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Abstract Repeated cycles of vascular injury by allylamine induce vascular lesions similar to those seen in
atherosclerotic vessels, or following balloon catheterization. Vascular (aortic) smooth muscle cells harvested from
allylamine-treated animals (i.e., allylamine cells) acquire a proliferative advantage relative to control counterparts that is
associated with differential secretion and extracellular matrix sequestration of several proteins. In the present study, we
have characterized two of these proteins (Mr 52 and 36 kDa; pI 5.6 and 5.2, respectively) and their putative role in the
expression of a proliferative phenotype. Because the physical properties of these proteins were comparable to those of
osteopontin (OPN) and its thrombin-generated fragment(s), initial experiments were conducted to examine the
expression and processing of OPN in this cell system. OPN mRNA expression was enhanced during early G1 cell cycle
progression in allylamine cells relative to control counterparts. However, comparable amounts of OPN (Mr 56, 52, and
50 kDa) were detected by Western analysis in media conditioned by both cell types using the OP-199 or B77-Rat1
antibodies to OPN. Allylamine cells, however, produced increased amounts of a 36 kDa protein recognized by the
OP-199 antibody. Incubation of conditioned media from [35S]methionine-labeled allylamine cells with thrombin
decreased the intensity of the 52 kDa protein, while increasing the intensity of a 36 kDa protein. RT-PCR analysis
demonstrated expression of a 1.2 kb OPN band in both cell types consistent with the predicted size of OPN mRNA,
suggesting that the 36 kDa fragment recognized by OP-199 in allylamine cells was likely not due to altered splicing of
the OPN transcript. To determine if OPN and/or the 36 kDa fragment played a central role in the proliferative capacity of
allylamine cells, the effect of an antibody to an av integin subunit was examined. An antibody to the av subunit, but not
a4, nullified the proliferative advantage of allylamine cells relative to control counterparts, suggesting that integrin-
mediated signaling is a key feature of the proliferative phenotype of allylamine cells. We conclude that enhanced
proteolytic cleavage of OPN may characterize the modulation of vascular SMCs to a more proliferative phenotype
following chemical injury by allylamine. J. Cell. Biochem. 65:267–275. r 1997 Wiley-Liss, Inc.
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Aberrant smoothmuscle cell (SMC) prolifera-
tion is a pivotal point in the early events lead-
ing to atherosclerosis and re-stenosis [Ross,
1993; Schwartz et al., 1995]. With this in mind,
studies in our laboratory have focused on the
molecularmechanisms thatmediate the deregu-
lation of vascular SMC growth and differentia-

tion following repeated cycles of chemical in-
jury [reviewed in Ramos and Parrish, 1995]. Of
particular interest has been the finding that
allylamine, an atherogenic amine in vivo [Lal-
ich et al., 1972; Boor et al., 1980], induces
acquisition of a proliferative phenotype in vas-
cular (aortic) SMCs that is sustained as a func-
tion of serial passage in vitro [Cox and Ramos,
1990]. The proliferative advantage of cells from
allylamine-treated animals (henceforth referred
to as allylamine cells) is associated with in-
creased synthesis of proteins that become asso-
ciated with the extracellularmatrix (ECM) [Ra-
mos et al., 1993]. Seeding of control cells on a
matrix synthesized by allylamine cells affords
control cells enhanced proliferative potential,
thus implicating an ECM component(s) in the
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enhanced mitogenic responsiveness of allyl-
amine cells [Ramos et al., 1993].
Osteopontin (OPN) is a secreted acidic phos-

phoprotein (Mr 42–66 kDa) with effects on gene
expression [Sauk et al., 1990], Ca11 regulation
[Chen et al., 1993], and nitric oxide production
[Hwang et al., 1994]. These effects are presum-
ably mediated by the activation of the avb3

integrin following interaction with the con-
served GRDGS sequence of OPN [reviewed in
Denhardt and Guo, 1993]. OPN is overex-
pressed in transformed cell lines relative to
non-tumorigenic counterparts [Senger et al.,
1989; Su et al., 1993], and several reports have
implicated OPN in the tumorigenic capacity of
several cell lines [Behrend et al., 1994; Gardner
et al., 1994]. Giachelli et al. [1991] first associ-
ated increased expression of OPN in SMCswith
vascular injury by cloning an mRNA (2B7)
which was increased 5-fold following balloon
angioplasty of the rat carotid artery. OPN is
elevated during neointimal formation and is a
component of human atherosclerotic plaques
[Giachelli et al., 1993], evidence which supports
the view that OPN plays an important role in
pathological processes associated with athero-
genesis.
More recent work has focused on the role of

