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Osteopontin (OPN) promotes attachment and spreading of cells in an RGD
dependent fashion, suggesting that OPN interacts with integrins on cell surfaces.
Here in, we show that LM-609, a monoclonal antibody to the o, f}; integrin (a
vitronectin receptor), inhibited OPN-mediated attachment of gingival fibroblasts.
To characterize the cell surface receptors responsible for this interaction, we
performed OPN-sepharose affinity chromatography using detergent extracts of
35§-methionine or '*’I-surface labeled gingival fibroblasts. Proteins bound to

the OPN-matrix were eluted with EDTA and subjected to SDS-PAGE under
reducing conditions. EDTA eluates from both '25I-surface labeled and 3°S-
methionine labeled extracts demonstrated prominent bands in the 90kDa and
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50kDa regions, by both autoradiography and fluorography, respectively. These MI 48109-1078 USA
studies suggest that OPN is associated with other cell surface molecules in ad- Key words: osteopontin; integrin; vitronectin;
dition to o ff3. Furthermore, these as yet to be characterized proteins, may attachment.

prove to have a stronger affinity for OPN than o /5.
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Cell-cell and cell-substrata interactions are import-
ant to many physiological and pathological events
including cell differentiation, platelet aggregation,
wound healing and malignant invasion and meta-
stasis (1-6). In wound healing research particular
emphasis has been placed on understanding the
roles of extracellular matrix adhesion molecules
and their associated cell surface receptors in con-
trolling regeneration of hard and soft tissues (1-6).
Particularly for restoring periodontal tissues, re-
search has been directed toward understanding the
specific cells and growth factors required to stimu-
late formation of new bone, cementum and peri-
odontal ligament attachment tissue. An initial
event required for tissue regeneration is the mi-
gration and subsequent attachment of appropriate
cells at the healing site. We reported previously
that osteopontin (OPN), a bone-associated attach-
ment protein, promotes the attachment of both
gingival fibroblasts and periodontal ligament cells,
as well as other bone-like cells in vitro (7-11).
However, the greatest OPN-mediated cell attach-
ment was observed routinely with gingival fibro-
blasts (9). Hence, we have limited our studies to

cell surface receptors on gingival fibroblasts that
bind OPN.

OPN is a phosphorylated glycoprotein, rich in
aspartic acid, sialic acid and glutamic acid (12, 13).
cDNA sequencing studies reveal an arginine-gly-
cine-aspartic acid (RGD) cell attachment sequence
(14) similar to that in other adhesion molecules,
including fibronectin, bone sialoprotein (BSP), vi-
tronectin and collagen (1, 2). In mineralized
tissues, OPN is expressed prior to mineralization,
is regulated by osteotropic hormones, binds to hy-
droxyapatite, and enhaces osteoclast and osteo-
blast adhesion (12, 15, 16). OPN is also associated
with kidney, placenta, neurosensory cells of the
ear, macrophages, smooth muscle, urine, blood
and human milk (17-24). In addition, OPN is ex-
pressed by many transformed fibroblasts and epi-
thelial cells in vitro (25, 26) and is found at elevated
levels in plasma of patients with metastatic carci-
noma (26, 27).

Integrins, a family of cell adhesion receptors,
play a major role in controlling interactions be-
tween cells and attachment proteins containing
RGD domains (1-6, 28). Structurally, the integrin



family of receptors are similar, containing hetero-
dimeric complexes of noncovalently associated o
and f subunits. For example, the £, subunit is cap-
able of associating with a minimum of six related
o subunits, each having a common £, chain, but a
distinct @ chain. Each combination promotes dif-
ferent ligand binding specificity. This group in-
cludes receptors that bind fibronectin, laminin and
collagens. Receptors containing the f3 subunit in-
clude the af; receptor expressed by several cell
types and having several binding ligands (29, 30)
and the IIb/IIla complex expressed by platelets
(30). The adhesion molecules associated with /3
include thrombospondin, vitronectin, fibronectin,
von Willebrand factor, fibrinogen, OPN and bone
sialoprotein (BSP) (1, 2, 16, 29, 31, 33). In addition
to [, the @, subunit complexes with other f sub-
units including B (34), Bs (35), fs (36) and fg (37).

Because of the complexity of the integrin family,
it is important to establish definitively whether
OPN interacts with known integrin receptors, as
well as with any other novel cell surface receptors.
Studies to date have shown only indirectly that
OPN interacts with the of5 cell surface receptor
on gingival fibroblasts (8) and osteoclasts (16, 31—
33, 38, 39). Sauk et al. (40) reported that an OPN
peptide (GRGDSL(K)) sepharose affinity matrix
binds the a5 integrin on gingival fibroblasts. The
observed differential binding between the RGD
domain of a protein and the complete protein, e.g.
fibronectin (41), prompted us to prepare an OPN
affinity matrix to determine whether or not OPN
was associated directly with the o f; integrin. We
show here that OPN associates with several, as yet
uncharacterized, cell surface molecules. In ad-
dition, a,f; integrin bound to the OPN-affinity
matrix to a limited extent.

