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Osteopontin (OPN) is a secreted protein postu-
lated to facilitate vascular smooth muscle ceUl
(VSMC) adhesion and migration. Rat aortic
VSMC lines were isolated after infection with re-
combinant retroviruses harboring OPN sense
and antisense constructs. AU lines grew normaly
in monolayer culture. On three-dimensional col-
lagen gels, normal VSMCs and lines containing
sense constructs (n = 15) or empty vector
(n = 10) attached to the gel and invaded the
matrix. Four offive antisense clones did not ad-
here or invade. Antisense clones had lower OPN
levels after stimulation with angiotensin II than
sense clones or clones containing the empty
vector (antisense, 257 + 102 ng/ml, sense, 473 ±
104; vector, 434 + 66). Non-adhering antisense
clones had lower mean OPN levels after angio-
tensin II stimulation (161 ± 47 ng/ml) than
sense or antisense lines with normal adhesion
(486 ± 63 ng/ml). The ability to adhere corre-
lated with OPN levels >250 ng/ml. Adhesion and
invasion werefuUy restored with addition of100
to 200 ng/ml of exogenous OPN and were inhib-
ited in normal VSMCs by incubation with I pglml
anti-OPN antibody. The autocrine secretion of
OPN appears to play an important role in VSMC
adhesion, spreading, and invasion. (Am J
Pathol 1996, 149:259-2 72)

Vascular smooth muscle cells (VSMCs) are the pre-
dominant cell type in the media of the mammalian
artery. Normal VSMCs provide structural support to
the vessel, contribute to the maintenance of vascular
tone, and exist in a quiescent state with a differenti-
ated contractile phenotype. Vascular injury induces
modulation of VSMCs from a quiescent to a prolifer-
ative state characterized by cell division, cell migra-
tion into the intima, and secretion of extracellular
matrix. This sequence of events is characteristic of
the intimal hyperplasia seen in atherosclerosis1-4
and has been implicated in the pathogenesis of ves-
sel restenosis after balloon angioplasty of human
coronary arteries.5-7
The extracellular matrix may play an integral role

in mediating the migratory and proliferative re-
sponses of VSMCs.a Many investigators have exam-
ined VSMCs cultured in three-dimensional (3D) gels
and have determined that matrix composition pro-
foundly influences cell adhesion, growth, and migra-
tion.9- The matrix may provide the framework upon
which growth factors, cytokines, and chemoattrac-
tants can adhere and come into proximity with
VSMCs. The matrix may also provide a structural
milieu that can either promote or inhibit cell adhe-
sion, migration, and growth. VSMCs are likely to play
an important role in determining the composition of
their surrounding extracellular matrix by secreting a
variety of matrix and matrix-degrading proteins, in-
cluding collagen,12-15 elastin,16 tenascin, 17, 18
thrombospondin,1719X20 fibrillin,21 collagenase,22
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and metalloproteinases.23,24 This autoregulatory se-
cretion of matrix by VSMCs may create the requisite
environment for VSMC adhesion, growth, and migra-
tion.

Osteopontin (OPN) is a secreted, phosphorylated
glycoprotein that belongs to the family of extracellu-
lar matrix proteins containing arginine-glycine-as-
partate (RGD) sequences. These sequences are
recognized by adhesion-promoting cell surface re-
ceptors and facilitate cell-to-substrate and cell-to-
cell attachment.25 In bone, OPN is thought to be
multifunctional by mediating matrix mineralization by
osteoblasts and matrix degradation by osteoclasts. It
is through the mediation of osteoclast cell attach-
ment that OPN mediates bone resorption.26'27 Many
non-osteogenic tissues, including kidney, sensory
epithelium of the embryonic ear, placenta, decidua,
lung, and neural tissue synthesize OPN, as do a
variety of mammalian fibroblastic and epithelial tu-
mor cells.28 It has been suggested that OPN is in-
volved in angiotensin 11 (Ang)-induced tubulointersti-
tial nephritis,29 in fetal-maternal interactions at the
level of the placenta,283031 and in modulation of
nitric oxide synthesis.3233 OPN has also been found
in the plasma and sera of patients with advanced
metastatic colon and ovarian carcinomas and has
been implicated in the development of malignancy
and enhancement of metastasis.3234 36 The extra-
osteogenic secretion of OPN suggests that it plays
an important role beyond bone mineralization.
A vascular role for OPN has recently been sug-

gested. Giachelli et al37.38 identified OPN in a rat pup
VSMC cDNA library differentially screened with
cDNA prepared from cultured pup and adult aortic
VSMCs. OPN mRNA levels were found to be higher
in the cultured pup VSMCs than in the adult cells,
suggesting a role in vascular development. Another
recent report39 correlated the induction of OPN with
the entry of VSMCs into the cell cycle. We also iden-
tified OPN in a differential screen targeted to identify
platelet-derived growth factor (PDGF)-responsive
genes in rat aortic VSMCs.4041 In addition to its
regulation in VSMC culture, OPN mRNA levels were
increased fivefold within 48 hours of aortic balloon
injury and remained elevated for 7 days. In situ hy-
bridization localized the induction of OPN to the in-
jured media and developing neointima.38

