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angiogenic ligands, e.g., bFGF3 to the cell receptor; (b) endothelial
cell migration; (c) endothelial cell proliferation; and (d) production of
proteases, e.g., PA (15, 16, 21). The current study reveals that suramin
inhibits each of the key control points of angiogenesis.

MATERIALS AND METhODS

Reagents. Sodium suramin USP was obtained from the Mobay Chemical
Co. (New York, NY). Heparinsodium USP (activity, 176.7 units/mg) was
obtained from GIBCO (Grand Island, NY). Recombinant human bFGF was
cloned, expressed, and purified by members of the Biotechnology groups at
Du Pont MerckPharmaceuticalCo. (Wilmington,DE). PMA, TritonX-100,
gelatin, and RNase were obtained from the Sigma Chemical Co. (St. Louis,
MO). Bromodeoxyuridine(cell proliferation kit), anti-bromodeoxyuridine
monoclonal antibody, diaminobenzidine, and peroxidase anti-mouse immuno
globulin were obtained from the Amersham Corp. (Arlington Heights, IL).

CAM Anglogenesis Assay. The assay was performed as previously de
scribed(22). FertilizedWhiteLeghornchick eggs (SharpHatcheries,IL)were
incubated horizontally for 3 days without CO2 in a humidified incubator,
cracked over sterile disposable Petri dishes (Becton Dickinson Labware, LAn
coln Park, NJ), then placed into an incubator with 3% CO2 and 95% humidity
(NAPCO Scientific, Tualatin, OR). On day 7 of incubation, the CAMs (1â€”3cm
in diameter)were readyfor implantation.Suraminwas addedto 1 ml of sterile
0.5% methylcellulose (4000 centipoise, Fisher Scientific, Itasca, IL) at con
centrations of 0, 30, 250, 500, 1000, and 1500 @iW10@.iI.The solutions were
vortexed and discs were made by application of 10 pi onto the flat ends of
3.0-mm diameterTeflon rods mountedon 100 mm glass Petridishes. Discs
were left to dry at room temperature in a laminar flow hood for 1 h and
implanted onto each CAM 2 to 3 mm from the edge of the membrane. The
chick embryos were returned to the incubator and examined 48 h later under
a stereomicroscope at X7â€”10.Avascular zones (4 mm diameter) were scored
positive for inhibition of angiogenesis. There was a total of 45 CAM assays,

7 at each concentration of suramin.
bFGF-induced Rat Cornea Anglogenesis Msay Fourteen male Wistar

ratsweighing250â€”300g were used,adoptingthemethodpreviouslydescribed
(23). Briefly, samples of either control buffer (jthosphate-bufferedsaline);
human recombinant bFGF (100 ng); or bFGF (100 ng) plus heparin (100 ng)
were complexed with an equal volume of 12% hydron polymer (Hydron
Laboratories, New Brunswick, NJ) and pipeted onto 3.0-mm Teflon rods.
Pellets were air dried for 1â€”2h in a laminar flow hood and stored overnight at
4Â°C.Priorto implantation,pellets were rehydratedwith a dropof phosphate
buffered saline. A pocket was made within the cornea stroma and pellets were
positioned 1.5 mm from the limbus. There were five groups (n = the number
of corneal micropockets tested): A (n = 7) suramin, 200 mg/kg i.v. in a total
volume of 0.5 ml, 48 h priorto implantationof a hydronpellet containing
bFGF;B (n = 7), iv. physiological saline, insteadof suramin,48 h priorto
implantation of a hydron pellet containing bFGF; C (n = 3) suramin i.v. and
bFGFplus heparinpellet;D (n = 3) saline i.v. andbFGFplus heparinpellet;
and E (n = 4) i.v. physiological saline and pellet containing phosphate
bufferedsaline.

3 The abbreviations used are: bFGF, basic fibroblast growth factor; CAM, chorioallan

toic membrane; IC,,@, half-maximal inhibitory concentration; BCE, bovine capillary
endothelial; BPAE, bovine pulmonary artery endotheial; uPA, urokinase-type plasmin
ogen activator; PMA, phorbol 12-myristate 13-acetate; PA, plasminogen activator,
DMEM, Dulbecco's modified Eagle's medium; F@S,fetal calf serum.

