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inhibits angiogenesis
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Abstract

Contortrostatin, a 13.5 kDa disulfide-linked homodimeric polypeptide possessing an Arg—Gly—Asp sequence, was
isolated from venom of the southern copperhead snake. Daily injection of contortrostatin into the primary tumor of
human breast cancer MDA-MB-435 carried in nude mice significantly inhibited tumor growth and neovascular-
ization of the tumor tissue. On the chick embryo chorioallantoic membrane, contortrostatin inhibited angiogenesis
induced by MDA-MB-435 cells, basic fibroblast growth factor, and vascular endothelial growth factor. In addition,
contortrostatin effectively blocked adhesion of human umbilical vein endothelial cells (HUVEC) to immobilized
vitronectin and significantly inhibited invasion of HUVEC through a Matrigel barrier. Competitive binding assays
and adhesion assays with different integrin antibodies suggested that integrin ovf3 is a binding site for
contortrostatin on vascular endothelial cells. Detachment of HUVEC from vitronectin by contortrostatin induced
apoptosis. HUVEC adhered and spread well on immobilized contortrostatin without undergoing apoptosis,
suggesting that it is the inhibition of adhesion and spreading of HUVEC on extracellular matrix proteins, rather
than binding of contortrostatin to integrins per se, that triggers apoptosis. We conclude that contortrostatin binds
to avf3, and interferes with the anchorage-dependent survival mechanism of the vascular endothelial cells, and the
mobility of the cells. The consequent suppression of angiogenesis is an important component of the antineoplastic

activity of contortrostatin.

Introduction

It is well established that the growth of a tumor depends
on persistent neovascularization [1, 2]. Since the initial
report of this hypothesis by Folkman, many angiogenic
inducers and inhibitors have been identified (reviewed in
[3]). It is believed that the balance of inhibitors and
inducers governs the angiogenic switch of the cancer cell
[4]. Experimental evidence indicates that tumor growth
is proportional to the extent of angiogenesis; inhibition
of angiogenesis causes tumor regression [5—7]. Cancer
induced angiogenesis is characterized by immature,
highly permeable blood vessels that have a discon-
tinuous basement membrane and fewer intercellular
junctional complexes than normal mature vessels [8].
Therefore, the angiogenic vessels provide an efficient
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route for tumor cells to escape from the primary site and
enter the blood circulation. It has been reported that
vascular density in the tumor is directly correlated with
the likelihood of metastasis in human breast cancer
patients [9], and vascular density is presently being used
as an prognostic variable in breast cancer. Due to the
importance of angiogenesis in tumor growth and
metastasis, attention has turned to the discovery of
angiogenic inhibitors that may have potential usefulness
as anti-tumor agents.

Recently, the role of integrins in angiogenesis has been
investigated (reviewed in [10]). It has been demonstrated
that ovf3 undergoes upregulation in endothelial cells
during vasculogenesis [11], wound healing [12], and
angiogenesis [7, 13]. A monoclonal antibody (mAb) to
integrin ovf33, as well as a cyclic Arg—Gly—Asp (RGD)-
containing peptide, perturbed angiogenesis and pro-
duced regression of human breast cancer growing on the
chick embryo chorioallantoic membrane (CAM) [7, 13].
Antagonists of avfi3 apparently cause apoptosis of
vascular endothelial cells which results from the activa-
tion of p53 and increase of bc/-2/bax ratio [14-16].
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Disintegrins are a family of polypeptides found in the
venom of vipers and pit vipers. All disintegrins contain
an RGD sequence that is essential to their ability to
obstruct integrin functions [17]. Several disintegrins have
been shown to block the adhesion of human umbilical
vein endothelial cells (HUVEC) to vitronectin [18].
Recently, three disintegrins, triflavin, accutin and salm-
osin were found to have anti-angiogenic activity [19-21].
We have isolated a 13.5 kDa disintegrin, contortrostatin,
from southern copperhead snake venom [22, 23]. Unlike
other disintegrins, contortrostatin is a homodimer. There
is an RGD site in each of the subunits, and this imbues
contortrostatin with unique activities compared to mono-
meric disintegrins [24]. In this report, we show that
contortrostatin is an antagonist of «vf33, and has a potent
inhibitory effect on angiogenesis both in vitro and in vivo.

Materials and methods

Materials. Venom of Agkistrodon contortrix contortrix
was purchased from Biotoxins, Inc. (St. Cloud, Florida).
Contortrostatin was purified by multistep high perfor-
mance liquid chromatography (HPLC) according to an
established protocol [22, 23]. Vitronectin, fibronectin,
Matrigel, basic fibroblast growth factor (bFGF), and
vascular endothelial growth factor (VEGF) were pur-
chased from Becton Dickinson (Bedford, Massachu-
setts). LM609 was a gift from Dr David A. Cheresh
(Scripps Research Institute, La Jolla, California). Anti-
bodies 7E3, '>1-c7E3 Fab, and 10ES as well as purified
integrins olIbf3 and avp3 were kindly provided by
Centocor (Malvern, Pennsylvania). Goat anti-mouse
IgG conjugated with fluorescein isothiocyanate (FITC)
was purchased from Jackson ImmunoResearch (West
Grove, Pennsylvania). The monoclonal antibody against
Factor VIII related antigen and Immunohistochemistry
detection kit (HistMouse-SP Kit) were purchased from
Zymed Laboratories, Inc. (South San Francisco, Cali-
fornia).