The function of OPN in the vessel wall is not yet
known. A recent report42 demonstrated that OPN
protein could affect VSMC adhesion and chemotaxis
in a modified Boyden chamber. Based on these
findings, OPN has been postulated to be involved in
the adhesive interactions required for migration of
VSMCs from the media into the intima after vascular

injury. To further explore this hypothesis, we estab-
lished retrovirally infected stable cell lines containing
OPN cDNA in the sense and antisense orientations.
Inhibition of endogenous OPN secretion with an an-
tisense construct blocked VSMC adhesion, spread-
ing, and invasion in 3D collagen gels. Attachment
and invasion were restored by the addition of exog-
enous OPN protein to the culture media and were
blocked in normal VSMCs in the presence of anti-
OPN antibody. These data suggest that VSMC ad-
hesion and invasion may be in part regulated via an
autocrine mechanism involving OPN secretion.

Materials and Methods

Cell Culture
VSMCs were isolated from the thoracic aortas of 200-
to 300-g male Sprague Dawley rats by enzymatic
dissociation as previously described.43 Cells were
grown in 1 00-mm plates containing Dulbecco's mod-
ified Eagle medium (DME) supplemented with 10%
heat-inactivated calf serum (CS), 100 U/ml penicillin,
and 100 mg/ml streptomycin and serially passaged
before reaching confluence. To produce quies-
cence, cells were incubated in a defined media com-
posed of DME supplemented with 1 ,tmol/L insulin, 5
,ug/ml transferrin, 0.2 mmol/L L-ascorbic acid, and 25
,ug/ml bovine serum albumin (BSA) for 48 hours.
VSMCs infected with OPN constructs were main-
tained in DME supplemented with 10% CS and 200
,ug/ml hygromycin B initially (Sigma Chemical Co.,
St. Louis, MO); the hygromycin concentration was
decreased to a maintenance dose of 50 ,g/ml after
individual clones were isolated. All cell lines retained
a stable phenotype after >20 passages in mono-
layer culture.

Isolation of Cell Lines and Stable
Transfectants
The full-length cDNA encoding rat OPN was cloned
in sense or antisense orientations into the NotI site of
the retroviral vector pMV12. pMV12 contains the 5'
and 3' long terminal repeat sequences of the Molo-
ney murine sarcoma virus and the hygromycin phos-
photransferase gene driven by the herpes simplex-
thymidine kinase promoter. tP2 packaging cells were
plated at a density of 5 x 105 cells/100-mm plate
and transfected with 20 ,ug/plate of pMV1 2-OPN
sense or antisense constructs, as well as with the
empty vector, using calcium phosphate.45 Trans-
fected qj2 cells were split into selective media con-
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taining 200 ,g/ml hygromycin. Healthy colonies
were selected, pooled, and reseeded, and at ap-
proximately 75% confluence, cells were refed with
nonselective media. After 24 hours, the viral super-
natant was collected, centrifuged at 1000 rpm at
40C, filtered through 0.2-,um filters, and frozen at
-80°C.

Thirteenth passage proliferative VSMCs were
plated at a density of 5 x 105 cells/100-mm plate 24
hours before infection. VSMCs were exposed to 3 ml
of viral supernatant with 8 ,tg/ml polybrene (Sigma)
for 4 hours; control plates were exposed to DME/
10% CS plus polybrene. Approximately 48 hours
after infection, cells were split into hygromycin-con-
taining media. Clones were selected by ring cloning,
expanded, and frozen at -80°C.

Measurement of OPN mRNA
Isolation of total RNA from VSMCs, agarose gel elec-
trophoresis, and transfer to nitrocellulose were per-
formed as previously described.40 [32P]UTP-labeled
(800 Ci/mmol; Amersham, Arlington Heights, IL)
OPN sense and antisense riboprobes of equal size
were synthesized46 to a specific activity of 108
cpm/mg and used at 106 cpm/ml. Prehybridization
and hybridization were performed as previously de-
scribed40 except that final washes were in 0.1 X stan-
dard saline citrate (1X SSC = 0.15 mol/L NaCI and
0.015 mol/L sodium citrate, pH 7.0) and 0.1% so-
dium dodecyl sulfate at 80'C.46 Equal loading of
total RNA was verified by ethidium bromide staining
of the 18S and 28S ribosomal RNA. Autoradiograms
were scanned using a Silverscanner (Lacie, Beaver-
ton, OR) and Adobe Photoshop 2.5.1 software (Ado-
be Systems, Mountain View, CA). Two-dimensional
densitometry, using 256 gray scales, was done us-
ing Image 1.43 software (Wayne Rasband, National
Institutes of Health, Bethesda, MD). All measure-
ments were normalized to the 18S ribosomal RNA.

