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Abstract

Rapid endothelial cell migration and inhibition of thrombosis
are critical for the resolution of denudation injuries to the vessel
wall. Inhibition of the endothelial cell autocrine angiotensin
system, with either the angiotensin-converting enzyme inhibi-
tor lisinopril or the angiotensin II receptor antagonist sarl,
ileS-angiotensin II, leads to increased endothelial cell migration
and urokinase-like plasminogen activator (u-PA) activity (Bell,
L., and J. A. Madri. 1990. Am. J. Pathol. 137:7-12). Inhibition
of the autocrine angiotensin system with the converting-enzyme
inhibitor or the receptor antagonist also leads to increased ex-
pression of the proto-oncogene c-src: pp60 mRNAincreased
7-11-fold, c-src protein 3-fold, and c-src kinase activity 2-3-
fold. Endothelial cell expression of c-src was constitutively ele-
vated after stable infection with a retroviral vector containing
the c-src coding sequence. Constitutively increased c-src kinase
activity reconstituted the increases in migration and u-PA ob-
served with angiotensin system interruption. Antisera to bovine
u-PA blocked the increase in migration associated with in-
creased c-src expression. These data suggest that increases in
endothelial cell migration and plasminogen activator after an-
giotensin system inhibition are at least partially pp60¢ me-
diated. Elevated c-src expression with angiotensin system inhi-
bition may act to enhance intimal wound closure and to reduce
luminal thrombogenicity in vivo. (J. Clin. Invest. 1992.
89:315-320.) Key words: angiotensin-converting enzyme inhibi-
tor * blood vessel * gene transfer * proto-oncogene * tyrosine
kinase

Introduction

Rapid migration of endothelial cells to reconstitute a continu-
ous endothelial cell monolayer following blood vessel injury is
an important mechanism for the restoration of vessel wall integ-
rity (1-5). Further, thrombus formation at the sites of vessel
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injury contributes to vessel injury and lumen occlusion (6, 7).
Studies in animal models of hypertension, hyperlipidemia, and
angioplasty have suggested that the angiotensin system may
modulate the response of the vessel wall to injury since in-
terruption of the renin-angiotensin system results in improved
vessel patency (8-10). In vitro, investigators have demon-
strated that many of the constituents of the renin-angiotensin
system, including angiotensinogen, renin, angiotensin-con-
verting enzyme, and angiotensin II receptors, are contained
within endothelial cells (11-15). Further, interruption of an
endothelial cell autocrine angiotensin system is associated with
increases in endothelial cell migration and urokinase-like plas-
minogen activator (u-PA)' activity ( 16). Strategies, such as in-
terruption of the angiotensin system, which stimulate endothe-
lial cell migration and u-PA expression may favorably impact
upon the vessel wall response to injury.

Other investigators have demonstrated that elevated ex-
pression of pp60vr, the viral homologue of the proto-onco-
gene pp60Os', induces u-PA expression (17). This observation
raises the possibility that the cellular homologue, c-src, may
also elevate u-PA expression. Hence, the present study was
designed to determine: (a) whether an increase in c-src expres-
sion coincides with the changes in migration and u-PA expres-
sion induced by interruption of the autocrine angiotensin sys-
tem; (b) whether elevated expression of pp60csO leads to in-
creased endothelial cell migration and u-PA expression; and (c)
whether the increase in cell migration associated with elevated
expression of pp6Ocs is dependent upon increased u-PA
activity.

