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Both CCN family 2/connective tissue growth factor (CCN2/CTGF) and bone
morphogenetic protein (BMP)-2 play an important role in cartilage metabolism. We
evaluated whether or not CCN2 would interact with BMP-2, and examined the
combination effect of CCN2 with BMP-2 (CCN2-BMP-2) on the proliferation and
differentiation of chondrocytes. Immunoprecipitation-western blotting analysis,
solid-phase binding assay and surface plasmon resonance (SPR) spectroscopy
showed that CCN2 directly interacted with BMP-2 with a dissociation constant
of 0.77 nM as evaluated by SPR. An in vivo study revealed that CCN2 was co-localized
with BMP-2 at the pre-hypertrophic region in the E18.5 mouse growth plate.
Interestingly, CCN2-BMP-2 did not affect the BMP-2/CCN2-induced phosphorylation
of p38 MAPK but caused less phosphorylation of ERK1/2 in cultured chondrocytes.
Consistent with these results, cell proliferation assay showed that CCN2-BMP-2
stimulated cell growth to a lesser degree than by either CCN2 or BMP-2 alone,
whereas the expression of chondrocyte marker genes and proteoglycan synthesis,
representing the mature chondrocytic phenotype, was increased collaboratively
by CCN2-BMP-2 treatment in cultured chondrocytes. These findings suggest that
CCN2 may regulate the proliferating and differentiation of chondrocytes by forming
a complex with BMP-2 as a novel modulator of BMP signalling.

Key words: chondrocytes, CCN family 2/connective tissue growth factor (CCN2/
CTGF), BMP signalling, BMP-2, endochondral ossification.

Abbreviations: E, embryonic day; ECM, extracellular matrix; ERK1/2, extracellular signal-regulated kinase
1/2; HA, influenza virus hemagglutinin; His, histidine; MAPK, mitogen-activated protein kinase; phospho,
phosphorylation; rCCN2, recombinant CCN2 protein; WT, wild type.

INTRODUCTION

Endochondral ossification is initiated by the condensa-
tion of mesenchymal cells and the subsequent differen-
tiation of them into chondrocytes within the condensates
(1, 2). Chondrocytes proliferate and produce many kinds
of extracellular matrix (ECM) molecules characteristic
of cartilage, such as type II collagen, aggrecan, link
proteins and hyaluronate (1, 2). Once embedded in ECM,
these cells differentiate into pre-hypertrophic and hyper-
trophic chondrocytes (1, 2). Hypertrophic chondrocytes,
in which cell growth is arrested, eventually mineralize
the surrounding matrices, allowing the invasion of blood
vessels and osteoblasts (1, 2). Finally, the cartilage is
replaced by bone. In this differentiation process, a
number of growth factors, such as transforming
growth factor (TGF)-b (3), insulin-like growth factor
(IGF, 4), bone morphogenetic proteins (BMPs, 5) and

CCN family 2/connective tissue growth factor (CCN2)
have been implicated (6). Among them, CCN2 is highly
expressed in the pre-hypertrophic region of growth plate
(6). As a member of the CCN family, it consists of four
distinct structural modules, i.e. insulin-like growth factor
binding protein-like (IGFBP), von Willebrand type C
repeat (VWC), thrombospondin type 1 repeat (TSP1) and
carboxy-terminal cysteine knot (CT). Also, CCN2 pro-
motes multiple steps of the endochondral ossification,
such as proliferation, maturation and hypertrophy of
chondrocytes (6, 7). In addition, we reported earlier that
CCN2 functions to maintain the integrity of the cartilage
tissues in vivo (8). These findings suggest that CCN2
plays a very important role in chondrocyte metabolism.
In fact, it has been reported that Ccn2-deficient mice die
soon after birth, as a result of, at least in part, severe
skeletal abnormalities associated with impaired endo-
chondral ossification (9). These and other findings indi-
cate that CCN2 is an essential growth factor for
regulation of the proliferation, maturation and hypertro-
phy of chondrocytes (7, 9). Recently, it was reported that
CCN2 interacted with many growth factors critically
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involved in cartilage metabolism, such as TGF-b, BMP-4
(10), and vascular endothelial growth factor (VEGF, 11)
and that CCN2 modified the activity of each growth
factor. Therefore, CCN2 may control the network of
growth factors during endochondral ossification; and
thus it may be called a ‘signal conductor’ with novel
functions.

