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ABSTRACT Angioplasty procedures are increasingly used
to reestablish blood flow in blocked atherosclerotic coronary
arteries. A serious complication of these procedures is reocclu-
sion (restenosis), which occurs in 30–50% of patients. Migration
of coronary artery smooth muscle cells (CASMCs) to the site of
injury caused by angioplasty and subsequent proliferation are
suggested mechanisms of reocclusion. Using both cultured hu-
man CASMCs and coronary atherectomy tissues, we studied the
roles of osteopontin (OPN) and one of its receptors, avb3

integrin, in the pathogenesis of coronary restenosis. We also
measured the plasma levels of OPN before and after angioplasty
and determined the effect of exogenous OPN on CASMC migra-
tion, extracellular matrix invasion, and proliferation. We found
that cultured CASMCs during log phase of growth and smooth
muscle cell layer of the coronary atherosclerotic tissues of
patients express both OPN mRNA and protein at a significantly
elevated level compared with controls. Interestingly, whereas the
baseline plasma OPN levels in control samples were virtually
undetectable, those in patient plasma were remarkably high. We
also found that interaction of OPN with avb3 integrin, expressed
on CASMCs, causes migration, extracellular matrix invasion,
and proliferation. These effects were abolished when OPN or
avb3 integrin gene expression in CASMCs was inhibited by
specific antisense S-oligonucleotide treatment or OPN-avb3 in-
teraction was blocked by treatment of CASMCs with antibodies
against OPN or avb3 integrin. Our results demonstrate that
OPN and avb3 integrin play critical roles in regulating cellular
functions deemed essential for restenosis. In addition, these
results raise the possibility that transient inhibition of OPN gene
expression or blocking of OPN-avb3 interaction may provide a
therapeutic approach to preventing restenosis.

Atherosclerosis (for review see refs. 1 and 2) is the principal
cause of heart attacks, stroke, gangrene, and loss of function
of extremities. It accounts for approximately 50% of all
mortalities in the United States, Europe, and Japan (1). The
present therapeutic strategies for severe atherosclerosis in
coronary arteries include percutaneous transluminal coronary
angioplasty, directional coronary atherectomy (DCA) or re-
lated angioplasty procedures, and coronary artery bypass
surgery. Reocclusion (or restenosis) of these arteries occurs in
30–50% of the patients undergoing various angioplasty pro-
cedures. This serious complication has been suggested to
occur, at least in part, as a result of local inflammation,
thrombosis, and smooth muscle cell (SMC) migration (3) and
proliferation (4, 5) within the intima of coronary arteries.

In 1979, a transformation-related phosphoprotein was identi-
fied (6), which was later named osteopontin (OPN) (7). It is a
secreted noncollagenous, glycosylated phosphoprotein (8–11)
that binds to cell surface integrins (12), a family of heterodimeric
glycoprotein subunits designated a and b. These integrins act as
cell surface receptors for many ligands, including OPN (13). OPN
gene expression has been reported to be a distinctive feature of
rat aortic SMC (14). Moreover, rat and bovine SMC migration is
promoted by OPN (15). It also has been demonstrated that high
levels of OPN mRNA and protein are detectable in the rat and
human aorta and carotid arteries during neointima formation
(16–19). OPN overexpression has been shown to associate with
rat arterial SMC proliferation (20). Most interestingly, it has been
demonstrated that subjecting cultured cells to intermittent com-
pressive force, similar to the ones that may be produced by some
angioplasty procedures, causes OPN overexpression (21).

The present integrated study was undertaken to gain insight
into the possible role of OPN and one of its cell-surface
receptors (i.e., avb3 integrin) in the development of human
coronary artery reocclusion.

MATERIALS AND METHODS
Study Subjects. Informed consent was obtained from all

patients in whom atherectomyyangioplasty was clinically indi-
cated. A clinical research protocol was approved by the Institu-
tional Review Board to study the possible cause(s) of restenosis
after DCAypercutaneous transluminal coronary angioplasty. We
studied atherectomy specimens from coronary arteries of 13
patients undergoing DCA and samples of normal coronary
arteries, obtained at autopsy, from six patients (ages 18–68) who
died of noncardiac causes and had no evidence of atherosclerosis.
The patient profiles are presented in Table 1.