Measurement of OPN Protein
Media samples were collected from VSMCs after 48
hours of incubation in defined media and from qui-
escent VSMCs 24 hours after treatment with 1 ,umol/L
Ang. Samples were used to coat the bottom of 96-
well immunoabsorbent plates (Nunc Maxisorp, Na-
perville, IL). Nonspecific binding was blocked by
incubating wells with phosphate-buffered saline
(PBS) containing 10% normal horse serum and 2%
bovine serum albumin for 2 hours. Wells were rinsed
with PBS and incubated for 1 hour with a 1:2500
dilution of MPIIIB101 anti-OPN antiserum. Reagents

from a Vectastain Elite ABC kit (Vector Laboratories,
Burlingame, CA), prepared according to the manu-
facturer's protocol, were utilized for the remaining
detection steps. Wells were rinsed with PBS, incu-
bated with a biotinylated horse anti-mouse antibody
for 1 hour, rinsed again, and then incubated with
preformed avidin/biotinylated horseradish peroxi-
dase complexes for 1 hour. After a final rinse, wells
were incubated with a developing solution contain-
ing the chromogenic substrate 0-phenylenediamine
dihydrochloride. Color development was quenched
by adding 100 ,ul of 4.5 mol/L H2SO4. OPN concen-
trations were determined by comparison to a stan-
dard curve generated with rat VSMC-derived OPN
purified as previously described.42 Protein concen-
trations were determined using a micro BCA assay
kit (BioRad, Hercules, CA).

Determination of Cell Growth
VSMCs containing OPN sense and antisense con-
structs as well as the empty vector were plated in
monolayer in 12-well culture dishes at a density of 5
X 104 cells per well in DME/10% CS. Cells were
harvested by trypsinization and centrifugation, and
total cell numbers for each clone were obtained by
counting triplicate aliquots with a Coulter counter
(Coulter Electronics, Hialeah, FL). Cell numbers were
plotted as the fold increase in cell number over time
zero on a logarithmic scale.

Preparation of 3D Collagen Gels
The 3D collagen matrices were constructed in 12-
well culture plates using a modification of previously
described methods.10'11 Vitrogen 100 (Celtrix, Santa
Clara, CA), a solution of pepsin-solubilized bovine
dermal collagen, was mixed with 1X and 1OX M199
medium (Gibco, Grand Island, NY) in a ratio of 3.5:1
as previously described,11 for a final collagen con-
centration of 2 mg/ml, and was titrated to pH 7.4. The
gels were allowed to polymerize overnight at 37°C
and then rinsed three times with DME/1 0% CS before
use.

Cell Adhesion Assays
Normal VSMCs and VSMCs containing OPN sense
and antisense constructs, as well as the empty vec-
tor, were grown to confluence in 100-mm plates and
trypsinized at 37°C. Cell suspensions were centri-
fuged at 600 x g at 4°C, and pellets were resus-
pended in a minimal volume of DME/10% CS for
quantification of cell number. Approximately 5 x 104
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cells were plated per well of the collagen matrix in
DME/10% CS. Replicate experiments were per-
formed after plating cells in monolayer in 12-well
culture dishes at a density of 5 x 104 cells per well in
DME/10% CS. The culture medium was removed
from the wells at 15 minutes, 30 minutes, 45 minutes,
1 hour, 2 hours, and 3 hours after seeding, and the
gels or plastic wells were washed vigorously with
PBS. Gels were photographed, and cell number in
the media and PBS washes was quantified by auto-
mated counting.

Cell Invasion Assays
Normal VSMCs and VSMCs containing OPN sense
and antisense constructs, as well as the empty vec-
tor, were grown to 70% confluence in 100-mm plates
and trypsinized at 370C. Cell suspensions were cen-
trifuged at 1000 rpm at 4°C, and pellets were resus-
pended in a minimal volume of DME/10% CS for
quantification of cell numbers. Approximately 5 x
104 cells were plated per well of the collagen matrix
in DME/10% CS. Cell invasion was assessed by
phase contrast microscopy with a 1Ox objective at 1
hour, 6 hours, 24 hours, and 4 days after seeding. At
each time point, four random fields in each well were
inspected, and the number of cells on and 100 ,um
below the gel surface was determined.

