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Acurhagin-C, an ECD disintegrin, inhibits integrin
ovp3-mediated human endothelial cell functions by
inducing apoptosis via caspase-3 activation

Wen-Jeng Wang

Department of Nutrition and Health Sciences, Chang-Gung Institute of Technology, Kwei-Shan, Tao-Yuan, Taiwan

Background and purpose: Acurhagin, a member of versatile metalloproteinase disintegrins from Agkistrodon acutus venom,
has been identified as a platelet aggregation inhibitor, previously. Here, acurhagin-C, the C-terminal Glu-Cys-Asp (ECD)-
containing fragment of acurhagin, was evaluated for its biological activities and potential applications in anti-angiogenic
therapy.

Experimental approach: Human umbilical vein endothelial cells (HUVECs) were treated with acurhagin-C to assay effects on
viability, apoptosis, adhesion, migration, invasion, proliferation and angiogenesis. The recognition site and signalling involved
for the interactions of acurhagin-C with HUVEC were determined using flow cytometric, electrophoresis and immunoblotting
analyses.

Key results: Acurhagin-C decreased viability and induced apoptosis in HUVEC. It also dose-dependently inhibited HUVEC
adhesion to immobilized extracellular matrices fibronectin, collagen | and vitronectin with respective ICso values of approxi-
mately 0.6, 0.3 and 0.1 uM. Acurhagin-C prevented migration and invasion of HUVEC through vitronectin- and Matrigel-
coated barriers respectively. Furthermore, acurhagin-C attenuated fibroblast growth factor-2-primed angiogenesis both in vitro
and in vivo, and specifically blocked the binding of anti-av3 monoclonal antibody 23C6 to HUVEC in an ECD-dependent
manner. However, purified avp3 also dose-dependently bound to immobilized acurhagin and acurhagin-C with a saturable
pattern. Interference with integrin ovB3-mediated functions and promotion of caspase-3 activation by acurhagin-C affected
morphology of HUVEC and induced apoptosis.

Conclusions and implications: Acurhagin-C elicited endothelial anoikis via disruption of avp3/focal adhesion kinase/
phosphatidylinositol 3-kinase/Akt survival cascade and subsequent initiation of the procaspase-3 apoptotic signalling pathway.
British Journal of Pharmacology (2010) 160, 1338-1351; doi:10.1111/j.1476-5381.2010.00781.x
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like/cysteine-rich; MFI, mean fluorescence intensity; MTT, 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazo-
lium bromide; P-Ill, protein class Ill; PARP, poly(ADP-ribose) polymerase; PI3K, phosphatidylinositol 3-kinase;
RGD, Arg-Gly-Asp; SVMPs, snake venom metalloproteinases

Introduction

The integrins, a superfamily of adhesion molecules comprised
of heterodimeric o~ and B-subunits, are known to be involved
in the complex processes required for cell proliferation,
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migration and differentiation (Danen, 2005). It has become
evident that integrin avp3-mediated adhesion to extracellular
matrix (ECM) is essential for endothelial cell growth and
survival, whereas avf3 antagonism may induce endothelial
apoptosis during angiogenesis (Erdreich-Epstein et al., 2005).

The disintegrins are a family of low molecular mass,
cysteine-rich, naturally occurring polypeptides from a variety
of Viperidae and Crotalidae snake venoms and initially
described as potent inhibitors of integrin ollbf3 through the
blockade of fibrinogen and von Willebrand factor binding to
activated platelets (Marcinkiewicz, 2005). According to the



length of polypeptide chain and the number of disulphide
bonds, disintegrins are currently divided into five different
groups including short-, medium-, long-chain disintegrins,
dimeric disintegrins and disintegrins degraded from the
C-termini of protein class III (P-III) snake venom metallopro-
teinases (SVMPs) (Gutierrez and Rucavado, 2000; Ramos and
Selistre-de-Araujo, 2006). Based on the multi-domain organi-
zation, SVMPs are classified into four major protein groups:
P-I (only a metalloproteinase domain), P-II (an additional
disintegrin domain carboxy to the metalloproteinase
domain), P-III (a disintegrin-like domain and a cysteine-rich
domain carboxy to the metalloproteinase domain) and P-IV (a
similar domain structure to the P-III SVMP, but with an addi-
tional lectin-binding domain). Most reported monomeric dis-
integrins have an Arg-Gly-Asp (RGD) or RGD-like tripeptide
located at the tip of a loop formed by disulphide bonds that is
responsible for their interactions with various integrins
(Ramos and Selistre-de-Araujo, 2006). Metalloproteinase/
disintegrin-like/cysteine-rich (MDC) domains-containing
proteins are disintegrin analogues and act as integrin ligands.
The integrin-binding motif in MDC proteins is X-Cys-Asp
instead of the typical RGD. Another structure-relevant protein
group found in mammals and other organisms is the family of
disintegrin and metalloproteinase (ADAM) proteins (Gutier-
rez and Rucavado, 2000). The ADAM proteins are involved in
several physiological processes and have a similar domain
organization with extra transmembrane domain and intrac-
ellular domain. Both SVMPs and ADAMs belong to the
Reprolysin family of metalloproteinases.

Numerous studies have demonstrated that SVMPs have
multiple activities in the pathogenesis of local tissue damage
such as releasing inflammatory mediators, degrading ECM
components, as well as inducing haemorrhage (Gutierrez and
Rucavado, 2000). Some of them also can inhibit platelet
aggregation and degrade blood clotting factors. Recently, evi-
dence has indicated that endothelial cells exposed to SVMPs
may undergo apoptosis consequent on detachment from
their substrate, usually the ECM, also known as anoikis,
derived from the Greek word for homelessness (You et al.,
2003; Diaz etal., 2005; Laing and Moura-da-Silva, 2005;
Tanjoni et al., 2005). It is now well known that anoikis plays
a pivotal role on tissue homeostasis in vivo and pathogenesis
of vascular disease (Michel, 2003). Therefore, a useful strategy
for treating anoikis-resistant cells with SVMP-derived agents
in combination with conventional drugs will open a new
avenue to restoration of tissue homeostasis and treatment of
malignant diseases such as cancer.