BMP-2 is also a multifunctional growth factor, and
it was originally defined by its ability to induce ectopic
bone and cartilage formation in vivo (12). Although it
was reported that BMP-2 promoted the proliferation,
maturation and hypertrophy of chondrocytes in vitro
(5, 13, 14), newborn transgenic mice, in which Bmp-2
had been inactivated in a limb-specific manner, had
normal skeletons (15). These findings suggest that other
BMPs present in the developing limb can compensate for
the loss of BMP-2. Until now, more than 30 BMP family
members have already been described, and they have
been classified into several subgroups according to their
structural similarities (16). In particular, BMP-2 and
BMP-4 are highly related molecules, and both molecules
have potent bone-forming activity (17). These findings
indicate that the functions of BMP-2 and BMP-4 are
interchangeable during bone formation in the limb. In
fact, it was reported that the loss of both BMP-2 and
BMP-4 in a limb-specific manner resulted in a delay
in cartilage development and in a severe impairment
of osteogenesis (18). Furthermore, the BMP receptor type
1A (Bmpr1a), BMP receptor type 1B (Bmpr1b) double-
deficient mice exhibited severe defects in chondrogenesis
and osteogenesis (19). Taken together, these results
suggest that BMP signalling is essential for endochon-
dral ossification, and that BMP-2 and BMP-4 compensate
each other to transduce sufficient BMP signalling to
allow cartilage cells to differentiate.

Although it has been already reported that CCN2
interacts with BMP-4 and inhibits the action of BMP-4
in early embryonic patterning (7), investigation of the
interaction of CCN2 with BMP-2 as well as BMP-4 may
reveal the novel function of CCN2 in BMP signalling
required for cartilage development. Therefore, we inves-
tigated whether or not CCN2 directly interacts with
BMP-2 and examined the combinational effect of CCN2
with BMP-2 on chondrocyte proliferation and differentia-
tion. In this study, we demonstrated that CCN2 directly
interacted with BMP-2 and promoted CCN2/BMP-2-
induced proteoglycan synthesis, whereas proliferation of
chondrocytes was interfered with the combination. These
findings suggest that CCN2 has both antagonistic effect
and agonistic effect on BMP-2.

MATERIALS AND METHODS

Materials—Dulbecco’s modified Eagle’s medium
(DMEM), a-modification of Eagle’s medium (aMEM),
and fetal bovine serum (FBS) were purchased from
Nissui Pharmaceutical (Tokyo, Japan), ICN Biomedicals
(Aurora, OH), and Cancera International (Rexcalale, ON,
Canada), respectively. Plastic dishes and multiwell plates
were obtained from Greiner Bio-One (Frickenhausen,
Germany). Hybond-N membrane and [a-32P]dCTP (spe-
cific activity: 110 TBq/mmol) were from GE Healthcare

UK (Little Chalfont, United Kingdom), and [35S]sulfate
(37 MBq/ml) was from PerkinElmer (Waltham, MA).
Hyaluronidase and anti-b-actin were obtained from
Sigma (St Louis, MO). Anti-phospho-extracellular
signal-regulated kinase (ERK)1/2, and anti-phospho-p38
were from Promega (Madison, WI); and anti-ERK1/2,
anti-p38, and anti-phospho-Smad1/5/8, from Cell Signal-
ling Technology (Beverly, MA). Anti-BMP-2 was
purchased from R & D Systems (Minneapolis, MN); and
anti-HA, from Covance (Princeton, NJ). Anti-CCN2
serum was raised in rabbits, and recombinant CCN2
(rCCN2) was purified as previously reported (20). For
binding assays and surface plasmon resonance (SPR)
analysis, polyhistidine (His)-tagged rCCN2 and each of
the four modules of the CCN2 were purchased from
Biovendor (Heidelberg, Germany), or were produced by
Escherichia coli harbouring the corresponding expression
plasmids. Recombinant BMP-2 (rBMP-2) was kindly pro-
vided by Dr K. Sugama of Osteopharma (Osaka, Japan).

Animals—BalbC/129sv hybrid CCN2+/� mice were
crossbred to obtain wild-type (WT) and Ccn2-deficient
mice, which were used at E18.5 (9). These mice were
euthanized to obtain the rib cage for cell culture and the
metatarsal bone with surrounding tissues for immuno-
staining. All mice were genotyped by using PCR. The
Animal Committee of Okayama University Graduate
School of Medicine, Dentistry, and Pharmaceutical
Sciences approved all of the procedures.

Cell Culture—Cells of the human chondrosarcoma-
derived cell line HCS-2/8 (21) were inoculated at a
density of 4� 104 cells/cm2 into 96-well or 24-well
multiplates containing DMEM supplemented with 10%
FBS and were cultured at 378C under 5% CO2 in air.
Primary cultures of chondrocytes isolated from the
ventral half of the rib cages of E18.5 mouse embryos
were prepared as described previously (22). The isolated
chondrocytes were seeded at a density of 1� 105 cells/cm2

into 3.5 cm dishes in aMEM containing 10% FBS and
were then cultured at 378C under 5% CO2 in air.

Western Blot Analysis—HCS-2/8 cells were transfected
with a CCN2 expression plasmid with an HA-tag by
using Fugene6 reagent (Roche, Basel, Switzerland). After
2 days, the cell lysate was collected, and immunopreci-
pitation was performed with anti-BMP-2 antibody. Then,
the HA-tagged CCN2 was detected in the immunopreci-
pitated sample by western blotting by using an anti-HA
antibody. Western blot analysis was performed as
described previously (23).

