated the biological outcome. Ap-
proximately 70% and 90% inhibition of Ccn3 expression
was achieved in the WT and CCN2-KO chondrocytes, re-
spectively (Fig. 7A). By Ccn3 knockdown, Ccn2, Aggrecan,
Sox9, Col2Al, Coll0A1, Pthrp, and Ihh mRNA levels were
all increased in the WT chondrocytes (Figs. 7B-7H),
whereas the other Ccn members were not affected (data
not shown). It is of particular note that the mRNA levels of
Sox9, Col2A1, and Pthrp were not increased in the CCN2-
KO chondrocytes, whereas those of Aggrecan, Coll0Oal, and
Ihh were upregulated.

DISCUSSION

This study showed that CCN2 deletion caused striking
upregulation of Ccn3 expression and a remarkable reduc-
tion in chondrocyte proliferation, ECM synthesis, and de-
layed calcification in vivo and in vitro. In addition, a signif-
icant reduction in Pthrp expression was found during
chondrocyte differentiation in CCN2-KO mice. In these
mice, a loss of the repression by CCN2 caused overproduc-
tion of CCN3, thereby suppressing the proliferation and
maturation of chondrocytes and eventually delaying termi-
nal differentiation. This indicates that CCN2 may induce
chondrocyte differentiation by regulating the expression of
chondrocyte differentiation-associated genes, such as Sox9,
Pthrp, Ihh, and ECMs, whereas it may reduce the CCN3
production that counteracts CCN2 at each step of differen-
tiation. Indeed, this hypothesis was supported by the in
vitro data showing the molecular and cell biological effects
of CCN2 and CCN3 on chondrocytes.

A previous study showed that bent bones, enlarged hy-
pertrophic zones, and delayed calcification in the growth
plates of long bones were the major abnormal skeletal phe-
notypes in CCN2-KO mice.""” These findings were also
observed in CCN2-KO tibias at E18.5. In addition, CCN2
deletion caused a significant reduction in the amount of
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ECM components such as aggrecan and type II and type X
collagens in vivo and in vitro, although such reduction
might be less prominent at a late stage of development.!?
Collagens are the major proteins in cartilage and bone ma-
trices and play important roles in determining the size,
shape, and strength of these connective tissues.!>-3®
Therefore, bent cartilage/bone in CCN2-KO mice probably
results from the physical weakness caused by, at least in
part, the decreased synthesis of these collagens. In addition,
the Aggrecan mRNA expression level and proteoglycan
synthesis in CCN2-KO mice were also impaired both in
vivo and in vitro, and this impairment was recovered by the
addition of exogenous rCCN2 in vitro. These data further
show that CCN2 is essential for efficient ECM construction
by chondrocytes to provide the physical stiffness to support
long bone growth.

CCN2 promotes the proliferation of certain types of
chondrocytes in vitro.“17'> As expected, the proliferative
ability of CCN2-KO chondrocytes was found to decrease.
Nevertheless, it should be noted that not only the cell
growth but also the terminal differentiation was affected by
the CCN2 deletion in chondrocytes. Because the cells sup-
plied by proliferation and those removed by terminal dif-
ferentiation and mineralization are both decreased, the to-
tal length of long bones in CCN2-KO mice could be
comparable to those in WT mice. This idea is phenotypi-
cally supported by the enlarged growth plate, particularly
the hypertrophic layer, and impaired ossification in this tis-
sue. It should be also noted that the primary shape and size
of bones are genetically programmed in the network of
relevant genes. In fact, in CCN2-KO tibias, their cortical
bone seems to follow the programmed size in WT.