Material and methods
Cells

Human gingival fibroblasts, cultured from ex-
plants, were used in these studies. They were grown
in Dulbecco’s Modified Eagle’s Medium (DMEM),
10% fetal bovine serum (FBS) and antibiotics.
Cells were used between the second to ninth pass-
age (42).

OPN Affinity Chromatography

Cell surface receptors for OPN were isolated by
affinity chromatography following classical pro-
cedures used for selecting receptors for fibronectin
and vitronectin (28, 30, 43). The OPN-sepharose
was prepared by coupling 20 mg bovine OPN with
2 ml of CNBr-activated sepharose (Pharmacia
LKB Biotechnology, Inc.). The OPN peptide col-
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umn was prepared by coupling 20 mg
GRGDSL(K) peptide with 2 ml of activated
CNBr-Sepharose (Pharmacia LK B Biotechnology,
Inc.). The RGD peptide was prepared by the
American Red Cross, Rockville MD. Bovine OPN
was prepared as described by Prince et al. (12).

One hundred fifty mm? tissue culture flasks
(Corning) were seeded with approximately 5x10°
cells. When cells reached 80% confluency, usually 2
days, cultures were metabolically radiolabeled with
204Ci/ml of 3°S-methionine in methionine-free me-
dium for 24 h at 37°C (30). Cell surface labeling
was performed as described by Ginsberg & Jaques
(44) or with Iodogen (Pierce). Radioactively
labeled cells were scraped from the flasks, the solu-
tion collected and centrifuged at room temperature
for 3 min. Cell pellets were washed extensively with
phosphate-buffered saline and lysed by adding ex-
traction buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 1 mM CaCl, containing 25 mM n-octyl-f-
D glucopyranoside (octylglucoside) and 1 mM
phenylmethylsulfonyl fluoride (PMSF)). Lysed
cells were incubated at 4°C for 10 min and then
centrifuged at 17000X g for 30 min to remove insol-
uble material. Octylglucoside extracts were then
applied to a sepharose CL-4B column (Pharmacia)
and the flow through applied to OPN-sepharose.
The column was then washed with extraction buf-
fer to remove any unbound proteins. These un-
bound proteins were applied to an OPN-peptide
(GRGDSL(K)) sepharose column and eluted as
described below for OPN-sepharose.

Since integrin-ligand binding has been shown to
require divalent 'cations (45), putative integrins
were eluted with ethylenediaminetetraacetic acid
(EDTA). Two bed volumes (4 ml) of 20 mM EDTA
containing 50 mM Tris-HCI, pH 7.5, 25 mM octyl-
glucoside, 150 mM NaCl and 1 mM PMSF were
collected in eight 500 ul fractions. Next, to remove
additional molecules bound to the column, two
bed volumes (4 ml) of 8 M urea, in 50 mM Tris-
HCI, pH 7.5 with 1 mM PMSF were collected in
eight 500 zl fractions.

Eluted fractions were analyzed on 7.5% poly-
acrylamide SDS gels (SDS-PAGE) directly or after
immunoprecipitation, followed by fluorography or
autoradiography (46).

Immunoprecipitations

For immunoprecipitation assays, EDTA eluted
fractions were dialyzed against water and lyophil-
ized. Samples were then dissolved in 120 mM
NaCl, 1.5 M EDTA, 0.3% Triton X-100, 0.006%
NaNj, 15 mM Tris-HCI, 2 mM levamisole, 4 mM
PMSF and 40 mM 6-aminocaproic acid.

Aliquots of these samples were exposed to pre-
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immune rabbit serum-absorbed protein A-seph-
arose (Sigma) at 4°C for 2 h to remove any non-
specific binding. The Sepharose was pelleted and
affinity purified rabbit anti-o,f3 antibody was
added to the supernatant. Following an overnight
incubation at 4°C, fresh non-absorbed protein A-
sepharose was added and the protein A-sepharose
immune complexes washed extensively. The im-
mune complexes were released by heating to 90°C
for 5 min in SDS-PAGE sample buffer (50 mM
Tris-HCI1, pH 6.8, 2% SDS, 0.1% bromophenol
blue and 10% glycerol) containing 5% 2-mercapto-
ethanol. These samples were subjected to SDS-
PAGE and visualized by fluorography. The /3
antibody was a gift from W. Scott Argraves, Amer-
ican Red Cross, Rockville, MD. This antibody, a
rabbit antiserum against the human o, f; receptor,
was shown to be specific to the o, and S5 subunits
(43).