ABSTRACT

Suramin, an anticancer agent in current clinical trials, Is a prototype
of a pharmacological antagonist of growth factors, including basic
fibroblast growth factor (bFGF). Suramin Inhibited angiogenesis In the
chick chorloallantoic membrane assay in a dose-dependent fashion.
Suramin, 200 mg/kg i.v., inhibited rat cortical angiogenesis Induced by
bFGF-impregnated polymers; addition of heparin stimulated anglo
genesis and counteracted the Inhibition of suramin. The half-maximal
inhibitory concentration (IC@J of suramin was determined for key
cellular mechanisms that regulate angiogenesis: (a) low and high af
finity cellular binding of bFGF to bovine capillary endothellal (BCE)
cells with IC@s,respectively,of 24.3 and 71.5 pg/mI; (b) spontaneous
migration ofbovine pulmonary artery endothelial and normal AG 7680
fetal bovine aortlc endothelial cells; bFGF-stlmulated migration of
BCE and transformed GM 7373 fetal bovine sortie endothelial cells
with IC@s of 200â€”320pgJml; (c) proliferation of bovine pulmonary
artery endothellal cells at >100 @ig/mland of BCE cells at >250 paJml;
and (d) urokinase-type plasminogen activator activity of GM 7373
endothelial cells stimulated by bFGF with an IC50of 211 pg/mI and of
BCE cells stimulated by bFGF at >100 pg/mI, but not plasminogen
activator activity induced by phorbol 12-myristate 13-acetate. Suramln
inhibited multiple control points of anglogenesis, including those stim
ulated by bFGF. Because tumor growth Is angiogenesis dependent, the
clinical efficacy of suramin may relate, In part, to angiosuppresslon.

INTRODUCTION

Suramin represents an important new group of anticancer agents
able to disrupt autocrine and/or paracrine growth of solid tumors
(1, 2). In clinical trials, efficacy has been reported in advanced cancers
of the prostate, kidney, adrenal gland, ovary, as well as lymphomas
(3â€”7).Potential mechanisms for the activity of suramin include the
inhibition of growth factor receptor binding (1, 8) at the cell surface
or within the cell and the inhibition of several intracellular enzymes,
e.g. , DNA polymerase, topoisomerase II, and protein kinase C, re
quired for cell proliferation, adhesion, and invasion (9â€”12).An alter
native proposed mechanism is the inhibition of angiogenesis (1, 2).

Because of mounting evidence that tumor growth is angiogenesis
dependent (13â€”15),the development of pharmacological inhibitors of
angiogenesis is a priority for the treatment of human neoplasia (16,
17). Evidence that suramin inhibits angiogenesis has recently emerged
in laboratory studies (18â€”20).Rational design and use of angiosup
pressive agents should consider the specific cellular mechanisms that
govern the switch to the angiogenic phenotype: (a) the binding of
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Corneas were examined 7 days after implantation and the angiogenic

response was quantitated by measuring vessel length from the limbus and
vessel density by using the following scale: 0 no vessels; 1 = 1â€”10vessels;
2 = >10 vessels, loosely packed, iris visible; 3 = >10 vessels, tightly packed,
the iris obscured by vessels. The angiogenesis index was determinedby
multiplying vessel length by vessel density (24).

CeH Culture. BPAE cells (American Type Culture Collection, Rockville,
MD) were cultured in DMEM supplemented with 10% FCS and used between
passages 19 and 20. Normal (AG 7680) and transformed (GM 7373) fetal
bovine aortic endothelial cells were obtained from the Human Genetic Mutant
Cell Repository (Institute for Medical Research, Camden, NJ). The cells were
grown in DMEM supplemented with 10% FCS for GM 7373 cells and 20%

FcS for AG 7680 cells, and were used between passages 6 and 13. BCE cells
from the adrenalcortex were grown in DMEM with 10% FCS and used
between passages 12 and 15 (25).