Two-Dimensional Cell Migration Assay
VSMCs were grown to confluence on 60-mm plates.
Following the method of Irving and Lala,47 monolay-
ers were first rinsed with PBS, and then using a
sterile razor blade to demarcate a midline wound,
cells were scraped from one-half of the plate. Dupli-
cate plates were rinsed twice with PBS and exam-
ined under the microscope to ensure complete cell
removal. After 72 hours, cells were counted by set-
ting a 0.1-mm2 calibrated ocular grid against two
preselected areas per plate. For both sense- and
antisense-infected VSMCs, measurements were
made of the number of migrant cells (± SEM) within
the grid, as well as the maximal distance of migrant
cells from the initial wound.

Results

Isolation of Cell Lines Stably Infected with
OPN Constructs
Rat aortic VSMCs were infected with recombinant
retroviruses containing OPN constructs to create cell

lines stably underexpressing OPN. A retroviral ex-
pression vector (pMV12) containing a full-length
cDNA encoding rat OPN in the sense or antisense
orientations was used with the qp2 packaging sys-
tem44"48 to generate defective Moloney murine sar-
coma virus particles, which were then used to infect
rat aortic VSMCs. pMV12 encodes the selectable
marker gene hygro, thus allowing isolation of infected
cell clones that co-express the OPN cDNA. VSMCs
were also infected with the pMV12 vector lacking a
cDNA insert. Fifteen clones containing OPN in the
sense orientation, five clones containing OPN anti-
sense construct, and ten clones containing the
empty vector were isolated and expanded through
hygromycin resistance. These clones were tested for
adhesion and invasion in 3D collagen gels. All VSMC
clones infected with either the OPN-sense construct
or the empty vector adhered and invaded the 3D
gels normally, whereas four of five clones infected
with the OPN-antisense construct did not display
normal adhesion or invasion. Based on this initial
observation, all five antisense clones were chosen
for more extensive evaluation, with four sense clones
and two clones containing the empty vector selected
as controls. Studies with these clones are described
as follows.

Cell Morphology and Growth in Monolayer
Culture and 3D Gels
On plastic monolayers, all VSMC lines studied had
the typical spindle-shaped appearance of unin-
fected VSMCs and grew as usual in a hill and valley
pattern (not shown). Using a wound and scrape
migration assay on the plastic monolayers,47 ap-
proximately equal numbers of sense (64 + 9 per
0.1-mm2 grid) and antisense cells (65 + 6) migrated
from the wound to mean distances of 8.9 and 8.8
mm, respectively (sense, range 4 to 15 mm; anti-
sense, range 5 to 12 mm). These lines also demon-
strated the same rate of growth on plastic (Figure 1).
In contrast, there were marked differences when the
clones were plated on 3D collagen gels. Represen-
tative photomicrographs of the infected VSMC lines
and uninfected control VSMCs maintained in 10%
CS in 3D collagen gels are shown in Figure 2.

Adhesion and invasion of VSMCs into the 3D ma-
trices was essentially an all-or-none phenomenon.
When plated on 3D gels, uninfected VSMCs and
VSMCs harboring the empty vector quickly attached
to and invaded the gel to form lattice-like networks
throughout the matrix (Figure 2, A and D). Most
sense clones invaded and formed cell connections
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with a pattern indistinguishable from the controls. A
few sense lines also formed larger cell clusters (Fig-
ure 2C); this phenotype was seen only with the sense
clones. There was no correlation between secreted
OPN levels and the formation of these cell nodules.
In contrast, four of five clones that harbored the
antisense cDNA construct failed to adhere to or in-
vade the gels or to form networks, even after 4 days
(Figure 2B).

Measurement of OPN mRNA Levels in
VSMC Clones

To ascertain that OPN antisense mRNA was ex-
pressed by putative antisense-infected VSMCs, RNA
blot analysis was performed using a riboprobe syn-
thesized from the full-length OPN cDNA insert. As
demonstrated in Figure 3A, expression of high levels
of OPN antisense mRNA was detected in all four
non-adhering, non-invading antisense clones. There
were no differences in antisense mRNA levels be-
tween quiescent and Ang-stimulated antisense
clones, demonstrating that the retroviral promoter
was not Ang responsive. Ang was selected as the
agonist to test OPN expression because it is the
most potent inducer of OPN in normal VSMCs.38 No
antisense mRNA was seen in untransfected VSMCs
or VSMCs transfected with retroviruses containing
OPN in the sense orientation or with the empty ret-
roviral vector. In contrast, the one antisense clone
that adhered and invaded normally expressed min-
imal levels of antisense mRNA.
To examine OPN mRNA expression in the se-

lected clones, RNA blot analysis was also performed
on replicate blots using a full-length antisense ribo-
probe. As shown in Figure 3B, OPN cRNA hybridized
to an mRNA species of -1.5 kb. Baseline and stim-
ulated OPN mRNA levels were in general similar
among clones harboring the sense cDNA, antisense
cDNA, or empty vector. Of note, larger mRNA spe-
cies were also detected in some of the sense clones.

