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activity of fibroblast growth factors (11). Based on these
findings, we have demonstrated in our previous work
using X-ray photoelectron spectroscopy that polyphos-
phoric acid (PPA) can be tightly adsorbed to the Ti
surface in a dose-dependent manner (12). In addition,
we reported that a Ti surface treated with PPA signifi-
cantly enhanced initial attachment and proliferation of
two types of cells, namely, human bone marrow-
derived mesenchymal stem cells and mouse osteoblast-
like cells (12, 13). We could demonstrate that these
accelerated cell responses were not due to increased
surface roughness induced by PPA, but rather must be
ascribed to the biological effect of PPA itself (12). In this
way, treatment of Ti with PPA might be a new
methodology to fabricate bioactive Ti implants.

In order to assess the potential promoting effect of this
Ti surface modification on bone regeneration around
implants, we have now carried out an in vivostudy using a
rat model. The study was conducted to compare the
bone-implant contact ratio (BICR) of Ti implants treated
with three different concentrations (0, 1 and 10 wt%) of
PPA. The null hypothesis tested in this study was that
thereisno differencein BICR amongst Tiimplants treated
with the three differently concentrated PPA solutions.

Materials and methods

Animal

Eight-week-old-male Wister rats (» = 30) were housed

in a temperature-controlled room with a 12-h alter- -

nating light-dark cycle and were given water and food
ad lib throughout the study. The Animal Care Use
Review Committee of the Okayama University Dental
School approved the experimental protocol in this
study (OK-2006314).

Titanium implant surface treatment

Commercially available pure Ti cylinders* (Grade-II;
2 mm in diameter, 4 mm in length) were used in this
study. As shown in Fig. 1, part of the cylinder was
narrowed to a diameter of 1 mm. The Ti cylinders were
first cleaned by wultrasonic rinsing successively in
trichloroethylene and ethanol (10 min each). They
were then immersed in two different solutions of PPAY

*GC, Tokyo, Japan.
tWAKO, Osaka, Japan.

Fig. 1. The titanium implant utilized in this study.

with concentrations of 1 and 10 wt% for 24 h at 37 °C.
Ti cylinders cleaned and immersed in distilled water for
24 h at 37 °C served as control. After each surface
treatment, each cylinder was washed three times with
distilled water (PPA is very soluble in water and any
unreacted acid is therefore easily removed) and
autoclaved.

Implantation

The animals were anaesthetized using ketamine
hydrochloride (35 mg kg™) and xylazine hydrochlo-
ride (12 mg kg™'). Both the tibiae were shaved and
disinfected, and a full thickness incision was made on
the dorsal aspect of the tibiae. Implants sites were
drilled under cooled sterile saline irrigation using a
twist drill* (diameter of 2:0 mm). The three differ-
ently treated Ti cylinders were randomly implanted
into the prepared holes in the tibiae (n =20 per
experimental group). The wound was then sutured.
The rats were allowed to recover and were housed as
described above.

Section preparation

Two or four weeks after operation, the animals were
deeply anaesthetized with diethyl ether and perfused
through the abdominal aorta with physiological saline,

*Nobel Biocare AB, Gotenberg, Sweden.
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Measurement of
bone-implant contact ratio
(BICR)

/ A = 2x length of narrowed implant part (blue zrrows)
/ B8 = sum of the lengths of the green arows

BICR (%) = B/A X 100

Fig. 2. Schematic drawing explaining the measurement of the
bone-implant contact ratio (BICR).

followed by a fixative containing 10% paraformalde-
hyde and 5% glutaraldehyde in 0:1 m phosphate
buffer. After the tibiae were dissected (17 = 30 tibiae
for each time interval, of which 10 per experimental
group), the samples containing the implants were
trimmed and in the same fixative for
1 week. The specimens were dehydrated in graded
ethanol and styrene, and then embedded in polyester
resin, (Rigolac).S5 The embedded materials were poly-
merized, after which undecalcified sections were
ground parallel to the long axis of the implant to a

thickness of approximately 70 pm using an ECOMET3
9

immersed

grinding system.

