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Abstract A tightly controlled increase in extracellular proteolysis, restricted both in time and space, is an
important component of the angiogenic process, while anti-proteolysis is effective in inhibiting angiogenesis. By
focussing on the plasminogen activator (PA)-plasmin system, the objective of the present studies was to assess whether
previously described inhibitors of angiogenesis modify bovine microvascular endothelial cell proteolytic properties. We
demonstrate that although synthetic angiostatic steroids (U-24067 and U-42129), heparin, suramin, interferon
alpha-2a, and retinoic acid are all inhibitors of in vitro angiogenesis, each of these agents has distinct effects on the
plasminogen-dependent proteolytic system. Specifically, angiostatic steroids and interferon alpha-2a reduce urokinase-
type PA (u-PA) and PA inhibitor-1 activity, while heparin and retinoic acid increase u-PA activity. Suramin reduces
cell-associated u-PA activity and greatly increases PAI-1 production at doses which induce monolayer disruption. These
findings demonstrate that a spectrum of alterations in extracellular proteolysis is associated with anti-angiogenesis, and
that anti-angiogenesis and anti-proteolysis are not necessarily correlated. A reduction in extracellular proteolysis would
be expected to reduce invasion, whereas an increase in proteolysis might modulate the activity of inhibitory cytokines,
which in turn could reduce endothelial cell proliferation and migration and inhibit angiogenesis. The spectrum of effects
on different elements of the PA system observed in response to the agents assessed suggests that the role of
modulations in extracellular proteolytic activity in anti-angiogenesis is likely to be varied and complex. 1994 wiley-Liss, Inc.
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Angiogenesis is the formation of new capillary
blood vessels by a process of sprouting from
pre-existing vessels. In addition to its role dur-
ing development and in the physiology of female
reproductive function, wound healing, and collat-
eral blood vessel formation in ischaemia, angio-
genesis occurs in pathological situations such as
proliferative retinopathy and hemangioma for-
mation. Angiogenesis is also necessary for the
continued growth of solid tumors and contrib-
utes to the hematogenous spread of tumor cells
and the formation of metastasis [reviewed by
Folkman and Klagsbrun, 1987; Zetter, 1988].
The identification of agents which either pro-
mote or inhibit angiogenesis and the elucidation
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of their mechanisms of action is therefore of
clinical relevance.

Angiogenesis begins with localized breakdown
of the basement membrane of the parent vessel.
Endothelial cells then migrate into the surround-
ing matrix within which they form a capillary
sprout. Sprout elongation occurs as a result of
further migration and of endothelial cell prolif-
eration proximal to the migrating front. Fusion
with the tip of another maturing sprout pro-
duces a capillary loop. A functional capillary
results once a lumen has been formed, and matu-
ration is completed by reconstitution of the base-
ment membrane [reviewed by Folkman and
Klagsbrun, 1987; Zetter, 1988]. Alterations in at
least three endothelial cell functions thus occur
during this series of events: 1) modulation of
interactions with the extracellular matrix, which
requires alterations of cell matrix contacts and
the production of matrix degrading proteolytic
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enzymes; 2) an initial increase and subsequent
decrease in locomotion (migration), which al-
lows the cells to translocate towards the angio-
genic stimulus and to stop once they reach their
destination; and 3) an increase in proliferation
which provides new cells for the growing and
elongating new vessel, and a subsequent return
to the quiescent state once the vessel is formed.

During the process of endothelial cell inva-
sion, matrix degrading proteolytic enzymes are
directly involved in overcoming the mechanical
barriers imposed by the surrounding extracellu-
lar matrix [Moscatelli and Rifkin, 1988]. These
enzymes also modulate cytokine activity either
by direct proteolytic activation of latent cyto-
kines such as transforming growth factor-8
(TGF-B), or indirectly by releasing matrix-
bound cytokines such as basic fibroblast growth
factor (bFGF) and thereby increasing their bio-
availability [Flaumenhaft and Rifkin, 1992]. One
of the most extensively studied extracellular
proteolytic enzyme systems, which is relevant to
both matrix degradation and modulation of cyto-
kine activity, is the plasminogen activator (PA)-
plasmin system [Vassalli et al., 1991]. The cen-
tral component of this system is plasmin, a
protease of tryptic specificity which degrades
certain matrix components (such as laminin and
proteoglycans) and also activates metalloprote-
ase zymogens (which degrade collagens and cer-
tain other glycoproteins). Plasmin is generated
from its inactive precursor plasminogen, by the
activity of two PAs, urokinase-type PA (u-PA)
and tissue-type PA (t-PA). u-PA activity can be
localized to the cell surface through binding to a
specific high-affinity receptor (u-PAr), and u-PA
and t-PA are subject to inhibition by specific
physiological PA inhibitors (PAls), PAI-1 and
PAI-2.

Although it has consistently been observed
that endothelial cell migration and invasion are
associated with increased extracellular proteo-
lytic activity, protease inhibitors play an equally
important albeit permissive role during angio-
genesis by preserving matrix integrity [Monte-
sano et al., 1987]. This has lead to the notion
that a precise protease-antiprotease equilibrium
allows for localized pericellular matrix degrada-
tion during cell migration, while at the same
time protecting the extracellular matrix against
inappropriate destruction [Montesano et al,,
1990; Pepper et al., 1990; Pepper and Monte-
sano, 1990]. A tightly controlled increase in
extracellular proteolysis, restricted both in time

and space, is therefore an important component
of the angiogenic process, and this has led to the
notion that anti-proteolysis could be effective in
inhibiting angiogenesis. Indeed, exogenously
added protease inhibitors do inhibit angiogen-
esis both in vivo and in vitro [Mignatti et al.,
1989; Moses et al., 1990].