Methods

Cell culture, migration, proliferation, and cell size. Bovine aortic endo-
thelial cells (BAEC) were isolated, cultured with DME(Gibco Laborato-
ries, Grand Island, NY) and 10% fetal calf serum (Gibco Laboratories),
and characterized as previously described (18). Endothelial cells were
first seeded into the middle of a steel fence and allowed to attach to the
underlying type I collagen matrix below; after cell attachment, the
fence was removed and, with the loss of contact inhibition, the mono-
layer of cells commenced radial migration outward over a 6-d period
(18). Lisinopril (Merck, Sharp & Dohme, West Point, PA) was admin-
istered at a final concentration of 1 uMand the angiotensin II receptor
antagonist sar', ile8-angiotensin II (Sigma Chemical Co., St. Louis,
MO) was administered daily at a final concentration of 1 ,M, since

1. Abbreviations used in this paper: BAEC, bovine aortic endothelial
cell(s); RIPA, radioimmunoprecipitation assay; u-PA, urokinase-like
plasminogen activator.
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previous studies have demonstrated that these doses effectively inhibit
the endothelial cell autocrine angiotensin system in vitro (16). In addi-
tion, the dose of lisinopril employed in the present study is similar to
the dose of angiotensin inhibitors employed in recent in vivo studies
(10). It is unlikely that the effects observed with the angiotensin-con-
verting enzyme inhibitor and the angiotensin II receptor antagonist are
related to angiotensin system components in the media since neither
angiotensinogen, angiotensin I, nor angiotensin II are detectable in calf
serum or DME( 11) and renin activity is less than 0.1 ng/ml per h in our
media with serum as determined by radioimmunoassay (data not
shown). The role of u-PA in mediating the changes in cell migration
was evaluated during 3-d migrations of endothelial cells treated with
either 5% immune anti-bovine urokinase antiserum (19; generously
provided by D. Rifkin) administered daily, or 5% nonimmune rabbit
serum administered daily. The possible contribution of changes in cell
proliferation during migration to changes in cell migration was assessed
by determining the number of cells present in a sample obtained from
trypsinization of migrating cells under different conditions with a
counter (Coulter Electronics, Inc., Hialeah, FL). Cell sizes during mi-
gration were measured on approximately 100 cells per treatment by
morphometric analysis with a digitizing tablet (16).

Immunoblot analysis. Cell protein was extracted with RIPA buffer
(1% Triton X- 100, 1%sodium deoxycholate, 0.1% SDS, 0.15 MNaCl,
0.05 MTris-HCl, pH 7.2, 1 mMPMSF, and 0.2 mMvanadate) and
normalized for total protein using the bicinchonic acid assay (20).
Equal protein loads of the cell lysates were run on a 6%reducing poly-
acrylamide gel, transferred to nitrocellulose paper, blocked with 4%
PBSA, and incubated with anti-src monoclonal antibody (MAb327)
(Oncogene Science, Inc., Manhasset, NY) (21, 22). This antibody also
immunoblots and precipitates c-src in cells derived from a wide variety
of species including bovine vascular smooth muscle cells (23), chicken
(24), rat (Marx, M., J. A. Madri, L. Bell, unpublished observations),
and canine (25) cells. Normal mouse sera does not immunoblot or
precipitate the appropriate 60-kD moiety from bovine, canine, and rat
cells (data not shown). The immunoblots were developed with rabbit
anti-mouse IgG and '251-protein A and then exposed to XAR film
(Eastman Kodak Co., Rochester, NY) at -70°C. Quantitative determi-
nations of relative amounts of the src protein were performed using a
densitometer (Hoefer Scientific Instruments, San Francisco, CA).

Kinase assay. Cell protein was extracted with RIPA buffer and nor-
malized for total protein as above. Equal amounts of cell protein were
then precleared with normal mouse IgG and incubated overnight with
MAb327. The antigen/antibody complexes were precipitated with pro-
tein A Sepharose beads, washed with RIPA buffer, and subsequently
suspended in 20 mMTris-HCl, pH 7.2, 5 mMMgCl2 with 10 ,Ci
ly32ATP/reaction for 10 min at 30°C (25). The reaction was stopped
with excess unlabeled ATP. The beads were boiled in solubilization
buffer, loaded on a 10% reducing polyacrylamide gel, and the gel was
developed with XARfilm at -70°C. Quantitative determinations of
relative amounts of the src kinase activity were performed using a densi-
tometer (Hoefer Scientific Instruments).