OPN in SMC attachment and migration. OPN
promotes adhesion and spreading of both vascu-
lar endothelial and SMCs, and is a potent che-
motactic agent for SMCs in culture [Liaw et al.,
1994]. While the migratory effect of OPN is
mediated by the avb3 integrin [Yue et al., 1994;
Liaw et al., 1995], interaction of OPN with the
avb1 and avb5 integrin receptors may support
SMC adhesion [Yue et al., 1994; Liaw et al.,
1995]. These data suggest that interaction with
distinct receptors is a mechanism by which
OPN can regulate multiple cellular functions.
OPN itself does not induce DNA synthesis, or
enhance the effects of platelet-derived growth
factor (PDGF) in SMCs, suggesting that OPN
selectively influences SMC migration and at-
tachment [Yue et al., 1994].
OPN contains a thrombin-sensitive dipeptide

sequence (RS) in close proximity to the integrin-
recognition domain, but controversy exists re-
garding the biological consequences of throm-
bin cleavage to generate a 35 kDa fragment.
Two groups have described opposite effects on
the adhesive properties of OPN following throm-
bin cleavage. Xuan et al. [1994] reported de-
creased attachment of PAP2 (ras-transformed,

metastatic murine NIH 3T3 cells) and MDA-
MB-435 human mammary carcinoma cells on
dishes coated with thrombin-cleaved recombi-
nant human OPN. Senger et al. [1994], how-
ever, demonstrated increased cell attachment
and spreading of various human cell lines in-
cluding HT1080 (fibrosarcoma), T24 (bladder
carcinoma), HISM (intestinal smooth muscle),
and HFL-1 (fetal lung fibroblast) on thrombin-
cleaved rat OPN coated culture dishes. In addi-
tion, thrombin-cleaved OPN stimulated vascu-
lar endothelial cell migration in vitro to a
greater extent than full-length OPN [Senger et
al., 1996].
The present studies have been conducted to

characterize two abundant proteins (Mr 52 and
36 kDa) which are differentially secreted and
sequestered in the ECM of allylamine cells [Ra-
mos et al., 1993]. Evidence is presented that
OPN is overexpressed at the mRNA level in
allylamine cells and that enhanced proteolytic
cleavage of OPN generates a 36 kDa fragment
that is enhanced in allylamine cells relative to
control SMCs. The findings that blockade of
av-mediated signaling nullifies the prolifera-
tive advantage of allylamine cells relative to
control SMCs suggest that OPN and/or proteo-
lytic fragments of the protein may participate
in proliferative regulation in SMCs. These data
provide strength to the emerging view that
OPN is involved in disorders of growth and
differentiation, such as cancer and atherosclero-
sis.