In the studies reported in this paper we have
asked whether previously described inhibitors
of in vivo angiogenesis, namely, the synthetic
angiostatic steroids U-24067 and U-42129 [Folk-
man et al., 1983; Ingber et al., 1986; Ingber and
Folkman, 1988; Wilks et al., 1991}, heparin
[Folkman et al., 1983; Crum et al., 1985; Jakob-
son and Hahnenberger, 1991], suramin [Gagli-
ardi et al., 1992; Pesenti et al., 1992], interferon
alpha-2a [Sidky and Borden, 19871, and retinoic
acid [Ingber and Folkman, 1988, Oikawa et al.,
1989; Szmurlo et al., 1992], alter the proteolytic
properties of bovine microvascular endothelial
(BME) cells. Using an in vitro model of angiogen-
esis in which endothelial cells can be induced to
invade a three-dimensional collagen gel within
which they form capillary-like tubes [Monte-
sano and Orci, 1985], we first assessed the effect
of these agents on the angiogenic response in-
duced by bFGF [Montesano et al., 1986], one of
the most completely characterized angiogenic
factors to date [reviewed by Klagshrun and
D’Amore, 1991]. We next determined their ef-
fect on BME cell proteolytic properties by focus-
sing on the PA system. Finally, we assessed the
effect of these agents on endothelial cell prolifera-
tion and migration in conventional two-dimen-
sional assays. We demonstrate that all of the
anti-angiogenic agents tested inhibit in vitro
angiogenesis, and that while alterations in migra-
tion and proliferation correlate with the inhibi-
tory effects of these agents on in vitro angiogen-
esis, each agent has distinct effects on different
elements of the plasminogen-dependent proteo-
lytic system.

MATERIALS AND METHODS
Reagents

Recombinant human bFGF provided by Dr P.
Sarmientos (Farmitalia Carlo Erba, Milan, Italy)
was dissolved in serum-free alpha MEM contain-
ing 1 mg/ml BSA (fatty acid free, Sigma Chemi-
cal Co., St. Louis, MO) to give a stock solution of
300 ng/ml. U-24067 (6a-fluoro-17,12-dihydroxy-
16a-methylpregna-4,9,(11)-diene-3,20-di-
one-21- acetate) and U-42129 (6a-fluoro-17,
12-dihydroxy-163-methylpregna-4,9,(11)-diene-
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3,20-dione) were dissolved in DMSO to give stock
solutions of 2 mM which were protected from
light. Heparin from porcine intestinal mucosa
purchased from Sigma Chemical Co. (St. Louis,
MO) or Hepar Inc. (Franklin, OH) was dissolved
in distilled water to give a stock solution of 10
mg/ml. Suramin (Germanin) purchased from
Bayer AG (Leverkusen, Germany) was dissolved
in PBS to give a stock solution of 100 mM.
Interferon alpha-2a (Roferon-A3) purchased
from Hoffman-La Roche AG (Grenzach-Wyhlen,
Germany) was dissolved in the diluent provided
to give a stock solution of 3 x 108 IU/ml (14
mg/ml). Intermediate dilutions of U-24067,
U-42129, Sigma heparin and Hepar heparin,
suramin, and interferon alpha 2a were prepared
in serum-free alpha MEM or PBS containing 1
mg/ml BSA (fatty acid free, Sigma Chemical
Co., St. Louis, MO). All-trans-retinoic acid pur-
chased from Sigma Chemical Co. (St. Louis,
MO) was initially dissolved in absolute ethanol
to obtain a 12 mM solution. This solution, pro-
tected from light, was diluted in complete cul-
ture medium to yield the final concentrations
required.

Cell Culture

Adrenal cortex-derived bovine microvascular
endothelial (BME) cells, provided by Dr. M.B.
Furie and Dr. S.C. Silverstein (Columbia Univer-
sity, New York, NY) [Furie et al., 1984], were
grown in minimal essential medium (MEM),
alpha modification (Gibco AG, Basel, Switzer-
land), supplemented with 15% heat-inactivated
donor calf serum (DCS, Flow Laboratories, Baar,
Switzerland), penicillin (500 U/ml), and strepto-
myecin (100 pg/ml). Cells were subcultured at a
1:4 split ratio in 1.5% gelatin-coated tissue cul-
ture dishes or flasks (Falcon Labware, Becton-
Dickinson Company, Lincoln Park, NJ), and all
experimental manipulations were performed
upon reaching confluence (5-7 days).

In Vitro Angiogenesis Assay

BME cells were seeded onto three-dimen-
sional collagen gels, prepared in 18 mm tissue
culture wells as previously described [Monte-
sano and Orci, 1985], at 5 x 104 cells/well in 500
wl complete medium. Upon reaching confluence
(approximately 5 days) bFGF (10 ng/ml) and
anti-angiogenic compounds were added; the lat-
ter were added 2 h before adding bFGF. Medium
was changed and bFGF and anti-angiogenic com-
pounds were added every 2-3 days. After 7 days,

randomly selected fields measuring 1.0 mm X
1.4 mm were photographed in each well at a
single level beneath the surface monolayer by
phase contrast microscopy, using a Nikon Di-
aphot TMD inverted photomicroscope. Invasion
was quantitated as previously described [Pepper
et al.,, 1993b]. Results are shown as the mean
additive length + SEM (in pm) of endothelial
cell cords from three randomly selected photo-
graphic fields per experiment, for each of at least
3 experiments per condition. Mean values were
compared using Student’s unpaired ¢-test, and a
significant p value was taken as P < 0.05.

Zymography and Reverse Zymography

Confluent monolayers of BME cells in 35 mm
tissue culture dishes were washed twice with
serum-free alpha-MEM and 1.5 ml serum-free
alpha MEM containing Trasylol (200 KIU/ml)
(Bayer AG, Zurich, Switzerland) was added. Anti-
angiogenic compounds were added alone or with
bFGF (10 ng/ml); where relevant, anti-angio-
genic compounds were added 1 h before bFGF.
15 h later, cell extracts and culture superna-
tants were prepared, and analyzed by zymogra-
phy and reverse zymography as previously de-
scribed [Vassalli et al., 1984; Pepper et al., 19901.
Over the 15 h assay period in serum free me-
dium, cell number is relatively stable with less
than 15% variation under a variety of conditions
(data not shown); samples were therefore ana-
lyzed on the basis of volume equivalents of cell
extract or culture supernatant. In the case of
suramin, where cell numbers varied greatly due
to detachment, cells were counted in a parallel
series of dishes and samples loaded on the basis
of cell equivalents.