Measurement ofOPN Protein Levels in
VSMC Clones
To assess levels of OPN secretion in selected
clones, an enzyme-linked immunosorbent assay was
performed on the culture medium of quiescent cells
after 24 hours of Ang stimulation. As shown in Figure
4A, antisense clones had lower OPN levels (+ SEM)
after maximal stimulation than sense clones or
clones containing the empty vector (antisense, 257
+ 102 ng/ml; sense, 473 + 104; empty vector, 434 +
66). Of note, the sole antisense clone that adhered
and invaded normally had a stimulated OPN level of
644 ng/ml. The antisense clones displaying impaired
adhesion and invasion had much lower mean OPN
levels after Ang stimulation (161 ± 47 ng/ml) than the
normally adhering and invading clones (486 ± 63
ng/ml). These data suggest that the retroviral system
was successful in generating stable antisense
clones with inhibited OPN secretion.

I

I I I I
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Correlation of OPN mRNA to Protein Levels
in VSMC Clones

To examine the relationship between Ang-stimulated
OPN mRNA expression and the secretion of OPN
protein, the ratio of OPN sense/antisense mRNA, as
determined by two-dimensional densitometry, was
plotted against OPN protein levels for the five anti-
sense clones (Figure 4B). The four non-adhering,
non-invading antisense clones had sense/antisense
mRNA ratios of <1 and secreted OPN protein levels
of <236 ng/ml. In contrast, the single antisense

clone with a sense/antisense mRNA ratio of 5 had a
protein level of 644 ng/ml and exhibited normal ad-
hesion and invasion.
As a second approach to examining the relation-

ship between Ang-stimulated OPN mRNA expres-
sion and OPN secretion, the level of OPN antisense
mRNA was subtracted from the level of sense mRNA
and the result plotted against OPN protein levels
(Figure 4C). Negative values, corresponding to
clones with higher levels of antisense than sense
mRNA, were seen only in the four non-adhering,
non-invading antisense clones and were associated

..i. .
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Figure 3. RNA blot analysis ofOPN expression in infected VSMC lines.
Total RNA (10 p.g/lane) was isolated from unstimulated quiescent
VSMC lines (tJ) and from quiescent VSMC clones after 24 hours of
stimulation (S) with 1 ,umol/L Ang. V, uninfected VSMCs; AS, OPN
antisense VSMC clones; S, OPN sense VSMC clones; E, VSMCs infected
with empty vector. Replicate blots were hybridized with [32PIUTP-la-
beled sense (A) and antisense (B) OPN riboprobes as described in
Materials and Methods. Equal loading of total RNA was verified by
ethidium bromide staining of the 18S and 28S ribosomal RNA.

with low levels of OPN protein. All clones (sense,
antisense, and empty vector) with normal adhesion
and invasion in 3D gels had positive values (ie,
higher levels of sense mRNA than antisense) and
were associated with higher levels of OPN protein. It
should be noted that these experiments were per-
formed on duplicate blots, using sense and anti-
sense probes of the same size and specific activity
and hybridized, washed, and autoradiographed un-
der identical conditions.

Restoration of VSMC Adhesion and Invasion
by Exogenous OPN
The use of antisense cDNAs, although effective in
decreasing OPN levels, could be preventing attach-

A B

ment and invasion into collagen gels by an unrelated
mechanism. To test the specificity of the constructs,
antisense clones were suspended in culture medium
in the presence of exogenous OPN protein at con-
centrations of 50, 100, 200, and 400 ng/ml and
plated onto the collagen matrices. Exogenous OPN
protein restored the ability of these clones to adhere,
spread, and invade the gel in a dose-dependent
fashion (Figure 5). Normal adhesion and invasion
were seen with all antisense clones at exogenous
OPN concentrations between 100 and 200 ng/ml.
Exogenous OPN protein had no effect on the behav-
ior of the normally adhering and invading antisense
clone.

Inhibition of VSMC Adhesion and Invasion
by Anti-OPN Antibody
As an additional test of the specificity of the anti-
sense constructs, normal VSMCs were suspended in
culture medium in the presence of OP199, a neutral-
izing goat polyclonal antibody against rat smooth-
muscle-cell-derived OPN,42 at concentrations of
400, 800, and 1000 ng/ml, and plated onto the col-
lagen matrices. Adhesion and invasion of normal
VSMCs on collagen gels was blocked at an antibody
concentration of 1 jig/ml (Figure 6A) but was unaf-
fected by incubation with non-immune IgG (Figure
6B). Assuming the molecular weight of a prototype
IgG antibody at -150,000 and OPN at -66, this
effect was seen at an approximate 1:1 ratio of OPN to
antibody on a molecule-per-molecule basis.
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Figure 5. Restoration of VSMC adhesion and invasion with exogenous OPN. Antisense OPN clones were plated in triplicate at a density of5 X 104

on the surface of3D collagen gels in tbepresence of increasing concentrations ofexogenotis OPN. A: No OPN. B: OPN, 50 ng/ml. C: OPN, 100 ng/ml.
D: OPN, 400 ng/ml. For thbs,e studies, allfotur antisense lines were examined. Photographs corresponding to planes wvithin the gel matrix u'ere taken
24 hours after seeding and are representative of the fotur lines.

