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Osteopontin (OPN) is a highly acidic secreted phosphoprotein that binds to cells via
an RGD (arginine-glycine-aspartic acid) cell adhesion sequence that recognizes the
ayP; integrin. OPN may regulate the formation and remodeling of bone. To elucidate
the function of OPN in bone tissue, we examined the overexpression of OPN in osteob-
lasts in vitro and in vivo using an adenoviral vector carrying an OPN cDNA (Adv-
OPN). Rat bone marrow-derived osteoblasts infected with Adv-OPN were examined
by Western blotting, immunofluorescence, nodule formation measurements, assay of
alkaline phosphatase (ALP) activity, and Northern blotting. The results suggested
that not only osteoblast differentiation markers such as osteocalcin and ALP, but nod-
ule formation and ALP activity are markedly enhanced by OPN overexpression in the
case of viral infection. On the contrary, when Adv-OPN and uninfected osteoblasts
were implanted into subcutaneous sites with a porous ceramic scaffold, the ALP
activity and calcium content of the OPN-infected composite were higher than in unin-
fected composites, however, the differences were smaller than expected from the in
vitro experiments. We speculate that the difference in the result of in vitro and in vivo
experiments originates from the inhibitory effect of secreted OPN on the crystal

growth of apatite in vivo, which competes with the induced activity of osteoblasts.

Key words: adenovirus, osteoblast, osteopontin, overexpression.

Osteopontin (OPN) is a highly acidic secreted phospho-
protein that binds to cells via an RGD (arginine-glycine-
aspartic acid) cell adhesion sequence that recognizes the
oyfs integrin. Numerous functions have been ascribed to
OPN. OPN exhibits a restricted distribution in healthy
adult humans and animals. The highest levels are found
in bone and kidney, and most epithelial lining cells in the
body express OPN. OPN is also found in most body secre-
tions including urine, saliva, milk and bile (7). The func-
tions of OPN in kidney have been reported to include the
regulation of renal iNOS and urinary calcium oxalate
deposition (2). In contrast to the limited distribution in
healthy tissue, OPN expression in disease and injury has
been shown to be markedly upregulated under conditions
of inflammation and tissue remodeling (3). In addition,
OPN expression is induced in multiple cell types, includ-
ing macrophages and angiogenic endothelial cells, during
the granulation phase of wound healing in soft and hard
tissues (4). In angiogenic endothelial cells, OPN promotes
endothelial migration and survival during new capillary
formation through interaction with ayp5 integrin (5, 6).
OPN may regulate the formation and remodeling of
mineralized tissues (7, 8) in bone. Generally, three differ-
ent functions of osteopontin in bone have been proposed
based on in vitro and in vivo findings (3): 1) regulation of
bone cell adhesion, 2) regulation of osteoclast function,
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and 3) regulation of matrix mineralization. OPN is con-
sidered to promote the attachment of osteoblasts, allow-
ing them to perform the functions necessary for osteogen-
esis (9). We have reported the inducible function of OPN
in the differentiation of primary osteoblasts (10). Our
study also indicated that the binding of OPN to integrin
oyPs regulates intracellular signal transduction to upreg-
ulate ALP and OCN expression via FAK (focal adhesion
kinase) phosphorylation in osteoblasts (11). A develop-
mental study using rat embryonic tissues indicated that
OPN is synthesized and secreted by bone cells in the
early stages of the osteogenesis of several osseous tissues
and in the synthesis of osteocalcin (12). In this role, OPN
is likely to assist in bone formation. However, there has
been no published report directly indicating the effect of
OPN on nodule formation by osteoblasts. We have exam-
ined the effect of OPN overexpression on nodule forma-
tion in osteoblasts. Many studies have focused on the role
of osteopontin in osteoclast function, suggesting that the
OPN is an important regulator of osteoclasts via interac-
tions with oyf; integrin (13-20). OPN mediates initial
osteoclast recognition and attachment to bone through
oyPs integrin. Secondly, OPN regulates osteoclast func-
tions, including bone resorption. Furthermore, OPN is a
potent inhibitor of both de novo apatite formation and
apatite growth, as a result of OPN binding to apatite sur-
faces. The phosphorylation might play a regulatory role
in controlling apatite crystal growth (21-23). As
described above, OPN has multiple functions in mineral-
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Fig. 1. Generation of a recombinant adenoviral vector carry-
ing the OPN gene (Adv-OPN).

ization via the contributions of osteoblasts and osteo-
clasts, but also in the growth of hydroxyapatite.

