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Abstract Chondrocytes forming articular cartilage are
embedded in a vast amount of extracellular matrix having
physical stiffness and elasticity, properties that support the
mechanical load from bones and enable the flexible
movement of synovial joints. Unlike chondrocytes that
conduct the growth of long bones by forming the growth
plate, articular chondrocytes show suppressed cell prolifer-
ation, unless these cells are exposed to pathological
conditions such as mechanical overload. In the present
study, we found that one of the members of the CCN
family, CCN3, was significantly expressed in chondrocytes
isolated from the epiphyseal head in developing rat
synovial joints. Evaluation of the effect of recombinant
CCN3 on those chondrocytes revealed that CCN3
promoted proteoglycan synthesis, whereas this factor
repressed the proliferation of the same cells. These
results suggest a critical role for CCN3 in the regulation
of the biological properties of articular chondrocytes.
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Introduction

In vertebrates, cartilage has a pivotal role in both the
development and maintenance of the musculoskeletal
system. Cartilage can be roughly classified into 2 types,
transient and permanent, based on the fate of the tissue. The
most typical transient cartilage is the growth-plate cartilage,
which leads to the genesis and growth of long bones, such
as femurs and ribs. In this type of cartilage, chondrocytes
undergo a series of proliferation and differentiation pro-
cesses and finally are removed after hypertrophy, in parallel
with the replacement of the cartilage with bone tissue,
which process is called endochondral ossification. In
contrast, chondrocytes involved in permanent cartilage
remain present and quiescent in the tissue throughout life,
even after the completion of growth and development. A
typical permanent cartilage is the articular cartilage, which
contains chondrocytes that do not enter the endochondral
ossification pathway and remain at the joint surface,
probably to maintain joint integrity (Karaplis 2002).
Therefore, articular cartilage cells are characterized by
restricted cell proliferation and the potential to supply
extracellular matrix molecules, particularly cartilaginous
proteoglycans. However, the molecular background to
support such properties of chondrocytes that form and
maintain articular cartilage has not been fully addressed.
The CCN family is a novel family of matricelluar
proteins with characteristic structure and multiple functions
(Brigstock 2003; Perbal 2004; Perbal and Takigawa 2005;
Chen and Lau 2009). These proteins are composed of 4
evolutionally conserved modules: insulin-like growth
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factor-like (IGFBP), von Willebrand factor type C repeat
(VWC), thrombospondin type 1 repeat (TSP1), and C-
terminal (CT) modules, except for CCNS, which lacks the
CT module (Perbal and Takigawa 2005; Leask and
Abraham 2006). CCN family members have been impli-
cated in key steps of cartilage metabolism. In fact, all of the
members are produced in cartilage anlagen for long
bones during mouse development (Kawaki et al. 2008b).
Especially, CCN2/connective tissue growth factor (CTGF)
is known to play an important role as a signal conductor in
the orchestration of growth and differentiation in both
growth-plate and articular cartilage (Nakanishi et al. 2000;
Nishida et al. 2002; Kubota and Takigawa 2007 and
2011). However, the role of the other CCN family
members in the chondrocytes forming articular cartilage
remains unclear, and no factors that maintain the quiescence
of these chondrocytes have been identified. Recently, it was
reported that targeted disruption of CCN3 causes joint
deformity (Heath et al. 2008). Therefore, in this study, we
evaluated the effect of CCN3 (Joliot et al. 1992; McCallum
and Irvine 2009), which has been reported to counteract
CCN2 (Kawaki et al. 2008b; Riser et al. 2009), on the
chondrocytes isolated from the epiphysis of developing rats.