A Glu-Cys-Asp (ECD)-containing proteinase, acurhagin
(GenBank accession number AY566610), has been isolated
from Formosan Agkistrodon acutus (A. acutus) venom and
found to function as a P-III SVMP, based on its three-domain
organization and enzymatic properties (Wang and Huang,
2002; Wang et al., 2005). In the present study, the biological
activities of the C-terminal fragment of acurhagin, termed
acurhagin-C, were further characterized using human umbili-
cal vein endothelial cells (HUVECs). These data indicated that
acurhagin-C inhibited endothelial cell adhesion and spread-
ing on ECMs, followed by damage to cell functions and finally
eliciting anoikis. The structural features and possible molecu-
lar mechanisms involved in these interactions of acurhagin-C
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and HUVEC were also investigated. On this evidence,
acurhagin-C would be a potential anti-angiogenesis agent.

Methods

Purification of venom proteins

Acurhagin was purified from A. acutus venom according to
the method described previously (Wang and Huang, 2002).
Previously, it has been shown that the larger SVMPs may
undergo autoproteolytic degradation. Acurhagin-C was thus
obtained by incubating acurhagin with double distilled H,O
for several weeks at 4°C and then further purified through a
gel-filtration column. The molecular weight of acurhagin-C,
as determined by MALD-TOF mass spectrometry was
23.5 kDa, which is consistent with that of catrocollastatin-C,
a C-terminal fragment from catrocollastatin (Shimokawa
et al., 1997). Two other RGD disintegrins, arietin and triflavin,
were purified from the venoms of Bitis arietans and Trimeresu-
rus flavoviridis respectively (Wang et al., 2005). The protein
purity was assessed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). Pooled pure fractions of these proteins were
further tested for their functions.

Peptide synthesis

Two synthetic peptides RIARGDFPDDR (1316.6 Da) and
RASMSECDPAEH (1332.2 Da), corresponding to RGD loop in
triflavin and ECD loop in acurhagin-C, were purchased from
GenScript (Piscataway, NJ, USA). The structure of both pep-
tides were confirmed by mass spectrometry analysis and the
peptides purified by reverse-phase high-performance liquid
chromatography. The peptides with purity greater than 95%
were used in functional assays.

Cell cultures

Human umbilical vein endothelial cells were thawed and
grown to 80-90% confluence in medium 199 (M199) contain-
ing 10% fetal bovine serum (FBS), 5% (v/v) endothelial
growth medium-2 (Clonetics, Walkersville, MD, USA) and
30 ug-mL™" endothelial cell growth supplement (Upstate,
Temecula, CA, USA). Cells were cultured at 37°C in the pres-
ence 5% CO, and serially passed in cell culture flasks (Wang,
2008). Confluent cultures between the third and sixth pas-
sages were washed with phosphate-buffered saline (PBS), har-
vested with 0.025% trypsin and 0.01% EDTA and counted
with a haemocytometer before functional assays.

Cell viability assay

The viability assay was performed according to the manufac-
turer’s instructions (Promega, Madison, WI, USA). After star-
vation, cells were harvested and treated with the indicated
agents for 15 min at room temperature. The treated cells were
subsequently seeded onto 96-well plate for 44 h. Following
wash with PBS, cells were incubated with 3-[4,
5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide
(MTT) for 4 h. Formazan crystals resulting from MTT reduc-
tion were dissolved by adding stop solution and gently
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agitated for 30 min. The absorbance of the supernatant was
then measured spectrophotometrically at 560 nm.

Cell apoptosis assay

To quantify the sub-G1 population in cell cycle as a measure-
ment of apoptosis, HUVECs in the absence or presence of
various venom proteins were collected by centrifugation and
adjusted to 2 x 10° cells-mL™". Prechilled ethanol was added
into cell suspension for fixation and then incubated at 4°C
overnight. After removing the ethanol, the DNAs of the cells
were stained and analysed by flow cytometry.

Cell adhesion assay

Ninety-six-well microplates were pre-coated with various
ECMs and left at 4°C overnight. The plates were then rinsed
twice with PBS and blocked with 1% BSA for 1 h. Subse-
quently, HUVECs were incubated without or with
acurhagin-C for 15 min on ice before being applied to the
plates. Following incubation for 2 h in the plates, unattached
cells were gently washed away with PBS. The attached cells
were then fixed with 1% formaldehyde for 30 min at room
temperature and stained with methylene blue (Oliver et al.,
1989). The stained adherent cells were then photographed
before lysis. The relative number of adherent cells was calcu-
lated by dissolving the stained cells with 50% ethanol and
50% hydrochloric acid and then reading the absorbance at
630 nm. The amount of non-specific adhesion was deter-
mined using wells pre-coated with BSA only.

Cell migration (haptotaxis) assay

Human umbilical vein endothelial cell migration assay was
performed using 24-well companion plates and Transwell
inserts sealed at one end with an 8 um pore size PET mem-
brane as described by manufacturer (BD Biosciences). The
underside of the PET membrane was coated with vitronectin,
or BSA, and the lower chamber was filled with M199. After
treating HUVEC with venom protein, an aliquot of cell sus-
pension was plated onto the upper chamber of Transwell.
Following 24 h incubation, all non-migratory cells were
removed from the upper surface of the membrane by scrub-
bing with a cotton swab, and the migrated cells were then
fixed and stained with 4% paraformaldehyde and Wright-
Giemsa respectively. Prior to the addition of extraction buffer,
migrated cells were photographed by an inverted microscope
(Nikon, Tokyo, Japan). The relative number of migratory cells
was calculated by lysing the stained cells with 10% acetic acid
and then reading the absorbance at 560 nm.