Several systematic studies have been conducted using
OPN~- mice in order to understand the role of OPN in
vivo. OPN null mice show no abnormalities in either bone
or tooth development, in comparison with their skeletal
size and patterning (23). The study suggests that other
kinds of matrix molecules might contribute to bone
remodeling during embryonic development. The amount
of Ca released from OPN-deficient bones does not differ
significantly from that released from wild type bones;
however, parathyroid hormone (PTH)-induced bone
resorption does not occur in OPN-deficient bones (24).
Moreover, the enhancement of osteoclastic bone resorp-
tion and suppression of osteoblastic bone formation in
response to reduced mechanical stress do not occur in
OPN-deficient bones (25). These results suggest that
OPN plays a very important role in bone remodeling;
however, the real function of OPN remains unclear. One
reason for the uncertainty is that the above mentioned
three functions of OPN may simultaneously contribute to
bone remodeling in a complex manner in vivo. From this
point of view, we designed the present experiment to sim-
plify the complexity in vivo. First, to clarify the role of
OPN in bone more directly, we constructed an adenoviral
vector carrying an OPN ¢cDNA (Fig. 1) and examined the
overexpression of OPN in rat bone marrow—derived oste-
oblastic primary cells in vitro. Second, the OPN-overex-
pressing osteoblasts were transplanted into ectopic (sub-
cutaneous) sites to exclude the effect of osteoclasts
appearing in orthotopic sites. The results in OPN-overex-
pressing osteoblasts in vitro and after transplantion into
subcutaneous sites in rats are discussed.

H. Kojima et al.

MATERIALS AND METHODS

Cells and Culture—Experiments were performed in
accordance with the guidelines of the Japanese Govern-
ment for the care and use of laboratory animals. Rat bone
marrow-derived osteoblastic primary cells were obtained
from Fischer 344 male rats (7-wk-old) according to the
method of Maniatopoulos et al. (26). For primary culture,
the femora were removed and washed with MEM
(Nacalai Tesque, Kyoto, Japan) containing 15% fetal
bovine serum (FBS) (Sigma, St Louis, MO, USA) and
antibiotic-antimycotic (Invitrogen Corp., Carlsbad, CA,
USA). The epiphyses of bone sides were removed and the
marrow cavity was flushed out with the above medium
using a syringe with a 21-gauge needle. The osteoblastic
primary cells were cultured in T-75 culture flasks (BD
Falcon, Bedford, MA, USA) at 37°C in a humidified
atmosphere of 95% air with 5% CO, for 10 d until nearly
confluent. Subsequently, cells were treated with 0.1%
trypsin including 0.02% EDTA, and subcultured under
the appropriate conditions for the following experiments.

Construction of a Recombinant Adenoviral Vector Car-
rying the OPN Gene—The plasmid carrying the OPN
cDNA was kindly provided by Dr. M. Inobe (Hokkaido
Univ.). The OPN ¢cDNA was obtained by digestion of the
plasmid with Xbal and Sacl. Recombinant adenoviral
vectors carrying an expression cassette containing the
cytomegalovirus IE enhancer, chicken B-actin promoter,
mouse OPN ¢cDNA, and the rabbit B-globin poly (A) signal
were constructed using an Adenovirus Expression Vector
Kit (TaKaRa, Shiga, Japan). The end of the cDNA was
blunted for subcloning into the Swal site of the pAxCAwt
cosmid. The cosmid and adenoviral DNA-terminal pro-
tein complex were co-transfected into the E1-transcom-
plemental cell line 293. The recombinant adenoviruses
(Adv-OPN) generated by homologous recombination were
isolated, and the insertion was confirmed by digestion
with restriction enzymes. An adenoviral vector without
the OPN insert (Adv-mock) was used as another control
(mock).

Western Blotting—Cells were seeded at 3 x 10° cells/
well on ¢ 3.5 cm dishes in MEM containing 15% FBS,
antibiotic-antimycotic, and an osteoblastic supplement
(10 mM B-glycerophosphate [Sigmal, 50 pg/ml of L-ascor-
bic acid phosphate [Wako, Osaka, Japan], and 10 nM dex-
amethasone [Sigma]). The next day (day 0), the cells were
infected with Adv-OPN at an appropriate multiplicity of
infection (moi) or Adv-mock (moi = 50) in 100 pl of MEM
containing 5% FBS for 1 h. On the days indicated after
infection, total proteins were extracted with 2x SDS sam-
ple buffer and heated at 95°C for 5 min. The proteins
were separated in 10% SDS-polyacrylamide gels, trans-
ferred to a polyvinylidene difluoride filter, and probed
with a mouse monoclonal anti-rat osteopontin (MPIIIB10
(1), DHSB, Univ. Iowa) antibody. Western blot analysis
was performed according to the method recommended in
the company protocol using the BCIP/NBT Phosphatase
Substrate System (KPL, Gaithersburg, MD, USA).