Materials and methods
Isolation and culture of chondrocytes

Chondrocytes were obtained from the distal third of the
femoral distal epiphysis from 5-day-old Sprague Dawley
rats. The tissue was minced into small fragments, and
digested at 37°C with 2 rounds of 0.15% (w/v)
collagenase (Wako Pure Chemicals, Japan) treatment in
serum-free x-MEM (ICN Biomedicals, Inc., USA) for
30 min each time. After enzymatic digestion, the cells
were filtered through a 100-um nylon mesh (BD Falcon,
Franklin Lakes, NJ, USA) and then cultured with «-
MEM supplemented with 10% fetal bovine serum
(Cancera International, Rexclale, ON, Canada) at 37°C
in a humidified incubator with a 5% CO, atmosphere.
Unless stated otherwise, the medium was replaced every
3 days. The cells were frozen for storage, and all
experiments were carried out with cells within 2 passages
after restarting the culture from the frozen stock.

RNA extraction and reverse transcription

The total RNAs of the cells were isolated by using an
RNeasy Mini Kit (QIAGEN, Hilden, Germany), following
the directions of the manufacturer. One microgram of total
RNA was used for the reverse transcription reaction
conducted at 42°C for 30 min with avian myeloblastosis
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virus (AMV) reverse transcriptase supplied in an RNA PCR
Kit (Takara, Ohtsu, Japan).

Quantitative real-time PCR

Quantitative real-time PCR was performed as described
previously (Yanagita et al. 2007; Kawaki et al. 2008a).
Amplification was carried out with the cDNA templates
obtained from the reverse transcription reaction by using
the specific primers listed in Table 1 and an SYBR® Green
Real Time PCR Master Mix (Toyobo, Osaka, Japan).
Specific amplification was confirmed by melting curve
analysis and by agarose gel electrophoresis of the endpoint
samples.

[**S]-sulfate incorporation assay

Cells seeded in 48-well plates were grown to confluence.
Twenty-four hours after the first medium replacement upon
confluence, the cells were incubated with or without
recombinant CCN3 (rCCN3), which was produced and
purified as described previously (Lazar et al. 2007). Five
hours later, [**S] sulfate was added to all culture wells to a
final concentration of 370 kBg/mL and the cultures were
continued for a further 17 h. The medium of each well was
collected, and the glycosaminoglycans therein was precipi-
tated by 1% cetylpyridinium chloride (CPC) and was
trapped in a glass fiber filter. The filter was transferred to
a scintillation tube containing Clear-Sol (Nacalai Tesque,
Kyoto, Japan) scintillation cocktail, and the radioactivity
was counted by a scintillation counter. The cell layer
remaining in the wells was treated with actinase-E for 21 h
at 55°C, and the cell lysate was analyzed in the same way
as the medium.

[*H] thymidine incorporation assay
Cells seeded in 48-well plates were grown to sub-
confluence. Twenty-four hours after medium replacement,

the cells were treated or not with rCCN3. Twenty-four
hours later, all wells received [*H] thymidine at a final

Table 1 Oligodeoxynucleotide primers used in real-time PCR

analysis

Gene name  Strand Nucleotide sequence

gapdh sense 5’- ATCTTGGGCTACACTGAGGA -3’
antisense  5’- CAGGAAATGAGCTTGACAAAGT -3’

tenascin-C sense 5’- ACCAACTGTGCCCTGTCCTA -3°
antisense  5°- ATTTCGGAAGTTGCTGGGTC -3’

cen3 sense 5’-TGAAGTCTCTGACTCCAGCATT -3’
antisense  5’-TGGCTTTCAGGGATTTCTTG -3’
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concentration of 350 kBg/mL; and incubation was then
continued for 4 h. Next, the medium was removed; and the
cells were exposed to 5% trichloroacetic acid (TCA) (w/v)
for 10 min. Thereafter, the TCA was replaced with an
ethanol-ether mixture (3:1), in which the cells were kept for
2 min. The cells were then dissolved with 0.3 M NaOH for
1 h at 37°C. After the neutralization with HCI, the cell
lysate was transferred to a scintillation tube containing
Clear-Sol scintillation cocktail; and the radioactivity was
counted in a scintillation counter.

Statistical analysis

Statistical analysis was performed, where required,
by using Student's paired #-test.