The atherectomy tissue samples, immediately after removal,
were divided asceptically into three parts. One was used for RNA
extraction and the other two for Western blot analysis and in situ
hybridization, respectively. RNase-free equipment and reagents
were used for collection and storage of tissues used for in situ
hybridization and RNA extraction. The control samples were
obtained at autopsy and used under the same conditions as
mentioned above.

Cell Culture. Human coronary artery SMCs (CASMCs)
were obtained from Clonetics (San Diego) and grown in SMC

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424y97y949308-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: CASMC, coronary artery smooth muscle cell; SMC,
smooth muscle cell; OPN, osteopontin; DCA, directional coronary
atherectomy; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
DSS, disuccinimidyl suberate; PMA, phorbol 12-myristate 13-acetate;
RT-PCR, reverse transcriptase–PCR; ECM, extracellular matrix; FCM,
fibroblast conditioned medium; GRGDS, glycine-arginine-aspartic acid-
glycine-serine; PDGF-AB, platelet-derived growth factor AB.
†D.P. and G.C.K. contributed equally to this work.
¶Present address: Cardiovascular Group, Alexandria, VA 22304.
iTo whom reprint requests should be addressed. e-mail: mukherja@
cc.l.nichd.nih.gov.

9308



basal medium (Clonetics) supplemented with insulin, human
fibroblast growth factor, human epidermal growth factor, and
5% fetal calf serum in a humidified atmosphere of 5% CO2 and
95% air at 37°C.

Reverse Transcription–PCR (RT-PCR). The RNAs from
DCA tissues and cultured CASMCs were extracted as previ-
ously described (22). Reverse transcription of total RNAs from
DCA patients and controls and cDNA amplifications were
performed according to the method described previously (23).
The sequence of the antisense primer, hOPN-R (nucleotides
928–909) was 59-CTA CAA CCA GCA TAT CTT CA-39 and
the sense primer, hOPN-L (nucleotides 418–437) was 59-CAC
CAG TCT GAT GAG TCT CA-39. The PCR products were
detected by using digoxigenin-labeled hOPN probe; hOPN-P1
(nucleotides 647–628) was 59-TCC ATG TGT GAG GTG
ATG TC-39. For the amplification of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) cDNA the sense primer,
GAPDH-L (nucleotides 388–405) was 59-CCA TGG AGA
AGG CTG GGG-39, and the antisense primer, GAPDH-R
(nucleotides 582–563) was 59-CAA AGT TGT CAT GGA
TGA CC-39. The probe GAPDH-P (nucleotides 549–531) was
59-CTA AGC AGT TGG TGG TGC A-39.

Western Blot Analysis. The level of OPN in CASMCs and
in coronary atherectomy and normal coronary artery speci-
mens was detected by Western blot analysis (24). Briefly, the
specimens were homogenized in lysis buffer (50 mM TriszHCl,
pH 7.5, containing 150 mM NaCl, 1% Nonidet P-40, 15 mgyml
leupeptin, and 0.5 mM phenylmethylsulfonyl f luoride), and
centrifuged at 12,000 3 g for 10 min. The supernatants were
electrophoresed on a 4–20% gradient SDSypolyacrylamide gel
and electrotransferred to nitrocellulose membrane. The mem-
branes were blocked, incubated with rabbit anti-rat OPN
antibody (1:250 dilution), and detected with 125I-labeled pro-
tein A (ICN), followed by autoradiography.

Immunoprecipitation. When CASMCs were treated with
phorbol 12-myristate 13-acetate (PMA) (250 nM) they were
incubated at 37°C for 24 hr. The cell lysates were immuno-
precipitated using a kit from Boehringer Mannheim according
to manufacturer’s instructions. Briefly, the cells were lysed
with lysis buffer and centrifuged, and the supernatant was
incubated with rabbit OPN-antibody for 1 hr then with protein
A-agarose at 4°C overnight. Bound complexes were pelleted by
centrifugation, washed, and electrophoresed. The Western
blot analysis was done as previously described (24).

