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Fig. 2A-L. Localization of BMP-4 transcripts in tissue sections on
Day 4 after implantation. (A and B), (C and D), (E and F), (G and H)
are adjacent sections. C and G are higher magnifications of square
area of A and B, respectively. (Scale bar: A and E; 50 pum. C and G;
25 um, I: implant, C: loose connective tissue, M: mesenchymal cell
layer) (A-H.) Hematoxylin and eosin staining and in situ hybridiza-
tion for antisense cRNA probe for BMP-4. (A-D) Y-27632-treated

a dose-dependent manner, but also enhanced nodule for-
mation (Fig. 3A-B).

Ten uM of Y-27632 enhanced (two- to threefold com-
pared to the control; p = 0.0007) the expression of BMP-4
mRNA level in ST2 cells (Fig. 4A, hatched bars). This
effect appeared specific because adding rhBMP-2 did not
alter the BMP-4 mRNA level in ST2 cells (Fig. 4B).
Expression of the active ROCK mutant (A4) in cultured
ST2 cells (Fig. 5C) decreased the ALP activity (Fig. 5A,
bar 5) in the absence of ROCK inhibitor. The addition of
the ROCK inhibitor partly reversed these inhibitory actions
(Fig. 5A, bar 6). Conversely the expression of a dominant
negative ROCK construct (KDA4, Fig. 5C) enhanced ALP
activity (Fig. 5A, bar 7) and BMP-4 expression (Fig. 5B,
bar 7), and the addition of the ROCK inhibitor stimulated
ALP activity and BMP-4 expression (Fig. SA-B, bar 8).
Furthermore, the ST2 cells expressing dominant negative
ROCK represented ALP-positive staining (Fig. 5D, lower
panel). Active ROCK mutant expressing ST2 cells never
showed ALP positive staining (Fig. 5D, upper panels).

Discussion
The small GTPase Rho and Rho-associated protein kinase

(Rho kinase, ROCK) signal participates in a variety of
biological functions including vascular contraction, tumor

BMP-4

TRAP

mice or (E-H) PBS-treated mice (original magnifications x100). (I-
L) Higher magnification of migrating cells towards rhBMP-2 pellet as
shown by: (I) hematoxylin and eosin staining; in situ hybridization
using antisense cRNA for (J) Type I collagen and (K) osteopontin;
and (L) TRAP, stained with tartrate resistant acid phosphatase
(TRAP). (Scale bar, 10 pm and original magnifications x200).

invasion, and penile erection. However, whether it is
involved in osteoblastic differentiation is unknown. In
order to examine the biological role of ROCK in osteo-
genesis, we asked the following five questions: (1) Does
ROCK inhibitor enhance BMP-induced bone formation
in vivo? (2) What kinds of cells migrate to the BMP/
atelocollagen pellets to induce bone formation in vivo? (3)
Does ROCK inhibitor itself enhance osteogenic differen-
tiation of primary cultured calvaria cells in vitro? (4) What
is the mechanism for ROCK inhibitor induced osteogenic
differentiation? (5) Does ectopic expression of dominant
negative ROCK enhance osteoblastic differentiation and
does ectopic expression of active ROCK inhibit it?

We acknowledge the following limitations. Since our
study has been carried out using a mouse ectopic bone
formation system in vivo (mice) and in vitro, the data may
not reflect that in human osteogenesis. First, we assume the
signaling pathways in vitro are similar to those in vivo,
although the in vivo biological environment may have
additional or alternate pathways. Indeed, systemic delivery
of ROCK inhibitor by osmotic pump only stimulated the
ectopic BMP-induced bone formation in mice (Fig. | and
Table 1), but did not affect the endogenous bone metabo-
lism in tibia (Table ). Second, given the limited
experimental conditions, we consider this a pilot study.
Further studies will be required to confirm these observa-
tions across a wide range of conditions and models.
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Fig. 3A-B Stimulated ALP activity, osteocalcin production and
nodule formation by ROCK inhibitor in primary culture of neonatal
murine calvarial cells. (A) Stimulated ALP activity (H) and
osteocalcin production (#) by ROCK inhibitor in calvarial cells for
4 days (mean = SEM, n = 6) (in the absence of Y-27632). (B)
Nodule formation of calvarial cells for 16 days in the presence of
given concentrations of Y-27632.

We found continuous delivery of a specific ROCK
inhibitor (Y-27632) enhanced ectopic bone formation
induced by rhBMP-2 impregnated into an atelocollagen
carrier in mice without affecting systemic bone metabo-
lism. Treatment with Y-27632 also enhanced the
osteoblastic differentiation of cultured murine neonatal
calvarial and ST?2 cells. These effects were associated with
increased expression of BMP-4 gene. Expression of a
dominant negative mutant of ROCK in ST2 cells promoted
osteoblastic differentiation, while a constitutively active
mutant of ROCK attenuated osteoblastic differentiation
and the ROCK inhibitor reversed this phenotype. Thus,
ROCK apparently plays a negative role in osteogenesis.
Mundy et al. [23] reported the stimulation of bone
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Fig. 4A-B Effects of ROCK inhibitors and BMP-2 on the expression
of BMP-4 in vitro. (A) The level of transcript was normalized with
control GAPDH transcript and shown as mean = SEM of three
determinations. Ten pM of Y-27632 enhanced (two- to threefold
compared to the control) the expression of BMP-4 mRNA level in
ST2 cells. (B) Representative blots of BMP-4 and GAPDH are shown.

formation in rodents by a statin (inhibitor for HMG-CoA
reductase) from the screening of more than 30,000 com-
pounds derived from natural products. The effect of the
statin may lower the cellular cholesterol level, which is
required for the geranylgeranylation of Rho to show full
activity, as the authors postulated. If this is the case, a
ROCK inhibitor might be a more promising and specific
stimulator for the promoting of osteogenesis, since it exists
downstream in the signal transduction cascade. Consistent
with the results, Ohnaka et al. [26] reported that pitavast-
atin, a newly developed statin, enhanced BMP-2 and
osteocalcin expression in Rho-associated kinase dependent
manner in primary cultured human osteoblasts. They also
reported that hydroxyfasudil, a specific inhibitor for
ROCK, increased BMP-2 and osteocalcin production.
Here, we further confirmed these results by the expression
of active and negative ROCK protein in the cells and also
presented the enhanced osteogenesis in vivo animal model.

Employing this in vivo animal model using recombi-
nant human BMP-2 containing Type I collagen deposit,
we have already screened a number of compounds,
including clinically approved antiosteoporotic drugs, such
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Fig. SA-D Effects of expression of active (A4) or dominant negative
ROCK (KDA4) mutants on the osteoblastic differentiation in ST2
cells in vitro. (A and B) ST2 cells were transiently transfected with
vectors alone (mock) or with vectors encoding A4 or KDA4. ALP
activity (A) and the level of BMP-4 transcript (B) were determined in
the absence (open bars) or presence (filled bars) of ROCK inhibitor at
72 hours after the transfection. The level of transcript was normalized
with control GAPDH transcript. Both ALP activity and the level of

as ipriflavon, vitamin D analogue, or estrogen analogue.
However, none of the compounds demonstrated the
positive effect for osteogenesis in vivo. Only estrogen
showed high-density bone without changing the ossicle
size. We also recently reported the inhibitors for MEK
(MAP kinase kinase)-enhanced osteogenesis (ALP activ-
ity, osteocalcin secretion, and nodule formation) in the
culture cells [6]. However, we could not check the effect
of MEK inhibitor on the in vivo BMP-induced osteo-
genesis because of the limiting availability of the
compound. So far the ROCK inhibitor presented here is
the only compound in which we found the positive effect
for osteogenesis in Vvivo.