RNA Preparation, In Vitro Transcription, and
Northern Blot Hybridization

Total cellular RNA was prepared from conflu-
ent monolayers of BME cells in 100 mm culture
dishes exposed to anti-angiogenic compounds
and/or to bFGF (10 ng/ml); where appropriate,
anti-angiogenic compounds were added 1-2 h
before bFGF. The last medium change was al-
ways 24 h before starting the experiment. RNA
was extracted at the indicated time points; where
anti-angiogenic compounds were co-added with
bFGF, time zero was taken as the time of addi-
tion of bFGF. RNA preparation, Northern blots,
in vitro transcription, hybridization, and post-
hybridization washes were as previously de-
scribed [Pepper et al., 1990]. For Northern blots,
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5 ng total cellular RNA was loaded per lane.
[32P]-labelled cRNA probes were prepared from
bovine urokinase-type plasminogen activator (u-
PA) [Kratzschmar et al., 1993], bovine u-PA
receptor (u-PAr) [Kratzschmar et al., 1993}, hu-
man tissue-type PA (t-PA) [Fisher et al., 1985],
and bovine PA inhibitor-1 (PAI-1) [Pepper et al.,
1990] cDNAs as previously described [Pepper et
al., 1990, 1993a). Autoradiographs were scanned
with a GenoScan laser scanner (Genofit, Geneva,
Switzerland). Results are expressed relative to
control cultures at the corresponding time point.

RESULTS AND DISCUSSION

The purpose of the studies reported in this
paper was a) to determine the effect of previ-
ously described inhibitors of in vive angiogen-
esis on the in vitro angiogenic response using
bovine microvascular endothelial (BME) cells,
and b) to document the effects of these inhibi-
tors on the PA proteolytic system of the same
cells at concentrations which inhibited angiogen-
esis in vitro. u-PA has been implicated in pro-
cesses of cell migration and tissue remodelling,
while t-PA is believed to be involved mainly in
intravascular thrombolysis [Moscatelli and
Rifkin, 1988; Vassalli et al., 1991]. In addition,
bFGF, which has been used as the angiogenic
stimulus in these studies, increases u-PA, u-
PAr, and PAI-1 expression in BME cells, with
very little effect on t-PA [Montesano et al., 1986;
Moscatelli et al., 1986; Saksela et al., 1987;
Pepper et al., 1990, 1993a; Mignatti et al., 1991].
For these reasons, our present study has fo-
cussed primarily on u-PA and PAI-1. It should
be noted that BME cell-associated u-PA is mainly
receptor bound [Pepper et al., 1993a]. Alter-
ations in cell-associated u-PA activity as de-
tected by zymography are therefore a reflection
of alterations in u-PAr binding capacity and/or
u-PA synthesis. Once u-PAr binding sites are
saturated, increased u-PA synthesis will be re-
flected as increased activity in the culture super-
natant.

Angiostatic Steroids and Heparin

Early reports on the inhibitory effects of ste-
roids on tumor-associated angiogenesis [Shubik
et al., 1976; Gross et al., 1981] were followed in
1985 by the description of a class of steroids,
termed ‘“‘angiostatic steroids,” which required
heparin to be effective [Crum et al., 1985).
U-24067 and U-42129, the synthetic angiostatic
steroids used in our present studies, have previ-

ously been shown to inhibit angiogenesis in vivo;
according to some authors, their activity was
strictly heparin dependent [Folkman et al., 1983;
Ingber et al., 1986; Ingber and Folkman, 1988],
while according to others, it was not [Wilks et
al., 1991; J.W. Wilks, unpublished observation].
We have observed that U-24067 and U-42129
inhibit angiogenesis in vitro, and that this effect
is heparin independent (Figs. 1 and 2, and data
not shown). Our findings suggest that endothe-
lial cells may be one of the targets for these
steroids in vivo, and that in the complex environ-
ment in vivo, heparin may target angiostatic
steroids to endothelial cells [Thorpe et al., 1993].

To address the mechanism of inhibition by
these steroids, we assessed their effect on the PA
system of BME cells. Both U-24067 and U-42129
decreased basal and bFGF-induced u-PA and
PAI-1 activity (Fig. 3). After 4 h exposure to 10
wM U-24067, basal levels of u-PA, u-PAr, and
PAI-1 mRNA were decreased 70%, 39%, and
17%, respectively, while bFGF-induced levels of
the same mRNAs were decreased 67%, 27%, and
45%, respectively; co-addition of bFGF and
U-24067 increased t-PA mRNA levels approxi-
mately 2-fold (data not shown). The effects of
U-24067 and U-42129 on the BME cell PA sys-
tem differ from those observed with another
angiostatic steroid, medroxyprogesterone ac-
etate (MPA) [Gross et al., 19811. MPA decreased
PA activity in bovine endothelial cells [Ashino-
Fuse et al., 1989], which could be accounted for
by an increase in PAI-1 [Blei et al., 1993]. These
results demonstrate that different angiostatic
steroids affect the endothelial cell PA system in
different ways.