Binding Studies. Purified human OPN was radioiodinated by
the chloramine-T method (25). Subconfluent cultures of
CASMCs were incubated with 125I-OPN (3.3 3 105 cpmywell) in
the absence or presence of varying concentrations of unlabeled
OPN in 0.5 ml of Hanks’ balanced salt solution, pH 7.6, contain-
ing 0.1% BSA. After incubation at 37°C for 3 hr, the reactions
were stopped by rapid removal of medium containing unbound
radiolabeled OPN, and the cells were washed and solubilized with
2 M NaOH. The radioactivity was measured by gamma counter,
and the specific binding was calculated by subtracting the non-
specific binding from the total binding. The Kd value was deter-
mined by Scatchard analysis by using the Ligand computer
program (26).

Affinity Crosslinking Experiments. Subconfluent CASMC
was incubated with 125I-OPN (6.6 3 105 cpmywell) in 1 ml of
Hanks’ balanced salt solution, pH 7.6 containing 0.1% BSA in the
absence or presence of unlabeled OPN or Gly-Arg-Gly-Asp-Ser
(GRGDS) peptide (1 mM) at 37°C for 3 hr. After washing, the
cells were incubated with 0.20 mM disuccinimidyl suberate (DSS)
in 1 ml of Hanks’ balanced salt solution, pH 7.6 at 37°C for 30 min.
The cells were scraped, collected by centrifugation, and lysed in
40 ml of 1% Triton X-100 solution containing 1 mM phenylmeth-
ylsulfonyl fluoride, 20 mgyml leupeptin, and 2 mM EDTA. The
supernatants (30 ml) obtained by centrifugation were electropho-
resed as described previously (27) and autoradiographed.

CASMC Migration Assay. Migration of CASMC was per-
formed using Transwell cell culture chambers with an 8-mm pore
size polycarbonate membrane (Costar) as described previously
(28). Briefly, subconfluent human CASMC were trypsinized,
centrifuged, and resuspended in basal medium (SmBM) supple-
mented with 0.2% BSA. Then, 0.25 ml of cell suspension (5 3 104

cells) was added to the upper compartment of the chamber. The
lower compartment contained 0.5 ml of basal medium supple-
mented with 0.2% BSA and either two different concentrations
of OPN (0.68 or 1.36 mgyml) or buffer. After incubation at 37°C
for 24 hr, the nonmigrated cells on the upper surface of the filters
were scraped and washed. The migrated cells were fixed in
methanol, stained with Giemsa, counted under an inverted
microscope and photomicrographed (1203) using a Zeiss pho-
tomicroscope (Axiovert 405 M). In separate experiments, cells in
the upper compartment also were treated with mouse anti-human
avb3-antibody (10 mgyml) before being assayed for migration to
ascertain whether this OPN-stimulated migration is mediated via
avb3. Preimmune IgG treatment served as a nonspecific control.

Extracellular Matrix (ECM) Invasion Assay. The ECM inva-
sion assay was performed using a commercially available 24-well
Matrigel-coated invasion chamber (Collaborative Biomedical
Products, Bedford, MA) as described previously (29). Briefly, the
confluent CASMC were trypsinized, centrifuged, and resus-
pended in basal medium supplemented with 0.1% BSA. The
lower compartment of the invasion chamber was filled with
fibroblast-conditioned medium (FCM), which served as a che-
moattractant. The invasion assays were initiated by inoculating
the upper chamber with cells (1 3 105ywell), which were either
untreated or treated with varying concentrations of OPN (0.5–2.0
mgyml). After incubating at 37°C for 24 hr, the cells in the upper
chamber were discarded, the matrigel was scraped clear, and the
cells that had invaded the matrigel and migrated to the lower
surface of the filter, were fixed, stained, counted, and photomi-
crographed (1203) as described above. The cells also were
pretreated with mouse anti-human avb3 antibody (10 mgyml) as
described above to determine if the OPN-induced invasion is
mediated via avb3. Preimmune IgG was used as a nonspecific
control.