Histological and histometrical analysis

The sections were double-stained with basic fuchsine
and methylene blue, and then imaged by light
microscopy (BioZero BZ-8000).** Using the photomi-
crographs of each section, the BICR of the implant
was determined semi-automatically by three examin-
ers blinded to the experimental group using the
commercially available BZ Analyzer software**
(Fig. 2). As shown in Fig. 2, the BICR was evaluated
only in the narrow portion of the implant. Mean
BICR data determined by three examiners were
calculated in each section and submitted for statistical
analysis. The statistical analysis was performed using
one-way anova followed by Scheffe’s multiple com-
parison tests.

SNissin EM, Tokyo, Japan.
TBuehler, Lake Blull, IL, USA.
*KEYENCE, Osaka, Japan.

Results

Histological findings

Histological observation of the sections that were
prepared 2 weeks after implantation revealed that
new bone formation was observed in direct contact
with the Ti surface in all the experimental conditions.
Additionally, bone trabeculae with a mesh-like struc-
ture were seen in the medullary canal (Fig. 3, arrows).
Those bone trabeculae in the PPA-treated Ti implants
were somewhat denser than those in the control
untreated Ti implants. However, those mesh-like struc-
tures tended to disappear 4 weeks after implantation in
all the experimental conditions (Fig. 4). With regard to
the newly formed bone trabeculae at the interface
between Ti and medulla, those in the PPA-treated
groups seemed abundant, both 2 and 4 weeks after
implantation. Especially, 4 weeks after implantation,
consecutive bone trabeculae formation was observed in
the PPA-treated Ti implant groups (Fig. 4).

Histometrical findings

Regarding BICR analysis, statistics revealed that PPA
treatment of the Ti implant surface significantly
enhanced direct bone contact to the Ti surface. Espe-
cially the BICRs of the 1 wt% PPA-treated Ti implants
were significantly higher than those of the control
untreated Ti implants, both 2 and 4 weeks after
implantation (Fig. 5). At the latter observation period,
the mean BICR of the 10 wt% PPA treatment implants
was also significantly higher than that of the untreated
Ti implants.

Discussion

In this study, we utilized Ti cylinders with the major
middle part narrowed. We then quantified the amount
of bone formation along the vertical axis of the implant,
but only at the narrowed area. When such a Ti cylinder
was implanted into the prepared hole in the tibia, the
area around the narrowed implant part got filled with a
blood clot so that there was no direct contact with
cancellous bone. As cancellous bone involves abundant
bone-related cells (e.g. osteoblasts, mesenchymal stem
cells), we prevented in this way that such bone-related
cells would directly attach to and proliferate on the
adjacent Ti surface (osseointegration). Therefore, this

©® 2009 The Authors. Journal compilation © 2009 Blackwell Publishing Ltd
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Fig. 3. Representative histological
images of sections through the
bone-implant interface 2 week after
implantation. Bone trabeculae with
mesh-like structures (arrows) were
seen in the medullary canal in all
experimental conditions. The newly
formed bone trabeculae in contact
with the Ti surface tended to be
thicker when the Ti surface was
treated with polyphosphoric acid
(PPA).

model allowed us to evaluate the effect of PPA
treatment of the Ti surface on bone regeneration
around the implant.

Two weeks after implantation, new bone formation
in direct contact with the Ti surface was observed in
all the experimental conditions. Furthermore, bone
with a mesh-like structure was clearly present in the
medullary canal. These trabeculae most likely result

Fig. 4. Representative histological
images of sections through the bone-
implant interface 4 week after impl-
antation. The bone trabeculae with
mesh-like structures that were
observed in the medullary canal

2 weeks after implantation, disap-
peared at this stage. Two weeks after
implantation, the newly formed bone
trabeculae in contact with the Ti
surface tended to be thicker when
the Ti surface was treated with
polyphosphoric acid (PPA).