Cell invasion assay

The upper side of the filter membrane was firstly coated with
Matrigel (BD Biosciences). Matrigel was diluted to 4 mg-mL™
using serum-free M199 at 4°C, and an aliquot of Matrigel was
added to each filter insert and incubated at 37°C for 30 min to
form a uniform three-dimensional gel. The invasion assay was
initiated by inoculating the upper chamber with cells that
were either untreated or treated with venom protein and the
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lower chamber was filled without or with fibroblast growth
factor (FGF)-2 as a chemoattractant. After treatment, the cells
were incubated in a humidified incubator for 24 h. The cells
that had invaded the Matrigel and moved to the lower surface
of the filter membrane were fixed in 70% methanol and
stained with Wright-Giemsa for 3 min. The upper surfaces of
the filters were scraped with moist cotton swab to remove all
non-invading cells and Matrigel. The chambers were washed
three times with PBS and the invaded cells were then photo-
graphed and quantified as described for the cell migration
assay.

Tube formation assay on Matrigel

Matrigel tube formation assays were performed as described
previously with minor modification (Mousa and Mohamed,
2004). Matrigel was diluted to 4 mg-mL™" in the presence of
FGF2 and added to the base of the well in a 24-well plate to
form a gel layer. After incubation without or with tested
samples for 18 h, HUVECs were stained with Wright-Giemsa
and photographed under microscope.

Chick chorioallantoic membrane (CAM) assay

Fertilized eggs of 10-day-old chick embryos were opened with
a window (1.0 cm?) that allowed direct access to the underly-
ing CAM as described previously (Colman et al., 2000). Filter
paper discs (1.3 cm, Minipore, Billerica, MA, USA) were
soaked in cortisone (3 mg-mL™")/ethanol (95%) and subse-
quently air-dried under sterile conditions. The sterile paper
discs were then saturated with test samples in a total volume
of 20 uL and applied to the top of the CAM. The window was
covered with sterile cellophane tape, and the embryos were
incubated for 48 h (37°C/60% humidity) to develop sponta-
neous angiogenesis. Tube length of each randomly chosen
field was quantified using image analysis software of Angio-
genesisimage Analyzer (Kurabo, Osaka, Japan).

Cell proliferation assay

Human umbilical vein endothelial cells were firstly allowed to
grow onto 96-well plate pre-coated with various ECMs for 2 h
at 37°C. Subsequently, an aliquot of FGF2-containing
medium without or with various tested agent was added to
each well, followed by 12 h incubation. The number of living
cells was then measured by adding MTT as described above.
Absorbance at 560 nm of individual wells was measured to
determine the relative cell number.

Flow cytometry

For detecting the cell surface target for binding acurhagin-C
on cell surface, HUVECs were fixed with 1% paraformalde-
hyde for 30 min at 4°C. After washing with PBS, cells were
incubated with fluorescein isothiocyanate (FITC)-conjugated
antibody for 30 min on ice with gentle shaking. After incu-
bation with FITC probe, cells were analysed with FACS
Calibur and CellQuest software (BD Biosciences) using exci-
tation and emission wavelengths of 488 and 525 nm respec-
tively. Fluorescence signals from gated cells were collected to



calculate fluorescence intensity of single cell. To examine the
interaction site on HUVEC membranes, acurhagin-C was pre-
incubated with HUVEC for 30 min on ice prior to the addi-
tion of primary antibody.

Binding of purified owf3 to immobilized venom proteins

Venom proteins and BSA were, respectively, diluted with PBS
and immobilized on a 96-well ELISA plate for 12 h at 4°C. After
blocking the wells with 1% BSA in PBS containing 0.02%
Tween (PBS-T), purified avf3 (1 pug per well) was then added
to the wells and the plate was incubated for 30 min at 37°C.
Binding of the anti-avp3 mAb LM609 to the bound receptor
was assessed using a horseradish peroxidase (HRP)-goat anti-
mouse IgG according to the Protein Detector HRP ELISA Kits
(KPL; Gaithersburg, MD, USA).

Apoptotic DNA fragmentation assay

DNA extraction from apoptotic cells for DNA fragmentation
analysis was performed according to the manufacturer’s
instructions (Promega, Madison, WI, USA). Briefly, pretreated
HUVECs were washed, lysed and fixed with PBS, lysis buffer
and 70% ethanol respectively. After DNA extraction, the
mixture was analysed on 1% agarose gel. DNA ladders stained
by ethidium bromide were visualized under UV light.

Immunoblotting

Cell lysates from HUVECs were electrophoresed on SDS-PAGE
and transferred to polyvinyldifluoride membrane. The
blocked membranes were then incubated with the indicated
antibody, and the immunoreactive bands were visualized
using chemiluminescent reagent as recommended by manu-
facturer (Pierce, Rockford, IL, USA).

Statistical analysis
Data were expressed as mean * SEM. Student’s f-tests were
used to assess the significance of differences between means.

Materials

Human umbilical vein endothelial cells were purchased from
Cascade Biologics (Portland, OR, USA). Lyophilized snake
venoms of A. acutus (Taiwan), B. arietans and T. flavoviridis
were from Latoxan (Rosans, France). Human fibronectin, vit-
ronectin, FGF2, staurosporine and extracellular signal-
regulated kinase (ERK) inhibitor PD98059 were from Sigma
Chemical (St Louis, MO, USA). Pan-caspase inhibitor (Z-VAD-
FMK), caspase-1 inhibitor (Z-WEHD-FMK), caspase-3 inhibitor
(Z-DEVD-FMK), negative caspase inhibitor (Z-FA-FMK) and
caspase-3 substrate (Ac-DEVD-pNA) were from Promega
(Madison, WI, USA). Matrigel and anti-glycoprotein (GP)Iba
monoclonal antibody (mAb) SZ2 (Andrews and Berndt, 1998)
were from BD Biosciences (Bedford, MA, USA) and Beckman
Coulter (Marseille, France) respectively. Anti-GPIbo. mAb AP1
(Andrews and Berndt, 1998) and anti-ovB3/ollbp3 mAb 7E3
(Yeh et al., 2000) were kindly donated by Drs R Montgomery
and BS Coller respectively. Anti-avf3 mAb LM609 (Frangie
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etal., 2006) and purified ovB3 were from Chemicon
(Temecula, CA, USA). Anti-integrin o2 mAb FITC-AK7
(Kamiguti et al., 1996) was from BioLegend (San Diego, CA,
USA). Anti-avpf3 mAb FITC-23C6 (Takahashi et al., 1999),
anti-focal adhesion kinase (FAK) mAb H-1 (Boutahar et al.,
2004), anti-phosphorylated phosphatidylinositol 3-kinase
(PI3K) p85a. (Tyr508) polyclonal antibody (pAb), anti-PI3K
p850 mAb B-9, anti-phosphorylated Akt (Ser473) pAb, anti-
Akt mAb B-1, anti-caspase-3 mAb E-8, anti-poly(ADP-ribose)
polymerase (PARP) mAb F-2 and HRP-goat anti-mouse IgG
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
An anti-phosphorylated FAK (Tyr397) pAb was from Bio-
Source (Camarillo, CA, USA).