Cells were maintained in a humidified incubator at 37Â°Cin an atmosphere
of 5% CO2and 95% air, with mediumreplacedtwice per week. Cells were
harvested at confluence and then recultured for experimental procedures. After
removal of the medium, cells were thoroughly washed in phosphate-buffered
saline, then detached from the culture dishes following a 5-mm incubation with
0.05%trypsin.Trypsinwas inactivatedby reexposureofthe cells to theculture
medium. After centrifugation at 1000 rpm for 10 mm, the cell pellet was
resuspended in phosphate-buffered saline, and the number of cells were

counted with a hemocytometer.

bFGF Binding to BCE Cells. The assay was performedas previously
described (26). Briefly, bFGF was labeled with â€˜@-â€˜I(17 Ci/mg) (New England
Nuclear, Boston, MA) by using a lactoperoxidase method. The BCE cells were
plated at 5 X io@cells/16-mm well on 24-well plates (Falcon Labware,
Lincoln Park, NJ) and were used for experiments 2 to 3 days later at conflu
ence. Cells were washed twice with phosphate-buffered saline, and 300 @.dof
DMEM containing 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfothc
acid, pH 7.5, 0.15% gelatin, and 80 @M(1360 pg/mi) of 1@I-bFGFwere added
to each well. For evaluation of suramin effects, various concentrations of
suramin ranging from 0 to 200 gig/miwere added to the wells along with the
â€˜@I-bFGF.The cells were incubatedfor 2 h at 4Â°Con anorbitalshaker.At the
end of the incubation,wells were rinsed 3 times with phosphate-buffered
saline, and low affinity bFGF sites were stripped of bound â€˜@â€˜I-bFGFby 2
washes with 2 MNaG, 20 m@i4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, pH 7.5. High affinity receptors were stripped by 2 washes with 2 MNaCI,
20 mt@@sodium acetate, pH 4.0. Samples corresponding to low and high affinity
binding were individually counted in a gamma counter, and corrected for the
nonspecific bindingoccurringin the presenceof 3 @.&MunlabeledbFGF.

EndothellalCell MigrationAssay. Migrationassayswereperformedas
previously described (27). Briefly, confluent monolayers of the endothelial
cells in 60 or 100-mm Primaria dishes (Becton Dickinson) were wounded by
pressing a razor blade to cut the sheet of cells and to mark the plate. The blade
was then gently moved to one side to remove part ofthe sheet. After wounding,
the endothelialcells were washed twice with phosphate-bufferedsaline and
incubated for 16 h with DMEM without serum-containing suramin at various
concentrations ranging from 0 to 1000 @g/ml.The BCE and GM 7373 cells
were also incubatedwith serum-freeDMEM containing10 ng/ml bFGF and
suramin at 0, 50, 100, 250, and 500 p@g/ml.The cells were fixed with absolute
methanol following incubation and stained with 1% toluidine blue.

Cellular migration was quantitated with the image analysis system (Quan
timet 570, Leica, Dccrficld, IL). Using X10 magnification, the size of the
measured field was 0.24 mm2(width, 501 @mX height, 470 sm). The average
number of cells within the field and the distance of migration from the edge of
the wound were measured for five fields, using the line made by the razor cut
as the origin. The experiment was repeated in triplicate using 3 dishes per each
concentration.

Endothellal Cell Proliferation Assay. Cell proliferation assays were per
formed by using the CellTiter 96 Aqueous Non-Radioactive Proliferation
Assay (Promega Corp., Madison, WI). This assay measures the reduction of a
tetrazoliwn compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium],by living cells to a formazan prod
uct (28). Briefly, the BCE cells, 1 X 10@/mlin DMEM with 10% FCS, were
plated in 96-well plates (Becton Dickinson) at 5000 cells. After a 24-h
incubation, the various doses of suramin (1 to 1000 g@g/ml)were added to the
wells. The cells were incubated for 3 days. At the end of the incubation period,

to the microplate wells were added 20 @.dof freshly prepared medium corn
bined with a tetrazolium compound and an electron coupling reagent (phena
zinc methosulfate) solution, incubated for 2 h at 37Â°C,and the absorbance at

490 nm was read on an automatic microplate reader (Bio-Tek Instruments,
Winooski, VT). In another experiment, the BPAE cells were plated in 6-well

culture plates (Becton Dickinson Labware) at a concentration of 5.0 X i04
cells/well. Twenty-four h after plating the tissue culture medium was replaced
with medium containing suramin in the following concentrations: 0, 10, 30,
100, 250, 500, 750, 1000, and 1500 @g/ml.The cells were incubated for 6 days,
then the number of cells adherent to the plastic culture plate were counted with
a hemocytometer. Cell viability, measured by trypan blue exclusion, was
compared to control. The experiment was repeated at least three times in
triplicate wells for each concentration of suramin.