Control

Control

1 wt% PPA 10 wi% PPA
treatment treatment
1T mm

from the inflammatory response to the implantation.
The bone trabeculae around the PPA-treated Ti
implants were somewhat thicker than those around
the control untreated Ti implants. Four weeks after
implantation, most mesh-like bone structures disap-
peared in all the experimental These
findings are consistent with other previous reports
(14, 15).

conditions.

1 wit% PPA 10 wit% PPA
treatment {reatment
T mm
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Fig. 5. The mean bone-implant contact ratio (BICR) of the
untreated and treated Ti implants 2 and 4 weeks after implanta-
tion (n = 10 for each condition). (a) The mean BICR 2 weeks after
implantation. The mean BICR of the 1 wt% polyphosphoric acid
(PPA)-treated Ti implants was significantly higher than that of the
untreated control and the 10 wt% PPA-treated Ti implants
2 weeks after implantation. (b) The mean BICR 4 weeks after
implantation. Although 4 weeks after implantation, the mean
BICR of the 1 wt% PPA-treated Ti implants was the highest, both
the 1 and 10 wt% PPA treatment resulted in a significantly higher
mean BICR than that of the untreated Ti implants in control.
*Indicates statistical significance (P < 0-05).

Regarding BICR, PPA treatment of the Ti implant
surface significantly enhanced the amount of direct
bone contact to the Ti surface. Especially, the BICR of
1 wt% PPA-treated Ti implants was significantly higher
than that of the control Ti implants, both 2 and 4 weeks
after implantation. At 4 weeks, 10 wt% PPA treatment
also significantly increased the BICR as compared to the
BICR of the control Ti implants. Such early and
abundant bone formation surrounding an implant must
contribute to the implant stability. Hence, surface

treatment of Ti implants with PPA was shown to be
an effective method to modify the Ti surface for
improved osseoconductiveness.

This enhanced bone formation around PPA-treated Ti
implants must most likely be ascribed to an accelerated
cell response to PPA that was adsorbed on the Ti
implant surface, as we demonstrated before using X-ray
photoelectron spectroscopy (12). Our previous in vitro
research also revealed that PPA bound to the Ti surface
induced several biological effects on cultured cells (12,
13). More specifically, proliferation of human mesen-
chymal stem cells as well as mouse osteoblast-like cells
was found to have extremely accelerated PPA-treated Ti
surfaces in a dose-dependent manner. Nevertheless,
some contradiction exists between the results of our
previous in vitro cell culture data and our current in vivo
BICR data. While a higher concentration of PPA
resulted in a more accelerated cell proliferation, the
BICR data in this study indicated that the 1 wt% PPA
treatment was superior to the highly concentrated
(10 wt%) PPA treatment. On the other hand, the
newly formed bone trabeculae that contacted the Ti
surface tended to be thicker when the cylinders were
treated with PPA and this phenomenon seemed most
obvious for the 10 wt% PPA treatment. Like BICR, the
thickness of the bone trabeculae may also contribute to
the implant stabilization in order to distribute mastica-
tory and other oral stress. Therefore, also measurement
of the bone trabeculae thickness might be a useful
index to assess the effect of Ti surface treatments on
bone regeneration in search for clinically useful bioac-
tive implants.

In summary, the present in vivo data that PPA
treatment of the Ti surface lead to more abundant
bone formation in contact with the implant suggests
that this method may shorten the healing period after
implant placement. From a clinical point of view, this
PPA surface treatment may be advantageous as
compared to methods that coat the Ti surface with
various bioactive substances. As most of these bioac-
tive substances are proteins, careful attention is
needed not to lose their biological activity before
implant placement. In this way, Ti implant surface
modification using PPA is simple and does not need
special handling afterwards. For further development
of this PPA treatment of Ti implants towards clinical
application, more studies are definitely needed to
determine the most optimal PPA treatment conditions
that induce the rapidest and most abundant bone

