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ABSTRACT

We previously reported that H-ras-induced metastatic ability in murine

NIH 3T3 cells is accompanied by increased expression of osteopontin
(OPN). OPN is a secreted phosphoprotein that contains a GRGDS amino
acid sequence, suggesting adhesive function, but the function of OPN in
tumor cells remains poorly understood. Here we report that PAP2 cells
(ras-transformed, metastatic NIH 3T3 cells) adhere and spread on OPN-

coated substrates, while NIH 3T3 cells adhere and spread poorly on OPN.
A similar pattern was seen for adhesion to laminin, while both cell lines
adhered equally well to fibronectin. Adhesive interactions to OPN, lami
nin, and fibronectin were specific and were blocked by GRGDS (but not
control GRGESP) peptides. The kinetics of adhesion to all three substrates
was examined. Maximum adhesion was observed at 30-60 min, with

reduced adhesion thereafter. We also purified metabolically labeled
[32P]OPN secreted by PAP2 cells. Labeled OPN bound better in solution to

PAP2 cells than to NIH 3T3 cells, and binding to both cell lines was
blocked by GRGDS peptides, results that are consistent with the adhesion
and spreading of these cells to OPN-coated substrates. Malignant PAP2

cells thus not only secrete increased levels of OPN, relative to NIH 3T3
cells, but also adhere better to this protein. While the target of OPN
secreted by tumor cells is not known, our results raise the possibility that
tumor cells that secrete OPN may also bind this protein and that this
binding may function in autocrine-type signal transduction important to

malignancy.

INTRODUCTION

Tumor metastasis is a complex process that involves dynamic in
teractions of tumor cells with cellular and extracellular structures of
both the host and the tumor (for reviews, see Refs. 1 and 2). Key
features of this process include adhesive interactions between tumor
cells and extracellular matrix components, as well as enzymatic deg
radation of the extracellular matrix. Adhesive and degradative func
tions have been shown by many studies to contribute to the metastatic
properties of tumor cells (for reviews, see Refs. 1, 3, and 4).

We have used H-ras-transformed murine NIH 3T3 cells as a model

for analyzing the molecular mechanisms of tumor metastasis (for a
review, see Ref. 3). Expression of ras p21 in these cells results in cells
that are metastatic (5-7). ras expression alters expression of a variety

of genes in these cells, which are likely to contribute to induction of
the metastatic phenotype (for a review, see Ref. 3). Among the ras-

mediated changes that we have found are increases in proteolytic
enzymes, including metalloproteinases and cysteine proteinases
(cathepsins L and B), accompanied by decreases in inhibitors of these
enzymes (8, 9). The resulting increase in proteolytic capacity of the
cells likely contributes to the metastatic ability of ras-transformed

NIH 3T3 cells.
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ras transformation of NIH 3T3 cells also results in increased ex
pression of OPN,3 an acidic, calcium-binding extracellular matrix

protein that supports RGD-dependent in vitro adhesion of some cell
types (10-12). Developmentally regulated expression of OPN occurs
in a number of tissues, including bone, kidney, and placenta (13-15).

OPN also has been identified from other sources, including blood
(16), milk (17), and urine (18), as well as smooth muscle (19) and
activated T-cells (20). Various functions for OPN, in addition to pro

moting cell adhesion, have been suggested including regulating bone
mineralization, binding osteoclasts to bone surfaces, inhibiting kidney
stone formation, and contributing to bacterial resistance (18, 21-23).

Additionally, OPN has been identified as a tumor-associated protein
(24-28). We have found that malignant, ras-transformed NIH 3T3

cells express more OPN RNA and secrete more OPN protein than do
nontransformed NIH 3T3 cells (24, 25, 29). A series of ras-trans-

formed NIH 3T3 cells expressed OPN in proportion to both their
levels of ras p21 expression and their metastatic ability (29). The
studies described here assess the possible function of increased OPN
production by tumor cells. Here we tested whether OPN can serve as
an adhesive protein in either normal NIH 3T3 murine fibroblast cells
or PAP2 cells (metastatic, ras-transformed NIH 3T3 cells). We tested

the hypothesis that PAP2 cells, which secrete increased levels of OPN,
are also better able to bind to OPN. We compared the adhesive
abilities of these cells to OPN with their adhesive properties to two
other integrin-binding proteins, laminin and fibronectin, which have

known adhesive function. In addition, we assessed the ability of
metabolically labeled OPN secreted by PAP2 cells to bind in solution
to both PAP2 and NIH 3T3 cells.