We also found the expression of cbfa-1, a downstream
key regulator for osteogenesis [5, 14], was not increased by
the ROCK inhibitor and/or trhBMP-2 treatment. Cbfa-1 is a
crucial regulator for osteoblastic differentiation; however,
the cbfa-1 gene expression during the osteoblastic differ-
entiation is reportedly crucial in some cases and also cell-
type specific [5, 14]. Consistent with our results, most
recently Mizuno and Kuboki [21] reported that the cbfa-1
gene expression was independent for the osteoblastic

Transfectants ST2 mock A4 KDA4
> e m e e

endogenous ROCK

mutant ROCK

FLAG

BMP-4 were shown as mean = SEM of six determinations. (C)
Immunoblot analysis of the same cell lysates with antibodies to
ROCK [23] after SDS-7% PAGE. Arrows, positions of endogenous
ROCK and recombinant ROCK mutants. (D) ALP staining (right
panels, original magnification x200) and anti-FLAG Abs immuno-
staining (left panels, original magnification x200) of ST2 cells
transfectants.

differentiation lineage using rat bone marrow stromal cells
cultured with Type I collagen. Other posttranslational
mechanisms, such as phosphorylation or complex forma-
tion of the cbfa-1 protein, should be considered for the
activity of this transcriptional factor. In addition, the
ROCK inhibitor did not alter the phosphorylation of smad
1/5 [16], a direct downstream target of BMP-2/4 signaling
(data not shown).

Enhancement of the healing process for nonunion frac-
tures, reconstruction of local bone defects resulting from
surgical resection of bone tumors, and acceleration of an
interbody fusion for degenerative spinal disorders are
major problems in orthopaedic and craniofacial surgery.
Also diseases involving systemic bone loss, such as oste-
oporosis are major global public health problems. The
molecules or genes responsible for this negative control
mechanism of osteoblastic differentiation have not yet been
identified. The identification of Rho-associated kinase as a
negative regulator of bone formation suggests that the
ROCK inhibitors such as Y-27632, in conjunction with a
local delivery of rhBMPs/collagen, may have therapeutic
utility in the clinical setting.
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Abstract Bone morphogenetic proteins (BMPs) can
induce bone formation in vivo when combined with
appropriate carriers. Several materials, including animal
collagens and synthetic polymers, have been evaluated as
carriers for BMPs. We examined alginate, an approved
biomaterial for human use, as a carrier for BMP-7. In a
mouse model of ectopic bone formation, the following four
carriers for recombinant human OP-1 (BMP-7) were tested:
alginate crosslinked by divalent cations (DC alginate),
alginate crosslinked by covalent bonds (CB alginate), Type
I atelocollagen, and poly-D,L-lactic acid-polyethylenegly-
col block copolymer (PLA-PEG). Discs of carrier materials
(5-mm diameter) containing OP-1 (3-30 pg) were
implanted beneath the fascia of the back muscles in six
mice per group. These discs were recovered 3 weeks after
implantation and subjected to radiographic and histologic
studies. Ectopic bone formation occurred in a dose-
dependent manner after the implantation of DC alginate,
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atelocollagen, and PLA-PEG, but occurred only at the
highest dose implanted with CB alginate. Bone formation
with DC alginate/OP-1 composites was equivalent to that
with atelocollagen/OP-1 composites. Our data suggest DC
alginate, a material free of animal products that is already
approved by the FDA and other authorities, is a safe and
potent carrier for OP-1. This carrier may also be applicable
to various other situations in the orthopaedic field,

Introduction

The repair capacity of human bone appears to depend on
different very complex processes, such as vascularization,
biomechanics, and topography. When damage is severe, as
occurs with comminuted fractures or large bone defects
after tumor resection, it is difficult for bone union to be
achieved [6]. In such cases, autologous or allogenic bone
grafting has been used. Autologous bone grafting is com-
mon and is still the gold standard, but has several
disadvantages, including a limited supply of suitable bone
and the risk of chronic pain, nerve damage, fracture, and
cosmetic problems at the donor site. Allografts have no
donor site problems, but there is the potential risk of dis-
ease or an immunologic reaction [i0), 21]. For these
reasons, the use of bone substitutes such as calcium
phosphate-based porous ceramics has been increasing
[18, 33]. These bioceramics are highly biocompatible and
demonstrate osteoconduction, which is the ability to bind to
bone matrix directly. However, they have no ostecinduc-
tion, which is the ability to induce new bone formation at
ectopic sites.

Bone morphogenetic proteins (BMPs) belong to the
transforming growth factor superfamily, are known to elicit
new bone formation in vivo, and may play a leading role in
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bone tissue engineering [, +-]. To date, three types of
BMP-based bone tissue engineering have been tried, which
are cell therapy, gene therapy, and cytokine therapy [ ].
Cell therapy involves the transplantation of autologous
bone marrow mesenchymal cells after differentiation has
been induced by BMP, but considerable resources and time
are needed to culture the necessary cells [*7, *!]. Gene
therapy involves the transduction of genes encoding BMPs
into cells at the site of damage [, ~]. BMP-transduced cells
may work more efficiently, compared with a single dose of
recombinant cytokine therapy. However, gene therapy still
has unsolved problems such as tumorigenesis and immu-
nogenicity. Cytokine therapy involves the implantation of
BMPs together with a carrier material that acts as a drug
delivery system. We believe cytokine therapy is the most
promising of these three approaches in terms of practical
application. Cytokine therapy seems most convenient and
safe, but the cost is very high because a large amount of
BMP is required to achieve bone growth in humans. To
increase the cost effectiveness of BMP, an appropriate
carrier material is necessary.

Previous studies have indicated adequate in vivo new
bone formation cannot be obtained by simply injecting a
solution of BMP into the area where bone is needed [~ ].
For cytokine therapy, an appropriate carrier material is
needed that retains BMP and releases it slowly, while
serving as a scaffold for new bone formation [, .
Several materials have already been evaluated as BMP
carriers, including collagen obtained from animal sources
[+, +1, 1+ '], synthetic polymers [+ !, >, "], tricalcium
phosphate | |, and other inorganic materials [i<]. Atelo-
collagen is a well-established BMP carrier, and has already
been used clinically. PLA-PEG [ /], one of the synthetic
polymers, has been reported as a potent carrier for BMPs
[+, =, ] Although all of these materials can induce
bone formation at ectopic and orthotopic sites, none of
them has achieved widespread use because of disadvan-
tages, such as the potential risk of disease transmission,
fragility, stickiness, and difficulty in obtaining approval for
clinical use [/, ¢, =, ' ']. We therefore focused on alginate,
which is already approved by the FDA for human use as a
wound dressing and food additive | -, * ].

Alginate is a water-soluble linear polysaccharide
extracted from brown seaweed that is composed of one to
four linked o-L-gluronic and B-D-mannuronic acid mono-
mers |/]. Gelation of alginate occurs as a result of
crosslinking by divalent cations or covalent bonds [ ]
Therefore, two types of alginate wound dressing products
are available on the market and both effectively promote
wound healing by maintaining a moist environment. One is
an alginate crosslinked by divalent cations (DC alginate)
and the other is an alginate crosslinked by covalent bonds
(CB alginate).

@ Springer

To determine whether alginate can be a carrier for BMP,
we compared four materials as carriers for OP-1(BMP-7)
using the bone mineral content (BMC) measurement and
alkaline phosphatase (ALP) activity measurement of the
bone nodules ectopically induced by carrier materials/OP-1
composites. The four materials were DC alginate, CB
alginate, atelocollagen, and PLA-PEG. We hypothesized:
(I) BMC of bone nodules ectopically induced by DC
alginate/OP-1 composite and/or CB alginate/OP-1 com-
posite are equivalent or superior to those by atelocollagen
and PLA-PEG; (2) ALP activity of bone nodules ectopi-
cally induced by DC alginate/OP-1 composite and/or CB
alginate/OP-1 composite are equivalent or superior to those
by atelocollagen and PLA-PEG by radiographic appear-
ance and histology of the ectopic bone nodules; and (3) DC
alginate and/or CB alginate have appropriate in vitro
release kinetics of OP-1 equivalent to atelocollagen and
PLA-PEG.