© 2009 The Authors. Journal compilation © 2009 Blackwell Publishing Ltd
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formation around the implant, especially using ani-

mals that are closely related to human beings (e.g.

beagle dogs, monkeys).
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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 (I, 2). Once embedded in ECM,
these cells differentiate into pre-hypertrophic and hyper-
trophic chondrocytes (I, 2). Hypertrophic chondrocytes,
in which cell growth is arrested, eventually mineralize
the surrounding matrices, allowing the invasion of blood
vessels and osteoblasts (I, 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

*To whom correspondence should be addressed. Tel: +81-86- 235-
6645, Fax: +81-86-235-6649,
E-mail: takigawa@md. okayama—u.ac.)p

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

© The Authors 2008. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved.
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involved in cartilage metabolism, such as TGF-f, 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 dunng endochondral 0551ﬁcat10n and

thus it may be called a s1gna1 conductor’ with novel‘

functions:

BMP-2 is also a multxfunctmnal growth factor and
it was originally defined by its ablhty to induce ectopic
bone and cartilage formatmn in vivo (12). Although it
was reported that BMP-2 promoted the proliferation,
maturation and hypertrophy of ‘chondrocytes in vitro
(5, 13, 14), newborn transgemc 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 bhoth 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 (Bmprla), BMP receptor type 1B (Bmprlb) 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 cart‘,llage cells to differentiate.

Although it has been already reporbed that CCNZ

interacts with BMP-4 and inhibits the action of BMP-4

in early embryonic pattermng (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 CCNZ2 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), o-modification of Eagle’s medium («MEM),
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 [0-32P1dCTP (spe-
cific activity: 110 TBg/mmol) were from GE Healthcare

A. Maeda et al.

UK (Little Chalfont, United Kingdom), and [**S]sulfate
(87 MBg/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 rabblts 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 4x10* cells/em® into 96-well or 24-well

multiplates contammg DMEM supplemented with IO%V

FBS and were cultured:at 37°C under 5% COs 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 dénsity of 1 x 10° cells/cm?

~into 3.5cm dishes in aMEM containing 10% FBS and
‘were then cultured at 37°C under 5% CO, in air.

Western Blot Analyszs——-HCS 2/8 cells were transfected
with a CCN2. expression plasmid with an HA-tag by
using FugeneG 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-

) pltated sample by western blotting by using an anti-HA

antlbody Western  blot analysis was performed as
described previously (23).

Solid-Phase. Binding Assay—A 96-well multlplate was
pre—coatedwmh rBMP-2 (0.3-10 ug/ml) at 4°C overnight.

Then, rCCN2 with a His-tag was added to each well, and k

incubation was carried out at 4°C for 6h. 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.
Immunohlstochemzstry—Mouse metatarsal bones with

surroundmg ‘tissues were dissected and fixed in 10%-

formalin overnight at 4°C 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

J. Biochem.
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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 «MEM 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. [**S]sulfate
(37 MBg/ml) dissolved in PBS was added to the culture
at a final concentration of 370 kBg/m! at 5h after the
addition of these factors, and incubation was continued
for another 17h. After labelling, the cultures were
digested with 1mg/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 6h. Then, 10 ug 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/Cbfal, .

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 (10mM HEPES, 0.15M NaCl, 3mM
EDTA and 0.005% Tween 20; pH 7.4) at several
concentrations was perfused at a flow rate of 10pl/min
at 25°C 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 (Ky) 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 x 10*well, and then the cells were

stimulated with rCCN2, rBMP-2 or their combination

for 24h. Thereafter, the proliferation of these cells was
determined by conducting a TetraColor ONE assay
- according to the recommended protocol (Seikagaku Co.
Tokyo, Japan). Briefly, 10l of TetraColor ONE solution
was added to 100 ul of medium of each culture. After the
incubation for up to 4 h at 37°C, 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 ¢-test.
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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 Kj 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 x 10%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 1pg rBMP-2at 4°C overnight.
Then, immunoprecipitaion was performed with anti-BMP-2 anti-
body at 4°C. 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 10 ug/ml) were incubated
with 6 x His-tagged rCCN2 (500ng/ml) at 4°C for 6h. 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 (25 uM)
were incubated in the wells pre-coated with rBMP-2at 4°C for
6h. 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 (1pg/ml) was incubated in the wells pre-coated with
rBMP-2 (3 ug/ml) at 4°C for 6h. 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
0s), and kinetic experiments were performed. After the rBMP-2
flow was stopped (arrowhead), dissociation was monitored by a
decrease in the resonance units.