Solid-Phase Binding Assay—A 96-well multiplate was
pre-coated with rBMP-2 (0.3–10 mg/ml) at 48C overnight.
Then, rCCN2 with a His-tag was added to each well, and
incubation was carried out at 48C for 6 h. After washing
each well, we measured the optical absorbance (450 nm)
representing the binding of CCN2 to BMP-2 by conduct-
ing a colorimetric assay using the anti-His antibody.

Immunohistochemistry—Mouse metatarsal bones with
surrounding tissues were dissected and fixed in 10%
formalin overnight at 48C before being embedded in
paraffin. Five micrometre sections were mounted on
glass slides, deparaffinized and treated with hyaluroni-
dase (25 mg/ml) for 30 min at room temperature. Immu-
nohistochemistry was performed with a Histofine kit
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(Nichirei; Tokyo, Japan) as described previously (23).
Colour was developed with diaminobenzidine (DAB), and
sections were counterstained with methyl green. The
proliferative population of chondrocytes in growth carti-
lage tissues was determined using a commercial prolif-
erating cell nuclear antigen (PCNA) staining kit (Zymed
laboratories, Carlsbad, CA), following the manufacturer’s
instructions.

Evaluation of Proteoglycan Synthesis—Mouse costal
chondrocytes or HCS-2/8 cells were grown to sub-
confluence in 24-well multiplates containing aMEM or
DMEM supplemented with 10% FBS, respectively.
Thereafter, the medium was replaced with that contain-
ing 0.5% FBS and rCCN2, rBMP-2 or both. [35S]sulfate
(37 MBq/ml) dissolved in PBS was added to the culture
at a final concentration of 370 kBq/ml at 5 h after the
addition of these factors, and incubation was continued
for another 17 h. After labelling, the cultures were
digested with 1 mg/ml actinase E, and the radioactivity
of the material precipitated with cetylpyridinium chlo-
ride was measured in a scintillation counter.

Northern Blot Analysis—Total RNAs were prepared by
using ISOGEN reagent (Nippon Gene, Tokyo, Japan)
from mouse costal chondrocytes stimulated with rCCN2,
rBMP-2 or their combination for 6 h. Then, 10 mg of total
RNA was subjected to electrophoresis on a 1% formalde-
hyde-agarose gel and subsequently transferred onto
Hybond-N filters (GE Healthcare). Northern blot anal-
ysis was performed as described previously (23). Specific
PCR products of aggrecan cDNA and linearized plasmids
containing mouse-type II collagen (22), type X collagen
(9) and Runt domain transcription factor (Runx2/Cbfa1,
24) cDNAs were used as probes.

Surface Plasmon Resonance Spectroscopy—Specific
interaction between CCN2 and BMP-2 was analysed by
using a BIAcore X (GE HealthCare). rCCN2 coupling,
blocking and regeneration of a CM5 chip were performed
according to the manufacturer’s protocol. rBMP-2 in
HBS-EP buffer (10 mM HEPES, 0.15 M NaCl, 3 mM
EDTA and 0.005% Tween 20; pH 7.4) at several
concentrations was perfused at a flow rate of 10 ml/min
at 258C over the control surface or a surface bearing
immobilized CCN2, and the resonance changes were
recorded. The response on the control surface was
subtracted from that on the CCN2-conjugated surface.
The dissociation constants (Kd) were determined by using
BIA evaluation software.

Proliferation Assay—For measurement of cell prolifera-
tion, HCS-2/8 cells were inoculated into 96-well multi-
plates at a density of 1� 104/well, and then the cells were
stimulated with rCCN2, rBMP-2 or their combination
for 24 h. Thereafter, the proliferation of these cells was
determined by conducting a TetraColor ONE assay
according to the recommended protocol (Seikagaku Co.
Tokyo, Japan). Briefly, 10 ml of TetraColor ONE solution
was added to 100ml of medium of each culture. After the
incubation for up to 4 h at 378C, the absorbance of culture
medium was measured at a wavelength of 450 nm.

Statistical Analysis—Unless otherwise specified, all
experiments were repeated at least twice, and similar
results were obtained. Statistical analysis was performed
by using Student’s t-test.