EndothelialCellKinetics.Endothelialcells(BPAE)ata concentrationof
1.0 x i04 cells/chamber were plated overnight in Lab-Tek four-chambered
slides (Nunc Inc., Naperville, IL) (29). After 24 h, the medium was gently
removed and fresh medium was added containing suramin in the following
dosages: 0, 30, 100, 500, and 1000 @g/ml.The cells were incubated 48 h, and
bromodeoxyuridine, 1:1000 dilution in DMEM with 10% FCS, was added to
the endothelial cell cultures for 1 h. Cells were rinsed with phosphate-buffered
saline, fixed with 100% ethanol, and incubated for 30 mm in 2 N, HC1 to
denature DNA and for 30 min in 10% rabbit serum. A 1:100 dilution of
anti-brornodeoxyuridine monoclonal antibody was applied for 30 mm, the
slides rinsed with phosphate-buffered saline, and then covered with peroxidase
anti-mouse immunoglobulin for 30 min. After rinsing, cells were incubated for
5 atm with diaminobenzidine, rinsed again, and counterstained with nuclear

fast red. Approximately 750 cells in each chamber were analyzed to determine
the labeling index. Each value represents the counts from quadruplicate cham
bees of 3 experimentsat each concentrationof suramin.

DNA Flow Cytometry.Endothelialcells (BPAEand GM 7373) were
plated at a concentration of 1 X 106 cells per T150 flasks (Corning Inc.,
Corning, NY). The medium was replaced 48 h after plating with medium
containing suramin at 100, 500, and 1000 @g/ml.Cells were incubated for
3 days, harvested, then fixed with 70% ethanol overnight at â€”20Â°C,and
permeabilized with 0.1% Triton X-100. After washing with phosphate
buffered albumin (0.1% bovine serum albumin and 0.1% sodium azide in
phosphate-buffered saline), cells were treated with 180 units/ml RNase in
3% polyethylene glycol for 20 mm, stained with 50 @g/mlpropidium
iodide (2 ml/106 cells) overnight in the dark at 4Â°C,and filtered through 37

@mnylon mesh. DNA flow cytometry was performedon an EPICS Profile
(Coulter Corp., Hialeah, FL). Debris and cell doublets were excluded from
the DNA histograms by using a peak versus integrated fluorescence signal
and electronic gating. Cellular DNA count was analyzed and relative
numbers of cells in peaks corresponding to G0-G1, 5, and G2-M cell cycle
phases were determined by using the multicycle software (Phoenix Flow
Systems, San Diego, CA) (30). The experiment was repeated three times
for each concentration of suramin.

PA InductionAssay. The assaywas performedas previouslydescribed
(31).Briefly,theendothelialcellswereplatedin96-wellcultureplatesata
concentration of 1 X 10@cells/well and incubated at 37Â°Covernight. The tissue
culture medium was replaced with DMEM containing 2% FCS and varying
concentrations of suramin (16-2000 g@g/ml)in serum-free DMEM and bFGF
or PMA at their final concentrations of 2 and 10 ng/ml, respectively. After 18
h at 37Â°C,medium was removed from all wells and the endothelial cells were
washed with 100 pA/wellof phosphate-buffered saline. The cells were lysed
with a 0.05% solution of Triton-X100 in water (v/v). A protein determination
of each lysate was performed by using micro BCA protein assay kit (Pierce,
Rockport, IL). Approximately 1 @.tgof total protein of each lysate was used to
determine PA activity, using the plasmin chromogenic substrate H-n-nor
leucyl-hexahydrotyrosil-lysine-p-nitroanilide acetate (American Diagnostics,
Greenwich, CF) and an automatic microplate reader (Bio-Tek Instruments) at
405 nrn. Human urokinase (Calbiochem, La Jolla, CA) was used to generate a
standard curve of PA activity. The means of PA activity in triplicate wells was
determined from a standard curve. Percentage of inhibition of induced PA
activity was calculated from the formula:

(T â€”E)%ofinhibitionofPAactivity= 1â€”(Câ€”E)X100,
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Table 1 Inhibition ofangiogenesis in the chick chorioallantoic membraneassaySuraminEmbryos

evaluated%of(pg/disk)(jositive/total)inhibition00/100300/702502/8255005/1050100012/17711500717100

ANGIOSUPPRESSION AND SURAMIN

where T = PA activity induced in the presence ofbFGF or PMA with suramin;
E = the endogenous PA activity of endothelial cells incubatedonly in medium;
and C = PA activity induced by bFGF or PMA without suramin.

Zymographic analysis of PA was performed according to the method of
Granelli-Piperno and Reich (32). After sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and removal of sodium dodecyl sulfate by washing the
acrylamide gels in 2.5% Triton X-100 the gels were transferred onto plasmino
gen-containing fibrin agar plates, and incubated in a moist atmosphere at 37Â°C
for 6 h. Photography of the fibrin plates was performed as the lytic bands
appeared.

Statistical AnalySis. Results are expressed as mean Â±SD. Statistically
significant differences between means were determined by using a one-way
analysis of variance and the Tukey test. A value of P < 0.05 was considered
significant.

RESULTS

Chick CAM Angiogenesis Assay. Control discs containing 0.5%
methylcellulose were nonreactive. In contrast, there was a dose
dependent inhibition of angiogenesis by suramin in a range of 250 to
1500 p.g per disc (Table 1).

Rat Cornea Angiogenesis Assay All bFGF-impregnated poly
mers elicited a neovascular response. Systemic administration of
suramin significantly inhibited bFGF-induced angiogenesis compared
to control (bFGF-polymer without suramin). By contrast, the addition

of heparin to the polymer significantly stimulated angiogenesis and
totally reversed the angiosuppressive activity of suramin (Fig. 1).

bFGF Binding to BCE Cells. Suraminsignificantlyinhibitedboth
the low and high affinity binding of bFGF to BCE cells with the IC50
of 24.3 and 71.5 @giml,respectively (Fig. 2).

Endothelial Cell Migration. Suramin significantly inhibited en
dothelial cell migration (Fig. 3) determined by both the number of
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Fig. 2. Surainin inhibition of @â€˜l-bFGFto low (O) and high (0) affinity binding sites
of bovine capillary endothelial cells. Points, mean.
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Fig.3. Inhibitionof endothelialcell migrationby suramin.Confluentmonolayersof
endothelial cells were wounded with a razor blade (the solid black line indicates the edge
of the wound. arrow). The cells were incubated for 16 h, fixed, stained, and photographed;
A, control (no suramin); B, cells treated with suramin, 500 @Wml;bar, 100 p.m (1%
toluidine blue).

cells that migrated (Fig. 4) and the distances traveled by the cells from
the wound edge (data not shown). The calculated IC50 of endothelial
cell migration was 219 @.tgimlfor BPAE, 296 p.g/ml for AG 7680, 546

@g/mlfor GM 7373, and 549 @igimlfor BCE cells (Fig. 4A). The GM
7373 and BCE cells were sensitive to bFGF stimulation and their

10@

.@ 6@

0

2

0@

bFGF@@ + +

Heparin - + +

Suramin - + - +

Fig. 1. In vivo inhibition by suramin of angiogenesis stimulated by bFGF (100 ng)
polymer in the rat cornea. Addition of heparin potentiates the angiogenic response and
prevents the angiosuppressive effect of systemic suramin, 200 mg/kg, given 48 h prior to
implantation of the polymer. Columns, mean; bars, SD. @,P < 0.03; â€¢@,@P< 0.05
compared to control (bFGF alone).
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10 100

Suramin (jtgJinl)