Results

Effects of acurhagin-C on HUVEC viability and apoptosis
Acurhagin, a versatile 48 kDa SVMP, contains the typical three
domains, an N-terminal 24.5 kDa metalloproteinase domain
and followed by C-terminal 23.5kDa disintegrin-like/
cysteine-rich domains. Typically, acurhagin with 421-amino-
acid residues has a Zn**-binding motif, HEMGHNLGIHHD*~
156, in the metalloproteinase domain and an essential
recognition sequence, ECD*’*°, in the disintegrin-like
domain (Figure 1A; Wang etal., 2005). In anchorage-
dependent HUVECs, preliminary experiments showed that
acurhagin may decrease the adhesion of suspended cells, but
could not induce detachment of adherent cells. Thereafter,
the studies of acurhagin on HUVEC functions were further
investigated. HUVEC viability after serum deprivation was
unaffected by 1 uM BSA compared with PBS, but 0.2 uM
acurhagin and 0.4 pM acurhagin-C decreased viability by
about 50% (Figure 1B). The RGD disintegrin, 0.5 uM triflavin
also decreased endothelial viability by 20% but the medium-
chain disintegrin arietin, even at 1 uM, did not change viabil-
ity. These findings suggested that acurhagin-C was more
potent than disintegrins in reducing HUVEC viability. To
clarify whether the decreased endothelial cell viability after
acurhagin was similar to the effect of a P-III SVMP jararhagin,
which induces a specialized form of apoptosis (Tanjoni et al.,
2005), flow cytometric analysis was subsequently performed
to examine DNA content. Figure 1Ca shows a normal cell
cycle stage including GO/G1, S and G2/M phases in PBS-
treated HUVEC, and the sub-G1 phase represents cell under-
going  apoptosis-associated DNA  degradation under
experimental conditions (4.18%). By contrast to a potent apo-
ptosis inducer, staurosporine (0.5 ug-mL™), acurhagin
(0.2 uM) also significantly induced HUVEC apoptosis
(Figure 1Cb,c). However, acurhagin-C showed a dose-
dependent increase of HUVEC apoptosis over the concentra-
tion range used (0.2-0.8 uM) (Figure 1Cd-f).

Effect of acurhagin-C on HUVEC adhesion to various
immobilized ECMs

Recently, Tanjoni ef al. (2005) proposed that the endothelial
apoptosis induced by jararhagin followed the loss of adhesion
by endothelial cells. To investigate if acurhagin-C induced
apoptosis in HUVECs by the same mechanism as jararhagin,
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Figure 1 Effects of acurhagin-C on HUVEC viability and apoptosis. (A) Schematic structure of acurhagin. The apparent molecular weights of
N-terminal metalloproteinase domain (MD) and C-terminal disintegrin-like/cysteine-rich domains (DD/CD) in the acurhagin molecule are
shown as indicated. (B) After pretreatment with PBS, BSA, acurhagin, acurhagin-C (Acur-C), arietin or triflavin, HUVECs (1 x 10* cells per well)
in serum-free M199 were seeded onto 96-well plates at 37°C/5% CO, for 44 h and followed by MTT assay. The absorbance was measured at
560 nm. All experiments were performed in quadruplicate and similar results were repeated at least three times. Results are expressed as relative
activity on HUVEC viability (fold of control) and presented as mean + SEM (n=4). *P < 0.05; **P < 0.01 as compared with control. (C) HUVECs
cultured in 10% FBS/M199 were treated with PBS (a), staurosporine (b, 0.5 ug-mL™), acurhagin (c, 0.2 uM) or acurhagin-C (d-f; 0.2, 0.4 and
0.8 uM) for 20 h and then fixed with 70% ethanol, permeabilized with 0.5% Triton X-100 containing 0.05% RNase, stained with propidium
iodide and analysed by flow cytometry. The sub-G1 region represents cells undergoing apoptosis-associated DNA degradation and is expressed
as a percentage with respect to the entire cell cycle. ECD, Glu-Cys-Asp; FBS, fetal bovine serum; HUVEC, human umbilical vein endothelial cell;
MTT, 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide; PBS, phosphate-buffered saline.