To further characterize the CCN2 deletion phenotype,
the gene expression and distribution pattern of the CCN
family members was analyzed in WT versus CCN2-KO
chondrocytes in vivo and in vitro. The mRNA expression
patterns during terminal differentiation in Fig. 3 were sup-
ported by the histochemical analyses and the data obtained
with RNA directly extracted from tissues (Figs. 1 and 2).
Indeed, CCN2 deletion caused a drastic upregulation of
Ccn3 mRNA expression and CCN3 production. The find-
ings that the Ccn3 mRNA level reached a peak earliest
among the Ccn members in vitro suggest that CCN3 plays
a role in an earlier phase of differentiation than the other
CCN proteins. In addition, a somewhat overlapping distri-
bution of CCN2, 3, and 6 may represent their redundant or
counteracting roles. CCN3 plays its role during the prolif-
erative and early maturation steps; CCNI1, 2, and 6 act dur-
ing the late proliferative, maturation, and early calcification
steps; and CCN4 and 5 are involved in maturation and cal-
cification. Next, because striking upregulation of CCN3 was
observed by CCN2 deletion in vivo and in vitro, these two
proteins were further studied. Initially, effects of rCCN2
and rCCN3 on chondrocyte-associated gene expression
were studied. The rCCN2 induced its own gene expression
and chondrocyte differentiation-associated gene expres-
sion. In contrast, rCCN3 reduced the expression of a num-
ber of these genes. These results indicate that CCN2 is an
important inducer of chondrocyte proliferation and differ-
entiation and suggest that CCN3 plays suppressive roles
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against CCN2. Considering the structural similarity, CCN2
is thought to share common receptors/functional counter-
parts with CCN3 that antagonizes CCN2 and vice versa.
Interestingly, the same concentration of rCCN2 could over-
come the inhibitory effects of rCCN3, thus suggesting that
CCN2 is dominant in interacting with certain receptors/
counterparts. However, CCN3 potently exerts its functions,
if the CCN2 level is relatively low enough, as represented
by the data in Fig. 1. In any case, their expression level
precisely regulates the amount of product corresponding to
the stage of differentiation.

To further clarify the mechanism of action of CCN2 and
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work. Dotted lines indicate the
hypothetical pathways.

CCN3 in cartilage, we knocked down Ccn3 by using an
RNA:I strategy. Consequently, we found that regulation of
Aggrecan, Coll0Oal, and Ihh was mediated by CCN3,
whereas other associated genes might be regulated by
CCN2 independently from CCN3. According to previous
reports, PTHrP and Ihh form a negative feedback loop
regulating the onset of hypertrophy of chondrocytes. A dis-
ruption of this signaling pathway can result in abnormal
chondrocyte differentiation.®*¥7-3% In this study, the lack
of CCN2 altered the PTHrP-Ihh loop in CCN3-dependent
and -independent fashions, deregulating these two mol-
ecules, which resulted in the downregulation of Pthrp ex-
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pression and delayed [hh upregulation. Previous studies
showed that PTHrP null,®” PTH/PTHrP receptor-null,*®
and Thh-null®” mice developed chondrodysplasia because
of premature hypertrophic differentiation, leading to
shorter bones than those in WT littermates. Interestingly,
PTHrP-null mice were reported to show a domed skull,
shortened mandibles, and fewer trabeculae in long
bones.®749) These phenotypes were also observed in
CCN2-KO mice as well, although these mice were distinc-
tively characterized by premature mineralization of the hy-
pertrophic layer.('*'® Indeed, the hypertrophic zones in-
creased in size in CCN2-KO mice, and downregulation of
PTHrP was observed, which is thought to cause a reduction
in cell number and shortened limbs. However, upregulation
of CCN3, which delays the induction of /4h to inhibit hy-
pertrophic differentiation, and removal of these chondro-
cytes may have maintained the regular length of CCN2-KO
long bones. This hypothesis is favored, because expansion
of the CCN3-positive area was actually observed in the
tibial cartilage of the CCN2-KO mice. Therefore, the lower
proliferation rate of chondrocytes and the delay in chon-
drocyte maturation and calcification in CCN2-KO embryos
may result from the distortion of the signaling network
composed of CCN2, CCN3, PTHrP, and Thh molecules
(Fig. 7).

In summary, this study showed that CCN2 promotes
chondrocyte proliferation and differentiation at all steps,
whereas CCN3 strongly inhibits them. In the CCN2-KO
embryo, upregulated CCN3 and reduced PTHrP seem to
cause delay in each step of chondrocyte differentiation. As
a result, CCN2-KO long bones were so fragile that they
were found to be bent in vivo. Therefore, CCN2 plays a
fundamental role in skeletal development by regulating and
coordinating chondrocyte differentiation to form endo-
chondral bones of the appropriate strength and shape, and
CCN3 cooperates with CCN2 mainly at an earlier stage
with its counteracting effects. The critical involvement of
the PTHrP-Ihh feed-back loop was also suggested in the
CCN2-CCN3 cooperative network. Further characteriza-
tion of this network is currently underway.