Endothelial
cellSuramin (@g/ml)CclI

cyclecompartmentG@-G@SG2-MBPAE0

100
500

100089.2

Â±3.la
86.0Â±4.2
85.8 Â±3.0
87.0 Â±2.07.8

Â±3.1
11.0Â±4.1
10.2 Â±3.9
8.6 Â±3.43.0

Â±1.0
3.1 Â±0.1
4.1 Â±0.8
4.4 Â±1.7GM73730

100
250
500

100085.7

Â±3.7
84.4 Â±4.8
84.7 Â±2.8
82.0 Â±9.5
76.6 Â±5.28.8

Â±2.2
10.5 Â±2.9
12.0 Â±1.2
12.8 Â±5.9
20.2 Â±35b5.5

Â±1.6
5.1 Â±2.1
3.3 Â±2.2
5.3 Â±4.2

@@ 1.8

ANGIOSUPPRESSION AND SURAMIN

days, except for the elevation of the percentage of GM 7373 cells in
S phase with suramin, 1000 @.tgiml,compared to control (P < 0.03,
Table 2).

Plasminogen Activator Induction. Suramin, 250 @g/ml,signifi
cantly inhibited PA activity of GM 7373 cells treated with bFGF, P <

0.004 (Fig. 6). The IC50 of suramin determined from the average
dose-response curve of six experiments was 21 1 @.tg/ml.Suramin,
2000 @.tg/ml,did not significantly inhibit the PMA-induced PA activ
ity in GM 7373 cells.
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I
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migration was stimulated significantly in response to 10 ng/ml of
bFGF, 141% and 181%, respectively, compared to control, P <
0.0001. The bFGF stimulation of migration was calculated by sub
tracting spontaneously migrated cell number from migrated cell num
ber with bFGF exposure at each suramin concentration. Suramin
significantly inhibited the bFGF stimulation of migration with IC5@,s
of 252 @g/mlfor GM 7373 and 311 @g/mlfor BCE cells (Fig. 4B).

Endothelial Cell Proliferation. The effects of suraminon endo
thelial cell (BCE) proliferation were biphasic (Fig. 5A): low concen
trations (50 @Wml)stimulated growth slightly; suramin inhibited
endotheial cell proliferation at concentrations higher than 250 @&g/ml
of suramin. The calculated IC50 of suramin inhibition of endothelial
cell proliferation was 752 p@g/ml,a value considerably higher than the
inhibitory doses for other cell-associated functions, e.g., migration
and uPA activity. The same result was obtained for BPAE cell growth
inhibition by counting cell number with a slight stimulation at 30

@gimland IC50, 783 @tg/ml.Bromodeoxyuridine labeling index of
endothelial cells (BPAE) (Fig. SB) was reduced significantly in a
dose-related manner by suramin in a range of concentrations from 100
to 1000 @g/ml.

The cell cycle distribution of endothelial cells (BPAE) and (GM
7373) was not significantly altered by treatment with suramin for 3

A
S.

1@o 100 1000

Suramin (iL@l)

0.5

0.4

0.1

0.0 I@@@@@@

1 10 100 1000

Suramin (iig/ml)

30

B

1000 5*

Fig. 4. Concentration response of suramin on the spontaneous (A) and bFGF-stimu
lated(B)migration ofendothelial cells; BPAE(â€¢),AG7680(A), GM7373 (U), BCE(O).
Two endothelial cells (BPAE, AG 7680)were sensitive for suramin comparedto other two
endotheialcells(GM7373,BCE)(A).However,suraminhada similarpotencyfor the
stimulated migration with bFGF on these less sensitive cells (B). Points, mean of triplicate
experiments for the percentage of control; bars, SD. Standard deviation, not shown in A,
was less than 10% of each values. â€”â€”â€”,50% inhibition of control.

S

1 10 100 1000

Suramin (jigJml)

Fig. 5. A, inhibition of endothelial (BCE) cell proliferation by increasing amounts of
suramin. B, inhibition ofendothelial (BPAE) cell bromodeoxyuridine labeling by increas
ing amounts of suramin. Points, mean of three independent experiments; bars, SD.
*,@ < 0.01; **,@ < 0.05 compared to control (nontreated cells).

Table 2 Percentage of cells in various cell cycle compartments as estimated
byflow cytometiy

a Mean Â±SD.
b p < 0.03.
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Zymographic analysis of PA activity demonstrated bFGF markedly
stimulated uPA activity of GM 7373 cells and suramin, 250 and 500
@.tgiml,suppressed bFGF-stimulated uPA activity (Fig. 7A). For BCE

cells, bFGF markedly stimulated uPA activity that was demonstrated
as the uPA/PAI-1 complex with Mr 98,000. The inhibition of suramin
in BCE cells was similar to GM 7373 endothelial cells; 250 and 500
@tg/mlclearly suppressed not only bFGF-stimulated activity but also

the formation of uPA/PAI-1 complex (Fig. 7B).