cell adhesion assays were performed. As shown in Figure 2A,  and 0.1 uM respectively. Morphological analysis showed that
acurhagin-C inhibited HUVEC adhesion to immobilized HUVEC adhering to ECMs in the absence of acurhagin-C,
fibronectin, collagen I and vitronectin in a concentration- showed extensive spreading and formed spindle shapes.
dependent manner with ICs values of approximately 0.6, 0.3  Although there was some spreading of acurhagin-C-treated
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Figure 2 Acurhagin-C inhibited adhesion of human umbilical vein
endothelial cells (HUVECs) to immobilized extracellular matrix (ECM)
components. (A) HUVECs (2 x 10* cells per well) were seeded onto
96-well plates, which were pre-coated with various ECM components
(1 ug per well; fibronectin, FN; collagen |, CN; vitronectin, VN), in the
absence [phosphate-buffered saline (PBS) added] or presence of the
indicated concentrations of acurhagin-C. After 2 h incubation at
37°C/5% CO,, the attached cells were fixed and stained with 1%
methylene blue/0.01T M borate, pH 8.5. The cells were then lysed and
an optical density reading at 630 nm was taken. All experiments were
conducted in quadruplicate and repeated at least three times. For a
negative control, BSA (1%)-coated wells were used, and these values
have been subtracted from those from assays with FN, CN or VN.
Data are presented as mean = SEM (n = 4). Note that acurhagin-C at
0.2 uM showed most potent inhibition on HUVEC adhesion to vit-
ronectin. (B) Morphology of HUVEC adhering to fibronectin, collagen
| and vitronectin in the absence or presence of acurhagin-C (Acur-C;
0.2 uM). After washing and fixation, pretreated cells were photo-
graphed under a phase-contrast microscope at 100x original magni-
fication. The arrows show acurhagin-C-treated HUVEC adhering to
immobilized vitronectin without spreading (rounded up cells).

HUVEC on fibronectin- or collagen I-coated wells, the shape
of cells adhering onto vitronectin-coated wells remained
rounded and they did not spread (Figure 2B).

Effects of acurhagin-C on HUVEC migration and invasion
The induction of migration by ECMs can be defined as hap-
totaxis when substratum-bound and chemotaxis when the
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ligand is soluble (Aznavooriant et al., 1996). To explore the
effects of acurhagin-C on the haptotactic migration of
HUVECs towards immobilized proteins, the assay chambers
pre-coated with vitronectin, or BSA (as a control), and cell
migration was observed by a phase-contrast microscope. As
shown in Figure 3Aa-c, HUVECs significantly migrated to the
underside of filter membranes coated with vitronectin, but
not those coated with BSA, and triflavin strongly inhibited
such migration. Figure 3Ad—f indicates that acurhagin-C dose-
dependently blocked HUVEC migration towards the
vitronectin-coated membrane. These migration assays were
quantified by a colorimetric method and the results showed
that the inhibition of HUVEC migration towards vitronectin
by acurhagin-C was concentration-dependent with an ICs
value of about 0.2 uM (Figure 3C).

In order to assess the effects of acurhagin-C on invasion by
HUVEC, Matrigel invasion chambers were used. As shown in
Figure 3Ba,b, FGF2 significantly promoted HUVEC invasion
of the Matrigel. Such invasion was inhibited by triflavin and
by increasing concentrations of acurhagin-C, yielding a ICs
of about 0.1 uM (Figure 3Bb,d—£,C).

Inhibition of FGF2-induced angiogenesis both in vitro and in
vivo by acurhagin-C

Angiogenesis, a complex process, is modulated overall by the
specific interactions of endothelial cells with a variety of
adhesion molecules and cytokines. Generally, the integrins
avB3 and ovBS are required for FGF2- and VEGF-primed
angiogenesis respectively (Friedlander etal.,, 1995). To
examine the effect of acurhagin-C on HUVEC differentiation
into vascular structures, a Matrigel-based tube formation
assay was conducted and HUVECs treated with various
reagents were grown on FGF2-containing Matrigel, followed
by microscopic observation. As shown in Figure 4Aa, PBS-
treated cells displayed high motility and aligned into a
network-like structure after seeding on Matrigel. Although
triflavin and acurhagin-C, at the same concentration of
0.4 uM, significantly suppressed FGF2-stimulated formation
of tube-like structures, acurhagin at 0.2 uM completely pre-
vented FGF2-induced angiogenesis, leading to the formation
of multicellular aggregates in the Matrigel (Figure 4Ab-d). To
assess the contribution of angiogenesis mediated through the
integrin and/or non-integrin adhesion molecules, such as the
GPIb complex (Tan et al., 1999; Yeh et al., 2000), antibodies
against avfB3 and GPIba were used. As expected, anti-oavB3
antibodies 7E3 and LM609 (Figure 4Ae,f) showed stronger
inhibition of FGF2-induced tube formation than anti-GPIbo.
antibodies AP1 and SZ2 (Figure 4Ag,h), suggesting this model
of angiogenesis in vitro was avf3-dependent.

To clarify whether acurhagin-C affected FGF2-stimulated
angiogenesis in vivo, the CAM assay was used to assay neovas-
cularization (Bischoff, 1995). Following 48 h incubation in
the presence of FGF2, CAMs treated with PBS were well vas-
cularized (Figure 4Ba), whereas those treated with an ERK
inhibitor PD98059 and the anti-avB3 antibody LM609
showed clearly reduced blood vessel formation (Figure 4Bb,c).
Quantitative assessment of tube length (Figure 4C) also
showed that activation of ERK was involved in the angio-
genesis stimulated by FGF2. Further, acurhagin-C
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Figure 3 Effects of acurhagin-C on human umbilical vein endothelial cell (HUVEC) migration and invasion. (A) The lower surface of chamber
filters were pre-coated with BSA (a, 2 ug per well), or vitronectin (VN, b—f, 2 ug per well), and the migration assay was performed. HUVECs
(1 x 10° cells per well) were pre-incubated with phosphate-buffered saline (PBS) (a,b), triflavin (c, Trif, 0.4 uM) or acurhagin-C (Acur-C; d—f;
0.04, 0.2, 0.4 uM) for 30 min, respectively, and then plated onto the upper chamber of Transwells and allowed to migrate for 24 h. Following
fixation and removal of non-migrated cells, cells that migrated to the underside of filter membrane were photographed by phase-contrast
microscope (100x original magnification). (B) HUVECs (3 x 10° cells per well) were, respectively, incubated with various agents [a,b, PBS; c,
triflavin (0.4 uM); d—f, acurhagin-C (Acur-C; 0.04, 0.2 and 0.4 uM)] in the upper insert chambers and then allowed to invade the Matrigel-
coated filter membranes to the lower chambers in the absence (a, M199 added) or presence of fibroblast growth factor-2 (FGF2) (b,
20 ng-mL™") for 24 h. After fixation and removal of non-invasive cells, cells invading to the underside of filter membrane were photographed.
(C) The inhibition of acurhagin-C on vitronectin-induced migration and FGF2-induced invasion were quantified by ELISA assay (560 nm). The
indicated concentrations of acurhagin-C were used for determining the ICso values. All experiments were performed in quadruplicate, and
similar results were obtained at least three times. Data are presented as mean = SEM (n = 4).

dose-dependently disrupted spontaneous angiogenesis but
did not affect existing vessels in the same CAMs. These find-
ings confirmed that acurhagin-C was a potent inhibitor of
FGF2-primed angiogenesis in vivo.