J. Biochem.
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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
100 pm and 50 pm, respectively.

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
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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 3.5cm 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 (50ng/ml) for 15 min. The mixture of CCN2 with BMP-2
was prepared 2h 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 15min of
treatment. Note that combination of CCN2 and BMP-2
decreased the activation of phospho-Smadl/5/8 and phospho-
ERK1/2 but not that of phospho-p38.

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
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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 x 10%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

24h. The mixture of CCN2 with BMP-2 was prepared and kept

on ice for 2h 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 TBMP-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

chondrocytes stimulated with rCCN2, rBMP-2 or their
combination for 15 or 30min 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 50ng/ml rBMP-2 and the
phosphorylation ‘of ERK1/2  was induced by 100ng/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 Smadl/
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
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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 22h at 37°C. At 5h after the addition of these
factors, [°Slsulfate was added to the cultures; and radioactivity
incorporated into proteoglycans was measured 17h 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.

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 . TBMP-2 or rCCN2 alone stimulated the
proteolecan synthesis, which was consistent with pre-
vious studies (13, 14, 25).
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 prohferatlon 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/Cbfal. As shown in Fig. 5A,

J. Biochem.
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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/Cbfal in mouse chondrocytes. Mouse pri-
mary chondrocytes were re-plated into 6cm 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
6h 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

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/Cbfal, 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
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(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 «MEM 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 22h at 37°C. After
5h of stimulation, [*°S]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.

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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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, I14). It was reported that BMP-2
stimulated the prohferatmn 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). Tt should be noted that reversed [CXCXXXC] and
. [CXXCCI motifs are present in the CT module of CCN2. ¢
k'chondrocyte prohferamon and promoted proteoglycan
g:synthesxsft in HCS-2/8 cells (Fig. 4). In addition, this
© co-presence increased the gene expression of chondrocyte

Therefore, BMP-2 may bind to CCN2 probably via these
sequences in the CT module as well. v

The crystal structure of CCNZ 1s stlll unknown

- Previously, we ralsed sev
against CCN2 by usi
protein as an immu
module in CCN2

These results indicate the strong s ntlgemclt : Of the VWC, e
module and suggest that this module is _exposed. on the . (34
‘molecular surface. In addltlon 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

blndmg of BMP-2 to the CT domain may not occur,

because this domain is engaged in the dlmenzatlon 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 ¢onfer 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 bmdmg of full-length CCNZ2.

These findings suggest that both IGFBP-VWC and CT

A. Maeda et al.

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 unportant role in _chondrocyte. differentiation (31). In

addition, the expression of the Runx2/Cbfal gene, which
induces cartilage hypertrophy, is up-regulated by rBMP-
2 treatment (30, 32). In this study, we showed that
phosphorylatlon of Smad1/5/8 induced by BMP-2 treat-.

ment was inhibited by the co-presence - of CCN2.