CASMC Proliferation Assay. CASMCs were cultured as
described above, and the cells were starved in serum-free
media for 48 hr. The proliferation assays were performed as
described previously (30). Briefly, the cells were incubated in
the absence or presence of platelet-derived growth factor AB
(PDGF-AB; 100 ngyml) and increasing concentrations of OPN
(1–6 mgyml) at 37°C for 24 hr. In separate experiments, cells
were pretreated with either mouse anti-human avb3-antibody
(5 mgyml), preimmune IgG, or GRGDS peptide (10 nM)
followed by OPN (3.0 mgyml). After 4 hr, [3H]thymidine (1
mCiyml) was added, and the cells were maintained in culture
for an additional 24 hr under the same culture conditions as
described previously. After removing the supernatants, the
cells were washed with basal medium and lysed in 50%
trichloroacetic acid. The acid-precipitable cell-bound radioac-
tivity was measured using a scintillation counter (Beckman).

In Situ Hybridization. Sections of paraformaldehyde-fixed
tissues were placed on ribonuclease-free polylysine-treated
glass slides (American Histolabs, Rockville, MD), and in situ

Table 1. Profile of patients and controls

Number of patients
Age

range Sex

13 (DCA patients)* 43–62 2 F
11 M

6 (Controls)† 18–68 2 F
4 M

*Informed consent was obtained after the nature and possible con-
sequences of the atherectomy procedure were explained.

†No evidence of coronary atherosclerosis at autopsy: death due to
noncardiac causes.
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hybridization was carried out as previously described (31). The
hOPN probe, hOPN-P2 (nucleotide 647–608) 59-TCC ATG
TGT GAG GTG ATG TCC TCG TCT GTA GCA TCA GGG
T-39) was 39 end-labeled with digoxigenin-11-ddUTP (Boehr-
inger Mannheim) as described previously (23). The slides were
photomicrographed with a Zeiss Axiomat photomicroscope
(magnification 4003).

Immunofluorescence. The methodology for immunofluores-
cence has been described previously (32). Briefly, CASMCs
during log phase of growth on microscopic slides were fixed in 4%
buffered paraformaldehyde. Similarly, atherectomy and control
coronary tissues also were fixed in buffered 4% paraformalde-
hyde and embedded in paraffin, and histological sections were
prepared (American Histolabs). These cell and tissue samples
were used for immunofluorescent detection of OPN, SMC-
specific a-actin, and avb3 integrin. The rabbit OPN antiserum has
been previously characterized (24). mAb (clone 1A4) to human
SMC-specific a-actin was purchased from Sigma, and mouse
mAb to human avb3 was obtained from Chemicon.

Determination of Plasma OPN Levels. Plasma sample prep-
aration for OPN detection by Western blotting has been
described previously (33). The method for Western blotting is
described above (24). Relative density of the Western-positive
OPN protein bands were determined using an LKB Ultrascan
LX-800 densitometer.

RESULTS
Expression of OPN mRNA and Protein in Cultured Human

CASMCs. We first sought to determine the pattern of OPN
mRNA and protein expression in cultured human CASMCs
and to observe the effects of OPN treatment on the migration,
ECM invasion, and proliferation of these cells. Accordingly,
we obtained commercially available human CASMCs (Clonet-
ics) and ascertained that these cells are 100% SMCs by
immunofluorescence, which detected SMC-specific a-actin,
OPN, and avb3 integrin. As shown in Fig. 1A, these cells
express OPN (a), SMC-specific a-actin (b), and avb3 integrin
(c). By using RT-PCR we also found that during log phase of
growth these cells express elevated levels of OPN mRNA (Fig.
1Ba, top lane 1) compared with the confluent cultures (Fig.
1Ba, top lane 2). The GAPDH-mRNA signals were identical
(Fig. 1Ba, middle lanes 1 and 2) in both nonconfluent and
confluent cultures, demonstrating that these differences were
not due to variability in gel loading or degradation of RNA
during extraction. Western blot analysis of cell extracts also
indicated that high levels of OPN are expressed during the log
phase of growth (Fig. 1Ba, lower lane 1), compared with
confluent cultures (Fig. 1Ba, bottom lane 2).