DISCUSSION

Because angiogenesis is essential for tumor growth (13â€”is), the
pharmacological down-regulation of angiogenesis, or angiosuppres
sion, is an important avenue for the development of a novel class of
anticancer agents (16, 17). Suramin, a prototype of a growth factor
antagonist (1), in current clinical trials for malignancies of the kidney
and prostate, is limited by the requirement to maintain serum levels
within a narrow therapeutic window, 200â€”300 p@g/ml,to ensure
efficacy and avoid toxicity (7, 33). Biological effects, including tumor
necrosis and hemorrhages, have been attributed to possible inhibition

Fig. 6. Inhibition of enzyme (uPA) by suramin for GM7373 endotheial cells. Suramin
inhibited PA activity induced by bFGF (U), and had only a slight effect on PMA-induced
activity (0). Points, mean of six different experiments; bars, SD.

A

h-tP@\@

h-uPA@ â€¢@ SiP@_@ 48 kD

bFGF

of angiogenesis (5). The current study clearly demonstrates that

suramin inhibits angiogenesis in vitro and in vivo.
Furthermore, these experiments demonstrate the novel finding that

suramin inhibits both high and low affinity binding of bFGF to BCE
cells (Fig. 2). Suramin inhibited multiple control points of angiogen
esis that can be categorized into events mediated with or without
exogenous bFGF. In the first category, suramin suppressed bFGF
induced corneal angiogenesis, migration of bFGF-responsive lines of
BCE and GM 7373 cells, and cellular production of uPA. These
inhibitory effects are explicable by the dose-dependent inhibition of
suramin of bFGF binding to its low and high affmity receptor (Fig. 2).
In the second category, suramin inhibited embryonic angiogenesis in
the chick CAM, as well as migration of BPAE and AG 7680 cell lines
less responsive to exogenous bFGF; migration of these endotheial
cells is regulated by the release of endogenous bFGF (27). It is
unknown whether the inhibition of BPAE and BCE cell proliferation
is due to bFGF-independent mechanisms or inhibition of an autocnne
bFGF production by endothelial cells (34). Alternatively, inhibition of
endothelial cell proliferation by suramin could be due to interference
with the binding of other angiogenic growth factors, e.g., vascular
endothelial growth factor (35).

In vivo inhibition of angiogenesis by suramin was evaluated in two
bioassays: the chick CAM and the rat cornea. The first experiments
(Table 1) corroborate recent reports of the efficacy of suramin in the
chick CAM assay as a dose-dependent inhibitor of angiogenesis (18,
19). The comeal micropocket technique permits quantitative, linear
measurement of individual capillaries as they grow toward an implant
containing an angiogenic stimulus or inhibitor (14). The systemic
administration of suramin, using a dosage effective as an antitumor
agent (20), inhibited angiogenesis induced by bFGF in vivo; the effect
was not observed when bFGF was complexed to heparin (Fig. 1),
consistent with observations in other models of angiogenesis (19, 20).
Because of the key role played by heparin, heparan sulfate, and related
polysaccharides in angiogenesis (21), heparin complexed to bFGF
potentiated angiogenesis (Fig. 1), possibly by stabilization of the
bFGF-receptor complex and prevention of proteolytic degradation of
bFGF (21, 36).

Migration of endothelial cells is a key step in the angiogenesis
process, mediated by bFGF (27), and appears more sensitive to
suramin than does endothelial cell proliferation. Two endothelial cell
lines (BPAE and AG 7680), were sensitive to suramin inhibition; in
contrast, other cell lines (BCE and GM 7373) were relatively insen
sitive (Fig. 4). To explain the variable response, the level of endog
enous bFGF was determined, and there was a correlation between the
spontaneous rate of migration and the level of bFGF.4 In addition,
suramin inhibited the enhanced migration of BCE and GM 7373 cells
by bFGF at concentrations similar to those that suppressed migration
in the suramin-sensitive BPAE and AG 7680 cells (Fig. 4B), consis
tent with the role of bFGF as a positive regulator of endothelial cell
migration and suramin as an antagonist of bFGF (27).