RESULTS

Interaction of CCN2 with BMP-2 Through Its CT
Domain—It has been reported that CCN2 directly binds
to BMP-4 through its VWC module (10). Because not
only BMP-4 but also BMP-2 plays an important role
in chondrocyte proliferation and differentiation during
endochondral ossification (13, 14), we investigated the
involvement of CCN2 in BMP-2 signalling of chondro-
cytes. As shown in Fig. 1, we found that CCN2 interacted
with BMP-2 similarly as with BMP-4. An HA epitope-
tagged construct of full-length CCN2 was generated, and
the protein was produced in HCS-2/8 cells. After 2 days,
cell lysates were collected and immunoprecipitation was
performed with anti-BMP-2 antibody in cell lysate in the
presence or absence of rBMP-2. Western blot analysis of
the immunoprecipitated samples was performed by using
anti-HA antibody. As a result, HA-tagged CCN2 was
detected only in the presence of rBMP-2 (Fig. 1A). In
addition, to test whether CCN2 directly interacted with
BMP-2, or not, we performed a solid-phase binding assay.
As shown in Fig. 1B, CCN2 directly bound to BMP-2 in
a BMP-2-dependent manner. Subsequently, a binding
assay using each recombinant module protein of CCN2
was performed to determine which module was respon-
sible for the binding to BMP-2. As shown in Fig. 1C, the
CT module of CCN2 distinctly bound to BMP-2, whereas
VWC and IGFBP modules slightly bound to it. To further
verify if CT or amino-terminal module plays an impor-
tant role in binding to BMP-2, we generated a
N-terminal IGFBP-VWC and C-terminal TSP1-CT frag-
ments and evaluated their binding ability. As shown in
Fig. 1D, while both fragments significantly interacted
with BMP-2, interaction of TSP1-CT fragment of CCN2
with BMP-2 was stronger than that of IGFBP-VWC
fragment. These results indicate that not only the CT
module, but also the IGFBP-VWC modules are respon-
sible for the binding to BMP-2. Furthermore, the binding
affinity of CCN2 for BMP-2 was determined by SPR
analysis (BIAcore systems). Kinetic measurements using
different concentrations of CCN2 yielded a Kd of 0.77 nM
for BMP-2 (Fig. 1E). These data indicate that CCN2 can
directly bind to BMP-2 through its CT domain.

Co-Localization of CCN2 with BMP-2 in Pre-
Hypertrophic Region of the Growth Plate—Growth plate
chondrocytes are horizontally organized into distinct
zones. The zones reflect the sequential differentiation
stages of chondrocyte proliferation, maturation and
hypertrophy (Fig. 2A and B). In wild type mice,
proliferative and pre-hypertrophic chondrocytes were
stained with anti-PCNA antibody, which has been used
as a marker for cell proliferation, but the immunoreac-
tivity of PCNA was not observed in the hypertrophic
chondrocytes therein (Fig. 2C). These findings suggest
that not only proliferative chondrocytes, but also pre-
hypertrophic chondrocytes, which are the major CCN2
producer in growth plate, retain proliferative activity.
Because it was shown that CCN2 directly bound to BMP-
2 in vitro, we investigated whether or not CCN2 was
co-localized with BMP-2 in the growth plate using an
immunohistochemical analysis with anti-CCN2 and anti-
BMP-2 antibodies in E18.5 WT and Ccn2-deficient
metatarsal growth plates. As shown in Fig. 2G and H,
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Fig. 1. Complex formation between CCN2 and BMP-2. (A)
Western blot analysis of CCN2 binding to rBMP-2 after
immunoprecipitation with anti-BMP-2. HCS-2/8 cells were inocu-
lated at a density of 5�105/well into a 6-well plate; and the next
day, the cells were transfected with a CCN2 expression plasmid
containing an HA tag. After 2 days, the cell lysates were collected
and incubated with or without 1 mg rBMP-2 at 48C overnight.
Then, immunoprecipitaion was performed with anti-BMP-2 anti-
body at 48C. After 24 h, the immunocomplexes were captured by
adding agarose-protein G beads. The beads were washed, and
precipitates were subjected to SDS-PAGE and western blotting
with anti-HA antibody. Representative results for total cell lysate
(input) and treatment without rBMP-2 (�) and with rBMP-2 (+)
are shown. The arrow indicates the signal for CCN2-HA. (B)
Solid-phase binding assay for binding of full-length CCN2 to
rBMP-2. Ninety-six multiplate wells pre-coated with different
concentrations of rBMP-2 (0.3, 1, 3 and 10mg/ml) were incubated
with 6�His-tagged rCCN2 (500 ng/ml) at 48C for 6 h. Total
binding was determined by measuring immunoreactivity towards
the His-tag. Background binding was determined by measuring
the immunoreactivity towards the His-tagged CCN2 in the wells
pre-coated with BSA at the same concentration of each rBMP-2.
Data were calculated by the subtracting background binding