Cell culture. Frozen HUVEC were obtained from
Dr Florence Hofman (Department of Pathology,
University of Southern California). The cells were
seeded in 1% gelatin coated tissue culture flask in
RPMI-1640 medium containing 2 mM L-glutamine,
20% fetal bovine serum (FBS), 0.1 mg/ml EndoGro
(VEC Technology, Inc., New York), 1% Nutridoma
HU (Boehringer Mannheim, Indianapolis, Indiana),
20 units/ml heparin, 100 units/ml penicillin, 100 pg/ml
streptomycin, and 2.5 ug/ml Fungizone. Cells were used
between passage 4 and 7. MDA-MB-435 human breast
cancer cells were a gift from Dr Janet Price (MD
Anderson Cancer Center, Houston, Texas). Cells were
cultured in Minimum Essential Medium containing
10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate,
and penicillin/streptomycin. Subconfluent cells were har-
vested by trypsinization for experimental use. All cells
were incubated in a 37 °C incubator with 5% CO,.
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Nude mouse model of human breast cancer. For the
humane treatment of experimental animals, a protocol
approved by the Institutional Animal Care and Use
Committee, University of Southern California was
strictly followed. Female nude mice (BALB/c/nu/nu)
at 4-weeks of age were purchased from Simonsen Lab
(Gilroy, California). Animals were kept in a pathogen-
free environment, and fed sterilized food and water. The
orthotopic xenograft nude mouse model was established
according to Price et al. [25]. All procedures were
performed with aseptic techniques. Nude mice were
anesthetized by inhalation of Metofane (Pitman-Moore,
Mundelein, Illinois) in a closed chamber. The mammary
fat pad under the second nipple from the rostral side was
selected for implantation of cancer cells. A longitudinal
incision of 1 cm was made on the lateral side of the
nipple where the mammary fat tissue beneath the skin
was carefully exposed. MDA-MB-435 cells (5 x 10°)
resuspended in 0.1 ml PBS were injected into the
mammary fat pad. The wound was then sutured.
Palpable tumor masses appeared 10 days post-implan-
tation. At that time the mice were randomized into
control and treatment groups. Each group contained 10
animals. Diameters of the tumor masses (subcutaneous)
were measured weekly with a caliper. Volumes of the
masses were calculated as tumor volume (mm?)=
(width)2 x (length) x 0.5 [26]. Daily infiltrative injec-
tions into the established tumor masses were carried out
with 10 and 30 pg contortrostatin in 0.1 ml of 0.9%
NaCl over a period of 6 weeks. An equal volume of
0.9% NaCl was injected into control animals.

Immunohistochemical analyses. Tumor masses were pro-
cessed by fixing in phosphate buffered 10% formalin,
embedded in paraffin, sectioned at 4 um, and tissue
sections processed for immunohistochemistry, including
antigen-retrieval. Immunohistochemical stains were car-
ried out using monoclonal anti-Factor VIII-related
antigen antibody and a detection kit from Zymed
Laboratories . Immunohistochemistry staining was per-
formed according to an established protocol provided
by the manufacturer. Hematoxylin and eosin stains were
used for histopathologic correlation. Image analysis and
quantitation employed a Leica Q570 image analyzer to
determine the area (pixels) of stained vessels in selected
fields (880 u diameter; 0.61 mm?) from tumor sections at
200x magnification. Field selection for measurements of
intratumoral microvessel density focused on ‘hot spots’
of high vessel density and excluded areas of tumor
necrosis. Quantitation follows the guidelines described
elsewhere [27], and was performed in a blind method.

Cell adhesion assay. Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum was employed
for culture of HUVEC. Cells were incubated at 37 °C
with 5% CO,. Contortrostatin or extracellular matrix
proteins were immobilized on Immulon-IT 96-well micro-
titer plate (Dynex Technologies, Inc., Chantilly, Virginia)
by incubating the protein, dissolved in phosphate-



Contortrostatin inhibits angiogenesis

buffered saline (PBS), on the plate overnight at 4 °C.
The amount of ECM protein or contortrostatin sup-
porting more than 90% cell adhesion was determined
experimentally. In this study, the amount of contor-
trostatin, human fibronectin, or vitronectin immobilized
were 0.1, 0.5, or 1 ug per well, respectively. Excess
proteins were washed away with PBS. Unbound sites
were blocked with 1% bovine serum albumin (BSA) in
PBS. One hundred microlitres of HUVEC (5 x 10°/ml)
were seeded in the coated microtiter plate wells. The
cells were treated with various reagents by incubation at
25°C for 20 min prior to seeding. Seeded cells were
allowed to adhere for 1 h at 37 °C. After unbound cells
were washed away, the extent of cells adhesion was
determined by CellTiter 96™ AQ,cous Non-Radioactive
Cell Proliferation Assay kit (Promega, Madison, Wis-
consin). The tests were performed in triplicate, and the
assays were repeated at least three times to confirm
results.