Plasminogen activator activity assay. u-PA activity was measured
using the chromogenic substrate H-D-norleucyl-hexahydrotyrosyl-ly-
sine-p-nitroanilide diacetate salt (American Diagnostica, Inc., Green-
wich, CT) at a final concentration of 250 mMand human plasminogen
at a final concentration of 25 Ag/ml in 120 mMTris-HCI, pH 8.7 as
previously described (16). These results were confirmed by plasmino-
gen zymography, modified from Granielli-Piperino and Reich (26)
with final concentrations of nonfat milk 4%, 0.1 M'Tris-HCl pH 7.2, 8
gg/ml plasminogen, and 1.25% agar.

Northern blot analysis. Total cellular RNAwas extracted with 4M
guanidinium HCl, 5 mMsodium citrate pH 7.0, 0.1% f,-mercaptoeth-
anol, and 0.5% Sarkosyl, centrifuged on a cushion of 5.7 MCsCI in 0.1
MEDTA, and reextracted with a 4:1 mixture of chloroform and l-bu-
tanol and ethanol precipitation (27). Total cellular RNA, 20 'tg per
lane, was electrophoresed through a 1%formaldehyde gel, transferred
to Nytran filters, and prehybridized with 0.5 Msodium phosphate, pH
7.2, 7%SDS, 1%BSA, 1 mMEDTAfor 2 h at 650C (28). The blot was

hybridized overnight at 650C with the labeled dCT32P c-src DNAprobe
(25), washed twice with 2 x SSCand 0.1% SDSfor 30 min at 650C, and
developed against XARfilm at -70'C. Quantitative determinations of
relative amounts of the src mRNAwere performed using a densitome-
ter (Hoefer Scientific Instruments). All immunoblots, kinase assays,
and RNAhybridizations were performed at least two times.

Transfections and infections. The c-src coding sequence was spliced
into the helper-free Moloney retroviral vector McsrcAiSVneo[+] (25).
McsrcAi295SVneo(+), a similar virus which encodes a kinase-negative
mutant of c-src, Met-295 (29), and a control virus, Hippo42, that en-
codes Tn5 aminoglycoside phosphotransferase (Neor) were also em-
ployed. A-2 cells were transfected with plasmid DNAusing polybrene/
DMSOshock. ,-2 cells were selected in G418 (Sigma Chemical Co.),
and the filtered media from resistant cells was used to infect +-AM cells
(30). The resulting amphotropic virus was then used to infect subcon-
fluent BAECwhich were selected in G418, 400 ug/ml, until all unin-
fected BAECwere killed (10 d).

Immunofluorescence. Migrating cells were washed four times with
PBS, fixed with periodate-lysine-paraformaldehyde fixative, permeabi-
lized with 0.2% Triton X-100, and blocked overnight with PBSwith 3%
BSA. Cells were incubated with either nonimmune rabbit serum or
rabbit anti-bovine u-PA antisera (generously supplied by D. Rifkin)
and rhodamine-conjugated goat anti-rabbit secondary antibody. Cells
were examined on an MRC-600 confocal microscope (Bio-Rad Labora-
tories, Richmond, CA). Cells incubated with nonimmune serum dem-
onstrated no detectable staining.

Statistical analysis. Changes in migration, proliferation, cell size,
and u-PA activity were analyzed by analysis of variance and correction
was made for multiple comparisons using the method of Bonferroni.
Statistical significance was assumed for P < 0.05.

Results

Inhibition of the endothelial cell autocrine angiotensin system
with either the angiotensin-converting enzyme inhibitor, lisin-
opril, or the angiotensin II receptor antagonist sar', ile8-angio-
tensin II leads to increased pp60> expression (Fig. 1). Lisino-
pril and sar', ile8-angiotensin II increased endothelial cell
steady-state c-src mRNA11- and 7-fold, c-src protein 3-fold,
and c-src kinase activity 3- and 2-fold, respectively. The endoge-
nous c-src steady-state protein level in untreated migrating en-
dothelial cells did not differ from the steady-state level in un-
treated confluent cells as determined by immunoblotting (data
not shown). The presently observed 3.6-kb c-src transcript
differs from the 3.9-4.0-kb transcript found most frequently in
vertebrate tissues (24, 25, 31). The structure of this possibly
novel transcript is presently under investigation.