Role ofAdhesion in OPN-Mediated Invasion
As a first step in determining the mechanism under-
lying the failure of antisense clones to invade colla-
gen gels, VSMC adhesion and spreading were ex-

amined during the initial 3 hours after seeding. By
light microscopy, 30 minutes after seeding, appar-

ently equal numbers of uninfected VSMCs (Figure
7A) and antisense (Figure 7E) cells were present on

the surface of the gel. Within 1 hour, uninfected
VSMCs had begun to spread and invade the surface
of the gel (Figure 7B), although the majority of anti-
sense cells had failed to spread or invade (Figure

7F). Within 2 to 3 hours, uninfected VSMCs had
spread and begun to invade into the gel (Figure 7, C
and D). There were no differences in the spreading
or invasion between the uninfected VSMCs, sense

clones, or clones containing the empty vector. In
contrast, the number of antisense cells remaining on

the gel surface was greatly reduced (Figure 7, G and
H).

To further study the early events after seeding, cell
counts were performed on the culture medium at

15-minute intervals during the first hour after seed-
ing, and then hourly during the next 2 hours. At each

I -Z.
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Figure 6. Inhibition of VSMC adhesion and invasion in the presence of anti-OPN antibody. Normal VSMCs were plated in triplicate at a density of
5 X 104 on the surface of 3D collagen gels in the presence of increasing concentrations of OP 199, a goat polyclonal antibody against rat
smooth-muscle-cell-derived OPN. A: Anti-OPN antibody, 1 ,ig/ml. B: Non-immune IgG, 1 jug/ml. Photographs corresponding to planes within the gel
matrix were taken 24 hours lafter seeding.

time point, the culture medium was removed, the
gels were washed vigorously with PBS, and fresh
medium was added. The cell counts on the com-

bined media and washes from each time point are

shown in Figure 8. The adhesion of antisense clones
in standard monolayer cultures on plastic dishes was
high, as seen in Figure 8, and identical to that seen

with uninfected VSMCs, sense clones, and clones
containing the empty vector (data not shown). Simi-
larly, at 15 minutes after plating on collagen gels,
equal numbers of cells were present on the gel sur-

face (93% for uninfected VSMCs versus 89% for
antisense). However, by the end of the first hour,
approximately one-half of the antisense cells could
be recovered in the media or washes, whereas most
of the uninfected cells remained in the matrix (unin-
fected VSMCs, 84% attached versus 46% attached).
There were no appreciable differences in the adher-
ence of uninfected VSMCs, sense clones, and
clones containing the empty vector to the collagen
gels. At 3 hours after plating, few cells could be
recovered from the media of either uninfected or

antisense VSMCs; however, debris was present in
the antisense media and washes. This debris is likely
to be the remnants of non-adhering cells that were

sloughed from the gel surface. These studies sug-

gest that, although the antisense VSMCs initially ad-
hered to the surface of the gel, they failed to spread
or invade the matrix.

Discussion
VSMC proliferation and migration are pivotal pro-

cesses in the development of vascular disease. The
growth, migration, and morphology of VSMCs in cul-
ture have been found to be dependent in part on the
components of the extracellular matrix, including fi-

bronectin, vitronectin, laminin, hyaluronate, chon-
droitin sulfate, and heparin.9 124952 In this report,
we demonstrate that the secretion of OPN by VSMCs
affects their adhesion, spreading, and invasion into
3D collagen gels by an autocrine mechanism.

Adhesion and invasion were studied using rat aor-
tic VSMCs stably infected with a retroviral vector
containing OPN cDNA in the sense or antisense
orientation. All clones had morphologies and plating
and growth characteristics similar to that of unin-
fected VSMCs on plastic monolayers under standard
cell culture conditions and did not demonstrate a
transformed phenotype. Sense and antisense clones
also displayed virtually identical migration behavior
on plastic, both in terms of number of migrant cells
and distance from origin. When plated onto 3D col-
lagen gels, however, the antisense clones displayed
distinctly different phenotypes; four out of five did not
adhere, spread, or invade into the gel, whereas the
attachment and invasion of sense clones and clones
containing the empty retroviral vector was largely
indistinguishable from normal VSMCs. These results
underscore the usefulness and importance of a 3D
culture system in revealing information vis-a-vis
VSMC mobility and adhesion beyond that which
standard two-dimensional cultures can provide. The
3D collagen gels have therefore been utilized9- to
better simulate the in vivo environment of VSMCs.
Artificial matrices differ from native connective tissue
in the collagen composition, in the presence of other
extracellular matrix components, and in the 3D struc-
tural composition of fibrillar materials. The use of
type collagen gels has distinct advantages over