Endotheial cell proliferation, a key step in angiogenesis (14), was
inhibited by suramin. Suramin inhibited BPAE cell proliferation at
concentrations 100 @.&g/mland BCE cell proliferation at concentra
tions 250 p.g/ml (Fig. 5). At a low concentration, 30â€”50 @.tWml,a
mild stimulation of BCE and BPAE cell proliferation was observed
(Fig. 5A). This effect is consistent with a paradoxical stimulation at
low concentrations observed previously in certain neoplastic cell lines
(37, 38). Using flow cytometry, the GM 7373 cells treated at a high
concentration of suramin (1000 @.tg/ml)showed an increased propor
tion of S-phase cells. The ability of suramin to increase the S-phase

100 1000 10000
Suramin (j.tg/ml)

- + + + +

Suramin (@xg/ml) 0 0 100 250 500

B

..@ â€˜

huP\@ ______

98 kD

48kD

bFGF -+++++
Suramln(@tg/ml) 0 0 50100250500

Fig. 7. Zymographic analysis of PA activity by suramin for GM7373 endothelial cells
(A) and BCE (B). bFGF markedly stimulated urokinase-type PA activity demonstrated as
Mr 48,000 band (A) and M, 98,000 band of uPA/PAI-1 complex (B). Suramin, 250 and
500 @g/ml,suppressed bFGF stimulation of uPA activity. h-uPA, human uPA h-tIM,
human tissue-type PA. kD, molecular weight in thousands. 4 5. Takano, unpublished observation.
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population (39) has not been previously reported for endothelial cells
and may explain, in part, the angiosuppressive effect of suramin by
S-phase block.

An early response to an angiogenic stimulus is the tightly regulated
production of proteases, especially uPA, required for the enzymatic
breakdown of the capillary basement membrane (21, 25). The uPA
activity of the endothelial cells induced by bFGF was inhibited by
suramin in dose-dependent fashion both for GM 7373 and BCE cells
(Fig. 7). Of interest, we observed that the bFGF-stimulated uPA
activity, but not that induced by PMA, was inhibited by suramin.
These findings could be explained by postulating that there are two
distinct regulatory pathways (bFGF and PMA) for stimulation of the
plasminogen-plasmin system. In addition, the zymogram of the BCE
cells showed a dose-dependent inhibition of the uPA/PAI-1 complex.
Because PAl-i does not form a complex with single-chained uPA
(40), the uPA activity for GM 7373 cells is likely a function of
single-chained uPA, whereas the uPA activity of uPAIPAI-1 complex
for BCE cells is likely a result of two-chained uPA. Other mechanisms
for inhibition of the plasminogen-plasmin system by suramin include
the recently discovered interference of the binding of uPA to its cell
surface receptor (41) and the inhibition of plasmin activation of
single-chained uPA (42).

The concentrations of suramin effective for inhibition of endothe
hal cell migration, proliferation, and protease production correspond
quantitatively to those serum concentrations reported to be effective
therapeutically in patients (200â€”300p@g/ml)(33). However, a direct
extrapolation from in vitro to in vivo conditions may not be warranted.
Suramin is 99.7% bound to plasma protein and has an extremely long
half-life (2). The effect of suramin in vitro is also time dependent (43,
44). Therefore in vitro condition (0 or 10% serum) may not be directly
comparable with the clinical situation.

Taken together, the data indicate that suramin inhibits each of
the steps critical for the angiogenesis cascade: binding of the
angiogenic growth factor (bFGF) to its endothelial cell receptor,
endothelial cell migration, proliferation, and protease activity.
Because of the large number of angiogenic molecules and the
diverse mechanisms operant in vivo, termed â€œredundancyin an
giogenic regulationâ€•(45), it follows that an effective inhibitor,
e.g., suramin, would suppress angiogenesis at multiple control
points (21). Recent reports that antiangiogenic agents potentiate
cytotoxic therapies against primary and metastatic cancer (46)
should spur the development of angiosuppressive agents, in gen
eral, and safer, effective analogues of suramin, in particular.
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