ELISA—OPN secreted into the culture medium was
quantitated using a mouse osteopontin EIA kit (Immuno-
Biological Laboratories Co., Ltd., Gunma Japan) accord-
ing to the manufacturer’s instructions. The ELISA kit is
designed to detect mouse and rat OPN with a detection
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limit 1 pg/ml, and 4-5% intra-assay, and 10-16% inter-
assay variability.

Immunofluorescence Staining—Cells were plated on
coverslips, and infected the next day with Adv-OPN at a
moi of 10 and 50 or Adv-mock at a moi of 50. Uninfected
cells were also used as another control. One, 3 and 7 d
after infection, cells were washed with PBS and fixed
with 4% paraformaldehyde/PBS for 10 min. The fixed
cells were washed with PBS and incubated in PBS con-
taining 2% skim milk for 2 h at room temperature. The
anti-rat osteopontin (MPIIIB10) antibody was diluted in
PBS containing 3% bovine serum albumin (BSA) placed
as a drop on the coverslips, and incubated overnight at
4°C. The coverslips were washed with PBS and incubated
with a FITC-conjugated goat anti-mouse IgG (Wako) in
PBS for 2 h at 37°C. The cells were also stained with
DAPI (nuclei) and phalloidine-rhodamin (actin) accord-
ing to the laboratory protocol. The coverslips were then
washed with PBS and were mounted with glycerin con-
taining PPD and observed under a microscope (Olympus
IX-70, Tokyo Japan).

Northern Blotting—Cells were seeded at 3 x 105 cells/
well on ¢ 3.5 cm dishes in MEM containing 15% FBS,
antibiotic-antimycotic, and an osteoblastic supplement.
Twenty-four hours later (day 0), the cells were exposed to
Adv-OPN at a moi of 10 or 50 or Adv-mock at a moi of 50
in 100 ul of MEM containing 5% FBS for 1 h. Uninfected
cells were also used as another control. Then, 3 ml of cul-
ture medium was added to dilute the viruses. On the days
indicated after infection, total RNA was isolated from the
osteoblast cells using TRIzol (Gibco) according to the
manufacturer’s instructions. Aliquots (20 pg) of total
RNA were separated in a 1% agarose/5.5% formaldehyde
gel and blotted onto a Hybond™-XL. membrane (Amer-
sham Pharmacia Biotech, Buckinghamshire, UK).
Probes for cDNA encoding rat OPN, rat alkaline phos-
phatase (ALP) and rat osteocalcin (OCN) were labeled
with o-32P dCTP (3000 Ci/mmol, Amersham Pharmacia
Biotech) using rediprime™ (Amersham Pharmacia Bio-
tech). After hybridization at 68°C for 3 hours in Per-
fectHyb™ Plus HYBRIDIZATION BUFFER (Sigma) with
the labeled ¢cDNA probe (2 x10% cpm/ml), the membrane
was washed with 2x SSC/0.1% SDS, and then twice with
0.5x SSC/0.1% SDS. The washed blot was exposed and
quantitated with Image Quant software (Amersham Bio-
science). The ratio of the signal intensity to that of 28S
was calculated.

Alkaline Phosphatase (ALP) Activity—Cells were seeded
at 3 x 105 cells/well on ¢ 3.5 cm dishes (three dishes for
each group) and infected the next day with Adv-OPN at a
moi of 10 or 50 or Adv-mock at a moi of 50. Uninfected
cells were also used as another control. On the days indi-
cated after infection, cells were harvested by low speed
centrifugation, and disrupted in 0.1 M Tris-HC1 (pH 7.4)
containing 1% Triton X-100 and 5mM MgCl, by sonica-
tion. After centrifugation at 6,000 x g for 10 min, the
supernatants were collected. Aliquots of 2.5 ul from each
sample were added to 250 pl of alkaline phosphatase sub-
strate buffer containing 0.056 M 2-amino-2-methyl-1,3-
propandiol (pH9.0), 10 mM p-nitrophenyl phosphate, and
2mM MgCl, and the samples were incubated at 37°C
for 30 min. The enzymatic activity of alkaline phos-
phatase was calculated after measuring the absorbance
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of the p-nitrophenol product at 405 nm on a microplate
reader (Bio-Rad, Hercules, CA, USA). The activity was
expressed as mM of p-nitrophenol.