MATERIALS AND METHODS
Materials

Allylamine (99% purity) was purchased
from Aldrich (Milwaukee, WI). Medium 199,
L-glutamine, and the monoclonal anti-human
a4 (clone P4DC2) and av (clone VNR147) inte-
grin subunit antibodies were purchased from
Gibco (Grand Island, NY). Fetal bovine serum
(FBS) was obtained from Intergen (Purchase,
NY). Trypsin, epidermal growth factor, antibi-
otic/antimycotic solution, anti-mouse IgG, anti-
rabbit IgG, and BCIP-NBT tablets were ob-
tained from Sigma Chemical Co. (St. Louis,
MO). [3H]Thymidine (55 Ci/mmol) was pur-
chased from ICNBiomedicals (CostaMesa, CA).
[32P]dCTP was purchased from NEN Radio-
chemicals (Grand Island, NY). OPNand b-tubu-
lin plasmids were purchased from American
Type Culture Collection (Rockville, MD). Tri-
Reagent was purchased from Molecular Re-
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search Center, Inc. (Cincinnati, OH). The OP-199
[Liaw et al., 1994] and B77-Rat1 [Senger et al.,
1994] antibodies to OPN were kind gifts of Dr.
Cecilia M. Giachelli (University of Washington,
Seattle, WA) and Dr. Donald Senger (Beth Is-
rael Hospital, Harvard Medical School, Boston,
MA), respectively. TheMPIIIB101 mousemono-
clonal antibody to rat bone OPN developed by
M. Solursh and A. Franzen was obtained from
the Developmental Studies Hybridoma Bank
maintained by the Department of Biological Sci-
ences, University of Iowa, Iowa City, IA, under
contract N01-HD-2-3144 from the NICHD. All
other chemicals were purchased from Sigma
Chemical Co.

Cell Culture

SMCs were isolated by successive enzymatic
digestion of the aortae from adultmale Sprague-
Dawley rats gavaged with allylamine-HCl (70
mg/kg) or tap water daily for 20 days as previ-
ously described [Cox and Ramos, 1990]. This
dosing regimen is associated with modulation
of SMCs toward a highly mitogen-responsive
state and has been proposed as a model of
atherogenesis [Ramos, 1990]. Subcultures were
maintained in Medium 199 supplemented with
10% FBS and 2 mM glutamine in 5% CO2:95%
air at 37°C. Subcultures were prepared by tryp-
sinization of subconfluent cultures at a 1:4 ratio
twice weekly. In these studies, cultures be-
tween passage level 15–22 were used and cells
were seeded at an initial density of 100 cells/
mm2 unless otherwise noted.

RNA Extraction and Northern Analysis

Total RNA was extracted using a modified
version of the procedure published by Chomc-
zynski and Sacchi [1987]. Cells were seeded in
100-mm tissue culture dishes and growth-
arrested by serum deprivation for 72 h in 0.1%
FBS. Cultures were stimulated with 10% FBS
and processed at the desired time points follow-
ing synchronous cell cycle entry. RNA was ex-
tracted with chloroform and precipitated with
isopropyl alcohol overnight at 220°C. RNAcon-
centrations were determined spectrophotomet-
rically and 15 µg was loaded onto a 1.2% aga-
rose/1 M formaldehyde denaturing gel and
electrophoresed in a 1 3 SPC buffer (20 mM
Na2HPO4, pH 6.8, and 2 mM CDTA) at 50 V for
approximately 3 h. Samples were transferred
from the gel to a nylon membrane by capillary
action for at least 24 h before cross-linking

using a UV cross-linker (Stratagene, La Jolla,
CA). The membrane was prehybridized at 60°C
for 24 h in hybridization buffer containing 5 3
SSPE (0.75 M NaCl, 0.05 M Na2HPO4, 5 mM
EDTA, pH 7.4), 1% SDS, 10% dextran sulfate,
0.1%polyvinyl pyrrolidine, 0.1%Ficoll, and 0.1%
bovine serum albumin. The membrane was hy-
bridized to an OPN cDNA (1.4 kb) excised from
Escherichia coli DNA by Pst I/Xba I endonucle-
ases or human b-tubulin cDNA (1.6 kb) cloned
into the EcoRI site of pBluescript vector. The
membrane was washed with 1 3 SSPE twice at
room temperature (15 min) and 1 3 SSPE/2%
SDS at 65°C for 45 min (23) before exposure to
X-ray film.