Interactions of acurhagin-C with endothelial integrin ovf33

In order to assess the contribution of specific interactions of
acurhagin-C with endothelial integrin avf3, to the inhibition
of angiogenesis, binding studies were performed to determine
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the binding sites of acurhagin-C. On HUVECs, the integrins
avB3 and o2f1 are reported to be critical to adhesion to
vitronectin and collagen respectively. To prevent receptor
internalization leading to decreased immunoreactivity, a
preparation of formalin-fixed HUVEC suspension was used in
flow cytometric analysis. As shown in Figure 5Aa,b, the coex-
istence of integrins avf3 and o2f1 on HUVEC could be,
respectively, detected by FITC-23C6 (against ovp3) and FITC-
AK7 (against o2). However, only the immunoreactivity of
23C6 was reduced after pretreatment with acurhagin-C,



a PBS

b Trif 0.4)

A
et

Acurhagin-C is a novel angiostatic agent

W-J Wang 1345

C Acur-C (04) d Acurhagin (0.2)

e

Blood vessel length (%of control)
g

2 AMMININNY #

FBS PDOB0SD LMS0D

Acur-C (phd)

Figure 4 Effects of acurhagin-C on fibroblast growth factor-2 (FGF2)-induced angiogenesis in vitro and in vivo. (A) HUVECs (1 x 10° cells per
well) were pre-incubated with phosphate-buffered saline (PBS) (a), triflavin (b, Trif; 0.4 uM), acurhagin-C (c, Acur-C; 0.4 uM), acurhagin (d,
0.2 uM), the antibodies 7E3 (e, 20 pg-mL™"), LM609 (f, 20 ug-mL™"), AP1 (g, 20 ug-mL™") or SZ2 (h, 20 ug-mL™") in the presence of FGF2
(20 ng-mL™), respectively, for 15 min at room temperature and then plated on Matrigel-coated wells for 18 h at 37°C. After washing and
fixation, cells were photographed under a phase-contrast microscope at 40x original magnification. (B) Chick chorioallantoic membrane
(CAM) assay. Filter discs soaked in FGF2 (20 ng per egg) in the absence (a, PBS-treated) or presence of PD98059 (b, 20 uM), LM609 (c,
50 ug-mL™") or acurhagin-C (d-f, 0.4, 1, 2 uM) were applied on 10-day-old CAMs. After 48 h incubation, CAMs were removed, fixed and
photographed. This is representative of eight similar experiments. (C) The level of angiogenesis in FGF2-treated CAMs in the absence or
presence of PD98059, LM609 or acurhagin-C (Acur-C) was quantified by counting blood vessel length. Results are expressed as % of control
and presented as mean * SEM (n = 8). *P < 0.05; **P < 0.01 as compared with control.

implying competition between acurhagin-C and 23C6 for
binding to HUVEC. Thus, these findings indicated that only
ovB3 was involved in the interactions of acurhagin-C with
HUVEC and the binding epitope of acurhagin-C on avf3 may
be identical or overlap with that recognized by the antibody
23Ceé.

In terms of the primary protein sequences, the sequence of
CRIARGDFPDDRC in triflavin is positionally analogous to

that of CRASMSECDPAEHC in acurhagin-C (Wang et al.,
2005). Based on these structures and after deleting the N- and
C-terminal cysteines, as the original linkage of disulfide bond
in acurhagin-C is difficult to determine, two linear peptides
termed RGD peptide (11 amino acids) and ECD peptide (12
amino acids) were designed and synthesized. As shown in
Figure 5B, triflavin (0.5 uM) and acurhagin-C (0.4 uM) exhib-
ited potent inhibition of the binding of FITC-23C6 to
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Figure 5 Interaction of acurhagin-C with integrins on human

umbilical vein endothelial cells (HUVECs). (A) Following the incuba-
tion of HUVECs (1 x 106 cellssmL™") without [phosphate-buffered
saline (PBS) added; the middle panel] or with acurhagin-C (Acur-C;
0.4 uM, the lower panel) for 30 min on ice, fluorescein isothiocyanate
(FITC)-conjugated antibody (a, 23C6; b, AK7; 10 ug-mL™") or non-
immune FITC-IgG (as a negative control; 1:50 dilution, the upper
panel) was subsequently added to HUVECs for additional 30 min
incubation and then analysed by flow cytometry. Histograms show
the fluorescence intensity of mAbs bound to PBS- or acurhagin-C-
treated HUVECs. Results are shown in mean fluorescence intensity
(MFI) and one of three similar experiments is presented. (B) Quanti-
tative analyses for the binding of FITC-23C6 in the absence or pres-
ence of mAbs (LM609; 7E3), venom proteins (triflavin; acurhagin-C),
or synthetic peptides [Arg-Gly-Asp (RGD) peptide, RGD; Glu-Cys-Asp
(ECD) peptide, ECD]. Results are presented as MFI = SEM (n=4). *P
< 0.05; **P < 0.01 as compared with control. (C) A 96-well plate was
pre-coated with various concentrations of acurhagin, triflavin,
acurhagin-C or BSA. After blocking with 1% BSA in PBS-T for 1 h,
purified avB3 (1 pg) was then added to each well and the plate was
incubated for an additional 30 min at 37°C/5% CO,. After extensive
washing with PBS-T, the anti-ovf3 mAb LM609 was used as primary
antibody. After 1 h incubation at 37°C and subsequent washing,
horseradish peroxidase-lgG was used as the secondary antibody.
Absorbance at 450 nm of the individual well was measured to deter-
mine the relative binding activity.
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HUVEC, which is consistent with the effects of the anti-avp3
antibodies LM609 and 7E3. As expected, both synthetic pep-
tides, at a higher concentration 750 uM, also had the same
inhibitory effects as their parent molecules.