Cell invasion assay. Modified Boyden chambers were
employed for this assay [28]. Twelve-well Transwell
chambers (Corning Costar, Cambridge, Massachusetts)
with 12 um pores were coated with 150 ul of 1:50 diluted
Matrigel in serum free medium. Coated wells were
allowed to air dry in a sterile hood overnight and were
rehydrated with serum free medium for 2 h at room
temperature prior to use. HUVEC were mixed with
various concentrations of contortrostatin or other
inhibitors in serum free medium. The cells (2.5 x 10%)
were applied to the upper chambers of the Transwell
and allowed to invade across the Matrigel-coated mem-
brane for 6 h. Medium containing bFGF (20 ng/ml) as
chemoattractant was added in the bottom well. After
non-invaded cells were removed with wet cotton swabs,
invaded cells attached to the bottom of the membrane
were fixed and stained with Diff Quick™ staining kit
(Dade Diagnostics of P. R. Inc., Aguada, Puerto Rico).
The number of invaded cells were quantitated micro-
scopically by finding the mean cell number of three
randomly selected high power vision fields. Experiments
were performed in duplicate, and the assays were
repeated to verify results.

Angiogenesis assay on chick embryo chorioallantoic
membrane (CAM ). Ten-day-old chick embryos were
purchased from a local poultry farm (AA Labs, West-
minster, California). The embryos were incubated at
37 °C with 60% humidity. Preparation of the CAM was
described in detail elsewhere [29]. To grow tumor
masses, 1 x 107 MDA-MB-435 cells in 30 ul of PBS
were applied on the CAM. After 7 days, the tumor
masses and surrounding CAM were cut out. For the
angiogenesis assay, growth factor (200 ng) impregnated
filter discs or carefully trimmed tumor masses (about
10 mg each) were transplanted on freshly prepared
10-day-old CAMs. Contortrostatin treatment, either i.v.
injection or topical administration, was performed 24 h
after transplantation. CAM around the filter discs or
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tumors were cut off 48 h after treatment, and angio-
genesis on the inner side of the CAM was examined
under stereomicroscope and documented photographi-
cally. Quantitation of angiogenesis was carried out by
determination of the number of blood vessel branch
points within the confined region of the filter disc. The
number of branch points is relative to the number of
newly sprouting angiogenic vessels [29]. The counting
was performed with 250 x magnification, and the stereo-
microscope was maintained in a single focal plane.

Competitive binding assay. HUVEC harvested from
subconfluent flasks were resuspended in 1% BSA/PBS
at density of 1 x 107/ml and aliquoted 100 ul per tube.
Cells were incubated with contortrostatin of different
concentrations at room temperature for 30 min,
followed by addition of 5 ug/ml 7E3, 10ES, or LM609.
Incubations were continued for another 30 min. The
cells were washed twice and resuspended in 1% BSA/
PBS. Goat anti-mouse IgG conjugated with FITC was
added to the suspension at a final titer of 1:200. After
30 min incubation at room temperature in darkness,
unbound FITC-conjugated IgG was washed off, and the
fluorescent intensity of the cells was analyzed using flow
cytometry (FACScan, Becton Dickinson, Bedford,
Massachusetts). Tests were performed in duplicate and
the experiment was repeated three times.

Competitive binding of contortrostatin with ¥ I-¢7E3
Fab. Fifty microlitres of purified avf3 or ollbf3
(0.5 pug/ml) was used to coat 96-well polystyrene Imm-
ulon Removawell plates (Dynex Technologies, Chan-
tilly, Virginia) overnight at 4 °C. A series of dilutions of
contortrostatin was prepared in HEPES buffered saline
containing 1 mM CaCl, and 1 mM MgCl,. Dilutions of
contortrostatin were added to plates simultancously
with '2’I-c7E3 Fab (approximately 2 uCi/ug, 1 ug/ml
final concentration) and incubated for 1 h at 37 °C. The
plates were washed, and wells were removed for
radioactivity counting with a gamma counter. Data is
presented as percent of maximal '>*I-c7E3 Fab bound in
the absence of contortrostatin.