Gel electrophoresis

For gel electrophoresis, samples (reduced with 5%
2-mercaptoethanol) were analyzed by 7.5% SDS-
PAGE with a 4% stacking gel, according to the
method of Laemmli (47). Molecular weight stan-
dards (Amersham or Biorad) were used. Radioac-
tive gels were fixed, dried and analyzed for S-
methionine labeled proteins by fluorography and
for 1%’I-labeled proteins by autoradiographed.

Attachment assay

The assay used to determine the ability of OPN to
promote attachment of gingival fibroblasts was a
modification of the Klebe method (48). Uncoated
24 well bacteriological plates (Corning 25820) were
precoated with 400 ul of water containing 10 ug/
ml of OPN (230 pM) or 10 ug/ml fibronectin (50
pM). Both coated and uncoated (control) dishes
were preincubated for 1 h at 37°C in 400 ul
DMEM containing 1 mg/ml bovine serum albumin
(BSA) alone or with a specific agent at 100 ug/ml,
i.e. anti-fibronectin antibody, GRGDSP, GRGESP,
LM-609. After the preincubation period, cells were
detached from flasks with 0.008% trypsin contain-
ing 0.04% EDTA and centrifuged. Cell pellets were
rinsed twice and resuspended in DMEM/BSA.
Cells were added at a concentration of 2-4X10*
cells/well in 100 ul DMEM/BSA for 1.5 h. Follow-
ing incubation, wells were rinsed with 500 ul
Hank’s buffered salt solution to remove unat-
tached cells. Remaining cells were removed enzy-
matically and counted by Coulter Counter. All
agents were evaluated in triplicate. The affinity
purified monoclonal antibody, LM-609, was pro-
vided by Dr. David Cheresh, Scripps Clinic, LaJol-

la CA. LM-609 was generated to a functional site
on an intact RGD-adhesion receptor complex of
M21 human melanoma cells and prevents M21 cell
attachment to vitronectin, von Willebrand factor,
fibrinogen and an RGD-peptide, but not to
fibronectin (29). The GRGDSP and GRGESP pep-
tides were prepared by the American Red Cross,
Rockville, MD and goat anti-human fibronectin
antibody was purchased from Jackson Immunore-
search Laboratories, Inc., Avondale, PA.

Results

The rationale for determining whether or not OPN
bound directly to the o, f3 receptor was based on
studies which provided indirect evidence that OPN
mediates adhesion of osteoclasts via the o f; re-
ceptor (16, 31-33, 38, 39). Also, we had shown pre-
viously that an OPN-peptide affinity column binds
to the o f; integrin on gingival fibroblasts (40).
Additional indirect evidence that OPN binds to the
o, f5 receptor is shown in Fig. 1. The results dem-
onstrated that LM-609, an antibody to «,f; recep-

tor, blocked OPN-mediated cell attachment
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Fig. 1. Attachment assays showing OPN/cell-receptor interac-
tions. Dishes were dry coated with OPN (4 ug) or fibronectin
(FN) (4 ug) and incubated for 1 h in DMEM containing BSA
(I mg/ml) alone or with LM-609, anti-fibronectin antibody or
GRGDS-peptide. Cells (2.3%x10* cells/well) were allowed to at-
tach for 1.5 h and attached cells quantitated by Coulter
Counter. All agents were evaluated in triplicate. Data expressed
as total number of attached cells (X10%)*standard deviation.



but not fibronectin-mediated cell attachment.
Fibronectin antibodies blocked fibronectin-med-
iated cell attachment, but had no effect on OPN-
mediated cell attachment. The GRGDSP-peptide
blocked both OPN and fibronectin mediated
attachment (Fig. 1), while the variant peptide,
GRGESP, had no effect (data not shown). Con-
trols included evaluation of GRGDSP and
GRGESP peptides for cell attachment. These pep-
tides had no effect on cell attachment beyond that
observed with the uncoated control dishes (data
not shown).

Next, to further characterize the interactions of
OPN with cell surface receptors, an OPN affinity
column was used. Detergent extracts of 3>S-meth-
jonine labeled gingival fibroblasts were applied to
the column. A chelating buffer containing 20 mA/
EDTA was used to elute OPN associated proteins.
Then, an 8M urea buffer was applied to the col-
umn to remove remaining proteins. SDS-PAGE of

EDTA Fractions

S8

Urea Fractions

P
o NP -

”~

m NN TmO~No 2NN R
|E

R eS|

200 —-

93jrs

69—

Fig. 2. Fluorograph of cell fractions (**S-methionine labeled)
eluted from OPN affinity matrix. Octylglucoside extracts pre-
pared from *°S-methionine labeled fibroblasts were allowed to
bind to OPN-Sepharose, the column was washed and then
eluted with 20 mM EDTA, followed by 8M urea, as described
in Material and methods. 50 ul samples from each of 16 frac-
tions, eluting with EDTA (fractions 1-8) or urea (fraction 9-
16) were subjected to SDS-PAGE under reducing conditions,
dried and bands visualized by fluorography (three-week ex-
posure).
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fractions under reducing conditions and then visu-
alization by fluorography revealed several bands
that eluted with EDTA (Fig. 2). Proteins eluted
with EDTA can be seen as prominent bands
around 90 kDa, 70 kDa and below 50 kDa. Several
bands were also seen eluting with urea, including
those above the 200 kDa marker. Proteins from the
urea eluate are currently under investigation.