Materials and Methods

To verify our first hypothesis, we designed the following
experiment (Experiment 1; Table ). For each dose of
OP-1 (3. 10, and 30 pg), 24 4-week-old male ICR mice
were assigned to four equally sized independent groups
after they were housed and acclimatized in cages with free
access to food and water for 1 week. The four independent
groups were DC alginate group, CB alginate group,
atelocollagen group. and PLA-PEG group. The mice were
anesthetized by intraperitoneal injection of pentobarbital.
As reported previously [, ]. carrier material/OP-1
composites were implanted beneath the fascia of the back
muscles on the left side (one composite per animal). The
experiment was designed under the assumption that the
justifiable difference (effect size) between the atelocolla-
gen group as a control and the other groups was 6 mg in
BMC and the standard deviation within each group was 3
from the result of the previous study [ ']. For the experi-
ment to detect the difference at the 5% significance level
with 90% power in the one-way analysis of variance, the
necessary number of mice per group was six. Three weeks
after implantation, these mice were killed and ectopic bone
induced at the implantation site was harvested for further
evaluation, including BMC measurement, radiography, and
histological examination. The experimental protocol was
approved by the Animal Experiment Committee of Osaka
University, and the experiments were carried out in
accordance with the Osaka University guidelines for care
and use of laboratory animals.

To verify the second hypothesis, we repeated the
Experiment 1 and obtained radiographs and measured ALP
activity (Experiment 2; Table ).
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Table 1. Study groups and experimental design

Experiments Carrier materials Dose of OP-1 n Examination

Experiment 1 DC alginate 3, 10, and 30 pg 18* BMC, radiography, histology
CB alginate 3, 10, and 30 pg 18* BMC, radiography, histology
Atelocollagen 3, 10, and 30 pg 18* BMC, radiography, histology
PLA-PEG 3, 10, and 30 pg 18* BMC, radiography, histology

Experiment 2 DC alginate 3, 10, and 30 pg 18* Radiography, ALP activity
CB alginate 3, 10, and 30 pg 18* Radiography, ALP activity
Atelocollagen 3, 10, and 30 pg 18% Radiography, ALP activity
PLA-PEG 3, 10, and 30 ng 18* Radiography, ALP activity

*. n = 6, each dose.

The BMC of the harvested discs was determined by
dual-energy xray absorptiometry (DXA) using an animal
bone densitometer (PIXImus; Lunar Corp, Madison, WI)
and was expressed as milligrams per ossicle. Radiographs
were obtained with a soft xray apparatus (MX-20 Faxi-
tron®; Torrex and Micro Focus Systems, Wheeling, IL).

To measure ALP activity, the harvested discs were
crushed, homogenized in 0.2% Nonidet® P-40 containing
1 mmol/LL MgCl,, and centrifuged at 10,000 rpm for
1 minute at 4°C. The supematants thus obtained were
assayed for ALP activity with an Alkaline Phospha B-Test
Wako kit (Wako Pure Chemical Industries, Ltd, Osaka,
Japan) using p-nitrophenyl phosphate (p-NP) as a substrate.
The protein content was measured with a Pierce® BCA
protein assay kit (Thermo Fisher Scientific Inc, Rockford,
IL), and ALP activity was standardized by the protein
content and expressed as nmol p-NP/minute/mg protein.

After radiography and BMC measurement, the samples
were fixed in 10% neutral formalin, decalcified with
ethylenediaminetetraacetic acid (pH 7.4), dehydrated in a
graded ethanol series, and embedded in paraffin. One
section per group with the largest tissue area (5-pm thick)
were cut and stained with hematoxylin and eosin for
observation under a light microscope. The formation of
new bone, new bone marrow, degradation of the materials,
and inflammatory change were evaluated by a pathologist
(AM) and an orthopaedic surgeon (KN).

To verify the third hypothesis that DC alginate and/or
CB alginate have appropriate in vitro release kinetics of
OP-1, we incubated carrier materials/OP-1 composites in
centrifuge tubes containing 1000 pl. phosphate-buffered
saline (PBS; Invitrogen, Carlsbad, CA) and kept for
21 days at 37°C. For each composite group, three samples
were examined. The PBS in the tubes was replaced every
2 days, and then 100 pL. was collected for assay after
24 hours. The amount of OP-1 was determined by mea-
surement with a commercial BMP-7 ELISA kit (R&D
Systems Inc, Minneapolis, MN) on days 1, 3, 7, 13, and 21
according to the manufacturer’s instruction.

OP-1 (BMP-7 in a lyophilized 5% lactose formulation)
was provided by Stryker Biotech (Hopkinton, MA). OP-1
was dissolved in distilled water at a concentration of 2 pg/
pL. DC alginate (ARGODERM®:; crosslinked by Ca’h),
CB alginate (KURABIO™®), and atelocollagen (INSTAT®)
were purchased from Smith & Nephew (London, UK),
Koyo Sangyo Co, Lid (Tokyo, Japan), and Johnson &
Johnson (New Brunswick, NIJ), respectively. PLA-PEG
with a total molecular weight of 11,400 Da and a
PLA:PEG molar ratio of 51:49 was synthesized and pro-
vided by Taki Chemicals Co, Ltd (Hyogo, Japan).

To prepare carrier material/OP-1 composites, sheets of
DC alginate, CB alginate, and atelocollagen were cut into
discs (5-mm diameter). Then 25 pL of a solution con-
taining 3, 10, or 30 pg OP-1 was added dropwise to each
disc, after which the discs were freeze-dried and stored at
—20°C until implantation into mice. All procedures were
carried out under sterile conditions.

PLA-PEG/OP-1 composites were prepared as described
previously [25]. Briefly, 10 mg of the polymer was lique-
fied in 50 pL acetone and mixed with 3, 10, or 30 pug OP-1.
Each mixture was evaporated to dryness to remove acetone
in a safety cabinet, fabricated into a disc-shaped implant,
and stored at —20°C until implantation into mice.

To verify the first and second hypotheses, we used one-
way analysis of variance (ANOVA), followed by a post
hoc Scheffe’s test. For each of these statistical analyses, the
data sets met the assumptions of normatity (p > 0.15 by the
Jarque-Bera test [[2]) justifying the use of parametric
models. All analyses were performed using the R software
program (Version 2.8.1;R Foundation for Statistical
Computing).

Results
With 3 pg OP-1, BMC of the new bone in the DC alginate

group was greater than that in atelocollagen group
(p = 0.0234) and PLA-PEG group (p = 0.0009). With
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30 ug OP-1, however, we observed no differences among
the DC alginate, atelocollagen, and PLA-PEG. On the other
hand, BMC of CB alginate group was very low compared
with the other groups (Fig. ). The results suggest that the
BMC of DC alginate group was superior to those of
atelocollagen and PLA-PEG groups, especially with a low
dose of OP-1.

In the DC alginate group, ALP activity was high inde-
pendent of the OP-1 dose. With 3 pg OP-1, DC alginate/
OP-1 composites exhibited higher ALP activity than
atelocollagen group (p = 0.0071) and PLA-PEG group
(p = 0.0001) (by Scheffe’s test). ALP activity of the CB
alginate group was very low compared with the other
groups (Fig. ). The results suggest that ALP activity of the
DC alginate group was superior to those of atelocollagen
and PLA-PEG groups, especially with a low dose of OP-1.

In the release study of OP-1, the maximum concentra-
tion of OP-1 in the supernatant was detected on Day 1,
followed by a steady decline. The decline of OP-1 levels in

Fig. 1 In each carrier material 50 -
group, BMC was measured by
DXA using a PIXImus animal

densitometer. BMC increased in 10 p=0.0009

an OP-1-dose dependent manner

with every carrier material. With

3 pg and 10 pg OP-1. the BMC = 301 p=0.0234
of the new bone in the DC E

alginate group was greater than @]

that in the other groups. i p=0.0007

20
10+

L

the atelocollagen group was faster than that in the other
groups. In the DC alginate group, the decrease of OP-1
levels was the slowest and the concentration of OP-1 was
still higher than 200 ng/mL on Day 21 (Fig. ‘). These data
suggested that DC alginate retains OP-1 and releases it
most slowly compared to atelocollagen and PLA-PEG.