MATERIALS AND METHODS

Cells and Cell Culture. NIH 3T3 murine fibroblast cells and PAP2 cells
(T24-H-rai-transformed NIH 3T3 cells) were maintained in tissue culture as

described (6, 7), in DMEM (Gibco, Burlington, Ontario, Canada) supple
mented with 10% calf serum (Gibco). Single cell suspensions for passaging
and experiments were obtained by brief trypsinization (0.05% trypsin and
0.5 HIMEDTA), followed by 0.05% soybean trypsin inhibitor (all from Gibco).
Cells were obtained from frozen stocks every 4-6 weeks. We have previously

shown that NIH 3T3 cells are nontumorigenic and nonmetaslatic (6, 7), express
low levels of OPN RNA, and secrete very little OPN protein (24, 25, 29). In
contrast, PAP2 cells are tumorigenic and metastatic (6, 7) and have elevated
levels of OPN RNA and secreted OPN protein (24, 25, 29).

Adhesion Assays. Cell attachment to coated substrates was measured using
two adhesion assays, by staining cells that had adhered and spread on coated
surfaces and counting cells under a microscope or by metabolically labeling
cells and measuring adhered cells by scintillation counting. Results from the
two assays gave comparable results. All adhesion assays were performed with
triplicate wells. In the first assay, exponentially growing cells were trypsinized
and were resuspended in attachment medium [serum-free DMEM plus 2 mg/ml
bovine serum albumin (heat-inactivated fraction V; Sigma Chemical Co., St.
Louis, MO)]. Cells (2 X 104/well) were added to 96-well polystyrene plates

that had been precoated with OPN. fibronectin, or laminin, using coating
procedures described by Somerman et al. (12). Human fibronectin and laminin
were purchased from Collaborative Research (Bedford, MA). Bovine bone

' The abbreviations used are: OPN, osteopontin; GRGDS. glycine-arginine-glycine-

aspartic acid-serine: GRGESP, giycine-arginine-glycine-glutamic acid-serine-proline.
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OPN was prepared as described previously (30, 31). Cells were allowed to
adhere at 37Â°Cfor specified times. Nonadherent cells were removed by rinsing

twice in phosphate-buffered saline and adherent cells were fixed with \%

glutaraldehyde and stained with hematoxylin. according to procedures of
Albini et al. (32). Adherent cells were counted under a microscope.

140-r

"05120-- CHNIH 3T3
â€¢¿�BPAP2

OPN LM FN
Fig. I. Adhesion of cells to coated surfaces. NIH 3T3 and PAP2 cells were added to

96-well dishes lhat had been coaled wilh osteopomin (OPN; 10 ng/ml). laminin (LM: 40
Mg/mll, or fibroneclin (FN; 10 jig/ml). Cells were allowed to adhere for 1 h. and piales
were washed, fixed, stained, and counted as described in "Materials and Methods."

Attached cells per microscope field (area. 0.13 mm2) were counted; columns, mean values

for 3 wells per condition; bars. SD.

In an alternative adhesion assay, exponentially growing cells were labeled
by incubation for 24 h with [methyl-^H] thymidine (3 uCi/ml; specific activity,

6.7 Ci/mmol) (NEN, Mississauga, Ontario, Canada). Labeled cells were
trypsinized and added to coated plates, as above. To measure adhesion, adher

ent cells were lysed with I% sodium dodecyl sulfate and 0.5 N NaOH for 1 h.
Radioactivity was determined by scintillation counting, corrected for quench
ing, and the percentage of adhesion was determined by comparison with the

total amount of radioactivity associated with cells added to the wells.
Synthetic peptides (GRGDS. and control GRGESP) were purchased from