Calcium Content—Seven, 14, and 21 d after infection,
Adv-OPN-infected (moi 10 or 50), Adv-mock—infected
(moi = 50) and uninfected (control) osteoblastic primary
cells were fixed with 10% formalin—neutralized buffer for
15 min and extracted with 0.6 M HCI at 4°C overnight.
The calcium content of each sample was determined with
a calcium assay kit (Cat. 587, Sigma) according to the
manufacturer’s instructions.

Alizarin Red Staining—Cells were fixed with 10% for-
malin—neutralized buffer for 15 min, stained with 1% ali-
zarin red (pH 4.0) for 2 min, and then washed with deion-
ized water.

Nodule Formation Assay—Cells were seeded at 3 x 105
cells/well on ¢ 3.5 cm dishes and infected the next day with
Adv-OPN at a moi of 50. Seven days after infection, the
cells were fixed with 10% formalin—neutralized buffer for
15 min, and stained by the von Kossa staining method to
evaluate bone nodule formation. The microscopic images
of von Kossa stained cells were analyzed using Meta-
Morph software to evaluate total nodule formation (n = 2).

Cultured Bone Tissue Implantation Model—-Trical-
cium phosphate (B-TCP) cubic porous blocks (5 x 5 x 5
mma3) were kindly provided by Olympus Optical, Co. Ltd.
(Tokyo, Japan) (27). The solid and porous component of
the microstructure is well interconnected. The average
pore size is 200 um in diameter. The procedures of the
transplantation (28) were as follows. After 10 d of pri-
mary culture, cells were treated with 0.25% trypsin and
0.02% EDTA, harvested by low speed centrifugation, and
resuspended in fresh medium at a concentration of 2 x
106 cells/ml. B-TCP blocks were soaked in the cell suspen-
sion under low pressure (150 mmHg) for 1 min, and then
incubated for 2 h in a CO, incubator. The blocks were
transferred to 24-well plates (single block per well) and
cultured in 2 ml of MEM with 15% FBS, antibiotic-
antimycotic, and the osteoblastic supplement for 2 wk.
The cells/B-TCP composites were incubated in MEM with
5% FBS containing Adv-OPN (6.2 x 108 plaque forming
units [pful/ml) for 2 h. Then the composites were added to
MEM containing 15% FBS, antibiotic-antimycotic, and
the osteoblastic supplement, and cultured for 24 h.
Untreated cell/B-TCP composites were used as a control.
These composites were implanted subcutaneously in the
backs of Fischer rats; three treated composites were
implanted separately on the right side, and control com-
posites were implanted separately on the left side.

Biochemical Analysis of Implanted Blocks—The com-
posites were harvested and subjected to biochemical
analysis at 2 and 4 wk after implantation. The compos-
ites were homogenized in 0.5 ml of 0.1 M Tris (pH 7.4)
containing 1% Triton X-100 and 5 mM MgCl,, and centri-
fuged at 6,000 x g for 10 min at 4°C. The supernatant was
assayed for alkaline phosphatase activity as described
above. Calcium was extracted from the sediment with 5
ml of 20% formic acid over a period of 1 wk at 4°C. The
calcium content of each sample was determined with a
calcium assay kit (Cat. 587, Sigma) according to the
manufacturer’s instructions.
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Fig. 2. (a) Time course and moi dependence of the Western
blotting pattern of OPN expressed in Adv-OPN-infected
(moi = 10, 50 and 100), Adv-mock-infected (mock) and unin-
fected (control) primary osteoblastic cells. Each experiment
was performed twice independently (n = 2). (b) Time course and
moi dependence of the amount of OPN secreted from Adv-
OPN-infected (moi = 10,50 and 100), Adv-mock-infected
(mock) and uninfected (control) primary osteoblastic cells
into the culture medium. Each experiment was performed twice
independently (n = 2).

Statistical Analysis—Average values of OPN content,
ALP activity, calcium content, nodule formation were cal-
culated, expressed as the arithmetic means + SE, and
plotted. The data were analyzed by paired t test. Paired t
test was used for statistical evaluation. The statistical
significance was established at the p < 0.05 and “p <
0.01 level.

SEM Observation—The B-TCP/osteoblasts composites
were evenly cut in the center for use as SEM samples.
Then samples were fixed with 2% paraformaldehyde/
2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4),
postfixed with 0.1% osmium tetroxide (OsO,), dehydrated
in a graded series of alcohol solutions, and dried in a crit-
ical point dryer. The samples were glued onto stubs with
tape, sputter-coated with platinum in an ion coater
(Meiwa, PMC-5000, Tokyo, Japan), and observed by SEM
(Hitachi, S-4500, Japan).