In the additionally performed radiographic examination
of the bone nodules, obvious bone formation was only
detected in the DC alginate and atelocollagen groups with
3 ug OP-1 (Fig. {A-D). In the CB alginate group, new
bone formation was observed only with 30 pg OP-1. The
results of the additionally performed histological exami-
nation were consistent with the radiographic findings. In
the DC alginate and atelocollagen groups, abundant new
bone formation that contained normal hematopoietic bone
marrow was observed even at low dose of OP-1. In the CB
alginate group, however, new bone formation was very
poor at low dose of OP-1. With 30 pg OP-1, irrespective of
the carrier materials, newly formed bone had a thin cortex
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Fig. 3 OP-1 release from each carrier material/OP-1 (30 pg) com-
posite was measured over time by a commercial BMP-7 ELISA kit.
With each carrier material, the maximum concentration of OP-1 was
detected on Day 1 and it decreased afterward. The decline was
slowest in the DC alginate group.

surrounding cancellous bone that contained hematopoietic
bone marrow, and no inflammatory change was observed
(Fig. 5A-D). These additional results were compatible
with the results of BMC and ALP activity, suggesting that
DC alginate can be an equivalent or superior carrier for a
low dose of OP-1 compared with atelocollagen and PLA-
PEG.

Discussion

Various materials have already been evaluated as carriers
for BMPs, but they all have some disadvantages as men-
tioned previously. This study was designed to examine
whether alginate, a material with no animal product content,
is an equivalent or superior carrier for OP-1(BMP-7) com-
pared with atelocollagen and PLA-PEG. Specifically we
hypothesized: (1) BMC of bone nodules ectopically induced
by DC alginate/OP-1 composite and/or CB alginate/OP-1
composite are equivalent or superior to those by atelocol-
lagen and PLA-PEG; (2) ALP activity of bone nodules
ectopically induced by DC alginate/OP-1 composite and/or
CB alginate/OP-1 composite are equivalent or superior to
those by atelocollagen and PLA-PEG; and (3) DC alginate
and/or CB alginate have appropriate in vitro release kinetics
of OP-1 equivalent to atelocollagen and PLA-PEG.

This study has several limitations. First, DC alginate
was originally approved for clinical use as a cutaneous
wound dressing [8, 37]. Therefore, its biodegradability and
immunogenicity are unclear during use at a deeper site.
Second, in the histological examination, DC alginate
remained at the center of the new ectopic bone, indicating
it had not degraded within 3 weeks. Although no inflam-
matory reaction was found, longer observation will be
necessary before this material can be used with confidence

Dose of OP-1
3pg 10pg 30ug

Fig. 4A-D The carriers for OP-1 tested were (A) DC alginate, (B)
CB alginate, (C) atelocollagen, and (D) PLA-PEG. Soft xray
photographs of ectopic bone induced by OP-1 (3, 10, or 30 pg)
show bone formation with the DC alginate/OP-1 composite is
equivalent or superior to that induced by the other carrier/OP-1
composites.

at deeper sites. Third, ALP activity is a marker for osteo-
blastic differentiation, and is high in the early stage of
osteoblast lineage. ALP activity is not necessarily parallel
to the activity of bone formation. Fourth, in the release
study, a commercial BMP-7 ELISA kit can only detect the
amount of BMP-7(OP-1) protein, but cannot evaluate the
activity of OP-1. The result of a release test may not reflect
the actual activity of OP-1 released from carriers in vivo.

To determine whether DC alginate and/or CB alginate
are equivalent or superior carriers for OP-1 compared with
atelocollagen and PLA-PEG, we measured BMC of ectopic
bone nodules as a primary research question. A previous
study [24] reported that BMC of the ectopic bone induced
by PLA-PEG/BMP-2 composite is about 6 mg higher than
that by atelocollagen/BMP-2 composite. In our study, the
BMC of DC alginate/OP-1 (3 pg) composite was about
6 mg higher than that of the atelocollagen/OP-1 (3 ng)
composite and even much higher than that of CB alginate
and PLA-PEG. The result of BMC measurement suggested
that DC alginate is a highly effective carrier that enhances
the bone-inducing effect of OP-1 even when OP-1 content
is low.

The result of ALP activity measurement was compatible
with the result of BMC, which reinforced the hypothesis
that DC alginate is an equivalent or superior carrier com-
pared with the other materials. Upon histological
examination, not only trabecular bone but also normal
hematopoietic bone marrow was observed, and we found
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Fig. SA-D Representative photomicrographs of the ectopic bone
formation induced by OP-1 (30 pg) are shown (A, Al: DC alginate;
B, Bl: CB alginate; C, Cl: atelocollagen; D, D1: PLA-PEG) (A-D:
stain, hematoxylin and eosin; original magnification, x10; scale

no accumulation of inflammatory cells, such as monocyte/
macrophages. The histological appearance of the ectopic
bone induced by DC alginate/OP-1 composite seemed
similar to that by atelocollagen/OP-1 composite, which is
considered a safe biomaterial in terms of immunological
response. These data suggested that DC alginate appears
likely a safe material with no inflammatory response even
when used in a deep site.

In contrast, CB alginate achieved relatively poor bone
formation, especially with a low dose of OP-1. DC alginate
and CB alginate only differ in the mode of crosslinking, but
the release of OP-1 from these two alginates was quite
different. It is known crosslinking by divalent cations
forms a characteristic egg box structure that is suitable for
trapping proteins in alginate [9]. Thus, the difference of
bone formation between these two types of alginate may be
partly due to a difference in their ability to retain OP-1 and
release it slowly. It is also known the number of carboxyl
residues in DC alginate is larger than that in CB alginate.
The carboxyl residues induce apatite nucleation followed
by the deposition of hydroxyapatite crystals on the alginate
[35]. Furthermore, the Ca’" contained in DC alginate can
be utilized for new calcified bone, which is an advantage
compared with CB alginate.

@ Springer
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bar = 2 mm; A1-D1: stain, hematoxylin and eosin; original magni-
fication, x100; scale bar = 200 pm). Irrespective of the carrier
material, the newly formed bone had a thin cortex surrounding
cancellous bone that contained highly cellular bone marrow.

In conclusion, our data suggest DC alginate, a material
with no animal product content that is approved by the FDA
and other authorities, is a safe and potent carrier for OP-1. It
is of note that DC alginate strongly potentiates osteoinduc-
tion of OP-1 even at a low dose. Thus, its use may reduce the
cost of OP-1-based bone regeneration therapy.
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Along-standing goal in bone loss treatment has been to develop bone-rebuilding anabolic agents that can
potentially be used to treat bone-related disorders. To purify and isolate a novel anabolic that acts to
osteoblasts, we monitored changes in intracellular calcium concentrations ([Ca®']i). We identified a
novel, 24 amino-acid peptide from the rat stomach and termed this peptide osteoblast activating peptide

KEYV‘(OTdS-' (OBAP). Furthermore, we examined the effects of OBAP in osteoblasts. First, osteoblast differentiation
gefndbel t markers (alkaline phosphatase [ALP], osteocalcin [OCN]) were analyzed using quantitative RT-PCR. We
steoblas

also examined the ALP activity in osteoblasts induced by OBAP. OBAP significantly increased the expres-
sion of osteoblast differentiation markers and the activity of ALP in vitro. Next, to address the in vivo
effects of OBAP on bone metabolism, we examined the bone mineral density (BMD) of gastrectomized
(Gx) rats and found that OBAP significantly increased BMD in vivo. Finally, to confirm the in vivo effects
of OBAP on bone, we measured serum ALP and OCN in Gx rats and found that OBAP significantly
increased serum ALP and OCN. Taken together, these results indicate that the novel peptide, OBAP, pos-
itively regulates bone formation by augmenting osteoblast differentiation. Furthermore, these results

Differentiation
Bone mineral density (BMD)

may provide a new therapeutic approach to anabolically treat bone-related disorders.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Osteoporosis is characterized by low bone mass and structural
bone deterioration, both of which are associated with reduced
bone strength and an increased risk of fracture. In the United States
alone, 10 million people are estimated to have osteoporosis, and
osteoporosis contributes to 1.5 million fractures each year [1].
Bone undergoes a normal remodeling process, mediated by the
coordinated actions of osteoclasts and osteoblasts. Bone loss and
skeletal fragility in osteoporosis are caused by an imbalance in
bone remodeling, in which the rate of osteoclast-mediated bone
resorption is higher than the rate of osteoblast-mediated bone for-
mation. A variety of therapeutics are currently used to treat osteo-
porosis, with the vast majority being antiresorptive agents that
exert their clinical effects by decreasing the rate of bone resorption,
thereby preventing further bone loss and reducing fractures [2].
Along with ongoing efforts to develop improved antiresorptive
agents, a long-standing goal has been to develop therapeutics that
can stimulate bone formation to increase bone mass and bone
strength. It is thought that such bone-rebuilding anabolics could
provide important treatment options, not only for low bone mass
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conditions but also for fracture healing, orthopaedic procedures,
etc. Currently, the only approved bone anabolic agents for osteopo-
rosis are full-length and truncated PTH, both of which are admin-
istered by daily subcutaneous injections [2]. Therefore, it is
important to identify new bone anabolic agents.