Furthermore, the act1vat1on 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 s1gnalhng pathways. Typlcal antagonists, such as
noggin; chordin and follistatin, bind to BMPs and
prevent them from mteractmg with their receptors (30,
33). The maJor difference between CCN2 and other BMP
antagomsts is that CCN2 itself is a growth factor and

- activates the s1gna_lhng to the nucleus.. We reported that

the phosphorylation of ERK1/2 was involved in chondro-

‘cyte prohferatlon and that the phosphorylation of p38
; MAPK ~was involved in chondrocyte differentiation

(34). In fact, we showed presently
-presence of CCN2 with BMP-2 inhibited

 differentiation markers, such as type II collagen, aggre-
 can and type X collagen, -and promoted proteoglycan
- us chondrocytes as well as in HCS 2/8

~51gnallmg caused by the complex formation of CCN2 with

BMP-2 may lead to the inhibition of the proliferation and

gpromotlon of the differentiation of chondrocytes. The
,expressmn of type X collagen mRNA, Wthl’l is a marker

comblhatlon of CCN2 and BMP-2 treatment, in spite of

the decreased Smad1/5/8 phosphorylation - representing

the classical BMP s1gnalhng However, we also showed

that the gene expression of Runx2/Cbfal was increased

by the combination of CCN2 and BMP-2 treatment

of chondrocytes (Flg 5). Therefore, we propose that the

level of expression of type X collagen mRNA was
increased due to the up-regulation of Runx2/Cbfal
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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review
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Summary This systematic review assessed the potential benefits of growth factors for bone
augmentation prior to the placement of dental implants in human.

A systematic online review of the Medline database, using the PubMed search machine was
performed between 1966 and November 2008 by entering the MeSH terms. The primary outcome
of the included studies was bone regeneration of localized alveolar ridge defects.

The initial search identified 119 papers from the electronic database. Thisreview produced seven
eligible papers that reported on bone augmentation with recombinant human Bone Morphogenetic
Protein-2 (rhBMP-2), recombinant human Platelet-Derived Growth Factor (rhPDGF) and Plasma-Rich
Growth Factor (PRGF). The rhBMP-2 affected local bone augmentation with increasing volume for
higher doses. Both rhPDGF and PRGF showed a positive effect in favor of the growth factor.

Differing levels and quantity of evidence were noted to be available for the growth factors
evaluated, revealing that rhBMP-2, rhPDGF, and PRGF may stimulate local bone augmentation to
various conditions. Especially the potential of rhBMP-2 is supportive. However, the confined number
of investigators using these techniques and the low number of patient treatments reported in the
literature, the generalizability of this approach is limited at this time.
© 2009 Japanese Association for Dental Science. Published by Elsevier Ireland. All rights reserved.
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Dental implants are the most innovative and superior treat-
ment in dentistry, and are widely used for a variety of cases.
Most of the techniques that are used are evidence-based and
predictable. However, in many cases, the intended implant
site is inappropriate due to the poor bone quality or to an
insufficient quantity of bone. An insufficient alveolar ridge
height is often related to the proximity of the implant site to
other anatomical structures, i.e., the maxillary sinus or the
mandibular canal.

In order to overcome some of these difficulties, autoge-
nous bone grafts taken from the chin, the ramus of the
mandible, or the iliac crest of the same patient have histori-
cally been the standard for alveolar reconstruction, specifi-
cally, due to their osteoconductive, osteoinductive, and lack
of immunogenic properties. However, the adverse events and
complications, such as infection, pain, sensory loss, and
hematoma formation at the donor site, occur frequently
upon autogenous bone graft treatment. In addition, a donor
site with a sufficient quantity of bone is not always available.
Allograft bones, bones taken from a different person and
processed and managed by a tissue bank or commercial
supplier, have often been substituted. However, this method
also has limitations, including an inconsistent osteoinductive
activity, unfavorable host immune responses [1], a delayed
resorption, and a risk for prion and virus transmissions [2,3].

An ideal bone graft in-implant dentistry should have the
following properties: it should be biomimetic; it should have
the ability to induce differentiation of the appropriate cells
(i.e., endothelial and osteoblastic cells) for the formation of
new bone; it should be easily synthesized or produced, rather
than extracted from allograft materials (to eliminate all risks
of disease transmission); it should be easily and quickly
resorbed as the osteogenic response occurs; it should have
no immune-provoking properties; it should be easily trans-
ported and stored; it should be reasonably cost-effective; it
should be capable of achieving consistent and predictable
results without being affected by different level of technical
ability of the clinician.