from the total binding. Data represents mean�SD of triplicate
samples. (C) Solid-phase binding assay for measuring the binding
of each CCN2 module to rBMP-2. CCN2 or its modules (25mM)
were incubated in the wells pre-coated with rBMP-2 at 48C for
6 h. Bound proteins were determined under the same conditions
as in ‘B’. Data are presented as the mean�SD of triplicate
samples. (D) Solid-phase binding assay for the evaluation of the
binding of IGFBP-VWC or TSP1-CT fragment of CCN2 to rBMP-
2. (Upper panel) Full-length CCN2, IGFBP-VWC or TSP1-CT
fragment (1 mg/ml) was incubated in the wells pre-coated with
rBMP-2 (3 mg/ml) at 48C for 6 h. Bound proteins were determined
under the same conditions as in ‘B’. Data are presented as the
mean�SD of triplicate samples. (Lower panel) Recombinant full-
length CCN2, IGFBP-VWC and TSP1-CT fragment were sepa-
rated by SDS–PAGE and visualized by coomassie brilliant blue
(CBB) staining. (E) Determination of the binding affinity of
rBMP-2 for CCN2 by SPR analysis. Four different concentrations
of rBMP-2 ranging between 5 nM and 30 nM were passed
through the immobilized CCN2 on the CM5 sensor chip (Time
0 s), and kinetic experiments were performed. After the rBMP-2
flow was stopped (arrowhead), dissociation was monitored by a
decrease in the resonance units.
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both CCN2 and BMP-2 were localized in pre-hyper-
trophic region of the growth plate, thus suggesting that
CCN2 might interact with BMP-2 in vivo. On the other
hand, as also shown in Fig. 2D–F, J–L, and consistent
with previous studies (9), an enlarged hypertrophic zone
and reduced PCNA signal and safranin-O staining were
seen in the growth plate in Ccn2-deficient compared with

that in WT littermates; and as expected, immunoreactiv-
ity for CCN2 was not detected (Fig. 2J). Signals
indicating immunoreactivity for BMP-2 were detected
in chondrocytes in the proliferative cell layer, but not in
the pre-hypertrophic zone (Fig. 2K). This pattern of
BMP-2 distribution in the Ccn2-deficient mice was
significantly altered from that in the WT mice. These
findings suggest that CCN2 regulates the localization of
BMP-2 during endochondral ossification.

Combination of CCN2 and BMP-2 Modulates the
CCN2 or BMP-2 Signalling in Chondrocytes—Because
CCN2 interacted with BMP-2 in vitro and co-localized
with BMP-2 in vivo, we tested whether the combination
of CCN2 and BMP-2 modulated CCN2 or BMP-2 signal-
ling in chondrocytes, or not. As shown in Fig. 3, we
performed western blot analysis of mouse costal

B
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Fig. 2. Co-localization of CCN2 and BMP-2 in the growth
plate of wild-type and Ccn2-deficient metatarsal bones.
Sections of the growth plates of E18.5 metatarsal bone (A, B, D,
E, G–L) and femur (C, F) in wild-type (A–C, G–I) and Ccn2-
deficient (D–F, J–L) littermates were stained with safranin-O
(A, B, D, E), and immunostained with anti-PCNA antibody (C,
F), anti-CCN2 antibody (G, J), anti-BMP-2 antibody (H, K) or
normal rabbit IgG as a negative control (I, L). The primary
antibodies were visualized by immunoperoxidase, and then the
sections were counterstained with methyl green (G–L) or
hematoxylin (C, F). Panels ‘A’ and ‘D’ are low-power magnifi-
cation views of the growth plate, and panels ‘B, G–I’ and ‘E, J–L’
show high-power magnification of the area delimited by black
square in ‘A’ and ‘D’, respectively. Bidirectional arrows indicate
the length of the hypertrophic zones (A, D). In the wild type,
immunostaining with PCNA was detected from proliferative
to pre-hypertrophic zone (C), and both CCN2 and BMP-2 were
mainly localized in the pre-hypertrophic zone of the growth
plate (G, H). In the Ccn2-deficient mice, signals for immunor-
eactivity of PCNA were decreased compared with wild type (F),
and CCN2 immunostaining was not detected (J). Signals for
immunoreactivity to BMP-2 were located in the proliferative
zone (K). Bars in ‘A and D’ and in ‘B, C, E, F and G–L’ represent
100mm and 50 mm, respectively.
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Fig. 3. Combinational effect of CCN2 and BMP-2 on the
activation of Smad1/5/8 and MAPK pathways in mouse
chondrocytes. After the first passage, mouse chondrocytes
were cultured in 3.5 cm dishes until they had become sub-
confluent. Then, the cells were stimulated with 50 ng/ml rBMP-
2, 100 ng/ml rCCN2 or the combination of CCN2 (100 ng/ml) and
rBMP-2 (50 ng/ml) for 15 min. The mixture of CCN2 with BMP-2
was prepared 2 h before stimulation and was kept on ice to allow
hetero complex formation. Cell lysates were collected, and
western blot analysis was performed with anti-phospho-Smad1/
5/8, anti-b-actin, anti-phospho-ERK1/2, anti-ERK1/2, anti-
phospho-p38 and anti-p38 antibodies. The band of phospho-
Smad1/5/8 was increased in cells treated with rBMP-2, and the
bands of both phospho-ERK1/2 and phospho-p38 were increased
in the cells treated with rCCN2 or rBMP-2 after 15 min of
treatment. Note that combination of CCN2 and BMP-2
decreased the activation of phospho-Smad1/5/8 and phospho-
ERK1/2 but not that of phospho-p38.