Here, we report the purification and isolation of a novel peptide
that acts to osteoblasts. In addition, we demonstrate that this novel
peptide regulates osteoblast activation and bone formation.

2. Materials and methods
2.1. Animals

Sprague-Dawley (SD) rats (Charles River Co., Yokohama, Japan)
were used to purify the peptide and to conduct both osteoblast-like
cell culture experiments and in vivo studies. The rats were housed
in a regulated environment (22 +2 °C, 55+ 10% humidity, 12-h
light, 12-h dark cycle with lights on at 0700 h) with free access to
food and water. All experiments were conducted in accordance
with the Japanese Physiological Society’s guidelines for animal care.

2.2. Cell culture

Primary osteoblast-like cells were isolated by digesting a
21-day-old fetal rat calvaria with collagenase (Sigma Chemical
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Co., St. Louis, MO, USA) as previously described [3,4]. Digests 3-5
were pooled and grown in 10-cm cell culture plates in primary cul-
ture media consisting of o-Minimal Essential Medium (a-MEM;
containing L-glutamine and nucleosides) (Life Technologies-GIBCO,
Cergy Pontoise, France) supplemented with 10% fetal bovine serum
(Thermo Trace, Melbourne, Australia) and antibiotics, including
100 pg/ml penicillin G (Life Technologies-GIBCO), 50 pg/ml strep-
tomycin sulfate, and 0.3 pg/ml Fungizone (Life Technologies-GIB-
C0). Cells were grown to confluence before experimentation.

UMR-106 cells, a rat osteoblastic cell line, were obtained from
Dainippon Pharmaceutical Co. (Osaka, Japan). Cells were plated
in 10-cm plates at a density of 2 x 10° cells/plate and maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Life Technolo-
gies-GIBCO) supplemented with 10% fetal bovine serum and
antibiotics,

All cultures were incubated at 37 °C in a humidified atmosphere
of 95% air and 5% CO,.

2.3, Purification of the novel peptide

The novel peptide was isolated and purified by the same method
as previously described [5]. A fresh rat stomach (50 g) was diced
and boiled for 5 min in five volumes of water to inactivate the
intrinsic proteases. The solution was adjusted to 1M AcOH,
20 mM HCI. Peptides were extracted by homogenizing with a Poly-
tron mixer. The extracts were centrifuged for 30 min at 11,000 rpm,
and the supernatants were concentrated to approximately 40 ml
with an evaporator. The residual concentrate was precipitated with
66% acetone. After the precipitates were removed, the acetone-con-
taining supernatant was evaporated. The solution was loaded onto
a 10-g cartridge of Sep-Pak C18 (Waters), which was pre-equili-
brated with 0.1% trifluoroacetic acid (TFA). The Sep-Pak cartridge
was washed with 10% CH3CN/0.1% TFA, and then eluted with 60%
CH3CN/0.1% TFA. The eluate was evaporated and lyophilized. The
residual materials were redissolved in 1 M AcOH and then adsorbed
on a SP-Sephadex C-25 column (Il + form) that was pre-equilibrated
with 1 M AcOH. Successive elution with 1M AcOH, 2 M pyridine
and 2 M pyridine AcOH (pH 5.0) yielded three fractions of SP-I,
SP-II, and SP-III. The lyophilized SP-III fraction was applied on a
Sephadex G-50 gel-filtration column. A portion of each fraction
was subjected to the intracellular calcium concentration ([Ca®*]i)-
change assay using UMR-106 cells. Active fractions (43-48) were
then separated by reverse-phase high-performance liquid chroma-
tography (HPLC) using a symmetry300 C18 column (3.9 x 150 mm;
Waters). The active fractions were further fractionated manually.

2.4. Structural analysis

The amino-acid sequence of the peptide was analysed with a
protein sequencer (494; Applied Biosystems, Foster City, USA).
The molecular weight was determined using MS. The fully pro-
tected peptide was synthesized by the Fmoc solid-phase method
on a peptide synthesizer (433A; Applied Biosystems). Purified pep-
tides were compared to synthetic peptides by reverse-phase HPLC.
The activities of the novel peptide, HPLC-fractionated peptides, and
the synthetic peptides were examined by monitoring the effects of
these samples in the [Ca®*]i-change assay.

2.5. Changes in intracellular Ca®* concentrations

Changes in [Ca®*]i were measured using the FLEXstation Cal-
cium Assay Kit (Molecular Devices), fluorescent dye Fluo-4 AM
(Molecular Probes), and black-walled, clear-bottomed 96-well
microplates (Costar, cat# 3603 and Greiner, E&K cat# 655090).
Compound plates used were 96-well, V-bottomed, clear polypro-
pylene plates (E&K, cat# 651201). A 1X Reagent Buffer containing

1x Hank’s Balanced Salt Solution and 20 mM HEPES pH 7.4 was
used to wash cells, dilute compound, and dissolve dye solutions.
All buffers contained a final concentration of 2.5 mM probenecid
in order to inhibit endogenous efflux pumps. Cells were seeded
the night before the experiment at 5 x 10* cellsfwell in a volume
of 100 pl per well of a 96-well microplate. Cells were incubated
at 37 °Cin 5% CO; overnight. The next day, the cells were incubated
with Fluo-4 dye loading buffer at room temperature for 1 h. Then,
the Fluo-4 dye-loaded cells were manually washed three times
with 1x Reagent Buffer, and 100 ul of 1x Reagent Buffer was
added to the wells. The compound was added to the plates of cells
via FLEXstation and subsequent changes in fluorescent signals
were monitored.

2.6. Cell proliferation assays

Primary osteoblast-like cells were seeded in 96-well plates at a
density of 6000 cells/well. After 24 h, the media was changed to
serum-free medium with 1% bovine serum albumin, and the cells
were incubated for an additional 24 h before the experimental
compounds were added.

The relative number of viable cells in each well was determined
after a 48-h incubation with the compounds using the cell count
reagent SF (Nacalai Tesque, Kyoto, Japan), 2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt (WST-8). Briefly, 10 ul of the WST-8 solution was
added to each well, including three wells containing medium alone
that were used to subtract the background fluorescence. Then, the
cells were incubated at 37 °C for 1 h. The absorbance at 450 nm in
each well was determined using a microplate reader, model 550
(Bio-Rad Laboratories, Hercules, CA, USA). This technique produces
a linear relationship between the number of viable cells and the
absorbance at 450 nm.