H. Kojima et al.

Fig. 3. Immunofluorescence staining of osteopontin on unin-
fected (control) (B, C, D), Adv-mock-infected (E, F, G), and
Adv-OPN-infected (moi = 10 [H, I, J] and moi=50 [K, L, M]) on
day 1 (B, E, H, K), day 3 (C, F, I, L) and day 7 (D, G, J, M) after
infection. A shows the data at day 0. Cells were stained with DAPI
(nuclei: blue), anti-OPN antibody (OPN:green) and rhodamine-
phalloidin (actin: red). Bar = 100 pm. Each experiment was per-
formed twice independently (n = 2).

RESULTS

In Vitro Effect of OPN QOverexpression in Primary Oste-
oblasts—Expression of the OPN protein in Adv-OPN-in-
fected primary osteoblasts: To examine the effect of OPN
overexpression on the differentiation of osteoblasts in
vitro, we used rat bone marrow—derived primary osteob-
lasts, cultured by the method of Maniatopoulos et al.,
which were infected with Adv-OPN or Adv-mock (adeno
viral control without OPN insert), or uninfected (control).
Figure 2a shows the moi dependence of the western blot-
ting pattern of OPN expressed in Adv-OPN infected pri-
mary osteoblasts on days 0, 1, 2 and 3 after infection. On
day 1, little OPN signal was detected under any condi-
tions, indicating that this is the intrinsic expression of
OPN in primary osteoblasts. On days 2 and 3, a clear and
strong Western blot pattern was detected and this
increased as the moi increased, confirming that the Adv-
OPN works in the primary osteoblasts. Figure 2b shows
the time course and moi dependence of the amount of
OPN secreted into the medium. As the moi increased, the
amount of OPN increased, appearing saturated at moi 50
and 100. The time course shows a steady increase until
day 3. The amount of OPN secreted from control/(unin-
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Fig. 4. Effect of OPN overexpression on the expression of
osteoblast markers, alkaline phosphatase (ALP) and osteo-
calcin (OCN) at the transcriptional level. Northern blot analy-
sis of Adv-OPN-infected (moi = 10, 50), Adv-mock—infected (moi =
50) and uninfected (control) osteoblastic primary cells was per-
formed on 3, 7, 10, 14 d after infection. The values under the signals
are the ratios of signal intensity to that of 28S. Each experiment
was performed twice independently (n = 2).

fected) and Adv-mock—infected cells showed similar pat-
terns, and the amount was much smaller than that in
Adv-OPN-infected cells. The signals for the two control
cells is believed to arise from intrinsic OPN expression in
osteoblasts.

Immunofluorescence images of OPN in Adv-OPN-
infected osteoblasts on days 1, 3 and 7 after infection are
shown in Fig. 3. Weak signals were detected in the two
control groups (B-D, E-G), suggesting weak intrinsic
OPN expression; however, a strong fluorescence signal
for FITC (green) was detected in the Adv-OPN-infected
group (H-J, K-M) with the strongest signal on day 7 (M)
at moi = 50.

Bone forming activity of Adv-OPN-infected primary osteo-
blasts: Figure 4 shows the Northern blot analysis of OPN
and two typical osteogenic markers (alkaline phos-
phatase (ALP) and osteocalcin (OCN)) in Adv-OPN-
infected (moi = 10, 50), Adv-mock—infected (moi = 50) and
uninfected (control) primary osteoblasts. The ratios of the
signal intensities to those of 28S are shown beneath each
Northern signal. The results indicate that OPN expres-
sion at the transcriptional level was strong, even on day 3
and the level remained high until day 14. The strongest
expression was detected at moi = 50. In contrast, expres-
sion of osteocalcin (OCN) showed a steady increase until
day 14. The expression of alkaline phosphatase showed
little time dependence. The ALP activities of Adv-OPN—
infected cells and control cells showed different time
dependencies from expression at the transcriptional
level, as shown in Fig. 5. Until day 7, the ALP activities
of Adv-OPN-infected (moi = 10,50), Adv-mock—infected
(moi = 50) and uninfected (control) osteoblasts showed
similar levels and time courses, suggesting that the ALP
activity until day 7 comes from intrinsic activity without
any effect of virus infection. On day 10, the ALP activities
of Adv-OPN-infected cells (moi = 10, 50) differed from
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Fig. 5. Alkaline phosphatase activity of Adv-OPN-infected
(moi=10,50), uninfected (control) and Adv-mock-infected
(moi = 50) osteoblastic primary cells on 0, 3, 7, 10 and 14 d
after infection. Each experiment was performed 4 times inde-
pendently (n = 3).
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Fig. 6. Calcium content of Adv-OPN-infected (moi = 10, 50),
uninfected (control) and Adv-mock infected (moi = 50) oste-
oblastic primary cells on 7, 14 and 21 d after infection. Each
experiment was performed 4 times independently (n = 3).

those of Adv-mock—infected and uninfected cells. At day
14, a marked enhancement was detected, suggesting the
effect of OPN overexpression.