In order to meet these demands, dental research has
focused on the use of bioactive molecules to induce local
bone formation. Since the various growth factors that have
an effect on the bone regeneration have been discovered,
the number of related studies has increased substantially. In
particular, the factors recombinant human Bone Morphoge-
netic Protein-2 (rhBMP-2) [4—7] and recombinant human
Platelet-Derived Growth Factor (rhPDGF) [8—10] have been
shown to induce bone formation at the compromised sitesin a
variety of experimental and clinical situations. These factors

istration (FDA) for use in dentistry.

To date, there is only limited evidence to support the
application of growth factors for local bone augmentation in
dentistry. The aim of this systematic review was to summar-
ize the current literature that describes the use of growth
factors in conjunction with dental implants.

Material and methods
Study selection

We conducted an electronic search of the Medline database,
using the PubMed search machine, for the relevant selection
of studies by entering the following MeSH terms: “Intercel-
lular Signaling Peptides and Proteins;” and “Dental
Implants”. We limited our results to humans, to articles
published in the English language; and, in the time range
of 1966 to November 2008. The references of the retrieved
articles were also searched. :

The inclusion and exclusion criteria

The studies included in this review met the following inclu-
sion criteria: (1) only relevant data on bone augmentation
induced by the growth factors; (2) only randomized, non-
randomized clinical trials, cohort studies, case—control stu-
dies, and case reports; (3) only studies with a clearly written
amount and concentration of growth factors or using the kit
with fixed concentration of growth factors; (4) only studies
with a clearly defined baseline; and (5) only studies with the
application of titanium root-form implants. The most recent
report was used if more than one publication referred to the
same data. The studies that did not meet all the inclusion
criteria were excluded from the review. The studies that
dealt with the following topics were excluded: (1) in vitro
animal studies; (2) studies using gene therapy; (3) studies
with a focus on periodontal regeneration; (4) studies report-
ing systemic treatment outcomes; (5) craniofacial surgery for
total or partial reconstruction of mandibles/maxillas; (6)
cleft lip and palate surgeries; (7) distraction osteogenesis;
(8) ossecintegration; (9) implant anchor; (10) immediate
loading or (11) orthopedic surgeries. Each retrieved citation
was reviewed by two independent reviewers (K.S., O.M.).
Most of the citations were excluded immediately, due to the
information provided by the title or the abstract. If the
citation could not be excluded immediately because of its
equivocal nature, then the complete article was selected by
the two reviewers. Any disagreement between the reviews
was resolved by a consensus. To avoid any bias, the search
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process was blinded to the names of the authors, to the
names of institutions, and to the names of the journals.

The data extraction

The data were independently extracted by two reviewers
using data extraction tables. Any disagreements were dis-
cussed until they were resolved by a consensus. The following
information were extracted: the authors, the year of pub-
lication, the study design, the number of patients, the mean
age of the patients, the follow-up period, the adverse event,
the applied dose of growth factor, the carrier system, the
control group, the type and the dimension of the defect, the
decrease in the defect of height/increased bone height/
width, the newly formed bone, and the new bone density.

Result
The study characteristics

The PubMed search identified a total of 119 citations. How-
ever, most of them were excluded immediately due to the
information provided by the title or the abstract (Fig. 1). Only
20 articles were selected for further text review [11-30].
The main reasons for excluding some studies (n = 13), after
the full text was obtained, were as follows: poor-quality data
for bone augmentation induced by growth factors, any
reports based on animal studies, and a lack of or insufficient
discussion of the clinical, radiographic, or histological treat-
ment outcomes (only descriptive presentation of results). Of
the seven eligible articles, three studies reported on bone
augmentation with rhBMP-2 [14,15,17], three studies dis-
cussed the effect of rhPDGF [11—13], and one study exam-
ined the effect of Plasma-Rich Growth Factor (PRGF) [16].
Two of the rhBMP-2 studies were randomized control trials
(RCT) with a clearly stated random allocation of subjects.
The other BMP-2 study was a prospective, human clinical trial
without a control. All of three rhPDGF studies and the PRGF
study were case reports.