Heparin alone has been shown to have vari-
able effects on angiogenesis in vivo: it may thus
stimulate [Ribatti et al., 1987; Norrby and Sérbo,

Fig. 1. Effects of U-24067, suramin and retinoic acid on
bFGF-induced in vitro angiogenesis. Confluent monolayers of
BME cells on the surface of three-dimensional collagen gels
were treated with U-24067 (10 pM), suramin (100 wM), or
retinoic acid (10 uM) in the presence or absence of bFGF (10
ng/mi) for 7 days. In response to bFGF, the cells invaded the
underlying matrix, and by focussing beneath the surface mono-
layer, capillary-like tubes were observed; the presence of a
lumen is indicated (arrow heads). U-24067 and retinoic acid
decreased invasion and tube formation: in addition, in the
presence of retinoic acid BME cells became elongated and
spindle shaped. In contrast, suramin at the dose indicated (100
#M) potentiated the angiogenic effect of bFGF and induced the
formation of tube-like structures with widely patent lumina
(arrow heads). All images are phase contrast micrographs; x25.
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Fig. 2. Quantitative assessment of the effect of U-24067 and
Hepar heparin on bFGF (10 ng/ml)-induced in vitro angiogen-
esis. Values are mean + SEM. C, control, nontreated cultures.
Invasion was significantly decreased by U-24067 at 0.1 uM
(P! < 0.05; P2 < 0.001). Basal levels were unaffected by
U-24067 at the concentrations shown (data not shown). Hepar
heparin on its own induced spontaneous invasion, although this
only reached statistical significance at 100 pg/ml (P' < 0.05).
In contrast, Hepar heparin decreased bFGF-induced invasion at
10 and 100 ug/ml (P? < 0.001).

1992], inhibit [Wilks et al., 1991; Jakobson and
Hahnenberger, 1991], or have no effect [Taylor
and Folkman, 1982; Castellot et al., 1982]. Here
we have observed that in vitro, heparin from
two different sources (Sigma and Hepar) slightly
increases spontaneous invasion when added
alone, but markedly inhibits invasion induced
by exogenous bFGF (Fig. 2, and data not shown).

With respect to the PA system, we have found
that heparin increases bFGF-induced u-PA activ-
ity in the culture supernatant of BME cells,
without affecting u-PA mRNA levels; heparin
had no effect on FAI-1 activity or mRNA levels
(Fig. 4, and data not shown). It has previously
been demonstrated that heparin increases both

- bFGF
CE BB :

Bl -}

PAI-1

PAI-1

C U2 u4

Fig. 3. Effect of U-24067 (U2} and U-42129 (U4) on BME cell
u-PA and PAI-1 activity. BME cell u-PA activity was analyzed by
zymography and characterized on the basis of inhibition of its
catalytic activity by amiloride [Vassalli and Belin, 1987; Pepper
et al., 1987]. PAI-1 activity was detected by reverse zymogra-
phy; we have previously shown by immunoprecipitation stud-
ies with anti-bovine PAI-1 antibodies that the PAI produced by
BME cells is PAI-1 [Pepper et al., 1991]. Both steroids (10 pM)
decreased basal and bFGF (10 ng/ml)-induced u-PA and PAI-1
activity in BME cell extracts (CE) and culture supernatants (CS).

C u2 u4

basal and aFGF-induced PA activity in rat epi-
didymal fat pad endothelial cells [Castellot et al.,
1986] and t-PA antigen levels in human umbili-
cal vein endothelial (HUVE) cells [Konkle and
Ginsburg, 1988]. Although heparin increases
the activation of plasminogen by both u-PA and
t-PA [Andrade-Gordon and Strickland, 1986), it
is unlikely that this accounts for our observa-
tions, as heparin would dissociate from u-PA
during SDS-polyacrylamide gel electrophoresis,
and would therefore not affect u-PA’s plasmino-
gen activating activity. However, since heparin
binds with high affinity to u-PA [Andrade-
Gordon and Strickland, 1986] and prevents de-
naturation and proteolytic degradation of other
molecules like acidic and basic FGF [Gospoda-
rowicz and Cheng, 1986; Rozengart et al., 1988;
Saksela et al., 1988; Sommer and Rifkin, 1989],
it is possible that our findings reflect a heparin-
mediated increase in u-PA stability. This is con-
sistent with the observation that heparin in-
creases t-PA antigen detection in normal human
plasma [Wun and Capuano, 1987]. Heparin is a
poor inhibitor of u-PA binding to its receptor
[Behrendt et al., 1993].
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Fig. 4. Effect of heparin on BME cell u-PA and PAI-1 activity.
Sigma heparin (0.1, 1, and 10 pug/ml) increased u-PA activity in
the culture supernatant (CS) but not the cell extract (CE) of
bFGF (10 ng/ml)-treated cells, without affecting the activity of
PAI-1. In three separate experiments, Sigma heparin (10 pg/ml)
did not alter mRNA levels of u-PA or any other component of
the PA system (data not shown).

We also show that U-24067, U-42129, and
both Sigma and Hepar heparins inhibit BME
cell proliferation and wound-induced migration
(Tables I and II). The inhibitory effects of angio-
static steroids on endothelial cell proliferation,
and the potentiating effect of heparin on this
inhibition, have been reported [Sakamoto et al.,
1986; Sakamoto and Tanaka, 1988; Cariou et
al., 1988]. Heparin is known to potentiate the
mitogenic effect of aFGF (reduces the EDj,) and
to lower the K for binding to its receptor [Thorn-
ton et al., 1983; Schreiber et al., 1985]; this
effect of heparin is not seen with bFGF [Saksela
et al., 1988; Sommer and Rifkin, 1989]. On its
own however, heparin has been reported to in-
hibit endothelial cell proliferation [Gospodaro-
wicz et al., 1986; Rosenbaum et al., 1986]. Previ-
ous reports have indicated that heparin may
increase [Azizkhan et al., 19801, decrease [ Klein-
Soyer et al., 1989], or have no effect [Sato and
Rifkin, 1988] on endothelial cell migration.