ACKNOWLEDGMENTS

The authors thank Drs Takako Hattori, Takashi Nishida,
Tomoichiro Yamaai, and Tsuyoshi Shimo for helpful sug-
gestions; Kazumi Oyama and Tomoko Yamamoto for tech-
nical assistance; and Yuki Nonami for valuable secretarial
assistance. This work was supported by grants from the
program Grants-in-Aid for Scientific Research (S) (to MT)
and (C) (to SK), Japan Society for the Promotion of Sci-
ence, and Exploratory Research (to MT) from the Ministry
of Education, Culture, Sports, Science, and Technology of
Japan; and a grant from the Foundation of Sanyo Broad-
casting (to SK). HK is a recipient of an Iwadare Scholarship
from the Iwadare Educational Association for Dental
Graduate Students. The work performed in Prof Perbal’s
laboratory was supported by the French Ministry of Edu-
cation and Research and by European Union (Prothets
grant; Contract LSHC-CT-2004-5030306). NL is supported
by the European Prothets grant.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

1763

REFERENCES

. Erlebacher A, Filvaroff EH, Gitelman SE, Derynck R 1995

Toward a molecular understanding of skeletal development.
Cell 80:371-378.

. Takigawa M, Takano T, Suzuki F 1981 Effects of parathyroid

hormone and cyclic AMP analogues on the activity of orni-
thine decarboxylase and expression of the differentiated phe-
notype of chondrocytes in culture. J Cell Physiol 106:259-268.

. Lanske B, Karaplis AC, Lee K, Luz A, Vortkamp A, Pirro A,

Karperien M, Defize LH, Ho C, Mulligan RC, Abou-Samra
AB, Juppner H, Segre GV, Kronenberg HM 1996 PTH/PTHrP
receptor in early development and Indian hedgehog-regulated
bone growth. Science 273:663-666.

. Kobayashi T, Chung UI, Schipani E, Starbuck M, Karsenty G,

Katagiri T, Goad DL, Lanske B, Kronenberg HM 2002 PTHrP
and Indian hedgehog control differentiation of growth plate
chondrocytes at multiple steps. Development 129:2977-2986.

. Yoon BS, Lyons KM 2004 Multiple functions of BMPs in chon-

drogenesis. J Cell Biochem 93:93-103.

. Perbal B, Takigawa M 2005 CCN Proteins: A New Family of

Cell Growth and Differentiation Regulators. Imperial College
Press, London, UK.

. Moussad EE, Brigstock DR 2000 Connective tissue growth

factor: What’s in a name? Mol Genet Metab 71:276-292.

. Shimo T, Koyama E, Sugito H, Wu C, Shimo S, Pacifici M 2005

Retinoid signaling regulates CTGF expression in hypertrophic
chondrocytes with differential involvement of MAP kinases. J
Bone Miner Res 20:867-877.

. Song JJ, Aswad R, Kanaan RA, Rico MC, Owen TA, Barbe

MF, Safadi FF, Popoff SN 2007 Connective tissue growth fac-
tor (CTGF) acts as a downstream mediator of TGF-betal to
induce mesenchymal cell condensation. J Cell Physiol 210:398—
410.

Ivkovic S, Yoon BS, Popoff SN, Safadi FF, Libuda DE, Ste-
phenson RC, Daluiski A, Lyons KM 2003 Connective tissue
growth factor coordinates chondrogenesis and angiogenesis
during skeletal development. Development 130:2779-2791.
Nakanishi T, Kimura Y, Tamura T, Ichikawa H, Yamaai Y,
Sugimoto T, Takigawa M 1997 Cloning of a mRNA preferen-
tially expressed in chondrocytes by differential display-PCR
from a human chondrocytic cell line that is identical with con-
nective tissue growth factor (CTGF) mRNA. Biochem Bio-
phys Res Commun 234:206-210.