Because PMA induces OPN gene expression, we stimulated
the CASMCs with PMA and detected OPN production by
immunoprecipitation of cell lysates followed by Western blotting.
We found that the level of OPN protein in PMA-stimulated cells
was markedly higher (Fig. 1Bb, right lane) than that of unstimu-
lated cells (Fig. 1Bb, left lane). The two OPN bands (Fig. 1Bb,
right lane), detected upon PMA stimulation, represent two
isoforms of this protein. Because OPN may exert its effect on
CASMCs by interacting with its cell-surface receptor, we also
carried out 125I-OPN binding and affinity-crosslinking experi-
ments. The 300-kDa protein band disappeared when the cells
were pretreated with either OPN or GRGDS peptide and in the
absence of DSS no such 300-kDa band was detected (Fig. 1Ca).
The results indicate that OPN binds to a '300-kDa cell surface
protein on CASMCs (Fig. 1Ca) with high specificity and affinity
(Kd 5 1 nM) (Fig. 1Cb). The results of immunoprecipitation with
avb3 integrin antibody after binding and affinity-crosslinking of
125I-OPN with CASMCs established that the '300-kDa protein
band is indeed avb3 integrin (data not shown).

Influence of OPN on CASMC Migration, ECM Invasion, and
Proliferation. To determine the effects of OPN on CASMCs, we
used established in vitro assay systems to evaluate the effects of

this protein on cellular migration, ECM invasion, and prolifera-
tion. As shown in Fig. 2A, the rate of migration of CASMCs is
enhanced with increasing concentrations of OPN used as che-
moattractant. Similarly, OPN treatment of the cells also enhanced
their invasiveness (Fig. 2B) when tested on Matrigel, an artificial
ECM (Collaborative Biomedical Products), in a dose-dependent
manner. The OPN-induced migration and ECM invasion were
blocked when the cells were pretreated with avb3 integrin-
antibody before performing each of these assays. A preimmune
IgG, used as a control, failed to exert any inhibitory effect on
OPN-induced migration and invasion (data not shown).

OPN treatment of CASMCs also stimulated their proliferation
in a dose-dependent manner (Fig. 2C). We carried out prolifer-

FIG. 1. Characterization of cultured CASMCs. (A) Detection of OPN
(a), smooth muscle-specific a-actin (b), and integrin avb3 (c) in cultured
CASMCs by indirect immunofluorescence. Note the cells express all three
antigens. (B) (a) Expression of OPN mRNA and protein in CASMC by
RT-PCR, and immunoprecipitation followed by Western blotting, re-
spectively. Lane 1, CASMCs at log phase of growth. Lane 2, CASMCs
from confluent cultures. The top, middle, and bottom panels are OPN
mRNA, GAPDH mRNA, and OPN protein, respectively. Note that OPN
mRNA and protein are easily detectable when the cells are in log phase
of growth whereas the level is significantly lower when the cells reach
confluence. (b) Immunoprecipitation and Western blot analysis of OPN
production by semiconfluent cultures of CASMCs in response to PMA
treatment. Lane 1, 2 PMA. Lane 2, 1 PMA (250 nM). (C) Affinity-
crosslinking and competition binding of OPN to its receptor on cultured
CASMCs. (a) 125I-OPN was incubated with CASMC in the absence or
presence of unlabeled OPN or GRGDS peptide and then crosslinked with
DSS as described below. Left to right: 2DSS; 1DSS; 1DSS 1 unlabeled
OPN; and 1DSS 1 unlabeled GRGDS peptide. (b) 125I-OPN was
incubated with CASMC using increasing concentrations of unlabeled
OPN at 37°C for 3 hr. The data are an average of duplicate experiments.
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ation studies in the presence of PDGF-AB as it has been
suggested that in vivo platelet activation may contribute to the
pathogenesis of restenosis. While we observed that PDGF-AB
alone has virtually no effect on CASMC proliferation, treatment
of these cells with OPN had a dramatic dose-dependent effect
when used in conjunction with 100 ngyml of PDGF-AB (Fig. 2C).
Treatment of the cells with OPN alone yielded a modest prolif-
erative response (data not shown). Interestingly, treatment of
CASMCs with GRGDS oligopeptide that corresponds to the cell
adhesion sequence of OPN, or with avb3 antibody drastically
inhibited OPN-induced proliferation (Fig. 2C). Moreover, trans-
fection of CASMCs with lipofectin containing OPN-antisense
S-oligonucleotide also showed the same effect (data not shown).
Taken together, these results indicate that OPN gene expression
is enhanced in proliferating, compared with contact-inhibited
CASMCs, and that treatment of these cells with purified OPN
stimulated their motility, ECM invasion, and proliferation. More-
over, these effects of OPN are transduced via avb3 integrin.