Telios Pharmaceuticals, Inc. (San Diego. CA) and were used as specified by the
supplier. When used in adhesion assays, peptides were added to coated wells

before addition of cells.
Metabolic Labeling of OPN and Cell Binding Studies. We developed a

technique for using metabolically labeled OPN as a probe in cell binding
studies, in order to assess the ability of OPN to bind to cells in the absence of
a requirement for cell spreading. OPN secreted by PAP2 cells was labeled
metabolically with 12P as described previously (29). This procedure takes

advantage of the fact that OPN is the only major secreted phosphoprotein in
these cells (25. 29). Briefly, monolayers of PAP2 cells were incubated in
serum-free and phosphate-free DMEM with 3 uCi/ml of carrier-free
32PÂ¡(8500-9120 Ci/mmol;NEN) for 4 h. The medium was collected free of

cells, and labeled OPN that had been secreted by the cells was separated from
unincorporated 12P,by three passages through Centricon 30 columns (Amicon,

Beverly. MA). The separation of [12P]OPN from unincorporated 32P: was

confirmed by running a sample of medium from each purification step on a
12% polyacrylamide gel for intentionally short times, to permit retention of
any free 12P, in the gel, and using the gel to expose X-ray film. After three
column purification steps, no free 12P remained, leaving a single, major band

of "P-labeled OPN.

OPN labeled in this fashion was used as a reagent to bind to cells in
suspension. NIH 3T3 and PAP2 cells were trypsinized from exponentially
growing cultures and were washed twice in serum-free DMEM. Cells were
resuspended in 1.5-ml tubes at 5 X IO6 cells in 1 ml of serum-free DMEM.

Fig. 2. Attachment and spreading of NIH and PAP2
cells on OPN. laminin. and fibronectin. Cells were added
to couted wells, were allowed to attach for 1 h, were
stained as in Fig. I, and were photographed. NIH 3T3
cells (a. c.d). PAP2 cells (*. </./); adhesion to OPN. 10
ug/ml (a, h). laminin. 40 ug/ml (c. </). fibronectin. 10
ug/ml (e. /). Bar. 43 urn.

702

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/3/701/2452780/cr0530030701.pdf by guest on 19 M

ay 2023



ADHESION OF METASTATIC CELLS TO OSTEOPONT1N

a

400-

O ONIH 3T3
â€¢¿�â€”Â»PAP2

â€¢¿�â€¢:Â«â€¢,,Vi.**Â»-

tn15

oTJUO.M^j-T70>OB^^o(lÃ¬"Ã¶>oX300-
200-100-<i^S

Jp

iio
,_^Â°">7W^A """""""""""OIi

I , + iT0

10 2040OPN

concentration(/Â¿g/ml)b100j80-60-40-20-fÃ¬aO

ONIH3T3â€¢
Â»PAP2.â€¢

â€¢¿�-â€”7?*s'.Sj

^S^'

/*â€”¿�7^â€”Â°/

â€ž¿� ^'>Â«â€¢

^ 1 * 1 Ai 1

O 10 40 60 100

LM concentration (/Â¿g/ml)

1UU--Q03

80UB

601^
jojo

40-OoON

,â€žiO

ONIH3T3â€¢
â€”¿�Â»PAP2Â¿O^T

â€”¿�-â€”-*^"AX9^tefL--fi

O 10 40

FN concentration (/Â¿g/ml)
Fig. 3. Concentration dependence of adhesion. NIH 3T3 and PAP2 cells were added to

coated wells, as in Fig. 1. Adhesion to wells coated with increasing concentrations of OPN
(a) was assessed as in Fig. 1, by counting of stained cells. Adhesion to wells coated with
laminin (LM) (b) or fibronectin (FN) (c) was assessed using ^H-labeled cells, as de

scribed. Each point represents the mean of 3 values; bam, SD.

and 5 jil 32P-labeled OPN (-7000 cpm) were added per tube. GRGDS pep-

tides, when used, were added at this time, at a final concentration of 100 |JM.
Tubes were incubated at 37Â°Con a rocking device with constant rotation for

2 h. Cells were centrifuged at 4000 x g for 5 min and washed twice in
phosphate-buffered saline. Radioactivity associated with the cells was counted

in a liquid scintillation counter.