Nakanishi T, Nishida T, Shimo T, Kobayashi K, Kubo T,
Tamatani T, Tezuka K, Takigawa M 2000 Effects of CTGF/
Hcs24, a product of a hypertrophic chondrocyte-specific gene,
on the proliferation and differentiation of chondrocytes in cul-
ture. Endocrinology 141:264-273.

Nishida T, Kubota S, Nakanishi T, Kuboki T, Yosimichi G,
Kondo S, Takigawa M 2002 CTGF/Hcs24, a hypertrophic
chondrocyte-specific gene product, stimulates proliferation
and differentiation, but not hypertrophy of cultured articular
chondrocytes. J Cell Physiol 192:55-63.

Takigawa M, Nakanishi T, Kubota S, Nishida T 2003 Role of
CTGF/HCS24/ecogenin in skeletal growth control. J Cell Phys-
iol 194:256-266.

Nishida T, Kubota S, Kojima S, Kuboki T, Nakao K, Kushibiki
T, Tabata Y, Takigawa M 2004 Regeneration of defects in
articular cartilage in rat knee joints by CCN2 (connective tissue
growth factor). J Bone Miner Res 19:1308-1319.

Kawaki H, Kubota S, Suzuki A, Yamada T, Matsumura T,
Mandai T, Yao M, Maeda T, Lyons KM, Takigawa M 2008
Functional requirement of CCN2 for intramembranous bone
formation in embryonic mice. Biochem Biophys Res Commun
366:450-456.

Lau LF, Lam SC 2000 The CCN family of angiogenic regula-
tors: The integrin connection. Exp Cell Res 248:44-57.
Brigstock DR 1999 The connective tissue growth factor/
cysteine-rich 61/nephroblastoma overexpressed (CCN) family.
Endocr Rev 20:189-206.

Perbal B 2004 CCN proteins: Multifunctional signalling regu-
lators. Lancet 363:62-64.



1764

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Hashimoto Y, Shindo-Okada N, Tani M, Nagamachi Y,
Takeuchi K, Shiroishi T, Toma H, Yokota J 1998 Expression of
the Elm1 gene, a novel gene of the CCN (connective tissue
growth factor, Cyr61/Cef10, and neuroblastoma overexpressed
gene) family, suppresses In vivo tumor growth and metastasis
of K-1735 murine melanoma cells. J Exp Med 187:289-296.
Zhang R, Averboukh L, Zhu W, Zhang H, Jo H, Dempsey PJ,
Coffey RJ, Pardee AB, Liang P 1998 Identification of rCop-1,
a new member of the CCN protein family, as a negative regu-
lator for cell transformation. Mol Cell Biol 18:6131-6141.
Hurvitz JR, Suwairi WM, Van Hul W, El-Shanti H, Superti-
Furga A, Roudier J, Holderbaum D, Pauli RM, Herd JK, Van
Hul EV, Rezai-Delui H, Legius E, Le Merrer M, Al-Alami J,
Bahabri SA, Warman ML 1999 Mutations in the CCN gene
family member WISP3 cause progressive pseudorheumatoid
dysplasia. Nat Genet 23:94-98.

Wong M, Kireeva ML, Kolesnikova TV, Lau LF 1997 Cyr61,
product of a growth factor-inducible immediate-early gene,
regulates chondrogenesis in mouse limb bud mesenchymal
cells. Dev Biol 192:492-508.

Yu C, Le AT, Yeger H, Perbal B, Alman BA 2003 NOV
(CCNB3) regulation in the growth plate and CCN family mem-
ber expression in cartilage neoplasia. J Pathol 201:609-615.
Yanagita T, Kubota S, Kawaki H, Kawata K, Kondo S, Ta-
kano-Yamamoto T, Tanaka S, Takigawa M 2007 Expression
and physiological role of CCN4/Wnt-induced secreted protein
1 mRNA splicing variants in chondrocytes. FEBS J 274:1655-
1665.