SDS-Page/Western Analysis

Allylamine and control cultures were plated
on 150-mmplastic culture dishes and, following
a 24-h attachment period, serum-free medium
containing 25 µg/ml of bovine serum albumin
was added for 24 h. Total secreted proteins
precipitated with trichloroacetic acid (15%) to
give a final protease inhibitor concentration of
0.9 mM phenylmethanesulphonyl fluoride, 1
mM N-ethylmaleimide, 23 mM EDTA, and 45
µg/ml pepstatin A. Following 24 h at 4°C, pro-
teins were pelleted by centrifugation at 6,000g.
Pellets were washed 23 with ethanol before
re-suspending in 300 µl of 40% (v/v) glycerol,
25% (w/v) b-mercaptoethanol, 12% (w/v) SDS,
0.31 M Tris-HCl (pH 6.8), 25 mM EDTA, and
0.1% (w/v) pyroninY. Protein concentration was
determined using a modified Bradford assay
[Bradford, 1976]. Samples were boiled for 5min
and 50 µg of protein was electrophoresed on a
12.5% (w/v) polyacrylamide gel according to
published methods [Laemmli, 1970]. Proteins
were transferred to a membrane overnight (15
V) and blocked for 2 h with 2% Tween/10%
nonfat drymilk prior to the addition of the pri-
mary antibody (OP-199 1:500; MPIIIB101 1:10)
for 16 h at 4°C. Rabbit anti-IgG (OP-199, B77-
Rat1) or mouse anti-IgG (MPIIIB101) was used
as the secondary antibody (1:400, 4 h) and
proteins visualized using BCIP-NBT tablets.
For studies involving the thrombin sensitivity
of proteins secreted by allylamine and control
SMCs, conditioned media from [35S]methionine
labeled allylamine cells was harvested and 5
U/ml of thrombin was added for 1 h at 37°C.
Proteins were precipitated as previously de-
scribed and 50,000 CPM separated on a 12.5%
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polyacrylamide gel. Following gel drying, pro-
teins were visualized by autoradiography.

RT-PCR Analysis

OPN gene expression was assessed using Re-
verse Transcription-Polymerase Chain Reac-
tion (GeneAMP, Perkin Elmer, Oak Brook, IL).
Specific primers for rat OPN were designed
using Oligo 4.0 (National Biosciences, Ply-
mouth, MN) according to the published se-
quence of the gene [Olberg et al., 1986], and
generated by the Gene Technologies Labora-
tory at Texas A&M University. The down-
stream [58-GCACAGAAAGAACAGAAGC-
GAAAT-38, position 1228–1251, ratOPNmRNA]
and upstream OPN primers [58-CAGCCAAG-
GACCAACTACAACCAT-38, position 58–81 of
rat OPN mRNA] were designed to amplify a
1,194 bp fragment. Total RNA was extracted
from randomly cycling control and allylamine
SMCs. RNA was extracted with chloroform,
precipitated with isopropyl alcohol overnight at
220°C, and then resuspended in nuclease-free
H2O. RNA (0.2 µg) was placed into a reaction
mixture containing 5mMMgCl, 13PCRbuffer,
1 mM each dNTP, 1 U/µl RNase inhibitor, 2.5
U/µl reverse transcriptase, and 2.5 µM oligo
d(T) in a total volume of 20 µl and incubated at
room temperature for 10 min. Following 30 min
at 42°C, samples were heated for 5 min at 99°C
and cooled 5min at 4°C. For PCR amplification,
2 µM of forward and reverse primers were
added to sample with 2 mM MgCl, 0.25 U/µl of
Taq polymerase in a total volume of 100 µl.
Samples were then amplified by 30 cycles at
57°C as the annealing temperature. Amplified
bands were visualized by ethidium bromide
staining following separation using a 7.5% non-
denaturing polyacrylamide gel as described by
Young et al. [1990] to detect OPN splice vari-
ants. To determine the specificity of the ampli-
cation, reactions were performed without re-
verse transcriptase, Taq polymerase, or
template.

Antibody Studies

Allylamine and control cultures were seeded
at a density of 150 cells/mm2 on 35-mm plastic
culture dishes. Following a 3-h attachment pe-
riod in complete medium (10% FBS), fresh me-
dia (10%FBS) containing 1 µCi [3H]-thymidine/
dish in the presence or absence of an antibody
to OPN or the av integrin subunit were added.
The antibody to the human av integrin subunit

has previously been used in studies assessing
the role of OPN in SMC attachment and migra-
tion [Liaw et al., 1995]. Thymidine incorpora-
tion was measured over a 24-h period. As con-
trols, an antibody to the human integrin subunit
a4, as well as heat-inactivated av and a4 (100°C,
10 min) were employed.