2.7. Assessment of the expression of osteoblast differentiation markers

Cells in 6-well plates were treated with or without peptide (104
or 1075 M) and then analyzed after 3 and 14 days of in vitro culture.
Cells were plated at a density of 4 x 10* cells{well and grown until
they reached confluency, which was designated day 0. Cells were
grown in primary culture media with 50 ug/ml ascorbic acid (Sigma
Chemical Co.) and 10 mmol/L p-glycerophosphate (Sigma Chemical
Co.). Total RNA was extracted from the cell pellets using an RNeasy
Mini kit (Qiagen, Valencia, CA, USA) according to the manufac-
turer's instructions. cDNA was synthesized from 2 pg of total RNA
using the Super Script Preamplification System for First-Strand
cDNA Synthesis Kit (Life Technologies-GIBCO, Cergy Pontoise,
France). cDNA was analyzed by quantitative real-time PCR using
the ABI PRISM 7700 sequence detection system (Applied Biosys-
tems). Specific primers that produce short PCR products suitable
for SYBR-Green detection were designed using Primer Express soft-
ware (version 1.0, PE Applied Biosystems). The primer sequences
were as follows: Runx2 (Runx2; 67-bp product; GenBank accession
no. AF053953), 5-GCTTCATTCGCCTCACAAACA-3’ (sense) and 5'-T
GCTGTCCTCCTGGAGAAAGTT-3' (antisense); alkaline phosphatase
(ALP; 101-bp product; GenBank accession no. J03572), 5-CGTCT
CCATGGTGGATTATGC-3' (sense) and 5-TGGCAAAGACCGCCACAT
(antisense); osteocalcin (OCN; 63-bp product; GenBank accession
no. X04141), 5'-GAGCTAGCGGACCACATTGG-3' (sense) and 5'-CCTA
AACGGTGGTGCCATAGA-3’ (antisense); and beta-actin {B-actin; 67-
bp product; GenBank accession no. NM031144), 5'-TTCAACACCCC
AGCCATGT-3' (sense) and 5-GTGGTACGACCAGAGGCATACA-3
(antisense). Samples were examined in triplicate. The reaction
volume was 50 pl and included 3 pl diluted ¢cDNA (1:30), 10 ul
SYBR green buffer, and 10 pmol of each primer. The samples were
subjected to 45 cycles of amplification at 95 °C for 15 s, followed
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by 52 °C for 60 s. The concentration of amplified cDNA in each sam-
ple was calculated relative to that of p-actin cDNA. After RT-PCR
amplification, a dissociation analysis was performed to ensure that
only one product was amplified in each PCR reaction. Products were
also separated on a 2% agarose gel to confirm that reaction pro-
duced a single, correctly sized product.

2.8. Alkaline phosphatase (ALP) activity

The dose-dependent effects of the novel peptide were analyzed
after a 5-day incubation with or without the peptide (10~* or
10~° M). ALP activity was analyzed histochemically using an alka-
line phosphatase kit (WAKO Pure Chemical Industry, Osaka, Japan).
Briefly, assay mixtures containing 0.1 M 2-amino-2-methyl-1-pro-
panol, 1 mM MgCl,, 8 mM p-nitrophenyl phosphate disodium, and
cell homogenates were incubated for 5 min at 37 °C, after which
the reaction was stopped with 0.1 N NaOH and the absorbance at
405 nm was measured. A standard curve was prepared with p-
nitrophenol. Each value was normalized to the total protein con-
centration in the cell layer, which was measured by the Lowry
method using a protein assay kit (Bio-Rad Laboratories, Hercules,
CA, USA) and BSA as a standard.

2.9. Bone densitometry and uCT

We used gastrectomized (Gx) rats as an osteoporosis model.
Gastrectomies were performed by a total resection of the stomach
of 5-week-old male SD rats. Two weeks after recovering from the
surgery, the gastrectomized (Gx) rats were randomly divided into
two groups: Gx with vehicle and Gx with peptide.

Gx rats were infused intraperitoneally with the peptide (1= 4)
(0.2 mgfkg per hour) or saline (n=35) using osmotic minipumps
(Alzet; Alza Corp., Palo Alto, CA, USA). We measured the body
weight and food intake of the rats daily. After 4 weeks of treat-
ment, the BMD of the femur was measured by dual-energy X-ray
absorptiometry (DXA; model DCS-600; Aloka, Tokyo, Japan). In
addition, we obtained two-dimensional images of the distal femurs
by microcomputed tomography (LCT, Scan Xmate-L090, Comscan).

2.10. Assay for serum chemistry

Just before death, blood samples were taken, and serum was
prepared. The osteocalcin (OC) levels in the serum were
determined by ELISA with a rat OCN immunoassay kit (R&D Sys-
tems). Serum ALP was measured with an alkaline phosphatase
kit. Assays were performed according to the manufacturer’s
recommendations.

2.11. Statistical analysis

Data are presented as the mean + SD. A two-factor analysis of
variance (ANOVA) was used to determine if differences between
mean values were statistically significant, and P < 0.05 was consid-
ered statistically significant.

3. Results
3.1. Isolation of a novel peptide

Osteoblasts were monitored for changes in [Ca%*]i that were in-
duced by tissue extracts from a rat stomach. Because the highest
activity was detected in stomach extracts, these extracts were fur-
ther purified by successive chromatography, including Sephadex
G-50 gel filtration and reverse-phase HPLC (Fig. 1A and B). Gel fil-
tration showed that fractions with a relative molecular mass of

~3000 potently increased [Ca%*]i. Active fractions (fractions 43-
48) were further purified by RP-HPLC to yield 20 ug of pure peptide
from 50 g of rat stomach tissue (Fig. 1C).

3.2. Structural analysis of the novel peptide

Protein sequence analysis revealed that the amino-acid se-
quence of the purified peptide was LDLNLDLSKFRLPQPSSGRESPRH
(Fig. 1D). The calculated mass of the novel peptide was 2763.4. To
confirm that the native and synthetic peptides had similar struc-
tures, the peptides were analyzed by HPLC. The elution profiles
of both the native and synthetic peptide were identical by C-18
reverse-phase. Moreover, mixtures of the native and synthetic
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peptides eluted as a single peak (Fig. 2A). Next, to confirm that the
native and synthetic peptides have similar effects, the peptides
were analyzed in the [Ca®'|i-change assay. The native and syn-
thetic peptides produced similar [Ca%*]i changes (Fig. 2B). These re-
sults confirmed the sequence of the peptide. As this peptide acts on
osteoblasts, we termed this peptide osteoblast activating peptide
(OBAP),

3.3. Effects of the novel peptide on [Ca®*]i in cells
A novel peptide potently induced an increase in [Ca%*]i in UMR-

102 cells, whereas other peptides such as neuromedin that acts
through GPCRs had no effect on cells under the same conditions
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Fig. 2. Comparison of the natural and synthetic peptides. (A) Comparison of the
elution profiles of natural, synthetic, and mixed peptides applied to reverse-phase
HPLC. (B) Time courses of [Ca?*]i changes in UMR-106 cells that were treated with
the natural and synthetic peptides. Each peptide (2 x 10~ M) was added at the
time indicated by the arrow.

(data not shown). OBAP induced [Ca®']i in primary osteoblasts
and osteoblast-like cells but not RAW264.5 or CHO cells (Fig. 3A).
This peptide also induced a dose-dependent increase in [Ca®']i
{Fig. 3B).

3.4. Effects of the novel peptide on osteoblast proliferation

Next, to assess the effects of the novel peptide on primary
osteoblast-like cells, we measured cell viability in response to pep-
tide treatment. In these assays, OBAP did not affect cell prolifera-
tion {data not shown).

3.5, Effects of the novel peptide on osteoblast differentiation

To further examine the effects of OBAP on osteoblast differenti-
ation, we analyzed the expression of several markers of osteoblast
differentiation, including Runx2, ALP and OCN, by quantitative RT-
PCR. The expression of Runx2, a transcriptional factor necessary for
osteoblast differentiation, was not significantly changed (data not
shown). However, compared to vehicle-treated cells, 10~° and
10~* M OBAP significantly increased the expression of the early
osteoblast differentiation marker, ALP, by up to 2.26- and 3.07-fold,
respectively, at day 3 (P < 0.01; Fig. 3C). Furthermore, the expres-
sion of OCN, a marker of late-stage differentiation, began to in-
crease at day 7 by up to 2.75- and 3.45-fold (P < 0.01; Fig. 3D).

Next, we evaluated the ALP activity of osteoblast-like cells. As
shown in Fig. 3E, OBAP significantly increased the ALP activity of
osteoblast-like cells after 5days of culture by up to 1.58- and
2.24-fold compared to vehicle-treated cells. These results indicate
that OBAP stimulates osteoblast differentiation.

3.6. Effects of the novel peptide on BMD in vivo

To explore the in vivo effects of OBAP in the bone, we measured
BMD by DXA in Gx rats. Seven-week-old male Gx rats were infused
intraperitoneally with the novel peptide for 4 weeks. Compared
with the vehicle control, OBAP significantly increased BMD in Gx
rats (Fig. 4A-C).