Although it has been reported that the activ-
ity of U-24067 and U-42129 is strictly heparin
dependent [Folkman et al., 1983; Ingber et al.,
1986; Ingber and Folkman, 1988], others have
found that U-24067 has angiostatic activity when
tested alone on the CAM [Wilks et al., 1991] and

TABLE 1. Effects of Anti-Angiogenic Agents
on Wound-Induced Two-Dimensional

Migration*
Values relative
to control
U-24067 1uM 79%
10 uM 74%
Heparin (Sigma) 1 pg/ml 64%
10 pg/ml 59%
100 pg/ml 26%
Suramin 100 pg/ml 115%
300 pg/ml 56%
Interferon alpha-2a 1 IU/ml 92%
10 IU/ml 84%
100 TU/ml 80%
1,000 IU/ml 74%
Retinoic acid 0.01 uM 90%
0.1 uM 83%
1pM 72%
10 uM 51%

*Confluent monolayers of BME cells in gelatin-coated 35
mm culture dishes were wounded with a razor blade to mark
the original wound edge, washed twice with serum-free
alpha-MEM, and serum-free alpha MEM/0.1% gelatin and
the compound to be tested added. In experiments with
suramin, monolayers were wounded in complete medium
(i.e., in the presence of serum), and the medium not changed
thereafter. After 15 h, monolayers were fixed and stained
with 0.1% crystal violet in 20% ethanol for 30 min. Ran-
domly selected fields measuring 1.0 mm x 1.4 mm were
photographed using a Nikon Diaphot TMD inverted photo-
microscope, and the total number of cells which had crossed
the original wound edge determined. Experiments were
performed in duplicate culture dishes; values are expressed
relative to controls (where controls = 100%) and were calcu-
lated from the mean of three randomly selected fields per
dish, i.e., six fields per condition.

inhibits the growth of B16 melanoma in mice
when administered as a single agent (J.W. Wilks,
unpublished observation). Wilks et al. [1991]
did however find that heparin (which on its own
had a small angiostatic effect) enhanced the
inhibitory effect of U-24067. We have observed
that at 1 pg/ml, Sigma heparin abrogates the
anti-angiogenic effect of U-24067 in our three-
dimensional system; when higher concentra-
tions of heparin (10 and 100 pg/ml) were co-
added with U-24067, in vitro angiogenesis was
inhibited, although this effect was no greater
than that observed with heparin alone (data not
shown). Our in vitro findings therefore fail to
corroborate the potentiating effect of heparin on
the inhibitory activity of U-24067 in vivo. The
reasons for these differences are not known.
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TABLE I1. Effects of Anti-Angiogenic Agents
on bFGF-Induced BME Cell Proliferation *

Values relative
to bFGF-induced

proliferation
U-24067 10 pM 31%
U-42129 10 uM 42%
Heparin (Sigma) 10 pg/ml 52%
Heparin (Hepar) 10 pg/ml 50%
Suramin 100 pg/ml 54%
300 pg/ml 16%
Interferon alpha-2a 11U/ml 132%
10 IU/ml 131%
100 1U/ml 127%
1,000 IU/ml 116%
Retinoic acid 0.01 uM 101%
0.1 .M 45%
1uM 13%
10 uM 3%

*BME cells were seeded at 1 X 10* cells per 23 mm well of a
12-well tissue culture plate (Costar, Cambridge, MA) in 1.5
ml complete medium. Anti-angiogenic compounds were added
2 h later, and bFGF (10 ng/m!) was added after a further 1 h
(i.e., 3 h after plating). Medium was changed and bFGF and
anti-angiogenic compounds added after 2 days. After a fur-
ther 2 days (i.e., 4 day assay), cells were dissociated by
exposure to trypsin and counted in a FACScan Analyzer
{Becton-Dickinson, San José, CA). Experiments were per-
formed in duplicate wells; mean values are expressed rela-
tive to bFGF-induced proliferation (taken to be 100%), and
were calculated as follows:

(cultures treated with bFGF and angiogenesis
inhibitor — control cultures) x 100

(cultures treated with bFGF alone — control cultures).

Suramin

In addition to the variable in vivo and in vitro
responses to heparin noted above, a high degree
of variability in the heparin-dependency of the
anti-angiogenic effect of angiostatic steroids has
been reported [reviewed by Wilks, 1992]. This
has been attributed principally to the heteroge-
neous composition of commercially available
heparin [Folkman et al., 1983, 1989]. For ex-
ample, heparin from Sigma was required at five
times the concentration of heparin from Hepar
to achieve an optimal angiostatic effect when
co-administered with hydrocortisone [Folkman
et al., 1989]. It should be noted however that in
the in vitro studies described in this paper, we
have obtained very similar results with heparin
from both sources (data not shown). The variabil-
ity of the heparin response observed in vivo led
to the search and subsequent identification of
beta cyclodextrin tetradecasulfate [Folkman et

al., 1989] and suramin {Wilks et al., 1991; Gagli-
ardi et al., 1992] as effective heparin substitutes,
both of which are chemically defined molecules
and homogeneous in composition.

Although suramin has traditionally been used
in the treatment of parasitic diseases, it has
recently been used with a variable degree of
success as an antitumor compound [La Rocca et
al., 1990; Stein, 1993]. Suramin interferes with
the activity of a large number of enzymes and
growth factors [La Rocca et al., 1990; Stein,
1993}, and it has been suggested that the inhibi-
tory effect of suramin on tumor growth is due in
part to its anti-angiogenic effect [Wilks et al,,
1991; Gagliardi et al., 1992; Pesenti et al., 1992].
Here we show that suramin has a biphasic effect
on in vitro angiogenesis: at 100 pM, suramin
increased bFGF-induced invasion, while at 300
wM invasion was inhibited (Fig. 5). At the inva-
sion-potentiating dose of suramin (100 pM),
BME cells invaded the underlying collagen gel
from the surface monolayer to form anastomos-
ing tube-like structures with widely patent lu-
mina (Fig. 1). The biphasic effect of suramin in
non-endothelial cell types has previously been
noted: low doses (10-100 pM) stimulated,
whereas higher doses (0.1-1.0 mM) inhibited
proliferation [Els et al., 1990; Guo et al., 1990;
Olivier et al., 1990; Pienta et al., 1991] and
colony formation in soft agar [Coffey et al., 1987].
We have consistently observed that in the pres-
ence of 15% serum (used throughout the studies
reported in this paper), suramin at concentra-
tions of 500 uM and greater induces monolayer
disruption, i.e., cell retraction and detachment,
both on gelatin-coated tissue culture dishes and
on the surface of three-dimensional collagen
gels; this effect was observed at a 5-fold lower
concentration (100 uM) in the absence of serum
(data not shown). For this reason, the effect of
suramin at concentrations greater than 300 uM
on bFGF-induced invasion of collagen gels (as-
say performed in 15% serum) was not assessed.
Suramin ‘“‘toxicity”’ has previously been re-
ported in endothelial [250 uM suramin in 0.5%
serum, Coomber, 1993] and non-endothelial
[Guo et al., 1990; Pienta et al., 1991] cell types.