RESULTS

Adhesion of Cells to Substrates Coated with OPN, Laminin,
and Fibronectin. We compared the ability of NIH 3T3 and PAP2
cells to adhere and spread on plastic surfaces coated with OPN,
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Fig. 4. Time course of adhesion. NIH 3T3 and PAP2 cells were added to coated wells,

as in Fig. 1. Adhesion to wells coated with OPN ( 10 ng/ml) ia) was assessed by counting
of stained cells and to laminin (40 \Â¡g/m\)(b) and fibronectin (10 ug/ml) (<â€¢)using
3H-labeled cells, for the stated times. Each point represents the mean of 3 values; bars,

SD.
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laminiti, or fibronectin (Fig. 1). NIH 3T3 cells adhered poorly to both
OPN and laminin and adhered well to fibronectin. In contrast, PAP2
cells were considerably more adhesive than NIH 3T3 cells to both
OPN and laminin and were similar to NIH 3T3 cells in their adhesive
ability to fibronectin. Fig. 2 shows the morphology of both cell lines
adhering to surfaces coated with OPN (Fig. 2, a and b), laminin (Fig.
2, c and d), and fibronectin (Fig. 2, e and/). NIH 3T3 cells remained
relatively rounded and spread poorly on OPN (Fig. 2a) and laminin
(Fig. 2c), while they spread well on fibronectin (Fig. 2e). PAP2 cells
spread well on all three substrates (Fig. 2, b, d, and/).
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Fig. 5. Inhibition of cell adhesion. NIH 3T3 and PAP2 cells labeled with ( 'Hllhymidine

were added to coated wells that contained the stated amounts of GRGDS or GRGESP
control peptide. (a) OPN, IO ug/ml, 60 min; (b) laminin, 40 ug/ml, 30 min; (e) fibronectin.
10 ug/rnl, 30 min. Each point is the mean for 3 values; bars. SD.
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Fig. 6. Adhesion of labeled OPN to cells in suspension. Labeled OPN was prepared by

metabolic labeling with 12PÂ¡and column purification, as described in "Materials and
Methods." Labeled OPN alone or plus GRGDS peptide (100 UM)was added to cells.

Binding of OPN to PAP2 and NIH 3T3 cells in suspension was measured after 2 h and
expressed as a percentage of maximum binding to PAP2 cells without added peptide.

The ability of the cells to attach to coated surfaces was dependent
on the concentration of the coating substances (Fig. 3). Maximal
adhesion of PAP2 cells was obtained with lower concentrations of
both OPN and fibronectin (~ 10 ug/ml) than of laminin (â€”40ug/ml).

NIH 3T3 cells showed maximal adhesion to the same concentration of
fibronectin (~-10 ug/ml). Consistent with results shown in Figs. 1 and

2, NIH 3T3 cells showed very little ability to adhere to either OPN or
laminin at the concentrations tested.

Adhesion of PAP2 cells to all three substrates and of NIH 3T3 cells
to fibronectin was transient rather than persistent (Fig. 4). Maximal
adhesion of PAP2 cells to OPN (Fig. 4a) and laminin (Fig. 4b) was
seen after 30-60 min, while maximal adhesion of both cell lines to
fibronectin was seen by 15 min (Fig. 4c). By 120-180 min, little

adhesion of either cell line to any of the three substrates was observed.
RGD Dependence of Cell Adhesion. Adhesion of PAP2 cells to

OPN was specific for RGD cell binding sites and could be completely
inhibited by the addition of synthetic GRGDS peptides at 100 UMbut
not by control GRGESP peptides (Fig. 5a). Adhesion of PAP2 cells to
laminin (Fig. 5b), and both PAP2 and NIH 3T3 cells to fibronectin
(Fig. 4c), were similarly inhibited by GRGDS peptides and not by
control GRGESP peptides.

Binding of 32P-Labeled OPN to Cells. OPN labeled and column
purified as described in "Materials and Methods" was used as a

reagent to assess binding of OPN to cells in suspension, in the absence
of a requirement for spreading (Fig. 6). Labeled OPN bound well to
PAP2 cells and less well to NIH 3T3 cells. Binding of OPN to both
cell lines could be inhibited by GRGDS peptides, indicating that this
binding was specific for RGD cell binding sites.