Apoptosis assay. HUVEC (6 x 10° cells) were incubated
in the presence or absence of contortrostatin for 20 min
at room temperature prior to applying to 6-well plates
coated with either vitronectin (5 ug/ml), fibronectin
(2.5 ug/ml), or contortrostatin (2.5 pug/ml). After 18 to
20 h incubation at 37 °C, cells were collected and
smeared on poly-lysine coated slides. The slides were
stained using TdT-mediated dUTP nick-end labeling
(TUNEL) method [30]. Staining is performed using
Apoptosis Detection System, Fluorescence™ kit
(Promega, Madison, Wisconsin). Slides were examined
by fluorescence microscopy. DNA fragmentation was
also analyzed by electrophoresis on 1.5% agarose gel
using DNA extracted from HUVEC samples. The
method used to extract fragmented DNA is described
elsewhere [31].
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Results

Contortrostatin inhibits growth of human breast cancer in
a nude mouse model. An orthotopic xenograft meta-
static model of human breast cancer in nude mice was
established by implantation of MDA-MB-435 cells in
the mammary fat pads of 4-week-old female nude mice
as previously described [25]. Palpable tumors appeared
10 days after implantation. Without therapeutic inter-
vention, the implanted tumors grew to about 1 cm? in
8 weeks. Local injection of contortrostatin (10 and
30 ug/mouse/day) was started on the 14th day post-
implantation when the tumor take was confirmed by a
subcutaneous palpable mass (designated as ‘week 0’ of
injection, Figure 1). Equal volume of 0.9% NaCl was
injected in the control group of animals. Weekly
measurements of tumor volume during treatment
showed that local injection of contortrostatin substan-
tially inhibited the growth rate of the tumor, and this
inhibitory effect is dose-dependent (Figure 1). Typical
appearance of the tumors in the control group showed
high nodularity in addition to their large size. In
comparison, tumors in the treated group had a smooth-
er surface and much smaller size (Figure 2). No side-
effects (e.g., internal bleeding) were observed, suggesting
that contortrostatin was well tolerated.

Contortrostatin inhibits angiogenesis induced by bFGF
and VEGF in CAM. VEGF and bFGF, expressed by
multiple malignant cell lines, have been well documented
as specific and potent endothelial mitogens and chemo-
attractants [32, 33]. We tested whether contortrostatin
blocks angiogenesis induced by VEGF and bFGF using
the CAM assay. Contortrostatin was given topically on
filter discs applied to the CAM 24 h after application of
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Figure 1. Effect of contortrostatin on the growth of MDA-MB-435
tumor in experimental nude mice. MDA-MB-435 (5 x 10°) cells were
implanted into mammary fat pads of 4-week old female nude mice.
Palpable tumor masses appeared around the 14th day post-implanta-
tion. Daily local injection of contortrostatin was initiated on the 14th
day post-implantation. The volumes of tumor masses (geometric mean
+ 95% confidence interval) of control (#) and contortrostatin-treated
group (10 ug/mouse/day, M; 30 ug/mouse/day, @) are shown. Each
group contains 10 animals.
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the growth factors and angiogenesis was determined
48 h later. Figure 3 presents a series of typical results
that demonstrated that contortrostatin (5 ug/embryo)
effectively inhibited angiogenesis induced by bFGF and
VEGF. Figures 3C and F show that contortrostatin
treatment after VEGF and bFGF, respectively, abruptly
stopped capillary development. Patchy hemorrhagic
spots can be seen on the white background in both
contortrostatin-treated filter discs. The bleeding is typ-
ical in the contortrostatin treated discs using 5 ug
contortrostatin, presumably due to the disformity and
leakage of the capillary. Vessels that developed prior to
contortrostatin treatment were not altered, indicating
that contortrostatin only blocks angiogenic vessel.
Quantitation of angiogenesis in these CAM models
demonstrated that contortrostatin treatment signifi-
cantly reduces angiogenesis induced by both angiogenic
factors (P < 0.05) (Figure 4).

Contortrostatin inhibits angiogenesis induced by MDA-
M B-435 tumor in CAM. We employed the CAM to test
if the inhibitory effect of contortrostatin on breast
cancer progression is partially due to its antiangiogenic
effect. These CAM models were treated on day 2 post-
transplantation with contortrostatin by either i.v.
injection (125 ng/embryo) or topical administration
(1 ug/embryo). Representative results are illustrated in
Figure 5. In the control CAM (Figures 5A and C, saline
treated), numerous blood vessels growing around and
into the tumors were visible. The results clearly showed
that both systemic and topical administration of con-
tortrostatin significantly inhibited angiogenesis induced
by the transplanted tumors (Figures 5B and D). Similar
to the results presented in Figure 3, vessels already
existing before contortrostatin treatment were not af-
fected. In these studies only 1 ug of contortrostatin was
used for treatment and the patchy hemorrhagic spots
were not observed. These hemorrhagic regions may,
therefore, represent a dose-related phenomenon since in
the VEGF and bFGF studies 5 ug of contortrostatin
was used.