CCN2 Modulates BMP Signalling 211

Vol. 145, No. 2, 2009

 at South C
hina A

gricultural U
niversity on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


chondrocytes stimulated with rCCN2, rBMP-2 or their
combination for 15 or 30 min by using anti-phospho-
Smad1/5/8, anti-phospho-ERK1/2 and anti-phospho-p38
antibodies. The levels of Smad1/5/8 and ERK1/2 phos-
phorylation were increased by 50 ng/ml rBMP-2 and the
phosphorylation of ERK1/2 was induced by 100 ng/ml
rCCN2. However, the degree of their phosphorylation by
the combination of rCCN2 and rBMP-2 was rather
decreased compared with that by either factor alone
(Fig. 3). Similar results were obtained in HCS-2/8 cells
(data not shown). On the other hand, phospho-p38 levels
were not affected by the combination of rCCN2 and
rBMP-2. After 30 min of stimulation, no effect on Smad1/
5/8, ERK1/2 or p38 phosphorylation was detected (data
not shown). These findings suggest that the co-presence
of CCN2 and BMP-2 modulates BMP-2 or CCN2 signal-
ling in chondrocytes.

Effect of Combination of CCN2 and BMP-2 on the
Proliferation and Differentiation of HCS-2/8 Cells—
Because the combination of CCN2 and BMP-2 modulated
CCN2 or BMP-2 signalling, we next investigated the
biological significance of the combination of CCN2 and
BMP-2 in HCS-2/8 cells. HCS-2/8 cells have retained
the mature chondrocytic phenotype during a number of
passages, and their responsiveness to growth factors and
cytokines is similar to that of primary chondrocytes (21).
Therefore, we first studied the effect of the combination

of CCN2 and BMP-2 on the proliferation of the cells. As
shown in Fig. 4A, rCCN2 or rBMP-2 tested alone
stimulated the proliferation of the cells, but their com-
bination showed no stimulatory effect. Second, to inves-
tigate the effect of the combination of CCN2 and BMP-2
on the differentiation of HCS-2/8 cells, we evaluated
proteoglycan synthesis, which is a good marker of
differentiated chondrocytes, in the cells stimulated by
the combination of rCCN2 and rBMP-2. As shown in
Fig. 4B, either rBMP-2 or rCCN2 alone stimulated the
proteoglycan synthesis, which was consistent with pre-
vious studies (13, 14, 25). Interestingly, when the
combination of CCN2 and BMP-2 was added to the
culture of HCS-2/8 cells, proteoglycan synthesis was
additively increased. These findings suggest that the
combination of CCN2 and BMP-2 collaboratively pro-
moted the differentiation of HCS-2/8 cells but that
the proliferation was rather interfered with by the
combination.

Effect of Combination of CCN2 and BMP-2 on the
Expression of Chondrocyte Marker Genes and
Differentiation of Mouse Primary Chondrocytes—To
clarify in detail the differentiation of chondrocytes
stimulated with the combination of CCN2 and BMP-2,
we performed northern blot analysis of various cartilage
differentiation markers, i.e. type II collagen, aggrecan,
type X collagen and Runx2/Cbfa1. As shown in Fig. 5A,
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Fig. 4. Combinational effect of CCN2 and BMP-2 on the
proliferation and differentiation of HCS-2/8 cells. (A) Effect
of the combination of CCN2 and BMP-2 on the proliferation of
HCS-2/8 cells. HCS-2/8 cells in DMEM containing 10% FBS were
inoculated at a density of 1� 104/well into the wells of a 96-well
multiplate and cultured for 24 h. Then, the cells were stimulated
with final concentrations of 50 ng/ml rBMP-2, 100 ng/ml rCCN2
or the combination of CCN2 (100 ng/ml) and BMP-2 (50 ng/ml) for
24 h. The mixture of CCN2 with BMP-2 was prepared and kept
on ice for 2 h before the stimulation. The proliferation assay was
performed as described in ‘MATERIALS AND METHODS’
section. Column 1 represents cells cultured with PBS (control);
column 2, those with rBMP-2; column 3, those with rCCN2; and
column 4, those with the combination of both. Asterisks indicate
significant differences (P < 0.05) between values indicated by the