The increase in c-src expression may be an epiphenomenon
that is associated with inhibition of the autocrine angiotensin
system; alternatively, increased pp60 expression maylead to
more rapid endothelial cell migration and increased plasmino-
gen activator activity. To test this latter possibility, the c-src
gene was transferred into subconfluent BAECusing the am-
photropic, helper-free retrovirus McsrcAiSVneo(+). In addi-
tion, endothelial cells were also infected with the kinase nega-
tive c-src mutant, McsrcAi295SVneo(+), and a control virus,
Hippo42, that encodes Tn5 aminoglycoside phosphotransfer-
ase (Neor) (Fig. 2). The steady-state level of the c-src retroviral
mRNAtranscript was fourfold greater in endothelial cells that
expressed the kinase-negative mutant than in cells that ex-
pressed elevated levels of wild-type c-src. In addition, c-src was
expressed from the provirus at levels higher than endogenoids
c-src since hybridization to the message derived from the pro-
virus was apparent at < 1 d while hybridization to the endoge-

316 Bell et al.



b %C.) $

60 - O'-

60 .--

Figure 1. Expression of endogenous c-src in endo-
thelial cells. Control endothelial cells, cells treated
with lisinopril (LIS) (1 IAM), and cells treated with
sar', ile8-angiotensin II (SAR) (1 AM). (a) Hybrid-
ization of radiolabeled c-src DNAprobe to endo-
thelial cell RNA. The 3.6-kb c-src transcript is de-
noted by the arrowhead. Inhibition of endothelial
cell autocrine angiotensin II stimulation was asso-
ciated with an increase in steady state c-src mRNA
levels. The autoradiogram is overexposed intention-
ally to reveal the low levels of endogenous c-src
mRNA. (b) Src kinase activity determined by the in
vitro kinase assay. Inhibition of endothelial cell au-
tocrine angiotensin II stimulation was associated
with increased c-src autophosphorylation. (c) Im-
munoblot showing expression of pp6O" protein
levels. The autoradiogram was developed at -70°C
for 7 d. Inhibition of endothelial cell autocrine an-
giotensin II stimulation was associated with an in-
crease in steady-state pp6O0 protein levels.

nous message was apparent after a 7-d exposure (Fig. 1). The in
vitro src kinase activity was two- to threefold greater in the cells
that expressed elevated levels of c-src than in cells that ex-

pressed the kinase-negative mutant or Neor alone (Fig. 3, left);
however, the steady-state src protein levels, determined by im-
munoblotting, were 11 -fold greater in endothelial cells that ex-

pressed the kinase negative mutant than in cells that expressed
elevated levels of c-src.

Endothelial cells that expressed elevated levels of c-src mi-
grated at a markedly faster rate in the fence assay than cells that
expressed the kinase-negative mutant, Neor alone, or nonin-
fected cells (Fig. 3, middle). Infected endothelial cells did not
overgrow monolayers or proliferate in suspension, were con-

tact inhibited, exhibited sheet migration, and retained factor
VIII staining. The cells that expressed elevated levels of c-src

appeared rounder and less flattened than the cells that ex-

pressed Neo' alone, but their cytoplasmic areas were similar
(552±19 vs. 626±63 ,gm2, respectively, P= NS). The prolifera-

Hi ppo42

tion rates (determined by cell counting) of migrating cells that
expressed elevated c-src levels, elevated levels of the kinase-
negative mutant, and neor alone did not differ significantly
from each other (data not shown). In addition, u-PA activity
was significantly greater in endothelial cells that expressed ele-
vated levels of c-src than in cells that expressed the kinase-nega-
tive mutant, Neor alone, or noninfected endothelial cells (Fig.
3, right). Although the kinase-negative mutant src protein was

expressed at levels greater than the c-src protein, no biologic
effects were observed with expression of the kinase-negative
mutant src protein. The increased level of u-PA in migrating
endothelial cells, induced by lisinopril or expressed from the
McsrcAiSVneo(+) provirus, was also revealed by immunofluo-
rescence studies (Fig. 4).