Statistics

Analysis of variance (ANOVA) in conjunction
with Fisher’s post-hoc test was used to deter-
mine the statistical significance of differences
between control and treated cultures (P , 0.05).
Values represent the mean 6 SEM (n 5 4) and
experiments repeated in duplicate or triplicate.

RESULTS

Based on the physico-chemical properties of
the 52 and 36 kDa proteins secreted by allyl-
amine cells [Ramos et al., 1993], and the role of
OPN in atherogenesis [Giachelli et al., 1993],
we hypothesized that OPN was overexpressed
and differentially processed in allylamine cells
to generate a biologically active fragment(s). To
test this hypothesis, initial measurements of
OPN mRNA levels were conducted in growth-
arrested and serum-stimulated cultures of allyl-
amine and control SMCs tomonitor gene expres-
sion as a function of cell cycle transit (Fig. 1).
OPNmRNAlevels were elevated in Go-synchro-
nized cultures of allylamine cells relative to
control counterparts, as well as during early
cell cycle transit following serum stimulation.
Although OPN gene expression is often re-
garded as mitogen-dependent, expression in al-
lylamine cells was upregulated under growth-
arrested conditions.
We next examined OPN secretion into the

culture medium of allylamine and control cells.
Comparable levels of 56 and 50 kDa proteins
recognized by both the B77-Rat1 (data not
shown) and OP-199 antibodies to OPN were
secreted over a 24-h period by control and allyl-
amine cells (Fig. 2). Control cells also secreted a
52 kDa protein recognized by OP-199 that was
also seen, to a lesser extent, in allylamine cells.
Allylamine cells, however, exhibited increased
amounts of a 36 kDa protein recognized by the
OP-199 antibody.
Thrombin has previously been demonstrated

to cleave OPN into two fragments in the 35 kDa
range [Senger et al., 1994] and, therefore, we
hypothesized that the 36 kDa protein expressed
by allylamine cells represented a proteolytic
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fragment of OPN. The ability of thrombin to
cleave the 52 kDa protein was investigated in
separate experiments by the addition of throm-
bin to the conditioned media of metabolically
labeled allylamine SMCs. The addition of throm-
bin results in a marked decrease in the inten-
sity of the 52 kDa band concomitant with the
appearance of a 36 kDa protein in allylamine
cells (Fig. 3). These data implicate proteolytic
cleavage of OPN in the formation of the frag-
ment present in the conditioned media of allyl-
amine cells.
To determine if OPN processing occurred at

the mRNA level, RT-PCR analysis of OPN gene
expressionwas conducted.Amplification of OPN
mRNA by RT-PCR revealed a 1.2 kb band in
both control and allylamine cells, consistent
with the predicted size of the full-length wild-
type OPNmRNA (Fig. 4). Taken together, these
results suggest that OPN protein is processed
differentially in allylamine cells resulting in
increased levels of the 36 kDa fragment.
To assess the role of integrin-related signal-

ing in the proliferative capacity of allylamine
cells, an antibody to the OPN receptor was
employed to measure DNA synthetic rates in
response to mitogenic stimulation as ameasure
of proliferative capacity. The av integrin anti-
body decreased DNA synthesis in allylamine
cells, but was without effect in control cells (Fig.
5). The specificity of this response was exam-
ined using antibodies either to the a4 integrin
subunit, an integrin not implicated in OPN
function, or heat-inactivated antibodies. Addi-
tion of these antibodies did not influence the
mitogenic behavior of allylamine cells or con-
trol counterparts.

Fig. 1. Time course of OPN mRNA expression in serum-stimulated cultures of allylamine (AAM) and control (Con)
SMCs. SMCs were synchronized in Go by serum deprivation in 0.1% FBS for 72 h prior to mitogenic stimulation with
10% FBS for 1.5 or 3 h. Cells were harvested and total RNA extracted, separated and hybridized to a 32P-labeled OPN
or b-tubulin probe as described in Materials and Methods. Two different AAM and CON cell strains were used and
similar results were seen in two independent experiments.