To establish that detergent extracts of gingival
fibroblasts included /35 integrin, the flow through
from the OPN column (Fig. 2) was applied to an
OPN-peptide column (Fig. 3). Proteins bound to
this matrix were eluted with buffer containing 20
mM EDTA, followed by buffer containing 8M
urea. The EDTA and urea fractions were analyzed
by SDS-PAGE under reducing conditions and
visualized by fluorography. The results in Fig. 3
imply that gingival fibroblasts contain significant
amounts of the a,f; integrin, based on the mi-
gration patterns. Furthermore, a clear difference
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Fig. 3. Fluorograph of cell fractions (**S-methionine labeled)
eluted from OPN peptide (GRGDSL(K)) affinity matrix. Octyl-
glucoside extracts prepared from 3°S-methionine labeled fibro-
blasts were allowed to bind to (GRGDSL(K))-Sepharose, the
column was washed and then eluted with 20 mM EDTA, fol-
lowed by 8M urea, as described in Material and methads. 50
ul samples from each of sixteen fractions, eluting with EDTA
(fractions 1-8) or urea (fraction 9-16) were subjected to SDS-
PAGE under reducing conditions, dried and bands visualized
by fluorography.
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was noted in the banding pattern between the
OPN-matrix and the OPN-peptide column, Figs.
2 and 3 respectively, indicating a lack of o, f3 bind-
ing to the OPN-matrix.

Next to confirm that proteins eluting from the
OPN-peptide column included o, ff3, immunopreci-
pitation assays were performed. Furthermore, im-
munoprecipitation assays were also performed on
similar eluates from the OPN-matrix to determine
whether any proteins eluting with EDTA corre-
sponded to a,f;. EDTA pooled fractions, 4-6,
from the OPN and OPN-peptide columns, respec-
tively, were immunoprecipitated with affinity puri-
fied ,f; antibody. Proteins from these fractions
immunoprecipitated with the o, f; antibody, thus
verifying that ¢, and ff; were binding to the OPN-
peptide column (Fig. 4). In addition, these results
indicated that o,f; did bind to the OPN-matrix,
but not to the same extent when compared to the
binding of o3 to the OPN-peptide column.

To specifically identify and characterize cell sur-
face proteins bound to the OPN-matrix, cells were

200 —
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Fig. 4. Immunoprecipitation of EDTA eluted fractions from
the OPN-affinity column (1) and the OPN-peptide column (2).
Fractions 4-6 were pooled, lyophilized and processed for immu-
noprecipitation with affinity purified o,f; antibody and re-
duced samples run on SDS-PAGE and visualized by fluoro-
graphy.

surface-labeled with '?°I. As seen in Fig. 5, deter-
gent extracts of '*°I labeled cells, chromatograph-
ed on OPN-sepharose and electrophoresed under
reducing conditions, yielded several distinct bands
around 90 kDa, 50 kDa and 30 kDa. The flow
through from the OPN-matrix of the '2°I surface
labeled proteins were also run over the OPN-pep-
tide column and o ff; was seen almost exclusively
(data not shown).

Discussion

Our blocking studies demonstrate that OPN-med-
iated attachment of gingival fibroblasts is con-
trolled, at least in part, by the a,f; receptor on
these cells. However, the OPN-affinity chromato-
graphy results suggest that other cell surface mol-
ecules, as yet to be characterized, are associated
with OPN to a much more significant extent than
o5 (Figs. 2, 5). This result is not entirely surpris-
ing since RGD containing adhesion molecules are
capable of binding to several different integrins.
For example, fibronectin is associated with several
integrins of the f; family, as well as with the /33
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Fig. 5. Autoradiograph of cell fractions ('>*I-surface labeled)
eluted from OPN-affinity matrix. Fifty ul samples from each of
16 fractions, eluting with EDTA (fractions 1-8) or urea (frac-
tions 9-16) were applied to SDS-PAGE under reducing con-
ditions and visualized by autoradiography.



receptor (36). However the asf; receptor appears
to be selective for fibronectin only (1, 2, 30).
Nevertheless, these results apparently conflict our
blocking studies here (Fig. 1) and suggest that
OPN may bind directly to receptors other than
o f5. Due to similarities within integrin subunits,
it is possible that the antibody LM-609 used in our
studies may interact with cell surface receptors
other than a,fs, for example with the f5 subunit,
which may explain this contradiction.