The increase in migration associated with elevated expres-
sion of c-src is dependent in part on the associated increase in
u-PA activity since administration of antisera to bovine u-PA
inhibited the increase in migration associated with enhanced

NI[

Mcsrc Al295SVneo[+]

Mcsrc A1SVneo[+]

Figure 2. Retroviral vectors used to infect bovine aortic endothelial cells. Abreviations: [U] = LTR; V = 5' splice site; 0 = vy packaging signal; V = 3'
splice site; = Neor; _ = Ai295 (kinase-deficient) mutant; = c-src; NI-' = SV40 early region promoter-enhancer;-I = rat

genomic DNA; E = EcoRI; B = BamHl.
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Figure 3. Effect of elevated c-src expression on endothelial cell biology. (Left) Src kinase activity determined by the in vitro kinase assay. Endo-
thelial cells derived by infection with viruses encoding c-src expressed elevated kinase activity compared to cells derived by infection with viruses
encoding the kinase negative mutant or Neo' alone. (Middle) Effect of c-src expression on endothelial cell migration. Elevated pp60"r kinase
expression was associated with increased endothelial cell migration rate. Each group contained 8-10 replicates and the mean±l SEMare ex-
pressed. *P < 0.001 vs. noninfected endothelial cells. (Right) Effect of c-src expression on endothelial cell u-PA activity during migration. Ele-
vated pp60 kinase expression leads to increased endothelial cell u-PA activity. Each group contained five replicates and the mean±l SEM
are expressed. u-PA activity was 4.9±0.05 mPU/jtg cell protein in control endothelial cells. Similar results were obtained with standard plas-
minogen zymography (data not shown). *P < 0.001 vs. noninfected endothelial cells. Abbreviations: C-SRC, endothelial cells expressing elevated
levels of c-src; met-295, endothelial cells expressing the kinase negative mutant c-src, met-295; NEO', endothelial cells expressing Tn5 aminogly-
coside phosphotransferase alone; BAECCONT, noninfected endothelial cells.

c-src expression (Fig. 5). Administration of antisera to bovine
u-PA did not significantly influence the migration of endothe-
lial cells that expressed Neor alone.

Discussion

This study demonstrates that inhibition of the endothelial cell
autocrine angiotensin system leads to the previously observed
increases in cell migration and u-PA, at least in part, via ele-
vated expression of the proto-oncogene c-src. The role of c-src
in mediating these changes in endothelial cell behavior is sug-
gested by the dual observations that interruption of the angio-

tensin system leads to elevated c-src expression and constitu-
tively elevated expression of c-src leads to increased endothelial
cell migration and u-PA. The increase in migration associated
with elevated c-src expression is dependent upon the associated
increase in u-PA activity.

Regulation of endothelial cell migration involves modula-
tion of varied cell functions including cell membrane-asso-
ciated proteases, extracellular matrix, matrix receptors, cyto-
skeletal organization, cell spreading and shape, gap junction
formation, and cell-cell communication (32-34). C-src and its
viral counterpart, v-src, affect cellular systems that may influ-
ence cell migration. Elevated expression of the membrane-as-