3.7. Effects of the novel peptide on serum ALP and osteocalcin in Gx
rats

To confirm the in vivo effects of OBAP on bone, we measured
serum ALP and OCN in Gx rats. Compared with the vehicle control,
OBAP significantly increased ALP and OCN in Gx rats by up to 1.51-
and 3.25-fold (P < 0.01), respectively (Fig. 4D and E).

4. Discussion

In this study, we isolated a novel peptide from the rat stomach
and termed this peptide osteoblast activating peptide (OBAP). Fur-
thermore, we demonstrated that OBAP directly promotes osteo-
blast differentiation in vitro and increases BMD in vivo,

First, we searched for novel peptides that are produced in vari-
ous organs, such as the brain, liver, kidney and small intestine, and
act on osteoblasts, but were unable to isolate these putative pep-
tides. Next we examined peptides in the stomach because the
stomach produces physiologically active substances (e.g., ghrelin).
Furthermore, the stomach is thought to play a role in bone metab-
olism, and it is well documented that surgically removing the
whole stomach (gastrectomy) or the acid-producing part of the
stomach (fundectomy) results in osteopenia [6-15]. In fact, gas-
trectomy-evoked bone loss was observed in young dogs in 1938
[7]. Although the phenomenon of gastrectomy-evoked osteopathy
has been known for over 70 years, the mechanism remains poorly
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understood. Previously, it was thought that bone loss was the re- and continuous subcutaneous infusions of CaCl, [10] do not pre-
sult of an impaired capacity to utilize dietary calcium or a vitamin vent bone loss, and 1,25-(0OH),D; concentrations are reportedly in-
D deficiency. However, dietary supplementation with CaCl, [8,9] creased rather than decreased after gastrectomies [11-14]. Based
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on these points, Larsson et al. suggested that ECL-cells harbor a no-
vel peptide hormone that is involved in bone metabolism. In addi-
tion, they found that extracts of ECL-cell granule/vesicle enriched
preparations of the oxyntic mucosa as well as extracts of isolated
ECL cells evoked a typical Ca®’-mediated second messenger re-
sponse in different osteoblast-like cell lines [16,17]. We isolated
OBAP, which is composed of 24 amino acids that are identical to
the C-terminus of NADH dehydrogenase (ubiquinone) flavoprotein
3 (Ndufv3; MIPP65), which is a mitochondrial phosphoprotein [18]
with an unknown function.

OBAP induced [Ca®*]i in primary osteoblasts and osteoblast-like
cells but not RAW264.5 or CHO cells. These findings suggest that
OBAP binds to a specific receptor in osteoblasts. To analyze the
pharmacological activity of OBAP, we first measured osteoblast dif-
ferentiation markers to confirm that OBAP potently affects osteo-
blasts. Furthermore, we demonstrated that OBAP increases ALP
activity. These data confirm that OBAP stimulates osteoblast
differentiation.

Next, we explored the in vivo effects of OBAP in the bone. It has
been reported that PTH acts on osteoblasts, similar to the OBAP-in-
duced increase in BMD [19]. These findings suggest that OBAP
upregulates bone formation in vivo. In support of this hypothesis,

we found that treating Gx rats with OBAP significantly increased
BMD compared with saline treatment. We used Gx rats as an oste-
oporosis model because native peptide may be released by the
stomach and enter the bloodstream, which could confound the ef-
fects of the native peptide.

OBAP resulted in a significant response in vitro and in vivo.
However, if OBAP is used to treat osteoporosis, the effects should
be stronger. Therefore, we need to further investigate and identify
the OBAP receptor and improve the structure of OBAP to enhance
its pharmacological effects.

The stomach is thought to play a role not only in bone metabo-
lism but also in calcium metabolism. It is interesting that gastrin
releases a hypocalcemic agent from the oxyntic mucosa and that
subcutaneous injections of gastrin reduce blood calcium and stim-
ulate Ca®* uptake into the bone in rats [20-22]. Gastrin has been
shown to induce hypocalcemia in thyroparathyroidectomized rats,
indicating that calcitonin is not involved. However, gastrin does
not affect bone calcium uptake in gastrectomized rats, whereas ex-
tracts of the oxyntic mucosa stimulate this process equally well in
unmanipulated and gastrectomized rats [20]. These findings are
thought to indicate that gastrin releases a hypocalcemic agent,
currently referred to as gastrocalcin, from the oxyntic mucosa.
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Because OBAP was purified and isolated from stomach and affects
bone formation, it is possible that OBAP is gastrocalcin. Additional
studies need to investigate this possibility.

In conclusion, we discovered a novel peptide, OBAP, which is a
positive regulator that acts directly on osteoblasts. The discovery of
OBAP may provide a new treatment option for osteoporosis and
fracture healing.

Conflict of interest statement
All authors have no conflicts of interest.
Acknowledgments

We thank Hitomi Wakita, the hard tissue research team at
Kureha Chemical Co. Ltd., and the technical team at Charles River
Laboratories Japan for technical assistance. This work was sup-
ported by a Grant-in-Aid for Young Scientists (B) from the Japan
society for the promotion of science (20791058), the Nakadomi
foundation and the Ishibashi foundation for the promotion of sci-
ence to N.F.

References

[1] LS. Stepnick, The frequency of bone disease, in: J.A. McGowan, L.G. Raisz, AS.
Noonan, AL Elderkin (Eds.), Bone Health and Osteoporosis: A Report of the
Surgeon General, Office of the US Surgeon General, Washington, DC, 2004, pp.
68-87.

[2] D. Shoback, Update in osteoporosis and metabolic bone disorders, J. Clin.
Endocrinol. Metab. 92 (2007) 747-753.

(3] C.G. Bellows, J.E. Aubin, JN. Heersche, Physiological concentrations of
glucocorticoids stimulate formation of bone nodules from isolated rat
calvaria cells in vitro, Endocrinology 121 (1987) 1985-1992.

[4] N. Fukushima, R. Hanada, H. Teranishi, Y. Fukue, T. Tachibana, H. Ishikawa, S.
Takeda, Y. Takeuchi, S. Fukumoto, K, Kangawa, K. Nagata, M. Kojima, Ghrelin
directly regulates bone formation, J. Bone Miner. Res. 20 (2005) 790-798.

[5] M. Kojima, H. Hosoda, Y. Date, M. Nakazato, H. Matsuo, K. Kangawa, Ghrelin is
a growth-hormone-releasing acylated peptide from stomach, Nature 402
(1999) 656~660.

[6] Editorial, Osteomalacia after gastrectomy, Lancet 1 (1986) 77-78.

- 06 -

7] R.A. Bussabarger, S. Freeman, A.C. Ivy, The experimental production of severe
homogeneous osteoporosis by gastrectomy in puppies, Am. |. Physiol. 121
(1938) 137-148.

[8] F.I. Tovey, M.L. Hall, PJ. Ell, M. Hobsley, Postgastrectomy osteoporosis, Br. ).
Surg. 78 (1991) 1335-1337.

[9] B. Klinge, D. Lehto-Axtelius, M. Akerman, R. Hiakanson, Structure of calvaria
after gastrectomy. An experimental study in the rat, Scand. J. Gastroenterol. 30
(1995) 952-957.

[10] P. Persson, R. Gagnemo-Persson, D. Chen, J. Axelson, A.G. Nylander, O. Johnell,
R. Hakanson, Gastrectomy causes bone loss in the rat: is lack of gastric acid
responsible? Scand. . Gastroenterol. 28 (1993) 301-306.

[11] L. Nilas, C. Christiansen, ]. Christiansen, Regulation of vitamin D and calcium
metabolism after gastrectomy, Gut 26 (1985) 252~-257.

[12} J. Axelson, P. Persson, G. Gagnemo-Persson, R. Hikansson, Importance of the
stomach in maintaining calcium homeostasis in the rat, Gut 32 (1991) 1298-
1302.

[13] M. Davies, S.E. Heys, P.L. Selby, J.L. Berry, E.B. Mawer, Increased catabolism of
25-hydroxyvitamin D in patients with partial gastrectomy and elevated 1,25-
dihydroxyvitamin D levels. Implications for metabolic bone disease, ]. Clin.
Endocrinol. Metab. 82 (1997) 209-212.