To our knowledge, only one other study has
attempted to identify directly cell surface recep-
tor(s) interacting with OPN. Also using OPN-af-
finity chromatography, Oldberg er al. (49)
attempted to identify cell surface receptors for
OPN and bone sialoprotein (BSP). Detergent ex-
tracts of ROS 17/2.8 osteosarcoma cells were used.
They reported that a,f5 bound to the BSP affinity
matrix. In contrast to BSP, in their discussion they
stated that no cell surface proteins bound to OPN-
sepharose. Both of our studies were designed to
prove that o,/ binds directly to OPN and/or to
identify additional integrins associated with OPN.
However, neither study provided convincing evi-
dence to support significant, direct binding of o5
to OPN. There are several explanations for this
finding. It is possible that the binding coefficient
of OPN to the a,f5 receptor is very high and there-
fore it is not eluting from the column. However,
this is unlikely, since the flow through from the
OPN-sepharose, applied to an OPN-peptide col-
umn and eluted with EDTA, yielded o, f; (Fig. 3).
Alternatively, conformational changes in OPN,
perhaps related to the procedures used to couple
OPN to CNBr sepharose and produce the affinity
matrix, may have resulted in inaccessibility of the
RGD region. When we coated OPN on plastic
dishes, we were able to demonstrate that anti-
bodies to o, f; blocked cell binding to OPN (Fig.
1), thus providing indirect evidence that OPN
binds to the «,f; receptor. The coating of the plas-
tic dishes may have immobilized linear molecules
of OPN to the plastic. Alternatively, as discussed
above, the LM-609 antibody may not be specific
to Otvﬁ3.

The o3 receptor is also associated with several
other cell types, including fibroblasts of the peri-
odontal ligament and other periodontal cells both
in vitro (40) and in vivo (50). Thus the importance
of this receptor and its interaction with adhesion
molecules linked to mineralized tissues needs to be
clarified. OPN is one of at least six RGD contain-
ing molecules associated with mineralized tissues
including: tenascin, bone sialoprotein (BSP),
fibronectin, thrombospondin and collagens. Inter-
estingly, four of these proteins, BSP, fibronectin,
thrombospondin and OPN are associated with the
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o, cell surface receptor. In situ hybridization
studies demonstrate selective expression of o,z on
osteoclasts (50-55). Importantly, both OPN and
BSP mediate attachment of oseoclasts in vitro and
this attachment is blocked by antibodies to o fs.
Such studies support a role for o, f5 in regulating
osteoclast attachment to a mineralized surface,
prior to resorptive activity.

A major difference between OPN and fibronec-
tin or BSP, is that it has the unique property of
promoting persistent attachment. Fibroblasts
seeded on OPN coated dishes remain attached,
spread and viable for at least seven days in
serumless media (11). Furthermore, this long-term
spreading appears to be associated with protection
from heat stress (11), such as that associated with
inflammatory and traumatic conditions (56). An
adhesion molecule that has the properties of main-
taining cell attachment in stressed situations would
likely be important to the regulation and mainten-
ance of macrophages/osteoclasts at the site of
wound healing. This proposed function of OPN
may provide some physiological importance to our
finding that there was greater binding of a,f5 to
the OPN-peptide column, than to the OPN-affin-
ity matrix. In areas of wound healing OPN may
be present in high concentration in a denatured or
degradated form due to interactions with products
secreted by inflammatory cells. Thus, while highly
speculative, cells, such as osteoclasts, may prefer-
entially bind to the denatured form of OPN
through a,f;, a cell surface receptor found in high
concentrations on osteoclasts. This may explain
the differences between the affinity chromatogra-
phy data presented here and prior immunological
studies. In support of this hypothesis, Davis (56)
reported much higher yields of Mac-1 and p150,95
integrins from neutrophil extracts applied to a de-
natured protein-sepharose column versus native
protein-sepharose.

The exact role for adhesion molecules during the
process of tissue regeneration has yet to be deter-
mined and is continuing to evolve. OPN appears
to be expressed in mineralized tissues and is regu-
lated by osteotropic hormones in vitro (57, 58). Im-
munohistochemical analyses and in situ hybridiza-
tion studies of OPN indicate that in mineralized
tissues OPN is expressed in developing teeth, bone,
osteoid, osteoblasts, and putative precursors to os-
teoblasts and/or cells of hemopoietic origin (19,
50-53). A key to understanding the function of
OPN is identifying cell surface receptors associated
with this protein. Establishing the interaction of
OPN with cell surface receptors will provide new
clinical information on factors required for main-
taining and regenerating soft and hard tissues, in-
cluding tissues of periodontium.