OPN mRNA and Protein Expression in Human Coronary
Atherectomy Tissues. At this point, we were interested in learning
whether a correlate of our in vitro results could be found in vivo.
Accordingly, we sought to determine: (i) whether a clear distinc-
tion could be made between atherosclerotic and nonatheroscle-
rotic coronary arterial tissues solely on the basis of OPN mRNA
and protein expression patterns and if so, (ii) whether the arterial
tissues that produce OPN also express one of its receptors, the
avb3 integrin. Therefore, we studied coronary atherectomy tis-
sues from 13 patients who participated in an approved clinical
research protocol and in whom DCA was clinically indicated.
Autopsy specimens of coronary arteries from six subjects, who
had no evidence of atherosclerosis and had died of noncardiac
causes, served as controls. A brief summary of profiles of patient
and control subjects are presented in Table 1. The DCA and
control tissues were used to detect OPN mRNA by in situ
hybridization using a digoxigenin-labeled oligonucleotide probe
derived from the sequence of human OPN cDNA. The results are
shown in Fig. 3A. It is clear that atherosclerotic tissues obtained
from DCA patients express very high levels of OPN mRNA (Fig.

3A a and b) while it is virtually undetectable in control samples
(Fig. 3A, c and d). The results of RT-PCR using total RNA from
control (Fig. 3Ba, lanes 1–5) and patient samples (Fig. 3Bb, lanes
1–5) corroborated the in situ hybridization results (Fig. 3A a–d).
Because kidney is known to synthesize high levels of OPN
constitutively, we standardized our assays on an OPN cDNA
derived from human kidney RNA (CLONTECH) by RT-PCR
(Fig. 3Ba, lane S). The apparent lack of OPN mRNA in control
(autopsy) coronary arteries was not due to degradation of nucleic
acids because the strong RT-PCR amplification of mRNA of a
housekeeping gene, GAPDH, is virtually identical in each of
these samples (Fig. 3B a and b, bottom). To determine whether
the outer (adventitia), middle (media), or the inner (intima) tissue
layers of the coronary arteries expressed OPN and avb3 integrin,
we performed immunofluorescence of both DCA and control
tissues using antibodies against OPN, SMC-specific a-actin, and
avb3 integrin. In Fig. 3C (upper two rows) the immunofluores-
cence for OPN, SMC-specific a-actin, and avb3 integrin of
coronary atherectomy tissues from two representative patients
are shown. The lower two rows show the results from two
representative control samples. It is clear that the patient tissues
produced a high level of OPN-specific immunofluorescence (Fig.
3C a and b, OPN), while in the control tissues OPN immuno-
fluorescence was virtually undetectable (Fig. 3C c and d). In both
patient and control samples SMC-specific a-actin (Fig. 3C e–h)
and the avb3 integrin (Fig. 3C i–l) were readily detectable. The
Western blot analysis (Fig. 3D) of the control tissues showed a
virtual lack of OPN (Fig. 3Da, lanes 1–5) compared with atherec-
tomy samples in which appreciably higher levels of OPN were
detected (Fig. 3Db, lanes 1–5). Purified OPN was used as a
standard (Fig. 3D a and b, lane S). The SDSyPAGE and Western
blotting of patient tissue extracts revealed two distinct OPN bands
as noted previously.