DISCUSSION

The distribution of OPN in numerous tissues and bodily fluids
suggests multiple functions, some of which are noted above. One
potential function that has received much attention is that of cellular
adhesion. OPN proteins from mouse (33), rat (10), human (34, 35),
pig (36), cow (37), and chicken (38, 39) all have a conserved GRGDS
amino acid sequence. OPN has been shown to bind to fibroblasts,
macrophages, and bone cells in an RGD-dependent manner (10-12,

40, 41). Somerman et al. (42) found that binding of human gingival
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fibroblasts to OPN was different from binding to fibronectin in several
ways. OPN did not promote binding to type I collagen while fibronec
tin did, and binding to OPN persisted for longer times than did binding
to fibronectin. In our study we found that malignant, ras-transformed

PAP2 cells bound well to OPN, while their normal, nontransformed
counterpart (NIH 3T3 cells) bound poorly. We also found that NIH
3T3 and PAP2 cells bound equally well to fibronectin but that PAP2
cells also adhered to laminin while NIH 3T3 cells did not. Binding of
PAP2 cells to OPN-coated surfaces could be blocked completely by

100 (JMGRGDS peptide, but binding to fibronectin and laminin was
only partially blocked, probably as a result of RGD-independent cell

adhesion sites that have been identified in the latter proteins (43, 44).
Our results indicate that an increased ability to bind to OPN and
laminin is associated with increased metastatic ability in rai-trans-

formed fibroblasts. Binding ability to fibronectin does not distinguish
between metastatic, ras-transformed PAP2 cells and nontransformed

NIH 3T3 cells, both of which bound well to fibronectin.
A few other studies have examined the adhesive properties of

oncogene-transformed cells, with mixed results. Plantefaber and

Hynes (45) found that adhesive ability to fibronectin was reduced,
relative to nontransformed controls, in Rous sarcoma virus-trans
formed rat F2408 fibroblast cells and in K-ras NRK (normal rat
kidney) cells but was unchanged in H-raÃ-transformed NÃ•18hamster
fibroblast cells. Rat FR3T3 cells transformed with H-ras and their

nontransformed counterparts showed similar initial adhesive abilities
to both fibronectin and laminin (46). During tumor growth and me
tastasis, adhesive contacts must both form and be broken between
tumor cells and other cells (tumor and host) as well as with extracel
lular matrix components. While several studies have pointed to the
importance of adhesive properties of tumor cells in tumor growth and
metastasis (for reviews, see Refs. 2 and 4), the details of these inter
actions are complex, as might be expected given the range of cell
surface molecules and ligands that can participate in adhesive inter
actions (for reviews, see Refs. 43 and 44).

In our studies, we further found that adhesion to OPN, as well as to
laminin and fibronectin, was transient, with maximal adhesion being
observed by 30-60 min for OPN and laminin and 15 min for fibronec

tin. This is in contrast to earlier results with adhesion of gingival
fibroblasts to OPN, where attachment persisted for days (11, 47). The
kinetics that we observed suggests that binding of PAP2 cells to these
substrates could be part of a signaling pathway, rather than simple
attachment to a substrate in which a more persistent attachment would
be expected. Recent studies have provided evidence that interactions
of integrin ligands to cell surface integrins do mediate signal trans-

duction, resulting in activation of a variety of cell functions (for
review, see Ref. 43). For example, Werb et al. (48) found that binding
of antibodies or peptides to the fibronectin receptor resulted in in
creased levels of metalloproteinase RNAs. Antibody-mediated clus

tering of integrin receptors has been reported to result in increased
tyrosine phosphorylation (49). Woods and Couchman (50) have
shown that modulation of protein kinase C activity results from bind
ing of cells to various fibronectin fragments. Sauk et al. (47, 51 ) found
that spreading of gingival fibroblasts or osteoligament cells on OPN-

coated surfaces increased their resistance to heat shock and expression
of heat shock proteins. RGD-dependent binding of OPN to osteoclasts

via the avÃŸ3(vitronectin receptor) integrin has been shown to result in
a rapid decrease in cytosolic calcium levels (52). It is thus reasonable
to postulate that binding of OPN to appropriate cells, including ma
lignant cells, might also result in signal transduction.

We have previously shown that transformation of NIH 3T3 cells
with the H-ras oncogene produces cells, such as PAP2, that are met

astatic (for a review, see Ref. 3). Accompanying this behavioral
change are a variety of alterations in gene expression, including an

increase in expression and secretion of OPN. If OPN secreted by
tumor cells is capable of transmitting a signal, the nature of this signal
and the identity of responding cells are unknown. We demonstrate
here that PAP2 cells have not only an increased expression of OPN but
also an increased capacity to bind OPN in an RGD-dependent manner.

This finding raises the possibility that OPN secreted by tumor cells
could function in an autocrine signal transduction fashion in trans
mitting an as yet undetermined signal that might play a role in ma
lignancy.
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