Results

Expression of CCN3 and tenascin C (TNC), a marker
for articular chondrocytes, in the epiphyseal chondrocytes

Prior to functional evaluation of CCN3, we initially
examined the expression of CCN3 in chondrocytes from
developing articular cartilage. Chondrocytes were isolated
from the joint heads of 5-day-old rats, and total RNA was
extracted after a few passages of the cells in culture.
Subsequently, the mRNA levels of CCN3 and tenascin C,
which is a typical marker of articular chondrocytes (Nishida
et al. 2002), were evaluated by quantitative real-time PCR
analysis. Tenascin C mRNA was detected, indicating the
presence of chondrocytes with the articular chondrocytic
phenotype in the cell population, which would also contain
chondrocytes that would form the secondary ossification
center. Of note, the expression of tnc was retained a high
level, even after 2 passages in cell culture in vitro,
suggesting the utility of these cells as a model of articular
chondrocytes (Fig. 1a). As also suggested by a previous
report (Kawaki et al. 2008b), strong expression of CCN3
was distinctly confirmed, suggesting a significant role for
CCN3 in articular cartilage (Fig. 1b).

Repression of DNA synthesis in the epiphyseal
chondrocytes by rCCN3

Next, we estimated the effect of rCCN3 on the proliferation
of the chondrocytes from the epiphysis by evaluating the
uptake of radiolabeled thymidine. According to previous
reports, CCN3 represses cell proliferation in a variety of
cells, including chondrocytes isolated from mouse rib
cartilage (Bleau et al. 2007; Fukunaga-Kalabis et al 2008;
Kawaki et al. 2008b; Shimoyama et al. 2010). Consistent
with these past findings, rTCCN3 significantly repressed the
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Fig. 1 Gene expression analysis of the chondrocytes isolated from
developing rat epiphyseal heads. a Expression of the tenascin C gene
(tnc), a typical marker of articular chondrocytes. The tnc mRNA levels
in the chondrocytes in primary cell cultures and in those after 2 rounds
of passages were quantified by real-time RT-PCR. RNA extracted
from rat muscle tissue was used as a negative control. Data are
presented as relative values against those of the glyceraldehyde 3-
dehydrogenase gene (gapdh). b Strong expression of ccn3 in primary
cultures of chondrocytes prepared from the epiphyseal heads.
Messenger RNA expression levels of ccn3 and e genes were
standardized against that expression level of the gapdh gene. Note that
ccn3 mRNA showed even remarkably higher levels of expression than
the housekeeping (gapdh) or articular chondrocyte marker (tenascin
C: tnc) gene

cen3

uptake of radiolabeled thymidine by the chondrocytes from
rat joint heads (Table 2). Our present results not only
support the general idea that CCN3 acts as a universal anti-
proliferative agent, but also indicate its significant role in
maintaining the quiescence of articular chondrocytes.

Promotion of sulfated proteoglycan synthesis in epiphyseal
chondrocytes by rCCN3

Although CCN3 was described to promote the differentia-

tion of the cells of particular origins (Sin 2011), our
previous study showed that sulfated proteoglycan synthesis
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Table 2 Anti-proliferative effect of rCCN3 on chondrocytes in
developing joint heads

Treatment [3 H]-Thymidine uptake

cpm/well: (average+SD) % of control
control 33,077+1,552 100.0+4.7
rCCN3 (100 ng/mL) 30,927+1,368* 93.5+4.1*

* p=0.011

(Kawaki et al. 2008b), which is a typical phenotypic marker
of differentiated chondrocytes, in mouse costal chondro-
cytes is rather repressed by rCCN3. In order to examine
whether CCN3 exerts a similar, or different, effect on the
chondrocytes from the joint head, we comparatively
evaluated the uptake of radiolabeled sulfate by those
cells in the absence or presence of rCCN3 at different
doses. Unexpectedly, sulfate uptake, representing sulfated
proteoglycan synthesis, was remarkably enhanced in a
dose-dependent manner (Fig. 2). These results suggest a
function of CCN3 in the articular cartilage distinct from
that in chondrocytes following the route of endochondral
ossification.