Figure 2. Typical tumor growth in experimental nude mice. (A)
Representative tumor in mouse of control group (treated with normal
saline). Typical appearance of the tumors in the control group showed
a high degree of nodularity in addition to their large size. (B)
Reduction of tumor size in the group of mice treated with low dose of
contortrostatin by local injection. (C) Significantly reduced tumor size
in mice treated with high dose of contortrostatin. Tumors in the
treated group had a smoother surface and much smaller size.
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Figure 3. Contortrostatin inhibits angiogenesis induced by angiogenic factors in CAM models. The CAM models were prepared using 10-day-old
chick embryos (see details in Materials and methods). (A) and (D) Negative control CAM with blank filter discs; (B) Positive control CAM with
filter paper disc containing 200 ng bFGF alone; (C) CAM treated with bFGF and contortrostatin (5 ug); (E) Positive control CAM with filter
paper disc containing 200 ng VEGF alone; (F) CAM treated with VEGF and contortrostatin (5 ug). Angiogenesis induced by both growth factors
was significantly inhibited by contortrostatin. Each group contained 5 to 6 CAMs and the experiment was repeated three times. Representative

results from multiple experiments are shown.

120+

z

R=

£ 90-

=

2

g 604 p-0.0003 P=0.(ioz3

s T

s 1 T

Z

() p—

T 3 :
E 5 2
£ £ 8
VEGF-Induced  bFGF-Induced

Figure 4. Quantitation of angiogenesis reduction in CAM models
treated by contortrostatin. Angiogenesis was quantitated by the
number of blood vessel branch points within the confined region of
the filter disc. The number of branch points is relative to the number of
newly sprouting angiogenic vessels. The counting was performed with
250x magnification, and the stereomicroscope was maintained at one
focal plane. The results demonstrated that contortrostatin treatment
significantly reduces angiogenesis induced by both VEGF and bFGF.

Contortrostatin inhibits angiogenesis induced by human
breast cancer in a nude mouse model. To quantify
angiogenesis in the nude mouse breast cancer model,
the angiogenic vascular endothelial cells in the tumor

tissues were stained by an immunohistochemical method
using an antibody to factor VIII-related antigen. Areas
occupied by the stained vascular endothelial cells in the
‘hot spot” were quantitated. Figure 6 shows that the
area of stained cells per ‘hot spot’ was significantly
reduced in contortrostatin-treated samples. This reduc-
tion seems to have a dose-response relationship with
contortrostatin.

Contortrostatin inhibits the adhesion of HUVEC to ECM
proteins. We chose HUVEC to investigate the effect of
contortrostatin on the interaction of vascular endothe-
lium with the ECM. Different ECM proteins were
immobilized on the bottom of 96-well plates. Contor-
trostatin was examined for its ability to inhibit adhesion
of HUVEC to immobilized ECM proteins. Figure 7
demonstrates that contortrostatin inhibits adhesion of
HUVEC to immobilized vitronectin (ICsy approximately
3 nM). However, at the concentrations examined, it is
not an effective inhibitor of adhesion of HUVEC to
fibronectin and Matrigel.

Competetive binding assays. ollbf3 is the specific bind-
ing site for contortrostatin on human platelets [23].
Since «llbf3 and avf3 share f-chain homology and
contortrostatin blocks the adhesion of HUVEC to
immobilized vitronectin, we determined whether con-
tortrostatin binds to the vitronectin receptor avfi3 on
HUVEC [34]. Using flow cytometry, we were able to



264

Figure 5. Contortrostatin inhibits angiogenesis induced by breast
cancer in CAM models. Tumor mass (~10 mg) was transplanted onto
a 11-day-old chick embryo (see details in ‘Materials and methods’).
(A) CAM around MDA-MB-435 tumor, topically treated with normal
saline (control); (B) CAM around tumor, topically treated with 1 ug of
contortrostatin; (C) CAM around tumor after i.v. injection of 100 ul
normal saline (control), and (D) CAM around tumor after i.v.
injection of 125 ng contortrostatin in 100 ul normal saline. Both topical
and systemic administration of contortrostatin significantly inhibited
angiogenesis induced by MDA-MB-435 cells. Each group contained 5
to 6 CAMs and the experiment was repeated three times. Represen-
tative results from multiple experiments are shown.
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Figure 6. Contortrostatin inhibits angiogenesis induced by human
breast cancer in nude mouse models. Immunohistochemical stains
were carried out on mammary tumor tissue removed from the nude
mouse model. Angiogenic vascular endothelial cells were probed by a
monoclonal antibody against Factor VIII-related antigen. Image
analyses determines the area (pixels) of stained vessels in selected
‘hot spots’ at 200x magnification.