brackets. Each column shows the mean value and SD of the
results from 8 wells. (B) Effect of the combination of CCN2 and
BMP-2 on proteoglycan synthesis in HCS-2/8 cells. Once HCS-2/8
cells had reached sub-confluence, they were treated with PBS
(column 1), rBMP-2 (column 2), rCCN2 (column 3) or both
(column 4) for 22 h at 378C. At 5 h after the addition of these
factors, [35S]sulfate was added to the cultures; and radioactivity
incorporated into proteoglycans was measured 17 h later. Values
represent the means � SD of four independent cultures. Column
1 represents cells cultured with PBS (control), column 2,
those with rBMP-2; column 3, those with rCCN2; and column
4, those with both CCN2 and BMP-2. Asterisks indicate signif-
icant differences (P < 0.05) between values indicated by the
brackets.
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the expression of type II collagen and aggrecan, which
are good markers of mature chondrocytes, was promoted
by the combination of rCCN2 and rBMP-2 better than
that by each factor alone. In addition, the combination of
rCCN2 and rBMP-2 also stimulated the expression of
type X collagen and Runx2/Cbfa1, which are markers
of hypertrophic chondrocytes, to a greater degree than
each factor alone. Furthermore, to confirm whether or
not combination of CCN2 and BMP-2 stimulated

proteoglycan synthesis in a synergistic or additive
manner, we treated mouse costal chondrocyte cultures
with the combination of rCCN2 and rBMP-2 (Fig. 5B).
As shown in Fig. 5B, the combination of rCCN2 and
rBMP-2 increased proteoglycan synthesis additively,
consistent with the result in Fig. 4B. These results
suggest that the combination of CCN2 and BMP-2
stimulates chondrocyte differentiation better than
CCN2 or BMP-2 alone.
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Fig. 5. Combinational effect of CCN2 and BMP-2 on
expression of the differentiated phenotype of chondro-
cytes in mouse chondrocytes in culture. (A) Northern blot
analysis of the expression of type II collagen, aggrecan, type X
collagen and Runx2/Cbfa1 in mouse chondrocytes. Mouse pri-
mary chondrocytes were re-plated into 6 cm dishes, and they
were then cultured until they had reached confluence.
Thereafter, the medium was replaced with serum-free medium
containing rBMP-2 (50 ng/ml), rCCN2 (100 ng/ml) or the
combination of CCN2 and BMP-2; and total RNA was prepared
6 h later. Northern blot analysis was performed as described in
‘MATERIALS AND METHODS section’. Hybridization signals of
cartilage marker genes in the autoradiogram and methylene
blue-stained rRNA on the same membrane are displayed.
Representative results of treatment with PBS (lane 1), rBMP-2

(lane 2), rCCN2 (lane 3) and their combination (lane 4) are
shown. The amounts of cartilage marker genes were normalized
to the amounts of 28S rRNA. (B) Effect of the combination of
CCN2 and BMP-2 on proteoglycan synthesis in mouse chondro-
cytes. After mouse chondrocytes of passage 1 had reached sub-
confluence, the medium was replaced with aMEM containing
0.5% FBS and PBS (lane 1), rBMP-2 (50 ng/ml, lane 2), rCCN2
(100 ng/ml, lane 3) or the combination of CCN2 and BMP-2 (lane
4); and incubation was further continued for 22 h at 378C. After
5 h of stimulation, [35S]sulfate was added to the cultures; and
radioactivity incorporated into proteoglycans was then measured.
Values represent means � SD of four cultures. Asterisks indicate
significant differences (P < 0.05) between values indicated by the
brackets.
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DISCUSSION

In this study, we demonstrated that CCN2 directly
interacted with BMP-2. It was previously reported that
CCN2 directly bound BMP-4 through its VWC domain
and that CCN2 inhibited BMP-4 action (10). The same
study also showed, by western blot analysis, that the
binding of BMP-4 to CCN2 could be competed by an
excess of BMP-2, which suggests that CCN2 also binds to
BMP-2 through the same domain (10). This VWC domain
is 80% homologous to chordin, which is a BMP antago-
nist in terms of the cysteine residues (26). Therefore,
this finding indicates that CCN2 may be a novel BMP
antagonist. In this study, we investigated whether CCN2
directly binds to BMP-2 and functions as a BMP-2
antagonist, or not. BMP-2 has various effects on cartilage
metabolism (13, 14). It was reported that BMP-2
stimulated the proliferation, maturation and hypertro-
phy of chondrocytes in vitro (13, 14), but apparently
contradictory results were obtained in an in vivo study
using genetically modified mice (15–18). These findings
suggest that there are many factors regulating BMP
signalling in vivo. In the solid-phase binding assay using
each recombinant module protein, we showed that CCN2
bound to BMP-2 mainly through its CT module and
partially through its IGFBP and VWC modules (Fig. 1C).
In addition, we confirmed that binding of TSP1-CT
fragment to BMP-2 was more prominent than that of
IGFBP-VWC fragment (Fig. 1D). Inkson et al. reported
that [CXXXCXC] and [CCXXC] motifs, which are typical
chordin cysteine-rich (CR) sequences, have been con-
served in the VWC domain of CCN2 binding to BMPs
(26). It should be noted that reversed [CXCXXXC] and
[CXXCC] motifs are present in the CT module of CCN2.
Therefore, BMP-2 may bind to CCN2 probably via these
sequences in the CT module as well.