Sen M, Cheng YH, Goldring MB, Lotz MK, Carson DA 2004
WISP3-dependent regulation of type II collagen and aggrecan
production in chondrocytes. Arthritis Rheum 50:488-497.
Perbal B 2006 NOV story: The way to CCN3. Cell Commun
Signal 4:3 (20 February) [serial online]. Available at http://
www.biosignaling.com/content/4/1/3.

Bleau AM, Planque N, Lazar N, Zambelli D, Ori A, Quan T,
Fisher G, Scotlandi K, Perbal B 2007 Antiproliferative activity
of CCN3: Involvement of the C-terminal module and post-
translational regulation. J Cell Biochem 101:1475-1491.
Kawaki H, Kubota S, Minato M, Moritani NH, Hattori T,
Hanagata H, Kubota M, Miyauchi A, Nakanishi T, Takigawa
M 2003 Novel enzyme-linked immunosorbent assay systems
for the quantitative analysis of connective tissue growth factor
(CTGF/Hcs24/CCN2): Detection of HTLV-I tax-induced
CTGF from a human carcinoma cell line. DNA Cell Biol
22:641-648.

Chevalier G, Yeger H, Martinerie C, Laurent M, Alami J,
Schofield PN, Perbal B 1998 novH: Differential expression in
developing kidney and Wilm’s tumors. Am J Pathol 152:1563-
1575.

Li CL, Martinez V, He B, Lombet A, Perbal B 2002 A role for
CCN3 (NOV) in calcium signalling. Mol Pathol 55:250-261.
Kubota S, Kawaki H, Kondo S, Yosimichi G, Minato M,

33.

34.

35.

36.

37.

38.

39.

40.

KAWAKI ET AL.

Nishida T, Hanagata H, Miyauchi A, Takigawa M 2006 Mul-
tiple activation of mitogen-activated protein kinases by puri-
fied independent CCN2 modules in vascular endothelial cells
and chondrocytes in culture. Biochimie 88:1973-1981.

Wang Y, Nishida S, Sakata T, Elaliech HZ, Chang W, Halloran
BP, Doty SB, Bikle DD 2006 Insulin-like growth factor-I is
essential for embryonic bone development. Endocrinology
147:4753-4761.

Lafont J, Jacques C, Le Dreau G, Calhabeu F, Thibout H,
Dubois C, Berenbaum F, Laurent M, Martinerie C 2005 New
target genes for NOV/CCN3 in chondrocytes: TGF-beta2 and
type X collagen. J Bone Miner Res 20:2213-2223.

Bell DM, Leung KK, Wheatley SC, Ng LJ, Zhou S, Ling KW,
Sham MH, Koopman P, Tam PP, Cheah KS 1997 SOX9 di-
rectly regulates the type-II collagen gene. Nat Genet 16:174—
178.

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

Karaplis AC, Luz A, Glowacki J, Bronson RT, Tybulewicz VL,
Kronenberg HM, Mulligan RC 1994 Lethal skeletal dysplasia
from targeted disruption of the parathyroid hormone-related
peptide gene. Genes Dev 8:277-289.

Lanske B, Divieti P, Kovacs CS, Pirro A, Landis WJ, Krane
SM, Bringhurst FR, Kronenberg HM 1998 The parathyroid
hormone (PTH)/PTH-related peptide receptor mediates ac-
tions of both ligands in murine bone. Endocrinology 139:5194—
5204.

St-Jacques B, Hammerschmidt M, McMahon AP 1999 Indian
hedgehog signaling regulates proliferation and differentiation
of chondrocytes and is essential for bone formation. Genes
Dev 13:2072-2086.

Amizuka N, Warshawsky H, Henderson JE, Goltzman D,
Karaplis AC 1994 Parathyroid hormone-related peptide-
depleted mice show abnormal epiphyseal cartilage develop-
ment and altered endochondral bone formation. J Cell Biol
126:1611-1623.

Address reprint requests to:

Masaharu Takigawa, DDS, PhD

Department of Biochemistry and Molecular Dentistry
Okayama University Graduate School of Medicine,
Dentistry, and Pharmaceutical Sciences

2-5-1 Shikata-cho

Okayama 700-8525, Japan

E-mail: takigawa@md.okayama-u.ac.jp

Received in original form October 15, 2007; revised form May 20,
2008; accepted June 27, 2008.