Plasma OPN Levels in Coronary Atherosclerotic Patients,
Before and After Angioplasty. Because OPN is a secreted protein,
we were interested in learning if its level in blood plasma changed
after atherectomy. Accordingly, we obtained blood samples from
DCA patients, the day before the procedure, 24 hr after, and on

FIG. 2. (A) Effect of OPN on CASMC migration. These assays were performed by using either basal medium (Clonetics) containing 0.2% BSA or
two different concentrations of OPN (0.68 and 1.36 mgyml) in the lower chamber. In a separate experiment, the cells in the upper chamber were pretreated
with either avb3 antibody or preimmune IgG (10 mgyml), and OPN was added to the lower chamber at 1.36 mgyml. The results are expressed as the mean
of two determinations 6 SEM. (B) OPN-induced ECM invasion by CASMCs. These assays were performed using untreated cells (controls) or cells treated
with 0.5, 1.0, and 2.0 mgyml of OPN, or cells pretreated either with avb3-antibody or preimmune IgG (10 mgyml) and then treated with OPN (2.0 mgyml).
The results are expressed as the mean of two determinations 6 SEM. (C) OPN-stimulated CASMC proliferation assay. The cells were untreated (control),
or treated with PDGF-AB (100 ngyml) alone or PDGF-AB and increasing concentrations of OPN (1.0, 3.0, and 6.0 mgyml respectively). The cells also
were pretreated with PDGF-AB followed by avb3-antibody (5 mgyml) or PDGF-AB and preimmune IgG, or with PDGF-AB and GRGDS peptide (10
nM). They then were stimulated with OPN (3.0 mgyml). The results are expressed as the mean of two determinations 6 SEM.
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weekly intervals for 4 weeks after the DCA and subjected the
plasma samples to analysis by SDSyPAGE and Western blotting.
Equal amounts of total plasma proteins were loaded in each lane
for electrophoresis. Semiquantitative, densitometric analysis of
the OPN bands in Western blots also were performed. Plasma
samples from healthy individuals, who had no clinical evidence of
coronary artery disease, served as controls. Western blot analysis
identified a clear difference in OPN levels between normal (Fig.
4Aa) and DCA patients (Fig. 4A b–d), respectively. As shown in
Fig. 4Aa, the control plasma samples had virtually undetectable
level of OPN (lanes 1–5), whereas those from DCA patients,
collected 24 hr before the procedure (P in b), had readily visible
OPN bands (lanes 1–6). OPN standard is designated S in a. What
is more significant is the observation that plasma OPN levels
dramatically increased 24 hr after DCA (c) and remained ele-
vated even 3 weeks after the procedure (d). A follow-up of
relative densities of OPN bands, resolved by SDSyPAGE and
Western blotting of plasma samples of three representative DCA
patients, collected over a 4-week period, are shown in Fig. 4B. In
each case a separate control (lanes C1, C2, and C3) was used for
comparison. It is clear that the baseline plasma OPN levels of the
patients, even before the procedure, are appreciably higher than
those of the healthy controls. Moreover, this elevated plasma
OPN level was sustained for 4 weeks after DCA. Taken together,
these results unambiguously demonstrate that OPN mRNA and

protein expression in CASMCs of DCA tissues, as well as the
baseline plasma OPN levels of these patients, are remarkably
higher than those of the control subjects. Most interestingly,
plasma levels of OPN were further elevated after DCA and
remained high for the duration of this study.

DISCUSSION
The results of our in vitro experiments with cultured CASMCs
and those derived from atherectomy tissues from patients suggest
that there may be a cascade of events that lead to the development
of restenosis after angioplasty and that OPN plays both autocrine
and paracrine receptor-mediated roles, which critically affect the
biology of CASMCs. OPN has been reported to have chemotactic
properties (15) and has been demonstrated to induce prolifera-
tion in rat aortic SMCs (20). Thus, a likely scenario is that the
inflammatory stimulus generated by the trauma of angioplasty is
the triggering event that causes infiltration of monocytes and
macrophages into the vascular smooth muscle layer. Because
activated monocytes and macrophages are known to secrete OPN
it could bind to avb3 integrin on CASMCs, which in turn respond
by expressing more OPN. Secreted OPN then interacts with
CASMCs in an autocrine or paracrine fashion and promotes their
migration toward the intima where the angioplasty-induced in-
jury has occurred. These cells then invade the ECM to arrive at
the intima, where they proliferate to cause reocclusion.