The calcium content (Fig. 6) shows a remarkable effect
of OPN overexpression on day 21 (moi = 50) despite a
negligible effect until day 14.

Figure 7 shows the results of Alizarin red staining and
nodule formation in Adv-OPN-infected, Adv-mock—
infected and uninfected osteoblasts. We detected the moi
dependence of nodule formation in Adv-OPN-infected
cells and found no difference between the two controls
(uninfected and Adv-mock-infected), which both showed
little nodule formation. To clarify the effect of OPN over-
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Fig. 7. (a) Alizarin red staining of Adv-OPN-infected (moi =
10, 50), uninfected (control) and Adv-mock-infected (moi =
50) primary osteoblastic cells 14 and 21 d after infection.
Each experiment was performed twice independently (n = 2). (b)
Von Kossa staining of Adv-OPN-infected (moi = 10, 50), unin-
fected(control) and Adv-mock-infected (moi = 50) osteoblas-
tic primary cells 7, 14 and 21 d after infection. Each experi-
ment was performed twice independently (n = 2). (¢) Numerical
analysis of the images of the von Kossa stained osteoblastic
primary cells shown in (b). The integrated values of the inten-
sity at each pixel in the stained area were plotted. Each experiment
was performed twice independently (n = 2).
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Fig. 8. Alkaline phosphatase activity of implanted osteoblas-
tic primary cells (Adv-OPN-infected and uninfected) at 0, 2,
and 4 wk after implantation. Each experiment was performed
twice independently (n = 6).
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Fig. 9. Calcium contents of implanted osteoblastic primary
cell/porous ceramic blocks (Adv-OPN-infected and unin-
fected) 2 and 4 wk after implantation. Each experiment was
performed twice independently (n = 6). p < 0.05 vs. control; “p <
0.001 vs. control)

expression on nodule formation, the microscopic images
of von Kossa stained cells were numerically analyzed
using MetaMorph software (Molecular Devices). The
results shown in Fig. 7c indicate a clear effect of OPN
overexpression on nodule formation at moi = 50. The time
course of nodule formation shows a remarkable enhance-
ment on day 21 in the case of OPN overexpression,
despite the small enhancement until day 14. Adv-OPN
infected cells (moi = 50) formed at least twice as many
nodules as control cells.

In Vivo Effect of Osteopontin QOuverexpression on Im-
planted Primary Osteoblasts—We examined the effects of
osteopontin overexpression on primary osteoblast/porous
ceramic composites implanted subcutaneously into
Fischer rats. In vitro experiments using Adv-mock—
infected cells and uninfected cells showed no marked dif-
ference between the two. Moreover, it is difficult to exam-
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Fig. 10. SEM images of implanted osteoblastic primary cells
(Adv-OPN-infected [B, D, F, H] and uninfected [A, C, E, G]), 2
(A, B,C,D) and 4 (E, F, G, H) wk after implantation at low (A,
B, E, F) and high (C, D, G, H) magnifications. Each experiment
was performed twice independently (n = 2). Bar = 10 um.

ine many samples in in vivo experiments. We omitted
Adv-mock-infected cells in the in vivo study.

Figure 8 shows the ALP activity of infected and unin-
fected cell/porous ceramic composites at 0, 2 and 4 wk
postimplantation. The overexpression of osteopontin pro-
duced a slight increase in ALP activity after infection;
however, the large induction expected from the in vitro
experimental data was not achieved. The calcium con-
tents of the infected and uninfected primary osteoblast/
porous ceramic composites are shown in Fig. 9. The effect
of osteopontin overexpression was 10% and 18% at 2 and
4 wk postimplantation.