The crystal structure of CCN2 is still unknown.
Previously, we raised several monoclonal antibodies
against CCN2 by using a recombinant full-length CCN2
protein as an immunogen, and located the epitopes in the
module in CCN2. As a result, we found that two of five
monoclonal antibodies recognized the VWC module (27).
These results indicate the strong antigenicity of the VWC
module and suggest that this module is exposed on the
molecular surface. In addition, it has been suggested that
CCN2 forms a dimer via the CT domain (28), and that
CT domain also directly interacts with ECM proteins,
such as fibronectin and heparan sulfate (28, 29). Under
the condition that CCN2 is overexpressed in the cells, the
binding of BMP-2 to the CT domain may not occur,
because this domain is engaged in the dimerization of
CCN2 or interacts with ECM. Thus, the VWC module
may be more accessible than the CT module. If so, the
VWC module may be a major interface for CCN2-BMP
interaction. Nevertheless, we showed the binding of CT
module to BMP-2 and the modest binding of IGFBP and
VWC modules in this binding study; hence, binding of
VWC module to BMP-2 may require the collaboration
of the IGFBP module to confer the full binding activity.
In fact, we showed that the amount of total binding
of TSP1-CT and IGFBP-VWC fragments to BMP-2
was comparable with the binding of full-length CCN2.
These findings suggest that both IGFBP-VWC and CT

domains contribute to the interaction of CCN2 with
BMP-2.

BMPs transduce signals by binding to heteromeric
complexes of type I and type II serine/threonine kinase
receptors. The binding of BMPs to the receptor complex
results in the phosphorylation of intracellular Smads,
which then are translocated to the nucleus, where they
regulate the transcription of the target genes (5, 16, 30).
On the other hand, it has been also reported that BMPs
transduce signals by the activation of mitogen-activated
protein kinase (MAPK) pathways (5, 30) and that the
activation of MAPK, especially the p38 pathway, plays
an important role in chondrocyte differentiation (31). In
addition, the expression of the Runx2/Cbfa1 gene, which
induces cartilage hypertrophy, is up-regulated by rBMP-
2 treatment (30, 32). In this study, we showed that
phosphorylation of Smad1/5/8 induced by BMP-2 treat-
ment was inhibited by the co-presence of CCN2.
Furthermore, the activation of ERK1/2 and p38 MAPK
pathways was induced by BMP-2, but phosphorylation of
ERK1/2 was dramatically decreased by the co-presence of
CCN2 with BMP-2 in chondrocytes (Fig. 3). These results
suggest that CCN2 binds to BMP-2 and regulates the
BMP signalling pathways. Typical antagonists, such as
noggin, chordin and follistatin, bind to BMPs and
prevent them from interacting with their receptors (30,
33). The major difference between CCN2 and other BMP
antagonists is that CCN2 itself is a growth factor and
activates the signalling to the nucleus. We reported that
the phosphorylation of ERK1/2 was involved in chondro-
cyte proliferation and that the phosphorylation of p38
MAPK was involved in chondrocyte differentiation
induced by rCCN2 (34). In fact, we showed presently
that the co-presence of CCN2 with BMP-2 inhibited
chondrocyte proliferation and promoted proteoglycan
synthesis in HCS-2/8 cells (Fig. 4). In addition, this
co-presence increased the gene expression of chondrocyte
differentiation markers, such as type II collagen, aggre-
can and type X collagen, and promoted proteoglycan
synthesis in mouse chondrocytes as well as in HCS-2/8
cells (Fig. 5). Also, we reported that PD98059, which is a
specific MEK inhibitor, blocked chondrocyte proliferation
and stimulated proteoglycan synthesis in HCS-2/8 cells
(34). Considering these findings, a decrease in ERK1/2
signalling caused by the complex formation of CCN2 with
BMP-2 may lead to the inhibition of the proliferation and
promotion of the differentiation of chondrocytes. The
expression of type X collagen mRNA, which is a marker
of chondrocyte hypertrophy, was also increased by the
combination of CCN2 and BMP-2 treatment, in spite of
the decreased Smad1/5/8 phosphorylation representing
the classical BMP signalling. However, we also showed
that the gene expression of Runx2/Cbfa1 was increased
by the combination of CCN2 and BMP-2 treatment
of chondrocytes (Fig. 5). Therefore, we propose that the
level of expression of type X collagen mRNA was
increased due to the up-regulation of Runx2/Cbfa1
induced by stimulation from the combination of CCN2
and BMP-2. Taken together, these findings indicate that
CCN2 interacted with BMP-2 to inhibit chondrocyte
proliferation and to promote differentiation, thus sug-
gesting that CCN2 modulates not only BMP signalling
but also its own signalling to regulate the chondrocyte
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proliferation and differentiation as a ‘signal conductor’.
We conclude that CCN2 has both antagonistic effect and
agonistic effect of BMP-2 during endochondral
ossification.
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