40

D’Errico et al.

Acknowledgements

The authors would like to thank Sandra Phillips
for preparation of this manuscript and Ruth Fos-
ter for technical support. This work was supported
by grants DE09532, DE06739, DE08648 and
RCDA DE00247.

References

1.

2.

19

17.

Albelda SM, Buck CA. Integrins and other cell adhesion
molecules. FASEB 1990; 4: 2868-2880.

Hemler ME. VLA proteins in the integrin family: structure,
functions and their role in leukocytes. Annu Rev Immunol
1990; 8: 365-400.

. Humphries MJ. The molecular basis and specificity of inte-

grin-ligand interactions. J Cell Sci 1990; 97: 585-592.

. Milam SB, Haskin C, Zardeneta G, et al. Cell adhesion

proteins in oral biology. Crit Rev Oral Biol Med 1991; 2.
451-492.

. Springer TA. Adhesion receptors of the immune system.

Nature (Lond) 1990; 46; 435-434.

. Ruoslahti E, Piershbacher MD. New perspectives in cell

adhesion: RGD and integrins. Science 1987; 38: 491-497.

. Somerman MJ, Prince CW, Sauk JJ, Foster RA, Butler

WT. Mechanism of fibroblast attachment to bone extra-
cellular matrix: role of a 44 kilodalton bone phosphopro-
tein. J Bone Miner Res 1987; 2: 259-265.

. Somerman MJ, Fisher LW, Foster RA, Sauk JJ. Human

Bone sialoprotein I and II enhance fibroblast attachment
in vitro. Calcif Tiss Int 1988; 43: 50-53.

. Somerman MJ, Prince CW, Butler WT, Foster RA, Moehr-

ing JM, Sauk JJ. Cell attachment activity of the 44 kilodal-

ton bone phosphoprotein is not restricted to bone cells.
Matrix 1989; 9: 49-54.

. Somerman MJ, Foster RA, Imm GM, Sauk JJ, Archer SY.

Periodontal ligament cells and gingival fibroblasts respond
differently to attachment factors, in vitro. J. Periodontol
1989; 60: 73-77.

Sauk JJ, Van Kampel CL, Norris K, Moehring J, Foster
RA, Somerman MJ. Persistent spreading of ligament cells
on osteopontin/bone sialoprotein I or collagen enhances
tolerance to heat shock. Exp Cell Res 1991; 188: 105-110.

. Prince CW, Oosawa T, Butler WT, et al. Isolation, char-

acterization and biosynthesis of a phosphorylated glyco-
protein form rat bone. J Biol Chem 1987; 262: 259-265.

. Prince CW. Secondary structure predictions for rat osteo-

pontin. Conn Tiss Res 1989; 21: 15-20.

. Oldberg A, Franzen A, Heinegard D. Cloning and se-

quence analysis of rat bone sialoprotein (osteopontin)
DNA reveals an Arg-Gly-Asp cell-binding sequence. Proc
Natl Acad Sci USA 1986; 83: 8819-8823.

. Butler WT. The nature and significance of osteopontin.

Conn Tiss Res 1989; 23: 123-126.

. Helfrich MH, Nesbitt SA, Dorey EL, Horton MA. Rat

osteoclasts adhere to a wide range of RDG (Arg-Gly-Asp)
peptide-containing proteins, including the bone sialoprote-
ins and fibronectin, via a f; integrin. J Bone Miner Res
1992; 7: 335-343.

Mark MP, Prince CW, Gay S, Austin RL, Butler WT.
44kDa bone phosphoprotein (osteopontin) antigenicity at
ectopic sites in newborn rats: kidney and nervous tissues.
Cell Tissue Res 1988; 251: 23-30.

. Fet V, Dickinson ME, Hogan BLM. Localization of the

mouse gene for secreted phosphoprotein I (Spp I) (2ar, os-
teopontin, bone sialoprotein I, 44-kDa bone phosphopro-
tein, tumor-secreted phosphoprotein) to chromosome 5,

19.

20.

245

22,

233

24,

25.

26.

2478

28.

298

31.

32.

33.

34.

closely linked to Ric (Richettsia resistance) Genomics 1989;
5: 375-377.

Nomura S, Wills AJ, Edwards DR, Health JK, Hogan
BLM. Developmental expression of 2ar (osteopontin) and
sparc (osteonectin) RNA as revealed by in situ hybridiza-
tion. J Cell Biol 1988; 106: 441-450.