detect LM609, monoclonal antibody (mAb) against
avf3 [35], binding to HUVEC, indicating that integrin
avp3 is expressed on HUVEC. 7E3 is a mAb against
olIbf3 [36], which is mainly expressed in platelets and
megakaryocytes [37]. However, 7E3 also cross-reacts
with avf3 [38]. FACS analysis indicates that 7E3 binds
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Figure 7. Contortrostatin inhibits adhesion of HUVEC to immobi-
lized vitronectin. Contortrostatin inhibits adhesion of HUVEC to
immobilized vitronectin (1 pg/well) (squares) and contortrostatin
(0.1 pug/well) (circles), but not to fibronectin (0.5 ug/well) (diamonds)
or Matrigel (1:100) (solid triangles). Each point is the mean absorbance
of triplicate wells +SD. Experiment was repeated 3 times.

to HUVEC (Figure 8A), and contortrostatin competes
with 7E3 binding to avf3 (Figure 8B). This competitive
binding was not observed with LM609, because it
apparently binds to a different epitope than contor-
trostatin. We did not detect binding of 10E5 to HUVEC
(data not shown). 10E5 is a highly specific mAb to
olIbf3 [39] that does not cross-react with avf3. This
finding excluded the possibility that binding of contor-
trostatin to HUVEC was due to aIlbf3.

The interaction of contortrostatin with purified inte-
grins was directly characterized using radiolabeled
antibody and a cell-free binding system (Figure 9).
Purified oIIbf3 and avf3 were coated in the wells of 96-
well plates. Contortrostatin was allowed to compete
with 'I-¢c7E3 Fab for binding to the immobilized
integrins. Contortrostatin not only competed with 7E3
Fab for binding to avf3, but it exhibited greater than
13-fold higher affinity to avf3 (ICs5) = 0.35 nM) than to
ollbf3 (ICso = 4.7 nM).

Contortrostatin inhibits invasion of HUVEC. The effect
of contortrostatin on invasion of HUVEC was investi-
gated using Matrigel-coated Boyden chambers. Basic
FGF (20 ng/ml) in the lower chamber strongly induced
the migration of HUVEC, whereas, pretreatment of
HUVEC with contortrostatin (0.5 uM) effectively pre-
vented invasion (Figure 10). It is worthwhile to note that
while the invasion of HUVEC was inhibited, adhesion
of these cells to the Matrigel-coated filter was not
affected. Therefore, the observed inhibitory effect of
contortrostatin on HUVEC is most likely due to the
suppression of cellular motility instead of prevention of
adhesion. Pretreatment of HUVEC with 7E3 (200 pg/
ml) does not prevent the cells from adhering to the
Matrigel-coated filter. However, it does inhibit invasion
of HUVEC as shown in Figure 10, suggesting that
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Figure 8. Contortrostatin specifically inhibits binding of 7E3 to avf3 in HUVEC. This figure shows the binding of antibodies to HUVEC
integrins as detected by flow cytometry. (A) 7E3 (5ug/ml), a mAb to ollbf3 which also cross reacts with avf3, binds to HUVEC;
(B) Contortrostatin (1 uM), added 20 min prior to addition of 7E3, effectively inhibits binding of 7E3. The lower peak represents the background,
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Figure 9. The affinity of contortrostatin to avfs3 is higher than that to
ollbf3. Purified integrins (2.5 ng) were immobilized in 96-well plate
and competitive inhibition by contortrostatin of '>°I-7E3 Fab binding
was measured. Contortrostatin inhibits binding of '’I-7E3 Fab to
both avf3 (squares) and olIbf3 (circles). The data points shown are
from three separate experiments normalized and graphed together.
Non-linear regression of the combined data indicated that the
inhibitory potency of contortrostatin with avf3 (ICsp = 0.35 nM) is
more than 13-fold higher than with olIbf3 (ICsy = 4.7 nM).

functional blockade of integrin ovf3 inhibits HUVEC
motility.

Detachment of HUVEC from immobilized vitronectin
induces apoptosis. Endothelial cells are anchorage-
dependent, detachment from their anchorage site results
in apoptosis [31, 40]. We determined whether detach-
ment of HUVEC from a vitronectin-coated surface
by contortrostatin causes apoptosis. In the initial
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Figure 10. Both contortrostatin and 7E3 inhibit invasion of HUVEC
through Matrigel. HUVEC pretreated with contortrostatin (0.5 uM) or
7E3 (200 ug/ml) were allowed to invade through the Matrigel-coated
Boyden chamber. Basic FGF (20 ng/ml) served as chemoattractant in
the lower chamber. 7E3 inhibits invasion by approximately 75%, while
contortrostatin completely blocks invasion. The means of duplicate
experiments are presented, error bars indicate SD.