FIG. 3. (A) Detection of OPN mRNA in coronary artery tissues of DCA patients and nonatherosclerotic subjects by in situ hybridization. a and b
and c and d are bright-field photomicrographs of coronary atherectomy and normal coronary artery tissues, respectively (3200). Note the virtual absence
of OPN mRNA signal in control tissues as compared with a very high level of the signal in atherectomy samples. (B) Detection of OPN mRNA by RT-PCR
in normal coronary arteries (controls) and patient samples. (a) Lane S: RNA from human kidney (CLONTECH) used as positive control, and lanes 1–5,
RNA from autopsy samples of five representative control subjects without evidence of coronary artery disease. Note the virtual absence of OPN mRNA
signal in these samples. (b) Lanes 1–5, OPN expression in coronary atherectomy samples of five representative patients. GAPDH-mRNA expression in
control and patient samples also are shown in a and b. (C) Detection of OPN, SMC-specific a-actin, and avb3 integrin by indirect immunofluorescence
in coronary atherectomy tissues from two representative patients and normal coronary arteries. OPN: (a and b) patients; (c and d) controls. a-actin: (e
and f) patients; (g and h) controls. avb3 integrin: (i and j) patients; (k and l) controls. Note high-intensity OPN-specific fluorescence on patient samples
(a and b) compared with controls (c and d). The intensity of smooth muscle-specific a-actin and avb3 integrin fluorescence are very similar in both controls
and patients. (D) Detection of OPN in control and coronary atherectomy tissues by Western blot analysis. (a) Autopsy samples from five apparently normal
coronary arteries (lanes 1–5). (b) Samples from five atherectomy patients (lanes 1–5) and lane S represent purified OPN used as a standard. Note that
while OPN is readily detectable in atherectomy samples, it is virtually absent from normal coronary arteries.
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It has been reported that vascular SMCs, when stimulated with
vitronectin, undergo haptotaxis (34), a process in which the cells
migrate toward an increasing gradient of a chemoattractant.
More recently, Senger et al. (35, 36), have demonstrated that
OPN and its GRGDS-containing thrombin cleavage fragment
promote haptotaxis of tumor and vascular endothelial cells
respectively, via the avb3 integrin. Our results in DCA patients
indicate that plasma OPN levels dramatically increase after the
procedure, which may create an increasing gradient of this protein
from the media of the arterial wall (where the CASMCs are
normally located) to the lumen of the artery, where the highest
concentration of OPN may be found. This may explain why the
CASMCs migrate from their original location in the arterial
media toward the intima, which is in close proximity to the
circulating high levels of OPN in the blood. CASMCs arriving at
their destination in the intima proliferate due to OPN stimulation
and, as a result, cause reocclusion. While there may be other
factors involved in the pathogenesis of this complex disease
process, our results raise a strong possibility that OPN and its avb3
integrin receptor play an essential role not only in stimulating the
migration and ECM invasion but also proliferation of CASMCs.
Our observation that transfection of CASMCs with lipofectin
containing OPN-antisense S-oligonucleotides causes a drastic
inhibition of proliferation of these cells may have potential clinical
applications. The possibility of a short course of systemic OPN-
antisense S-oligonucleotide treatment of patients after angio-
plasty or local administration of lipofectin containing S-
oligonucleotides at the completion of the procedure may be worth
studying in animal models as a means of preventing reocclusion.
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FIG. 4. Western blot and densitometric analyses of OPN in plasma samples of patients and normal controls. (A) (a) Lanes 1–5, plasma OPN from
five different controls; lane S: purified OPN standard. (b) Lanes 1–6, plasma samples of DCA patients obtained 24 hr before the procedure. (c) Lanes
1–6, DCA patients 24 hr after the procedure. (d) DCA patients, 3 weeks after DCA. Note the virtual absence of OPN in control samples (a) and highly
conspicuous OPN bands in c and d. (B) Densitometric analysis of plasma OPN bands from three representative DCA patients. C1–3: controls; P: patients
24 hr before DCA. The numbers indicate time after the procedure in weeks. Note the sustained high levels of plasma OPN in patients.
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