Figure 10 shows SEM images of implanted cells in the
porous ceramic composites 2 (A, B, C, D) and 4 (E, F, G, H)

Vol. 136, No. 3, 2004

wk postimplantation. In spite of the unexpectedly small
effect on ALP activity and calcium content, the infected
cells showed different morphological features than con-
trol cells at 2 weeks postimplantation. Control cells
appeared round (A, C), while the infected cells had many
processes on their surface, and their shape was more
spread out (B, D). Many infected and control cells showed
similar features (data not shown). At 4 wk postimplanta-
tion, the difference was not as clear as at two weeks. Mor-
phological observations indicated that the collagen pro-
duction might be enhanced by OPN overexpression.

DISCUSSION

Bone matrix proteins such as collagen type I, OPN, BSP,
osteonectin, and osteocalcin have been investigated by
many researchers. Among them, OPN is a typical non-
collagenous bone protein and the bone is the organ that
shows the highest OPN content. To study the role of OPN
in osteoblasts, some researchers have focused on the
effects of OPN when used as a matrix for cell attachment
(11, 29-30). OPN has been reported to affect osteoblast
adhesion and signal transduction pathways by inducing
FAK phosphorylation, MAPK activation and cytokine
activation of osteoblasts. However, nodule formation
activity has not been reported. Moreover, in spite of our
general concept that OPN binds to integrin oyf;, some
researchers showed negative binding results (31, 32),
suggesting another integrin might be important in OPN
binding. Thus OPN overexpression in osteoblasts in vitro
might be a short way to elucidate the function of OPN in
osteoblasts. It is true that our expression system induced
a much higher level of OPN expression than the endog-
eneous level. However, to elucidate the function of OPN,
osteoblasts that express OPN endogeneously should be
used. To elucidate the function of OPN in a system
including OPN, an OPN expression system producing a
high level of OPN should be used. Otherwise the effect of
OPN overexpression can not be detected. To study the
physiological function of OPN, we used osteoblasts
expressing OPN at a physiological level and studied the
effect of OPN overexpression.

For the further study of OPN function in osteoblasts in
vivo, we chose ectopic (subcutaneous) sites for the
implantation of OPN overexpressing osteoblasts for the
following reasons. As described in the introduction, three
different functions of osteopontin in bone have been pro-
posed based on in vitro and in vivo findings (3): 1) regula-
tion of bone cell adhesion; 2) regulation of osteoclast func-
tion; and 3) regulation of matrix mineralization. Of these
three functions, the second one makes our understanding
of the in vivo function of OPN more difficult, because
osteoclasts activated by OPN have functions opposite to
those of osteoblasts (function (a)) and are expected to dis-
turb the inhibition function of mineralization by resorb-
ing apatite. From this point of view, we chose an experi-
mental model system that excludes the effect of
osteoclasts in vivo. An experimental in vivo model that
satisfies the above requirement is osteoblasts that over-
express OPN in vitro and are then implanted into ectopic
(subcutaneous) sites where no osteoclasts appear. Fur-
thermore, because there is no bone in the subcutaneous
site, new bone formation is easily observed and detected.
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Biochemical assays, such as for ALP activity or Northern
blotting, can easily be performed.

OPN is considered to promote the attachment of oste-
oblasts, allowing them to perform the functions neces-
sary for osteogenesis (7, 8). Our previous study indicated
that the binding of OPN to integrin oyf; regulates intra-
cellular signal transduction to upregulate ALP and OCN
expression via FAK (focal adhesion kinase) phosphoryla-
tion in osteoblasts (11). A developmental study using rat
embryonic tissues indicated that OPN is synthesized and
secreted by bone cells in the early stage of osteogenesis of
several osseous tissues and the synthesis of osteocalcin
(12). In this case, OPN is likely to form bone. However,
there have been no reports directly indicating the effect
of OPN on nodule formation by osteoblasts. Our study
clealy demonstrates that the overexpression of OPN
induces nodule formation in osteoblasts, as shown in Fig.
7. However, the in vivo experimental data did not show a
marked enhancement in bone formation despite the data
obtained in vitro.

The in vitro data support a positive effect of OPN over-
expression on osteoblast differentiation and activity.
First, we confirmed that Adv-OPN worked well in the pri-
mary osteoblasts by Western blot analysis (Fig. 2) and
immunofluorescence staining (Fig. 3) of the expressed
OPN protein. Second, we demonstrated the effect of OPN
overexpression by Northern blot analysis of osteogenic
markers (Fig. 4), alkaline phosphatase activity (Fig. 5),
calcium content (Fig. 6) and nodule formation (Fig. 7) in
Adv-OPN-infected, Adv-mock—infected and uninfected
(control) osteoblasts. The in vitro data obtained in these
experiments strongly support an inducible effect of OPN
overexpression on osteoblast differentiation and activity.