Senger DR, Perruzzi CA, Papadopoulos A, Tenen DG.
Purification of a human milk protein closely similar to
tumor-secreted phosphoprotein and osteopontin. Biochem
Biophys Acta 1989; 996: 43-48. :

Giachelli C, Bae N, Lombardi D, Majesky M, Schwartz S.
Molecular cloning and characterization of 247, a rat
mRNA which distinguishes smooth muscle cell phenotypes
in vitro and is identical to osteopontin (secreted phospho-
protein I, 2ar). Biochem Biophys Res Commun 1991; 177:
867-873.

Shiraga H, Min W, VanDusen WJ, et al. Inhibition of cal-
cium oxalate crystal growth in vitro by uropontin: another
member of the aspartic acid-rich protein superfamily. Proc
Natl Acad Sci USA 1992; 89: 426-430.

Patarca R, Freeman GJ, Singh RP, Wei FX, Durfee T,
Blattner E Structural and functional studies of the early T-
lymphocyte activation 1 (Eta-1) gene. Definition of a novel
T cell-dependent response associated with genetic resist-
ance to bacterial infection. J Exp Med 1989; 170: 145-161.
Patarca R, Wei Fy, Singh P, Morasso M1, Cantor H. Dysre-
gulated expression of the T-cell cytokine Eta-1 in DC4-8-
lymphocytes during the development of murine autoim-
mune disease. J Exp Med 1990; 172: 1177-1183.

Craig AM, Nemir M, Mukherjee BB, Chambers AFE
Denhardt DT. Identification of the major phosphoproteins
secreted by many rodent cell lines as 2ar/osteopontin: En-
hanced expression in H-Ras-transformed 3T3 cells. Bio-
chem Biophys Res Commun 1988; 157: 166-173.

Senger DR, Perruzzi CA. Secreted phosphoprotein
markers for neoplastic transformation of human epithelial
and fibroblastic cells. Cancer Res 1985; 45: 5818-5823.
Senger DR, Perruzzi CA, Gracey CE Papadopoulos A,
Tenen DG. Secreted phosphoproteins associated with neo-
plastic transformation: Close homology with plasma pro-
teins cleaved during blood coagulation. Cancer Res 1988;
48: 5770-5774.

Pytela R, Pierschbacker MD, Argraves WS, Suzuki S,
Ruoslahti E. Arg-Gly-Asp adhesion receptors. Methods
Enzymol 1987; 144: 475-489.

Cheresh DA, Spiro RC. Biosynthetic and functional prop-
erties of an arg-gly-asp-directed receptor involved in hu-
man melanoma cell attachment to vitronectin, fibrinogen,
and von Willebrand factor. J Biol Chem 1987; 262: 17703
17711.

. Cheresh DA, Spiro RC. The vitronectin receptor o3

binds fibronectin and acts in concert with @sf; in promot-
ing cellular attachment and spreading on fibronectin. J Cell
Biol 1990; 111: 2795-2800.

Nagata T, Goldberg HA; Zhang Qi, Domenicucci C, Sodek
J. Biosynthesis of bone proteins by fetal porcine calvariae
in vitro. Rapid association of sulfated sialoproteins (se-
creted phosphoprotein-1 and bone sialoprotein) and chon-
droitin sulfate proteoglycan (CS-PGIII) with bone mineral.
Matrix 1991; 11: 86-100.

Zambonin-Zallone A, Tet A, Grano M, et al. Immunocyto-
chemical distribution of extracellular matrix receptors in
human osteoclasts: o, f; integrin is colocalized with vincul-
in and talin in the podosomes of osteoclastoma giant cells.
Exp Cell Res 1989; 182: 645-652.

Reinholdt HP, Hultenby K, Oldberg A, Heinegard D. Oste-
opontin — a possible anchor of osteoclasts to bone. Proc
Natl Acad Sci USA 1990; 87: 4473-4475,

Vogel B, Tarone G, Giancotti FG, Gailit J, Ruoslahti E.



36.

38.

39.

40.

41.

42.

43.

44,

45.

A novel fibronectin receptor with an unexpected subunit
composition (af3). J Biol Chem 1990; 265: 5934-5937.

. Sonnenberg A, Hogervorst E Osterop A, Veltman FE.

Identification and characterization of a novel antigen com-
plex on mouse mammary tumor cells using a monoclonal
antibody against mouse platelet glycoprotein Ic. J Biol
Chem 1988; 263: 14030-14038.

Sheppard D, Rozzo C, Starr L, Quaranta V, Erle DJ, Pytela
R. Complete amino acid sequence of a novel integrin beta
subunit (fs) identified in epithelial cells using the poly-
merase chain reaction. J Biol Chem 1990; 265: 11502—
11507.

. Moyle M, Napier MA, McLean JW. Cloning and ex-

pression of a divergent integrin subunit fs. J Biol Chem
1991; 266: 19560-19658.