other two-dimensional models. Type collagen is a

major constituent of the extracellular matrix of
VSMCs in vivo, and VSMCs adhere rapidly to and
invade into collagen gels in three dimensions, as
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Figure 7. Light micrographs of VSMC adhesion to 3D collagen gels. VSMCs were plated at a density of5 x 104 on the surface of3D collagen gels.
Representative photographs corresponding toplanes within thegel matrix were taken at intervals over thefirst3 hours afterplating. A: Normal VSMCs,
30 minutes. B: Normal VSMCs, 60 minutes. C: Normal VSMCs, 120 minutes. D: Normal VSMCs, 180 minutes. E: Antisense-infected VSMC clone, 30
minutes. F: Antisense-infected VSMC clone, 60 minutes. G: Antisense-infected VSMC clone, 120 minutes. H: Antisense-infected VSMC clone, 180
minutes. Antisense-infected VSMC lines and the uninfected control VSMCs wereplated in duplicate and examined on at least two different occasions.
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Figure 8. VISMC adhesion to 3D collagen gels. Uninfected VSMCs (C),
antisense-infected VSMCs (AS), sense-infected VSMCs (S), and VSMCs
containing the empty vector( 1/) were plated at a density of5 X 104 on
the suirface of 3D collagen gels. Antisense VSMCs (ASIP) were also
plated at a density of 5 x 104 onto plastic 12-twell plates. Media was
removed and the gels were washed vigorouisly with PBS at the times
indicated. Curves represent thepercentage ofcells remaining on the gel
(ie, not recovered in the media or washes). All VSMCs were plated in
duiplicate and examined on at least two different occasions.

they do in vivo. In addition, the gels more closely
resemble the in vivo state by allowing greater cell-to-
cell and cell-to-substrate communication during in-
vasion.

Although the 3D system allows a more physiolog-
ical look at VSMC mobility, the matrix utilized in this
study consisted of collagen alone. Although it is
beyond the scope of this report, it will be interesting
to investigate the effect of modulating OPN levels on
the invasion of VSMCs into other matrices, such as
those composed of collagen in combination with
RGD-containing proteins such as fibronectin or vitro-
nectin. Immunohistochemical studies of osteoid sug-
gest that binding of OPN to collagen may involve
fibronectin, because OPN lacks a collagen attach-
ment domain,53 but fibronectin binds to type colla-
gen.54 If OPN functions in VSMC mobility largely as
an adhesive intermediate for VSMC attachment to
matrix components, its effect may indeed be sub-
strate specific. If, however, OPN acts as a VSMC
ligand for the modulation of intracellular processes
associated with cell adhesion, spreading, or move-

ment, such an effect would more likely be matrix
independent.
The ability of VSMCs to invade collagen gels ap-

pears to require a threshold of OPN secreted in the
culture medium. The four antisense clones that at-
tached and invaded poorly had levels of OPN protein
of <236 ng/ml (mean of 161 ± 47 ng/ml) after max-
imal stimulation with Ang. In contrast, the only anti-
sense clone that attached and invaded normally had
an OPN level of 640 ng/ml. These were 100 to 250
ng/ml less than those found in clones containing the
sense construct or the empty vector after Ang stim-
ulation. The concept of an OPN threshold is further
supported by the finding that addition of 100 to 200
ng/ml OPN to the culture medium, sufficient to raise
levels to those of the adhering, invading clones,
restored the normal phenotype.
The lower OPN protein levels in the poorly adhe-

sive and invasive antisense clones could be the
consequence of several phenomena. The antisense
mRNA could complex with native OPN mRNA, de-
stabilizing it and inducing its degradation. Alterna-
tively, a stable antisense/sense complex would likely
interfere with binding of OPN mRNA to ribosomes,
preventing translation. Additional possibilities in-
clude inhibition of OPN transcription by the antisense
mRNA or a nonspecific effect on OPN synthesis.
RNA blot analysis confirmed that high levels of anti-
sense OPN mRNA were expressed in the four clones
that exhibited poor adhesion and invasion. Although
there were not enough clones to establish an inverse
correlation between antisense mRNA levels and
OPN protein, the clone exhibiting the highest level of
antisense mRNA had the lowest level of OPN protein.
In contrast, the clone that adhered normally had
minimal antisense mRNA and very high levels of
OPN protein.