Fig. 2. Western blot analysis of osteopontin secreted into the
media by allylamine (AAM) and control (Con) cells. Fifty micro-
grams of protein collected from serum-free cultures over a 24-h
period were separated on a 12.5% polyacrylamide gel. Proteins
were transfered to a membrane blocked for 2 h with 2%
Tween/5% dry milk prior to addition of the primary antibody
(OP-199 1:500) for 16 h. Rabbit anti-IgG conjugated to alkaline
phosphatase was used as the secondary antibody (1:400) and
proteins visualized using the alkaline phosphatase method.
Similar results were seen in two independent experiments using
different strains of control and allylamine cells.
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DISCUSSION

The evidence presented here suggest that the
proliferative SMC phenotype induced by allyl-
amine is associated with expression of a biologi-
cally active proteolytic fragment of OPN. As in
other forms of cellular injury [reviewed in Den-
hardt and Guo, 1993], upregulation of OPN
gene expression in allylamine cells may be sec-

ondary to injury of SMCs following oxidative
deamination of allylamine [Ramos et al., 1988].
However, in our cell system alterations in OPN
expression and processing are sustained during
serial propagation, suggesting that permanent
deregulation of this pathway has occurred. A
role for OPN and/or biologically active frag-
ments of OPN in the proliferative phenotype
induced by allylamine is consistent with our
previous finding that control SMCs acquire a
proliferative advantage comparable to that of
allylamine cells when seeded on amatrix depos-
ited by allylamine cells [Ramos et al., 1993]. In
addition, expression of the enhanced prolifera-
tive capacity of allylamine cells as compared to
controls is dependent on cellular interaction

Fig. 3. Effect of exogenous thrombin on the relative abun-
dance of the 52 kDa protein secreted by allylamine SMCs.
Exogenous thrombin (5 U/ml) was added to conditioned media
harvested from cultures of [35S]methionine-labeled allylamine
SMCs for 1 h. Fifty thousand CPM was separated on a 12.5%
polyacrylamide gel and visualized by autoradiography. Similar
results were seen in two independent experiments using differ-
ent strains of control and allylamine cells.

Fig. 4. OPNmRNA expression in randomly cycling cultures of
allylamine (AAM) and control (Con) SMCs as assessed by RT-PCR.
OPN gene expression was determined using specific primers as
described inMaterials andMethods. Similar results were seen in
two independent experiments using different strains of control
and allylamine cells.

Fig. 5. [3H]thymidine incorporation in cycling cultures of
control and allylamine SMCs upon incubation for 24 h in the
presence of an antibody to the human av integrin subunit.
Following a 3-h attachment period, thymidine incorporation
was measured upon addition of 1 µCi of [3H]thymidine per dish
over a 24-h period in the presence or absence of an antibody to
the human a4 integrin subunit, av integrin subunit, or heat-
inactived (HI) antibodies. Data points represent the mean 6

SEM of three dishes. *Significant difference from the respective
control (no antibody) at the P , .05 level. Different scales are
used for the y-axes. Similar results were seen in two indepen-
dent experiments using different strains of control and allyl-
amine cells.
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with GRGDS-containing substrates (Parrish et
al., manuscript submitted).
OPN gene expression is upregulated in allyl-

amine cells relative to controls during Go syn-
chronization, as well as during early cell cycle
progression. The time course of serum inducibil-
ity was similar to that reported by Gadeau et al.
[1993] in whichmaximal induction of OPN gene
expression occurredwithin 5 h ofmitogen stimu-
lation. OPN isminimally expressed under basal
conditions and peaks during the early G1 phase
following serum stimulation of quiescent cells
[Gadeau et al., 1993]. Because allylamine cells
arrest in the Go phase of the cycle following
serum deprivation and density arrest [Bowes
and Ramos, 1993], overexpression of OPN is
likely not due to increased cell cycle–related
activity, but rather, regulated by factors gener-
ated following mitogenic challenge. The serum
inducibility of OPN in allylamine cells suggests
that enhanced expression is not related to loss
of serum-dependence.
Assessment of OPN expression in control and