Based on these in vitro results, the overexpression of
OPN may lead to gene therapy in orthopedic fields such
as BMP (bone morphogenetic protein) gene therapy (33—
37). However, the in vivo results are not so encouraging.
At two weeks postimplantation, the alkaline phos-
phatase activity of implanted infected osteoblastic pri-
mary cells was 8% greater than that of control cells.
Moreover, the calcium content in the culture of infected
osteoblastic cells in vivo was 10 % more than that of con-
trol cells. These results demonstrate that the overexpres-
sion of OPN in osteoblasts has a small effect on bone
formation ability of osteoblasts. To explain the contradic-
tory results obtained in vitro and in vivo, we performed a
morphological study of the implanted osteoblasts by
scanning electron microscopy as shown in Fig. 10. Results
showed that the infected cells had different morphologi-
cal features from the control cells, suggesting that the
infected cells were more differentiated. Therefore, OPN-
infected osteoblasts might have the potential to form
bone nodules, but this may be inhibited in vivo by certain
factors. These results suggest that infection with Adv-
OPN activates preosteoblasts and/or surrounding cells
via the binding of integrin ayf; and secreted OPN. We
speculate that the inhibition of bone formation activity
was caused by the adhesion of secreted OPN to apatite,
which inhibited or slowed the crystal growth of apatite
formed by osteoblasts. The inhibitory effect of OPN on
apatite crystal growth has been reported by Boskey et al.
(21), and Hunter et al. (22). They reported that the inhib-
itory effect of OPN is dose-dependent and is abolished

H. Kojima et al.

when phosphate groups are removed from OPN. Moreo-
ver, the properties of OPN knockout also demonstrate
OPN can inhibit mineralization. Our speculations are
supported by these positive and negative properties of
OPN in bone formation.

As seen in Fig. 7a and b again, nodule formation was
clearly induced by OPN overexpression in vitro despite
the comparatively small effect on ALP activity. Further-
more, a small induction of nodule formation by OPN
overexpression was detected in vivo. This is the major
point of emphasis of this study. We observed a clear
induction of nodule formation by OPN overexpression in
vitro, however; we observed a small induction effect on
nodule formation by OPN overexpression in vivo. Even in
our simplified model, the difference between the in vitro
and in vivo results is complex; however, we can explain
the difference by the inhibitory effect of OPN on
hydroxyapatite formation.

Our in vivo experiments were performed at subcutane-
ous sites where few host bone cells exist, including oste-
oblasts and osteoclasts. OPN is known to be present at
osteoclast attachment sites and might play an important
role in osteoclast differentiation and function (10, 38, 39.
Our study was limited to a simplified model that
excluded the contribution of osteoclasts via OPN. We
expect osteoclasts to have a positive effect on the OPN
overexpression system, because they may attach to the
secreted OPN on the apatite surface and resorb
hydroxyapatite, inducing crystal growth again, and the
binding of OPN to newly formed hydroxyapatite is the
same as binding to the B-TCP implants. To include the
contribution of osteoclasts, a more sensitive experimental
system is necessary, and is currently be planned in our
laboratory.

In conclusion, to elucidate the function of OPN in bone
tissue, we examined the overexpression of OPN in osteob-
lasts in vitro and in vivo using an adenoviral vector car-
rying the OPN c¢DNA (Adv-OPN). Rat bone marrow—
derived osteoblasts infected with Adv-OPN were exam-
ined by Western blotting, immunofluorescence, nodule
formation measurements, alkaline phosphatase (ALP)
activity assay, and Northern blotting. The results suggest
that not only osteoblast differentiation markers such as
osteocalcin and ALP, but nodule formation and ALP
activity, are markedly enhanced by OPN overexpression
via the viral infection. In contrast, when Adv-OPN and
uninfected osteoblasts were implanted into subcutaneous
sites with a porous ceramic scaffold, the ALP activity and
calcium contents of the OPN-infected composites were
higher than those of uninfected composite. However, the
differences were smaller than expected from the in vitro
experiments. The implanted infected cells appeared as
active osteoblasts with bone formation activity in SEM
analysis. We speculate that the differences between the
results of the in vitro and in vivo experiments originate
from the inhibitory effect of secreted OPN on the crystal
growth of apatite in vivo, which competes with the
induced activity of osteoblasts.

We thank Olympus Optical, Co., Ltd. for the B-TCP porous
materials used as ceramic scaffolding in the experiments. We
thank Mr. Yi Liu of Fudan Univ. (China) for his assistance in
SEM observation.
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