Suramin inhibits bFGF-receptor interactions
[Coffey et al., 1987; Sato and Rifkin, 1988; Mid-
daugh et al., 1992] and removes bFGF bound to
low affinity matrix binding sites and high affin-
ity receptors in BAE cells {Sato and Rifkin,
1988]. Heparin has been reported to abrogate
the anti-angiogenic effect of suramin in vivo
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Fig. 5. Quantitative assessment of the effect of suramin, inter-
feron alpha-2a, and retinoic acid on bFGF-induced in vitro
angiogenesis. Values are mean = SEM. C, control, non-treated
cultures. The effect of suramin was biphasic: at 100 uM,
suramin significantly increased invasion (P < 0.005), whereas
at 300 pM invasion was significantly inhibited (P? < 0.02).
Interferon alpha-2a decreased invasion in a dose-dependent
manner, with an EDs, of approximately 30 1U/ml (P17 < 0.001).
Retinoic acid also decreased invasion in a dose-dependent
manner, with an EDs of approximately 300 nM (P < 0.05;
P2 < 0.005; P3 < 0.001). Basal levels of invasion were unaf-
fected by suramin, interferon alpha-2a, and retinoic acid at the
concentrations shown (data not shown).

[Gagliardi et al., 1992; Pesenti et al., 1992]. This
may be related to the observation that heparin
competes for the binding of suramin to FGFs
[Middaugh et al., 1992], since the biological func-
tions of FGFs are maintained (bFGF) and en-
hanced (aFGF) after binding to heparin, while
suramin impairs bFGF activity. With respect to
bFGF-induced invasion of collagen gels, we have
observed that Sigma heparin (1~100 pg/ml) par-
tially overcomes the inhibitory effect of 300 pM
suramin (data not shown), suggesting that this
effect of suramin is due to its interaction with
exogenously added bFGF. In addition, although
monolayer disruption (100 pM suramin in the
absence of serum) was unaffected by co-added
Sigma heparin (1-100 pg/ml), this could be
partially reversed by co-addition of 10 ng/ml
bFGF (data not shown), suggesting that this
“toxic” effect is related to suramin’s interaction
with endogenous bFGF.

Suramin had two major effects on the PA
system of BME cells. First, cell-associated u-PA
activity was decreased [as described by Sato and
Rifkin, 1988] at doses which inhibit in vitro
angiogenesis, and this activity could be recov-
ered in the culture supernatants of the same
cells (Fig. 6). These findings are likely to be
related to the observation that suramin inhibits
the binding of u-PA to its cell surface receptor
[Behrendt et al., 1993]. Second, suramin greatly
increased PAI-1 activity and mRNA levels in
BME cells at doses which induced monolayer
disruption (Figs. 6 and 7). Other forms of
“stress’’ like hypoxia and hyperthermia have
previously been reported to increase the expres-
sion of PAI-1 in endothelial cells [Wojta et al.,
1988, 1991].

We also observed that suramin inhibited BME
cell proliferation (Table II), which is consistent
with the observation that suramin reversibly
inhibits DNA synthesis in BAE cells [Sato and
Rifkin, 1988]. In contrast, we observed that
suramin had a biphasic effect on wound-induced
migration, which correlates well with its bipha-
sic effect on in vitro angiogenesis (Table I and
Fig. 5). Previous studies have reported an inhibi-
tory effect of suramin on endothelial cell migra-
tion [Sato and Rifkin, 1988; Coomber, 1993].

1t has been reported that suramin potentiates
the antiangiogenic effect of U-24067 and other
angiostatic steroids [Wilks et al., 1991; Gagli-
ardi et al., 1992]. Using our three-dimensional
invasion model, we observed that U-24067 (1
and 10 wM) significantly decreased the potenti-
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Fig. 6. Effect of suramin on BME cell u-PA and PAI-1 activity.
Suramin had two major effects on the PA system of BME cells.
First, both in the absence and presence of serum, suramin (100
uM and 500 uM, respectively) decreased u-PA activity in cell
extracts (CE), which could be recovered in the culture superna-
tants (CS) of the same cells. Second, suramin greatly increased
PAI-1 activity at 100 M in the absence and 500 uM in the
presence of serum, concentrations at which BME cell retraction
and detachment occurred (data not shown).

ating effect of 100 pM suramin on bFGF-
induced BME cell invasion; when U-24067 was
co-added with lower doses of suramin (10 and 30
wM), the inhibition of bFGF-induced invasion
was comparable to that seen with U-24067 alone
(data not shown). Our in vitro findings therefore
fail to corroborate the potentiating effect of sura-
min on the inhibitory effect of U-24067 in vivo.
The reasons for these differences are not known.