studies, we analyzed DNA fragmentation, a marker of
apoptosis, using electrophoretic analysis of DNA iso-
lated from HUVEC. As shown in Figure 11, DNA
fragmentation was not detected in HUVEC 18-20 h after
plating on a vitronectin-coated surface. Contortrostatin-
treated HUVEC did not adhere to vitronectin-coated
plates and DNA fragmentation was obvious in these cells
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after 18-20 h. The fragmentation pattern is similar to
that observed by Meredith et al. in a similar experiment
[31], and was observed only in cells detached from
immobilized vitronectin by contortrostatin (Figure 11A).
Importantly, DNA fragmentation was not detected in
HUVEC following 18-20 h of adhesion to immobilized
contortrostatin. These findings were confirmed by addi-
tional studies using the TUNEL method, which stains the
3’-end of fragmented DNA. DNA fragmentation was
observed by this method in HUVEC detached from
vitronectin by pre-treatment with contortrostatin
(500 nM) (Figure 11C). No fragmentation of DNA was
detected in cells which adhered either to a vitronectin-
coated surface (Figure 11B), or to contortrostatin.

Discussion

The hypothesis that tumor growth is angiogenesis de-
pendent [1] has become dogma. Folkman [41] proposed a
two-compartment tumor model composed of vascular
endothelial cell and tumor cell compartments. Tumor
cells can stimulate the proliferation and migration of
endothelial cells by producing angiogenic factors. On the
other hand, endothelial cells can promote tumor growth
by secretion of various cytokines [41]. The paracrine
effect, together with blood perfusion supplied by angio-
genesis, promotes growth and metastasis of the tumor. In
the context of the two-compartment model, it is obvious
that antiangiogenic therapy could be a potentially
effective mechanism to control cancer progression.

Our findings reported herein indicate that the dimeric
disintegrin contortrostatin is a potent inhibitor of
angiogenesis both in vitro and in vivo. To elucidate the
mechanism of action, we found that the vitronectin
receptor, integrin avf33, is a target for contortrostatin.
The importance of vitronectin receptors in a number of
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physiological and pathological processes has received
increasing attention. The expression of avfi3 was signif-
icantly up-regulated in vascular endothelial cells in
wound-repairing granulation tissue [12], tumor implan-
tation sites in animals [42] on bFGF treated CAMs [13],
and vasculogenic tissue [11]. This integrin is not detect-
able in the dermis and epithelium of normal skin [7].
Integrins expressed on the surface of HUVEC include
oa2f1, a3p1, aSP1, a6pfl1, avfl, and avp3 [43]. Among
these, «5f1, and avp3 are well-established RGD recog-
nition integrins [44]. Interestingly, not all disintegrins
interact with avf3. Having screened seven disintegrins,
Juliano et al. [18] found only echistatin and Kkistrin
potently inhibited the binding of mAb 7E3 to HUVEC.
Recently, triflavin [19] and accutin [20] were reported to
bind to avf3 as well. However, contortrostatin appar-
ently has higher affinity to this integrin than other
disintegrins. The evidence comes from the following
experimental data. Although both contortrostatin and
accutin compete with 7E3, contortrostatin completely
blocks binding of 7E3 at a concentration of 1 uM,
whereas at 2 uM, accutin only inhibits about 80% of
7E3 binding [20]. To inhibit adhesion of HUVEC to
immobilized vitronectin, the 1Csy for contortrostatin is
about 3 nM, whereas those for accutin and triflavin are
about 200 and 180 nM, respectively.

Although disintegrins including contortrostatin bind
to the fibronectin receptor o561, we report here that
contortrostatin did not block adhesion of HUVEC to
fibronectin coated plates (Figure 7). This phenomenon
was also found by Juliano et al. with kistrin and
echistatin [18]. In contrast, both triflavin and accutin
inhibit adhesion of HUVEC to fibronectin [19, 20]. The
reason for this distinction in integrin binding specificity
among the disintegrins is not known at this time.

The in vivo survival of vascular endothelial cells depends
on their attachment and spreading on appropriate ECM

Figure 11. Contortrostatin induces HUVEC apoptosis. (A) HUVEC were seeded on contortrostatin-coated (5 ug) (lane 2) 30 mm-plate, as well as
vitronectin-coated (2.5 pug) plate in the absence (lane 3) or presence (lane 4) of contortrostatin (500 nM). Nuclear extracts from these cells were
separated on 1.5% agarose gel. DNA fragmentation was only found in HUVEC treated with contortrostatin which were detached from
immobilized vitronectin, as shown in lane 4. DNA ladder (123 bp) was loaded in lane 1. (B) Fluorescence microscopy shows control HUVEC
(attached to immobilized vitronectin) with intact nuclei, both cytoplasm and nuclei are stained by propidium iodide (red). (C) shows fluorescein-
labeled DNA fragmentation (green) in contortrostatin (500 nM) treated HUVEC. These results are representative of three identical experiments.
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proteins. Meredith et al. [31], reported that apoptosis
was blocked by plating endothelial cells on immobilized
integrin 1 antibody suggesting that integrin-mediated
signals are required for maintaining viability of vascular
endothelial cells. Contortrostatin prevented HUVEC
from attaching to vitronectin; 18 h after contortrostatin
treatment, DNA fragmentation was detected. Although
similar results were reported with accutin [20], it is not
known if binding of disintegrin to avf3 alone elicits
apoptosis of the cells. To answer this question, we tested
the DNA from cells that adhered to immobilized
contortrostatin. Since DNA fragmentation was not
observed in HUVEC that attached to immobilized
contortrostatin, our findings suggest that detachment
per se is responsible for transition to the apoptotic state.
Our observations agree with the findings of Stromblad
et al. [14] that binding of HUVEC to immobilized
LM609 suppressed apoptosis of these cells. We con-
clude, therefore, that ligation of HUVEC integrins,
specifically avf33, by contortrostatin does not induce
apoptosis. Rather, it is the disruption of integrin—matrix
interaction that impairs cell viability.