Binding of purified owf3 to immobilized acurhagin-C

As ovfB3 is the most abundant receptor on HUVEC, the inter-
action of purified avp3 with immobilized acurhagin-C was
analysed by ELISA assay. As shown in Figure 5C, the purified
ovB3 bound to immobilized acurhagin-C in a concentration-
dependent manner. Notably, acurhagin-C showed a lesser
binding capacity but a similar pattern to that with acurhagin,
suggesting that the participation of the metalloproteinase
domain could contribute to the interactions of acurhagin
with ovp3. Triflavin had the same binding capacity as
acurhagin-C. Taken together, these data imply that the motifs
RGD and ECD are both major recognition sequences.
However, some unidentified motifs in the metalloproteinase
domain of acurhagin remain to be characterized.

Acurhagin-C directly induces endothelial apoptosis via the
activation of caspase-3

To elucidate the mechanism of endothelial apoptosis induced
by acurhagin-C, DNA fragmentation was analysed by agarose
gel electrophoresis. Following incubation in growth factor-
free medium, the genomic DNA of adherent and suspended
HUVECs was isolated for analysis. Relative to the effects of
PBS (Figure 6A, lane 1), a pan-caspase inhibitor Z-VAD-FMK
(25 and 50uM) concentration-dependently suppressed
acurhagin-C-induced DNA fragmentation in HUVEC after
20 h incubation (Figure 6A, lanes 2 and 3). Recently, Tabruyn
et al. (2003) indicated that caspase-3 is involved in the apop-
totic action of a 16 kDa fragment of human prolactin in
bovine capillary endothelial cells. Thus, caspase-3 activation
assay was performed in acurhagin-C-treated HUVEC and
showed that caspase-3 activity significantly increased after
treating HUVEC with acurhagin-C (Figure 6B). However, the
pan-caspase inhibitor Z-VAD-FMK and a selective caspase-3
inhibitor Z-DEVD-FMK strongly inhibited the endothelial
apoptosis triggered by acurhagin-C. By contrast, a caspase-1
inhibitor Z-WEHD-FMK and a negative caspase inhibitor
Z-FA-FMK had no such effect, indicating the apoptotic process
induced by acurhagin-C was caspase-3-dependent. The
appearance of an 85 kDa fragment of PARP, produced by acti-
vated caspase-3, is considered a marker of the execution stage
of apoptosis. As shown in Figure 6C, activation of
procaspase-3 and the cleaved 85 kDa PARP fragment could be
observed after 60 min treatment with acurhagin-C, suggest-
ing that the apoptotic pathway was initiated about 1h after
the exposure of HUVECs to acurhagin-C.

Molecular mechanisms of endothelial anoikis elicited by
acurhagin-C

To examine how the biological activity of acurhagin-C was
correlated with the processes of neovascularization, HUVEC
proliferation assays, using ECM components and FGF2, were
performed. As shown in Figure 7A, acurhagin-C inhibited
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Figure 6 Analyses of DNA fragmentation, caspase-3 activation and poly(ADP-ribose) polymerase (PARP) cleavage in acurhagin-C-treated
human umbilical vein endothelial cell (HUVEC). (A) The adherent and suspended cells were collected after incubation with acurhagin-C
(0.4 uM) without (lane 1, DMSO) or with a pan-caspase inhibitor Z-VAD-FMK (lanes 2 and 3; 25, 50 uM) for 20 h and then lysed. Genomic
DNA was isolated and subjected to electrophoretic separation on a 1% agarose gel. The internucleosomal DNA fragmentation is represented
as oligonucleosomal banding at lower molecular weight. A 100 bp ladder is shown in lane M. This result is representative of three separate
experiments. (B) Following the 16 h incubation at 37°C, untreated [phosphate-buffered saline (PBS) added] and acurhagin-C (Acur-C;
0.4 uM)-treated cells in the absence or presence of various caspase inhibitors as indicated (pan-caspase inhibitor, pan; caspase-1 inhibitor, 1;
caspase-3 inhibitor, 3; negative caspase inhibitor, negative) were collected and then lysed for analysis. The cell extracts were reacted with
chromogenic substrate DEVD-p-nitroaniline for 4 h at 37°C, and the absorbance at 405 nm was measured as caspase-3 activation (fold
induction). Results are presented as mean = SEM (n = 4). ***P < 0.001 as compared with control. (C) Cells were treated with acurhagin-C
(0.4 uM) for the indicated time intervals at 37°C and then lysed with reducing sample buffer. Subsequently, cell lysate was subjected to 10%
SDS-PAGE and electroblotted onto a polyvinyldifluoride membrane. The activation of procaspase-3 and cleavage of endogenous PARP by

caspase-3 were detected using anti-caspase-3 and anti-PARP antibodies respectively.

HUVEC proliferation in vitronectin-coated wells, in the pres-
ence of FGF2 but had little effect in the absence of FGF2. The
antibody LM609 and the ECD peptide also significantly and
specifically reduced HUVEC proliferation on vitronectin, but
not fibronectin (Figure 7B). From these results it seems that
acurhagin-C specifically binds to integrin ovp3, which is
closely associated with FGF2-induced HUVEC proliferation.
In addition, blocking ovB3 by acurhagin-C may result in
unscheduled apoptosis among proliferating vascular cells.
Currently, the mechanism of angiogenesis can be divided
generally into three phases: initiation, proliferation/invasion
and differentiation (Stromblad and Cheresh, 1996). During
the proliferative and invasive phases of angiogenesis, the inte-
grin ovp3 is preferentially expressed on vascular cells. The
ECD-containing peptide also inhibited FGF2-induced HUVEC
invasion (Figure 7C).