Interferon Alpha-2a

Recently, interferon alpha-2a has been used
in the treatment of childhood hemangiomatous
diseases [White et al., 1989; Orchard et al.,
1989; White et al., 1991; Ezekowitz et al., 1992].
This has been related in part to its ability to
inhibit experimental angiogenesis in vivo [Sidky
and Borden, 1987; Dvorak and Gresser, 1989].
Here we show that interferon alpha-2a inhibits
bFGF-induced BME cell invasion and tube for-
mation in vitro with an EDj, of approximately
30 IU/ml (Fig. 5). In contrast to our findings,
Maheshwari et al. [1991] found that interferon
alpha-2a stimulated matrigel-induced HUVE cell
cord formation; this process was inhibited by
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Fig. 7. Effect of suramin on BME cell u-PA, u-PAr, t-PA, and
PAI-1T mRNA levels. Suramin increased PAI-1 mRNA levels in a
dose-dependent manner: when BME cells were exposed to 400
wM suramin for 8 h, PAI-1 mRNA was increased 16-fold, and
this increased to 116-fold above control values at 1.0 mM. In
the same samples, u-PA and u-PAr mRNAs were decreased by
50-80%, while t-PA mRNA was increased approximately 2-fold.

human interferon gamma [Maheshwari et al.,
1991], confirming the inhibitory effect of this
cytokine on in vitro angiogenesis reported by
others [Tsuruoka et al., 1988; Niedbala and
Picarella, 1992]. The reasons for these differ-
ences may be due to differences in the in vitro
assays employed.

We also demonstrate that interferon alpha-2a
decreases basal and bFGF-induced u-PA and
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TABLE III. Effects of Anti-Angiogenic Agents on BME Cell In Vitro Angiogenesis, PA System,
Migration, and Proliferation (Growth)*

u-PA
Angiogenesis

PAI-1

Activity u-PAr Activity
Invivo® Invitro mRNA mRNA mRNA Migration Growth

Comments

Steroids (U-24067/

U-42129) } v \ }
Interferon

alpha-2a i ) l -
Heparin I d T —
Retinoic acid ! ) T 1
Suramin | biphasic ! |

y l TP

— V(1 —)p ) 1. mRNA, no effect

T \ !
12 biphasic l

1. Synergism with bFGF

1. Also | binding to u-PAr
2. Monolayer disruption

* |, decrease; 7, increase; —, no effect.
aReferences cited in text.

bPWhere previous findings differ from our own, these are shown in parentheses; references cited in text.

PAI-1 activity in BME cells (Fig. 8), and that
this is accompanied by a reduction in levels of
the corresponding mRNAs: after 18 h of expo-
sure to 1,000 TU/ml interferon alpha-2a, basal,
and bFGF-induced u-PA mRNA levels were re-
duced by 33% and 27%, and basal and bFGF-
induced PAI-1 mRNA levels by 81% and 90%,
respectively; u-PAr levels were unaffected, while
co-addition of bFGF and interferon alpha-2a
slightly increased t-PA mRNA (data not shown).
Interferon gamma has been reported to antago-
nize tumor necrosis factor (TNF)- and interleu-
kin-la-induced u-PA activity and mRNA in-
crease in HUVE and human foreskin
microvascular endothelial cells [Niedbala and
Picarella; 1992; Wojta et al., 1992], as well as the
ability of TNF to augment u-PA-mediated HUVE
cell degradation of the extracellular matrix {Nied-
bala and Picarella, 1992]; this effect was specific
for u-PA as interferon gamma did not antago-
nize TNF-induced PAI-1 antigen and mRNA
increase. In contrast, interferon alpha failed to
alter the TNF-induced increase in levels of plas-
minogen-dependent caseinolytic activity in
HUVE cells [Niedbala and Picarella, 1992]. The
reasons for these differences may be related to
differences in the cell types used.

With respect to proliferation, we observed that
interferon alpha-2a increased bFGF-stimulated
BME cell growth (Table I). This is in agreement
with the findings of Cozzolino et al. [1993], who
recently reported that interferon alpha slightly
increased HUVE cell proliferation, and that this

-bFGF
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Fig. 8. Effect of interferon alpha-2a on BME cell u-PA and
PAI-1 activity. Interferon alpha-2a decreased bFGF (10 ng/ml)-
induced u-PA activity in culture supernatants (CS) and basal and
bFGF-induced PAI-1 activity in CS and cell extracts (CE) of BME
cells, with maximal inhibition at 100 IU/ml.

was mediated by enhanced bFGF synthesis and
release. This is however in opposition to other
reports in which interferon alpha-2a was shown
to inhibit bovine aortic and human dermal micro-
vascular endothelial cell proliferation in the
range used in our present studies [Heyns et al.,
1985; Ruszczak et al., 1990]. In contrast to its
effect on proliferation, we observed that inter-
feron alpha-2a decreased wound-induced BME
cell migration in a dose-dependent manner
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(Table IT). Human leukocyte interferon has pre-
viously been shown to inhibit BME cell migra-
tion (Brouty-Boyé and Zetter, 1980].

Retinoic Acid

It has been reported that retinoids inhibit
angiogenesis in vivo [Ingber and Folkman, 1988;
Oikawa et al., 1989; Szmurlo et al., 1992]. Here
we demonstrate that retinoic acid inhibits bFGF-
induced endothelial cell invasion and tube forma-
tion in vitro with an EDj, of approximately 300
nM (Figs. 1 and 5).

We have observed that retinoic acid increases
expression of all components of the BME PA
system (Figs. 9 and 10), which is in agreement
with previous reports [Inada et al., 1985; Kojima
et al., 1986; Kooistra et al., 1991; Thompson et
al., 1991; Medh et al., 1992; Kritzschmar et al.,
1993]. However, the most striking effect was
observed when retinoic acid was co-added with
bFGF': this induced a potent synergistic increase
in u-PA, with a similar although less marked
increase in t-PA; this synergistic effect was not
observed with u-PAr and PAI-1 (Figs. 9 and 10).