Contortrostatin inhibits invasion of HUVEC through
Matrigel, which is predominantly a laminin matrix. It is
noteworthy that contortrostatin treatment of HUVEC
deprived the cells of their motility although they
retained their adhesiveness to ECM proteins other than
vitronectin. Sheu et al. [19] also reported that high
concentration of laminin (2 ug per well) support signif-
icant attachment of HUVEC, and this adhesion is not
blocked by the disintegrin triflavin. Triflavin was not
tested in Matrigel-coated Transwell invasion chamber.
However, in chambers coated with fibronectin and
vitronectin, the concentration of triflavin required to
inhibit HUVEC migration is higher than that of
contortrostatin tested in Matrigel-coated chamber. 7E3
had no effect on endothelial cell adhesion to ECM
proteins other than vitronectin, but it was also able to
inhibit HUVEC invasion, suggesting that blockage of
avf3 in this system results in immobilization of HU-
VEC. The role of integrin avf33 in cell invasion involves
more than just adherence to vitronectin. Clyman et al.
[45] showed that cell adhesion to fibronectin, laminin,
and types I and IV collagen depended exclusively on
functioning ff1 integrins, whereas cell migration over
these substrates depended to a large extent on the avf3
integrin. Earlier investigations clearly showed that
overexpression of avf3 in carcinoma cells correlated
with invasiveness [46—48]. Basic fibroblast growth factor
(bFGF) induces an initial wave of mitogen-activated
protein (MAP) kinase followed by sustained increase of
enzyme activity in endothelial cells. The sustained wave
of MAP kinase activity can be blocked by an antagonist
of avf3 [49]. Cheresh and colleagues recently showed
that the ras/MAP kinase signal transduction pathway
leads to phosphorylation and activity enhancement of
myosin light chain kinase (MLCK). MLCK in turn
induces phosphorylation of myosin light chain(s) pro-
viding the cells with locomotion by regulating myosin/
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actin interaction [50]. Thus, it is reasonable to postulate
that, as an antagonist of avf3, contortrostatin inhibits
HUVEC motility as well as adhesion to vitronectin.

Although the antiangiogenic activity of triflavin,
accutin and salmosin have been tested in the CAM
model [19-21], until recently it was not known if
disintegrins are therapeutically effective in inhibiting
tumor growth in any vertebrate animal cancer model
[21]. In the present study, we tested contortrostatin in an
orthotopic human breast cancer model in nude mice.
The orthotopic model maximizes the similarity to the
clinical situation regarding the interaction between
breast cancer and its microenvironment during angio-
genesis. This is the first study of the use of an
antiangiogenic disintegrin in an orthotopic animal
tumor model, and the results suggest that local injection
of contortrostatin can significantly reduce angiogenesis
and the growth rate of the tumors. In addition, the
chronic (6-week-long) treatment with contortrostatin
suggests that it is well tolerated when delivered through
the parenteral route.

Conclusion

Contortrostatin is a novel and potent inhibitor of
angiogenesis. It appears to block several critical steps
in neovascularization, and inhibits angiogenesis induced
by multiple factors, including VEGF and bFGF, in the
CAM model. In nude mice in which mammary fat pads
were injected with MDA-MB-435 human mammary
carcinoma cells, daily injection of contortrostatin into
the established tumors inhibits angiogenesis and tumor
growth in a dose-dependent manner. Dosages up to
30 ug/mouse/day are well tolerated. Integrin avf3 is
identified as the binding site of contortrostatin on
vascular endothelial cells. The inhibition of angiogenesis
caused by contortrostatin is probably the sum of several
mechanisms. First, blockade of avf33 prevents adhesion
of vascular endothelial cells to vitronectin; this in turn
elicits survival signal conflict and induces apoptosis of
the vascular endothelial cells. Second, contortrostatin
inhibits HUVEC mobility by interfering with the normal
function of avf3. Further studies on contortrostatin
may lead to the development of a potent antiangiogenic
agent with clinical potential for cancer therapy.
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