I-

I I
Figure 4. Expression of u-PA in endothelial cells at the leading edge of migration. (a) cells expressing neor alone, (b) cells expressing elevated levels
of c-src, and (c) lisinopril-treated cells. Cells that expressed elevated levels of c-src, either due to lisinopril treatment or expression of the provirus,
demonstrated substantial increases in immunoreactive u-PA antigen as compared to cells expressing neor alone. Bar, 50 ,um.
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Figure 5. Effect of antisera to bovine u-PA on c-src induced endothe-
lial cell migration. Untreated endothelial cells that expressed c-src
migrated at a faster rate than cells that expressed Neod alone (dark
bars). Nonimmune rabbit antisera (cross-hatched bars) did not affect
endothelial cell migration compared to untreated cells for either cell
type. Administration of antisera to bovine u-PA (open bars) did not
affect Neo' migration but significantly inhibited c-src migration. Each
group contained four replicates and the mean± I SEMare expressed.
*P < 0.001 vs. Neor cells; tP < .01 vs. c-src cells without treatment.
Abbreviations: NEO', endothelial cells expressing Tn5 aminoglyco-
side phosphotransferase alone; C-SRC, endothelial cells expressing
elevated levels of c-src.

sociated tyrosine kinase c-src induces marked cytoskeletalreor-
ganization in epithelial cells and reduces cell-to-cell macromol-
ecule transmission in fibroblasts (25, 35). In addition, v-src,
which tyrosine phosphorylates a wider range of proteins in cells
than does c-src (36), enhances plasminogen activator gene ex-
pression, reduces surface-associated fibronectin, phosphory-
lates fibronectin-binding integrins, and reduces cell spreading
on a fibronectin matrix (17, 37-39).

While the presently observed enhanced endothelial cell u-
PA activity associated with elevated c-src expression would be
expected to contribute to thrombus lysis at sites of injury in
vivo, the cell-associated plasminogen activator system has also
been suggested by investigators to play a central role in regu-
lating vascular cell migration via either activation/inhibition of
direct cleavage of cell-matrix attachments or via activation/in-
hibition of other protease systems which then cleave cell-ma-
trix attachments (40). Indeed, investigators have demonstrated
that constitutively elevated expression of urokinase is asso-
ciated with an increase in the invasive motility of mouse L cells
and murine melanoma B16-Fl cells (41, 42). In the present
study, administration of antisera to bovine u-PA inhibits the
increase in migration associated with elevated c-src expression
(Fig. 5), suggesting that the increase in migration is in part
dependent upon the associated increased u-PA activity. The
effect of the u-PA antisera to inhibit the migration of c-src
expressing cells, but not the migration of cells that express Neor
alone, may be related to a greater contribution of the increased
level of u-PA to cell migration in c-src expressing cells than in
control cells. This may be due to an increase in the direct effect

of u-PA on sheet migration in the c-src expressing cells. Alterna-
tively, the observed results may be due to an enhanced indirect
action of the increased u-PA level to activate other proteases
which then contribute to the increased sheet migration in the
c-src expressing cells. This latter possibility is supported by our
observation of the induction of an - 100 kD metalloprotease
in c-src expressing cells but not in control cells (Bell, L., and
J. A. Madri, unpublished observations).

Although this study demonstrates that increased expression
of c-src kinase activity is sufficient to reconstitute the increases
in endothelial cell plasminogen activator activity and migra-
tion associated with interruption of the angiotensin system, we
have not yet identified other molecules that might be involved
in producing these biologic effects. Weare currently examining
phosphoproteins in endothelial cells which might be potential
substrates of the c-src tyrosine kinase. Further, the angiotensin
system can regulate c-myc and c-jun mRNAexpression in non-
endothelial cells (42-48) and c-src can alter the regulation of
c-fos transcription which can also regulate these proto-onco-
genes (49-51). Thus, changes in the expression of these nuclear
proto-oncogenes after angiotensin system interruption may
also contribute to the observed changes in endothelial cell be-
havior.

Finally, it is possible that the reduced vessel wall injury
associated with interruption of the angiotensin system in ani-
mal models of hypertension, hyperlipidemia, and angioplasty
(8-10) may involve elevated levels of endothelial cell c-src in
vivo. Therapies directed at elevating the level of endothelial cell
c-src activity in vivo, either directly through genetic modifica-
tion or indirectly via pharmacologic manipulations, may have
a beneficial effect on the vessel wall response to injury by en-
hancing endothelial cell migration to close the intimal wound
and by reducing luminal thrombogenicity via enhanced sur-
face plasminogen activator activity.
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