Davies J, Warwick J, Totty N, Philip R, Helfrich M, Hor-
ton M. The osteoclast functional antigen, implicated in the
regulation of bone resorption, is biochemically related to
the vitronectin receptor. J Cell Biol 1989; 109: 1817-1826.
Ross FP, Chappel J, Alverez JI, et al. Interactions between
the bone matrix proteins osteopontin and bone sialoprot-
ein and the osteoclast integrin /3 potentiate bone resorp-
tion. J Biol Chem 1993; 268: 13: 9901-9907.

Sauk JJ, Van Kampen CL, Somerman MJ. Role of ad-
hesion proteins and integrins on bone and ligament cell
behavior at the material surface. In: Davies, JE, ed.. Bone
biomat interface. Toronto: University of Toronto Press,
1991; 111-119.

Pytela R, Pierschbacher D, Ruoslahti E. A 125/115-kDa
cell surface receptor specific for vitronectin interacts with
the arginine-glycine-aspartic acid adhesion sequence de-
rived from fibronectin. Proc Natl Acad Sci USA 1985; 82:
5766-5770.

Somerman MJ, Archer SY, Imm GR, Foster RA. A com-
parative study of human periodontal ligament cells and
gingival fibroblasts in vitro. J Dent Res 1988; 67: 66-70.
Suzuki S, Argraves WS, Pytela R, et al. cDNA and amino
acid sequences of the cell adhesion protein receptor recog-
nizing vitronectin reveal a transmembrane domain and
homologies with other adhesion protein receptors. Proc
Natl Acad Sci USA 1986; 83: 8614-8618.

Ginsberg MH, Jaques BC. In: Harker L, Zimmerman TS,
eds. Methods in hematology. New York: Churchill Living-
stone, 1983: 158-176.

Loftus JC, O'Toole TE, Plow EF, Glass A, Frelinger AL,

46.

47.

48.

49.

50.

51.

D24

33%

54.

994

56.

57.

58.

OPN-receptors on fibroblasts 41

Ginsberg MH. A f; integrin mutation abolishes ligand
binding and alters divalent cation dependent confor-
mation. Science 1990; 249: 915-918.

Bonner WM, Laskey RA. A film detection method for tri-
tium-labeled proteins and nucleic acids in polyacylamide
gels. Eur Biochem J 1974; 46: 83-88.

Laemmli UK. Cleavage of structural proteins during as-
sembly of the head of bacteriophage Ty4. Nature 1970; 227:
680-685.

Klebe R. Isolation of a collagen-dependent cell attachment
factor. Nature 1974; 250: 248-251.

Oldberg A, Franzen A, Heinegard D, Pierschbacher M,
Ruoslahti, E. Identification of a bone sialoprotein receptor
in osteosarcoma cells. J Biol Chem 1988; 263: 19433-19436.
Steffensen B, Duong AH, Milam SB, et al. Immunohistol-
ogical localization of cell proteins and integrins in the peri-
odontium. J Periodontol 1992; 63: 584-592.

Yoon K, Buenaga r, Rodan GA. Tissue specificity and de-
velopmental expression of rat osteopontin. Biochem Bi-
ophys Res Commun 1988; 148: 1129-1136.

Clover J, Doods RA, Gowen M. Integrin subunit ex-
pression by human osteoblasts and osteoclasts in sizu and
in culture. J Cell Sci 1992; 103: 267-271.

Chen J, Singh K, MukherJee BB, Sodek J. Developmental
expression of osteopontin (OPN) mRNA in rat tissues: evi-
dence for a role for OPN in bone formation and resorp-
tion. Matrix 1993; 13: 113-123.

Shinar DM, Schmidt A, Halperin D, Rodan GA, Weinreb
M. Expression of ¢, and f5 integrin subunits in rat osteo-
clasts in situ. J Bone Min Res 1993; 8: 403-414.

Hughes DE, Salter DM, Dedhar S, Simpson R. Integrin
expression in human bone. J Bone Miner Res 1993; 8:
5:527-533.

Davis GE. The MAC-1 and P'3%%5 g, integrins bind de-
natured proteins to mediate leukocyte cell-substrate ad-
hesion. Exp Cell Res 1992; 200: 242-252.

Kasugai S, Todescan R Jr, Nagata T, Yao K-L, Butler WT,
Sodek J. Expression of bone matrix proteins associated
with mineralized tissue formation by adult rat bone mar-
row cells in vitro: Inductive effects of dexamethasone on
the osteoblastic phenotype. J Cell Phys 1991; 147: 111-120.
Prince CW, Butler WT. 1,25-dihydroxyvitamin D3 regulates
the biosynthesis of osteopontin, a bone-derived cell attach-
ment protein, in clonal osteoblast-like osteosarcoma cells.
Collagen Rel Res 1987; 7: 305-313.



This document is a scanned copy of a printed document. No warranty is given about
the accuracy of the copy. Users should refer to the original published version of the
material.