Discussion

In the present study, we evaluated the effect of CCN3 that
was actually produced by the cells constituting developing
joint heads. Consequently, CCN3 was found to repress the
proliferation of those cells, whereas this factor promoted the
sulfated proteoglycan synthesis by the same cells. One of our
previous studies involved similar analysis of chondrocytes

14000
12000 . e
10000 il /{

|
8000 /

[35S]-Sulfate uptake (cpm/well)

6000 T
4000 f
2000
0
0 25 100
rCCN3 (ng/mL)

Fig. 2 Dose-dependent enhancement of sulfate uptake into glyco-
saminoglycans by chondrocytes from developing rat epiphyseal
cartilage by rCCN3. Radiolabeled sulfate incorporated by the cells
during a 17-h incubation period after the addition of rCCN3 at the
indicated concentration was measured. These data are presented as the
mean values and SD of the data obtained from 8 independent cell
cultures. *p<0.01 versus control (0)
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from mouse costal cartilage, which is a typical temporary
cartilage that supports the growth of rib cage through the
endochondral ossification process. In that previous study, the
effect of CCN3 was comparatively analyzed with that of
CCN2 on the chondrocytes following the osteogenic
pathway. In the case of these costal cells, CCN3 exerted
effects entirely opposite to those of CCN2. Namely, CCN3
inhibited the synthesis of both DNA and proteoglycans,
which is known to be promoted by CCN2 (Kawaki et al.
2008b). The similarity and discrepancy between the data
from epiphyseal and costal cartilage present a few critical
issues as to the role of CCN3 in cartilage biology.

First, cell proliferation was inhibited in both types of
chondrocytes. These findings are fully in agreement with
those reported for a variety of cells of different origins
(Bleau et al. 2007; Fukunaga-Kalabis et al 2008; Kawaki et
al. 2008b; Shimoyama et al. 2010). Therefore, this anti-
mitotic effect is indicated to be a quite specific and general
function of CCN3. In contrast, CCN3 promoted sulfated
proteoglycan synthesis in the chondrocytes from develop-
ing joint heads, whereas it repressed that of chondrocytes
fated to hypertrophy and ossification. Generally, CCN3 has
been shown to promote cellular differentiation. In fact,
recent study has revealed that CCN3 promotes neurite
outgrowth (Sin 2011). In this context, our present result
with epiphyseal chondrocytes seems to be feasible. Inter-
estingly, the inhibitory effect of CCN3 on proteoglycan
synthesis was seen only in CCN2-producing wild-type
costal chondrocytes, whereas no such effects were evident
in corresponding CCN2-null chondrocytes (Kawaki et al.
2008b). The apparent repressive effect of CCN3 on the
proteoglycan synthesis is supposedly due to its antagonistic
effect on CCN2, which can be displayed only in the
presence of CCN2. It should be also noted that costal
chondrocytes proceeding to mineralization through hyper-
trophic differentiation possess a molecular background
different from that of epiphyseal chondrocytes constructing
permanent cartilage. Since the functionality of any CCN
family member highly depends on the co-factors present in
the microenvironment, it is not surprising for CCN3 to
exert apparently opposite effects in different tissues, as
actually reported (Lin et al. 2003; Perbal and Takigawa
2005; Ohgawara et al. 2011).

Unlike growth-plate chondrocytes, the proliferation of
chondrocytes to form articular cartilage needs to be highly
restricted to construct a structure of the cartilage with
quiescent and isolated chondrocytes embedded in a vast
amount of cartilaginous ECM. To yield such a large amount
of ECM, the chondrocytes have to be quite active in
producing ECM molecules, including proteoglycans. As
found in this present study, these functional properties of
CCN3 of repressing the proliferation and enhancing the
ECM production of chondrocytes from joint heads are thus
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quite appropriate for the formation and maintenance of
articular cartilage. Investigations to clarify in detail the role
of CCN3 in the formation of articular cartilage is currently
underway.
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