allylamine cells by Western blot analysis re-
vealed comparable levels of 52 and 50 kDa
proteins, respectively. This finding is not consis-
tent with the overexpression of OPN mRNA
levels in allylamine cells. Senger et al. [1996]
also failed to detect increased soluble OPN in
cells overexpressing OPN mRNA and sug-
gested that this may be due to retention of OPN
at the cell surface/receptors, or within the extra-
cellular matrix. In our studies, this represents
an attractive possibility since the proliferative
advantage of allylamine cells involves secreted
products that are sequestered in the matrix
[Ramos et al., 1993]. Alternatively, the lack of
correlation between mRNA and protein levels
may be accounted for by differences in the de-
gree of mitogenic stimulation since Northern
analysis was conducted in mitogen-stimulated
cultures, while OPN protein secretion was as-
sessed under serum-free conditions. This possi-
bility, however, was ruled out in experiments
showing that OPN protein levels are compa-
rable in mitogenically stimulated cultures of
control and allylamine cells (data not shown).
Furthermore, similar levels of parental OPN
protein in allylamine and control SMCs can be
accounted for by increased proteolytic cleavage
of the parent protein in allylamine cells, lead-
ing to overexpression of the immunoreactive 36
kDa protein. This, in fact, may be the case since
the total amount of immunoreactive proteins

was increased in allylamine cells. Collectively,
our results suggest that the salient difference
between allylamine and control SMCs involves
the appearance of the 36 kDa OPN fragment.
While the mechanism responsible for genera-

tion of the 36 kDa fragment is not known, the
thrombin sensitivity of the 52 kDa protein se-
creted into the media of allylamine cells, coinci-
dent with the expression of unspliced OPN
mRNAin allylamine cells, suggests that overex-
pression of the small OPN fragment results
from enhanced proteolytic cleavage of OPN. It
is of interest to note that the expression of a 32
kDa protein increases as a function of serial
passage in control SMCs (Parrish and Ramos,
unpublished results). Given that SMCs sponta-
neously modulate to more proliferative pheno-
types as a function of serial passage, the appear-
ance of the 32 kDa protein may be linked to
proliferative status in these cells.
The finding that thrombin catalyzes the pro-

teolytic cleavage of OPN to generate biologi-
cally active fragment(s) raises the possibility
that the allylamine phenotype involves alter-
ations in thrombin receptor and/or thrombin-
related signaling.A role for the thrombin recep-
tor in the upregulation of proliferative capacity
in SMCs has been proposed on the basis that
a-thrombin stimulates SMC proliferation by
proteolytic activation of thrombin receptor [Mc-
Namara et al., 1993; Fager, 1995]. The hypoth-
esis that an OPN and/or its proteolytic frag-
ment(s) participate in the enhanced mitogenic
responsiveness of allylamine cells is supported
by the finding that antibodies which recognize
the av integrin subunit, nullify the proliferative
advantage of allylamine cells relative to control
SMCs. Evidence that an OPN fragment retains
biologic function has been demonstrated by oth-
ers in studies showing that thrombin cleavage
of OPN modulates the adhesive and chemotac-
tic properties of the protein [Senger et al., 1994;
Xuan et al., 1994].
Akey role for OPN has been postulated in the

regulation of migration [Liaw et al., 1994, 1995;
Yue et al., 1994], and possibly proliferation
[Giachelli et al., 1991; Gadeau et al., 1993],
during the pathologic progression of several
disorders. In the case of atherosclerosis and
re-stenosis, this view is based on the findings
that OPN is sequestered within the matrix of
the vascular wall and is present in human
atherosclerotic plaques [Giachelli et al., 1993].
In addition, blockade of avb3 functions reduces
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vascular lesion formation following injury in
vivo [Choi et al., 1994; Matsuno et al., 1994].
The data shown demonstrate that alterations
in the expression and processing of OPN charac-
terize the proliferative SMC phenotype induced
following allylamine injury in vivo. In addition,
the findings that blockade of avb3-mediated sig-
naling nullifies the proliferative advantage of
allylamine cells relative to control SMCS sug-
gest that OPNand/or a fragment of OPNpartici-
pates in proliferative regulation of SMCs.
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