[14] G.W. Maier, M.E. Kreis, T.T. Zittel, H.D. Becker, Calcium regulation and bone
mass loss after total gastrectomy in pig, Ann. Surg. 225 (1997) 181-192.

[15] D. Lehto-Axtelius, M. Stenstrom, O. Johnell, Osteopenia after gastrectomy,
fundectomy, or antrectomy: an experimental study in the rat, Regul. Pept. 78
(1998) 41-50.

[16] B. Larsson, A. Gritli-Linde, P. Norlén, E. Lindstrom, R. Hakanson, A. Linde,
Extracts of ECL-cell granulesfvesicles and of isolated ECL cells from rat oxyntic
mucosa evoke a Ca?” second messenger response in osteoblastic cells, Regul.
Pept. 97 (2-3) (2001) 153-161.

[17] B. Larsson, P. Norlén, E. Lindstrom, D. Zhao, R. Hikanson, A. Linde, Effects of
ECL cell extracts and granule/vesicle-enriched fractions from rat oxyntic
mucosa on cAMP and IP(3) in rat osteoblast-like cells, Regul. Pept. 106 (1-3)
(2002) 13-18.

[18] M. Kitagawa, H. Mukai, Y. Ono, Molecular cloning and characterization of a
novel mitochondrial phosphoprotein, MIPP65, from rat liver, Exp. Cell Res. 235
(1){1997) 71-78.

[19] MJ. Mahon, M. Donowitz, C.C. Yun, G.V. Segre, Na(+)/H(+) exchanger
regulatory factor 2 directs parathyroid hormone 1 receptor signalling,
Nature 417 (6891) (2002) 858-861.

[20] P. Persson, R. Hakanson, ]. Axelson, F. Sundler, Gastrin releases a blood
calcium-lowering peptide from the acid-producing part of the rat stomach,
Proc. Natl Acad. Sci. USA 86 (1989) 2834-2838.

[21] R. Hakanson, P. Persson, J. Axelson, O. Johnell, F. Sundler, Evidence that gastrin
enhances **Ca uptake into bone through release of gastric hormone, Regul.
Pept. 28 (1990) 107-118.

[22] R. Hikanson, P. Persson, |. Axelson, Elevated serum gastrin after food intake or
acid blockade evokes hypocalcemia, Regul. Pept. 28 (1990) 131-136.



Biochemical and Biophysical Research Communications 383 (2009) 373-377

ELSEVIER

Contents lists available at ScienceDirect
Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

MCP-1 expressed by osteoclasts stimulates osteoclastogenesis

in an autocrine/paracrine manner

Kana Miyamoto *”“*, Ken Ninomiya ¢, Koh-Hei Sonoda&, Yoshiteru Miyauchi®®, Hiroko Hoshi ®°,
Ryotaro Iwasaki >, Hiroya Miyamoto *®, Shigeyuki Yoshida ¢, Yuiko Sato®®, Hideo Morioka *,

Kazuhiro Chiba®®, Kensuke Egashira™, Toshio Suda ¢, Yoshiaki Toyama?, Takeshi Miyamoto

a,b,c,d f,i,«

? Department of Orthopedic Surgery, Keio University School of Medicine, 35 Shinano-machi, Shinjuku-ku, Tokyo 160-8582, Japan

b Division of Orthopedic Research, Keio University School of Medicine, 35 Shinano-machi, Shinjuku-ku, Tokyo 160-8582, Japan

“ Department of Cell Differentiation, The Sakaguchi Laboratory of Developmental Biology, Keio University School of Medicine, 35 Shinano-machi, Shinjuku-ku, Tokyo 160-8582, Japan
4 Department of Musculoskeletal Reconstruction and Regeneration Surgery, Keio University School of Medicine, 35 Shinano-machi, Shinjuku-ku, Tokyo 160-8582, Japan

¢ Department of Dentistry and Oral Surgery, Keio University School of Medicine, 35 Shinano-machi, Shinjuku-ku, Tokyo 160-8582, Japan

fKanrinmaru Project, Keio University School of Medicine, 35 Shinano-machi, Shinjuku-ku, Tokyo 160-8582, Japan

& Department of Ophthalmology, Graduate School of Medical Sciences, Kyushu University, 3-1-1, Maidashi, Higashi-ku, Fukuoka, Fukuoka 812-8582, Japan

" Department of Cardiovascular Medicine, Graduate School of Medical Sciences, Kyushu University, 3-1-1, Maidashi, Higashi-ku, Fukuoka, Fukuoka 812-8582, Japan

i Precursory Research for Embryonic Science and Technology, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan

ARTICLE INFO ABSTRACT

Article history:
Received 3 April 2009
Available online 11 April 2009

Monocyte chemoattractant protein-1 (MCP-1) is a chemokine that plays a critical role in the recruitment
and activation of leukocytes. Here, we describe that multinuclear osteoclast formation was significantly
inhibited in cells derived from MCP-1-deficient mice. MCP-1 has been implicated in the regulation of
osteoclast cell-cell fusion; however defects of multinuclear osteoclast formation in the cells from mice
deficient in DC-STAMP, a seven transmembrane receptor essential for osteoclast cell-cell fusion, was

Keywords: not rescued by recombinant MCP-1. The lack of MCP-1 in osteoclasts resulted in a down-regulation of
&sctle)‘_)]d“t DC-STAMP, NFATc1, and cathepsin K, all of which were highly expressed in normal osteoclasts, suggest-
Autocrine/paracrine ing that osteoclast differentiation was inhibited in MCP-1-deficient cells. MCP-1 alone did not induce
DC-STAMP osteoclastogenesis, however, the inhibition of osteoclastogenesis in MCP-1-deficient cells was restored

by addition of recombinant MCP-1, indicating that osteoclastogenesis was regulated in an autocrine/par-
acrine manner by MCP-1 under the stimulation of RANKL in osteoclasts.

© 20009 Elsevier Inc. All rights reserved.

Osteoclasts are multinuclear cells derived from hematopoietic
stem cells or monocyte/macrophage lineage cells [1]. Since osteo-
clasts are unique cells responsible for bone resorption, the control
of osteoclast function or differentiation is critical to protect bones
from bone diseases. Osteoclast formation is highly stimulated in
destructive bone diseases such as rheumatoid arthritis (RA), multi-
ple myeloma and bone metastasis [2-4]. Macrophage colony stim-
ulating factor (M-CSF) and receptor activator of nuclear factor
kappa B ligand (RANKL) have been reported to be expressed in
osteoblast/stroma cells [5,6], and described to play a pivotal role
in regulating osteoclastogenesis through their receptors, c-Fms
and RANK, respectively, which are expressed in osteoclast progen-
itor cells [7-9]. Various factors such as vitamin D, PTHrP and PGE2
were reported to indirectly stimulate osteoclast differentiation
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through the upregulation of RANKL in osteoblast/stroma cells
[6,10,11], however, the existence of an autocrine/paracrine system
that stimulates osteoclastogenesis remains largely unclear.
Monocyte chemoattractant protein-1 (MCP-1)/Chemokine (C-C
motif) ligand 2 (Ccl2) is a chemokine that belongs to the CC chemo-
kine family and plays a critical role in the recruitment and activa-
tion of leukocytes during acute inflammation [12]. MCP-1 has been
shown to play a critical role in the pathogenesis of arteriosclerosis
and other vascular diseases by recruiting monocytes into the arte-
rial wall [13]. MCP-1 has also been reported to be involved in
osteoclast differentiation [14-17], however, studies of osteoclast
differentiation using MCP-1-deficient mice have not been reported.
Since MCP-1 has been implicated in the cell-cell fusion of osteo-
clasts [14-17], and MCP-1 family ligands share multiple receptors,
it is possible that MCP-1 binds to an unknown receptor to stimu-
late osteoclast cell-cell fusion. Dendritic cell specific transmem-
brane receptor (DC-STAMP), an orphan seven transmembrane
receptor, is essential for cell-cell fusion of osteoclasts, and
DC-STAMP-deficient osteoclasts show a complete lack of cell-cell