The expression of antisense mRNA did not signif-
icantly alter the steady-state levels of OPN mRNA
either at baseline or upon stimulation with Ang. This
suggests that the antisense mRNA did not signifi-
cantly destabilize the native OPN mRNA or prevents
its transcription. As shown in Figure 4B, under con-
ditions designed to produce equivalent signals with
sense and antisense riboprobes, all four antisense
clones that failed to adhere and migrate properly
had higher steady-state levels of antisense mRNA
than sense mRNA. In addition, as shown in Figure
4C, levels of OPN protein were roughly proportional
to the difference between sense and antisense
mRNA. These data support the concept that the
decrease in OPN protein levels in the antisense
clones was due to a decrease in translation resulting
from stable antisense/sense complexes.
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It is worth noting that the clones containing the
sense cDNA did not exhibit higher baseline or Ang-
stimulated levels of the 1.5-kb OPN mRNA. In several
clones, higher molecular weight species were de-
tected by hybridization with the OPN antisense ribo-
probe. These species are likely to represent the
presence of larger OPN transcripts formed as a con-
sequence of integration of the retroviral construct
within the genome. It is unclear whether these larger
mRNAs produce functioning OPN protein. However,
levels of OPN protein were not significantly greater in
the sense clones than in the clones containing the
empty vector or in untransfected controls. This may
be due to ineffective transcription of the exogenous
sense cDNA or to a negative feedback mechanism
regulating endogenous OPN synthesis.
These studies do not rule out the possibility that

the antisense cDNA inhibited the synthesis of a pro-
tein other than OPN that is critical to, or that the
vector integrated into a site necessary for, VSMC
adhesion, spreading, and invasion. The fact that four
different antisense clones failed to invade normally,
whereas 25 clones containing the sense or empty
vector migrated normally suggests that it is not an
artifact of integration. The finding that the only anti-
sense clone that invaded normally did not express
significant levels of antisense mRNA or display a
reduction in OPN levels provides additional support
for the specificity of the response. Most importantly,
the normal phenotype was fully restored to all of the
antisense clones by addition of exogenous OPN and
did not require any additional factor. An additional
argument in support of the specificity of the anti-
sense effect lies in the ability of anti-OPN antibody to
block normal VSMC adhesion and invasion. In this
regard, it should be noted that the amount of neu-
tralizing OPN antibody that was necessary to inhibit
VSMCs in this assay (-400 ng of OPN to 1 ,ug of
antibody) was less than that required to block the
adhesion of VSMCs to OPN-coated plastic surfaces
in in vitro assays (-13.2 ng of OPN to 1 ,tg of anti-
body42). This may be related to a difference in inter-
action of the antibody with soluble versus surface-
bound OPN.
The mechanism underlying the involvement of

OPN in VSMC invasion remains to be elucidated. In
a recent report,42 purified OPN protein was shown to
be a substrate for VSMC adhesion and to be che-
motactic for VSMCs in a modified Boyden chamber.
These effects were inhibited by an antibody to OPN
and were mediated in part through the integrin avf33.
It was hypothesized that OPN might provide a sticky
surface to which VSMCs adhere and along which
they migrate. The 3D culture system used in our

report requires both VSMC adhesion to the surface
of the collagen gel and chemokinesis of VSMCs
through the gel, in part through the production of
collagenases, without the need for an OPN concen-
tration gradient.

Inhibition of OPN did not appear to prevent the
initial attachment of VSMCs to the gel. Unlike normal
VSMCs, antisense cells failed to spread over the gel
surface and invade the matrix. These cells were
ultimately sloughed from the gel surface and were
recoverable in the culture medium. One explanation
for this phenomenon is that the antisense lines were
unable to make the correct attachments to the col-
lagen gel to allow for spreading and invasion of the
matrix. Alternatively, the primary defect in the anti-
sense lines may be a failure to spread or invade into
the gel substance, resulting in an inability to maintain
attachment. In this regard, it has been proposed by
Meredith et al54 that the failure of cells to properly
attach to and migrate into matrix may lead to cell
death. Although it is beyond the scope of this report,
it will be interesting to determine the fate of the
non-adhering antisense clones through cell viability
studies.
OPN mRNA and protein have recently been

shown to be induced in the vessel wall after balloon
arterial injury.38 The secretion of OPN by VSMCs as
an early event after vessel injury may facilitate move-
ment of VSMCs from the media to the intima. In
animal models of arterial injury, VSMC migration into
the intima and subsequent proliferation are critical
events in the development of intimal hyperplasia, the
lesion responsible in part for vessel narrowing in
atherosclerosis.1' 2 Blocking VSMC migration with an-
tibodies to PDGF BB3 has been successful in atten-
uating intimal hyperplasia in a rat carotid artery
model of acute injury. OPN may provide a new target
for attenuating VSMC migration. In addition, the
availability of invasive and non-invasive VSMC lines
may provide an exciting means for more fully eluci-
dating the molecular mechanisms involved in vascu-
lar remodeling.
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