We also show that retinoic acid decreases
bFGF-stimulated BME cell proliferation and
two-dimensional wound-induced migration in a
dose-dependent manner (Tables I and II). This

 bFGF
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Fig. 9. Effect of retinoic acid on BME cell u-PA and PAI-1
activity. Retinoic acid (0.1, 1, and 10 uM) increased basal levels
of u-PA and PAI-1 activity in cell extracts (CE) and culture
supernatants (CS) of BME cells. When retinoic acid was co-
added with bFGF a potent synergistic increase in u-PA activity
was observed, which was most evident in the CS.
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Fig. 10. Effect of retinoic acid on BME cell u-PA, u-PAr, t-PA,
and PAI-T mRNA levels. Retinoic acid (RA, 1 and 10 pM)
increased mRNA levels of all components of the PA system,
although differences in kinetics were observed; with the excep-
tion of t-PA, these increases were less than those induced by
bFGF. The most striking effect was observed when retinoic acid
(R) was co-added with bFGF (F): this induced a potent synergis-
tic increase in u-PA mRNA levels. Thus, when retinoic acid was
co-added at 10 uM, at the 20 h time point u-PA mRNA levels
were increased 12.2- and 3.4-fold above levels induced by
retinoic acid or bFGF alone, while co-addition of retinoic acid at
1 pM increased u-PA mRNA levels 14.4- and 2.8-fold above
levels induced by retinoic acid or bFGF alone. A similar al-
though less marked effect was observed with t-PA mRNA. This
synergistic effect was not observed with u-PAr and PAI-1
mRNAs.

is in agreement with previous reports demon-
strating that retinoids inhibit endothelial cell
proliferation [Kojima et al., 1986; Braunhut and
Palomares, 1991] and migration [Kojima and
Rifkin, 1993], although Melnykovych and Clowes
[1981] have reported that retinoids stimulate
endothelial cell growth.
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Kojima and Rifkin [1993] have recently re-
ported that the inhibitory effect of retinoids on
endothelial cell proliferation and migration is
due to the effect of plasmin-activated TGF-3. We
have previously shown that TGF-B1 has a bipha-
sic effect on angiogenesis in our in vitro model
[Pepper et al., 1993b]. Here we demonstrate
that the inhibitory effect of retinoic acid on
invasion in this model occurs over a wide range
of concentrations, and clearly lacks the biphasic
effect of exogenously added TGF-B1. It is there-
fore unlikely that retinoic acid-mediated inhibi-
tion in our system is due to activation of TGF-
B1, although we cannot exclude the possibility
that this may be due to activation of other
isoforms of TGF-B. It will be important in fu-
ture studies to determine whether the inhibi-
tory effect of retinoids in our system can be
abrogated by antibodies to TGF-B.

Summary and Conclusions

Angiogenesis is dependent on precisely con-
trolled sequential alterations in a number of
endothelial cell functions which include endothe-
lial cell-matrix interactions, extracellular prote-
olysis, proliferation, and migration, each of which
are potential targets for anti-angiogenic strate-
gies. A large degree of variability has previously
been described in the migratory and prolifera-
tive responses of endothelial cells to most of the
agents we have employed. Since differences in
cell types and culture conditions could account
for this variability, we considered it important
to measure these parameters in the BME cells
used in our in vitro angiogenesis assay, despite
the fact that the effects of most of the agents we
have employed have previously been described.
With respect to migration, we observed an excel-
lent correlation between inhibition of bFGF-
induced invasion of collagen gels and inhibition
of migration in a widely used two-dimensional
assay. A less consistent correlation was ob-
served with proliferation. This suggests that
although three-dimensional collagen gels are re-
quired for histotypic capillary-like tube forma-
tion, the two-dimensional migration assay might
serve as an appropriate substitute in the screen-
ing of potential pharmacological inhibitors of
angiogenesis.

Although an increase in proteolysis is re-
quired for extracellular matrix degradation dur-
ing angiogenesis, this must be accompanied by a
balanced increase in protease inhibitors to pre-
vent excessive matrix degradation [Pepper and
Montesano, 1990]. Alterations in protease and/or

inhibitor activity might therefore be expected to
perturb normal capillary morphogenesis [Monte-
sano et al., 1990; Pepper et al., 1990]. From
results reported in this and other correlative
studies, a spectrum of alterations in extracellu-
lar proteolysis which accompany anti-angiogen-
esis is emerging. Thus endothelial cell proteoly-
sis is decreased either as a consequence of an
increase in PAI-1 by the angiostatic steroid MPA
[Blei et al.,, 1993] and by leukemia inhibitory
factor, which inhibits in vitro angiogenesis (M.S.
Pepper, N. Ferrara, L. Orci and R. Montesano,
manuscript submitted), or as a consequence of a
decrease in u-PA in response to 2-methoxyestra-
diol (Pepper et al., in preparation), a natural
estrogen metabolite with anti-angiogenic proper-
ties [Fotsis et al., 1994]. Both u-PA and PAI-1
are decreased by the angiostatic steroids U-24067
and U-42129 (this paper), interferon alpha-2a
(this paper), and genistein, a dietary-derived
inhibitor of in vitro angiogenesis [Fotsis et al.,
1993]. Suramin reduces cell-associated u-PA ac-
tivity [Sato and Rifkin, 1988; Behrendt et al.,
1993] at doses which inhibit angiogenesis in
vitro (this paper), and greatly increases PAI-1
production at doses which induce monolayer
disruption (this paper). However, it has also
been shown that endothelial cell proteolysis is
increased by heparin [Castellot et al., 1986; this
paper] and retinoic acid {Inada et al., 1985;
Kojima et al., 1986; Kooistra et al., 1991; Thomp-
son et al., 1991; Medh et al., 1992; this paper].
Thus, although it has been well described that
exogenously added protease inhibitors inhibit
angiogenesis both in vivo and in vitro [Mignatti
et al.,, 1989; Moses et al., 1990], the results
summarized above demonstrate that it does not
necessarily follow that agents which inhibit an-
giogenesis will reduce extracellular proteolysis.
A reduction in extracellular proteolysis would be
expected to reduce the ability of endothelial cells
to overcome the mechanical barriers imposed by
the surrounding extracellular matrix. However,
since proteases also modulate cytokine activity,
an increase in proteolysis could activate latent
inhibitory cytokines, which in turn would in-
hibit endothelial cell proliferation and migra-
tion and indirectly reduce extracellular proteo-
lytic activity [Flaumenhaft et al., 1992]. The
spectrum of effects on different elements of the
PA system observed in response to the agents
assessed suggests that the role of modulations
in extracellular proteolytic activity in anti-
angiogenesis is likely to be varied and complex.
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