Table 1 shows the characteristics of the included studies.
A‘total of 76 patients were treated with. growth factors for
local intra-oral bone regeneration. The mean age of the
patients was- 54.8 years and the mean follow-up period
was 47.1 months. Table 2 shows the operative data reported
in the included studies. The growth factors were always
administered locally, and the root form dental implant was
used in every study. The applied dose of the rhBMP-2 ranged
from 0.43 to 1.5 mg/ml or from 0.2 to 24 mg/patient. How-
ever, the rhPDGF and the PRP studies lacked this type of
information. Two different carrier systems were used for the
application of rhBMP-2. An absorbable collagen sponge (ACS)
was used in two studies [14,17], whereas rhBMP-2 was
applied to a demineratized bovine bone matrix (xenogenic
bone substitute mineral, Bio-Oss®) in another study [15].
With respect to the application of rhPDGF, the carriers used

were Bio-Oss®, beta-tricalcium phosphate (3-TCP) and a

freeze-dried mineralized bone allograft (FDBA). For the PRGF
treatment, a combination of Bio-Oss® and autogenous bone
was used. The types of local bone augmentations observed
were sinus floor augmentations [14,16,17], preservations of
extraction socket [13,17], alveolar ridge bone augmentation
[11], and lateral ridge augmentation in combination with

Studies identified by an
electronic search (n=119)

Non-relevant studies excluded based
on information provided by the title and
abstract (n=99)

RS

v

| Total full text articles (n=20)

Studies excluded as a result of

duplicated publication (n=0)
) Excluded literature reviews, non-
EEEEE—— relevant studies and those without

adequate data (n=13)

v

Eligible studies (n=7)
RCT: 2
Non-RCT: 5

Figure 1 Outline of the literature search.

simultaneous implant placement [12,15,16]. A meta-analysis
of the outcomes was not performed because of the hetero-
geneity of the studies (various indications, RCT, or cohort)

Bone height increase/defect size decrease

An increase in bone height, ranging from 10.16 4.7 to
9.47 £+ 5.72 mm for the sinus lift procedures, and a change
in bone depth of 6.8 +£ 0.2 mm, for the extraction socket
augmentations, were reported for the sites treated with
rhBMP-2 (Table 3). Two RCTs included control groups without
the application of the rhBMP-2 [14,15]. In comparison to the
controls, the effect of rhBMP-2 showed substantial variabil-
ity. Boyne et al. presented negative data for the bone height,
and the average gain in the bone height was 11.29 & 4.12 mm
for the control sites and 9.47 + 5.72 mm for test sites with a
low dose of rhBMP-2, respectively. There were no statistically
significant differences in the control group with respect to
the increase in ridge height, and the decrease in ridge width
with the use of rhBMP-2 [14]. Only one RCT reported a
positive effect in comparison to the control group, when
the factor was applied to the lateral ridge augmentation [15].

On the other hand, rhPDGF seemed to have a positive role
in enhancing the healing of soft and hard tissues, even though
there was no clear mention and evaluation of bone regen-
eration. The result of the bone augmentation was clearly
presented by the use of pictures and dental X-rays that
showed successfully filled bone defects within 5—7 months
after the operation [11—13].

New bone formation

Jung et al. and Boyne et al. reported the new bone formation
as a percentage of the original defect or as new bone density,
respectively (Table 3). The dose of the applied factor seemed
to have an impact on the treatment outcome, with a higher
local bone regeneration for the higher doses of rhBMP-2. For a
lower dose of rhBMP-2, a positive, but not a statistically
significant effect was observed on the bone formation,
whereas, for a higher dose, a positive and statistically sig-
nificant effect was reported. Boyne et al. reported a sig-
nificant difference in new bone density in favor of the bone
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