To explore the mechanism of acurhagin-C-induced endot-
helial apoptosis, the role of caspases in such anti-invasive
effects was observed. The caspase-3 inhibitor Z-DEVD-FMK
but not the caspase-1 inhibitor Z-WEHD-FMK blocked the
inhibition by ECD peptide (750 uM) of FGF2-induced HUVEC

invasion. We also assessed the role of caspase-3 in the angio-
genesis model of tube-like structures formed by HUVECs in
Matrigel after induction by FGF2. As shown in Figure 7D,
both acurhagin-C (0.4 pM) and ECD peptide (750 uM) inhib-
ited this in vitro model of angiogenesis. Once again, the
caspase-3 inhibitor suppressed the inhibition by acurhagin-C,
or by ECD peptide, in this model.

Previously, it has been well established that integrin activa-
tion may lead to the phosphorylation of FAK, a tyrosine
kinase prominently localized at focal adhesions (Boudreau
and Jones, 1999). Assays, using an anti-FAK antibody, indi-
cated that acurhagin has little effect on the degradation of
focal adhesions during 12 h incubation (data not shown).
However, following the treatment of endothelial cells with
acurhagin-C for 30 min and then stimulation of the
acurhagin-C-treated cells with FGF2 for an additional 30 min,
acurhagin-C was shown to decrease the level of phosphory-
lated FAK (Tyr397) in a concentration-dependent manner
(Figure 7E, the upper panel). The phosphorylation of PI3K
and Akt are two critical events downstream of the FAK in the
cell survival pathway (Grossmann, 2002). As shown in
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Figure 7 Molecular mechanisms for the inhibition of integrin ovf3-mediated human umbilical vein endothelial cell (HUVEC) functions by
acurhagin-C. (A) HUVECs (10* cells per well) in 2% fetal bovine serum (FBS)/M199 were seeded on vitronectin (10 pg-mL™")-coated wells for
2 h attachment. Subsequently, fibroblast growth factor-2 (FGF2) (20 ng-mL™")-containing medium without or with acurhagin-C (Acur-C;
0.4 uM) were added to each well, followed by an additional 12 h incubation. Results are presented as mean = SEM (n = 4). **P < 0.01 as
compared with control. (B) HUVECs (10* cells per well) in 2% FBS/M199 were plated in fibronectin (FN)- or vitronectin (VN)(10 pug-mL™)-
coated wells for attachment. Then, FGF2 (20 ng-mL™")-containing medium without or with LM609 (20 pug-mL™), or Glu-Cys-Asp (ECD) peptide
(0.4, 0.8, 1.6 mM) were added to each well, followed by an additional 24 h incubation. All experiments were performed in quadruplicate and
similar results were obtained at least three times. Results are presented as mean = SEM (n=4). **P<0.01, ***P < 0.001, compared with control.
(C) Following pretreatment with or without various caspase inhibitors as indicated (50 uM) for 15 min at room temperature, HUVECs (3 x 10°
cells per well) were incubated with phosphate-buffered saline (PBS) or ECD peptide (750 uM) in the upper insert chambers and then allowed
to invade the Matrigel-coated filter membranes to the lower chambers under the presence of FGF2 (20 ng-mL™) at 37°C for 24 h. Results are
presented as mean + SEM (n=4). ***P <0.001 as compared with control. (D) The caspase-3 inhibitor suppressed the inhibition by acurhagin-C
(Acur-C), as well as ECD peptide (ECD), of the formation of tube-like structures in vitro. HUVECs (1 x 10° cells per well) were pretreated without
or with a caspase-3 inhibitor (50 uM) for 15 min at room temperature and then co-incubated with PBS, acurhagin-C (0.4 uM) or ECD peptide
(750 uM) for additional 15 min. Subsequently, the treated cells were plated on Matrigel-coated wells in the presence of FGF2 (20 ng-mL™") for
18 h at 37°C. Results are presented as mean = SEM (n=4). **P < 0.01; ***P < 0.001 as compared with control. (E) Following serum starvation
HUVECs (1 x 10° cells per well) were plated onto culture dishes coated with vitronectin (10 pg-mL™") and treated with various concentrations
of acurhagin-C (Acur-C) before stimulation with FGF2 (20 ng-mL™) for 30 min and then lysed. Subsequently, HUVEC lysates were applied to
10% SDS-PAGE and Western blotted with the indicated phosphospecific antibodies. After stripping, membranes were reprobed with focal
adhesion kinase (FAK)-, phosphatidylinositol 3-kinase (PI3K) p85ca- and Akt-specific antibodies as indicated.
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Figure 7E, acurhagin-C exerted concentration-dependent
inhibition of the phosphorylation of PI3K p85a (Tyr508) and
its downstream effector Akt (Ser473). Thus acurhagin-C can
substantially disrupt the anchorage-dependent ovB3/FAK/
PI3K/Akt survival signalling in HUVECs.

Discussion

Angiogenesis is an important process for the growth of solid
tumours and is partially regulated by adhesion molecules.
Activation of integrin ovB3 may trigger survival signals that
promote blood vessel growth and differentiation. Therefore,
inhibition of angiogenesis is thought to be a promising strat-
egy in the treatment of tumours. Presently, several lines of
evidence show that integrin ovp3 antagonists are potent
angiogenesis inhibitors, and many classes of inhibitors
including peptides, antibodies and small organic molecules
have been developed (Nicolaou et al., 1998; Gutheil et al.,
2000). In particular, peptides will become the safest and the
least toxic therapy for diseases associated with angiogenesis
(Nakamura and Matsumoto, 2005). In the present study,
acurhagin-C, acting as an antagonist of the integrin avf3,
inhibited HUVEC behaviours, such as adhesion, motility and
differentiation (Figures 1-4 and 7A).

As shown in Figure 7A, acurhagin-C caused a significant
inhibition of FGF2-induced HUVEC proliferation at 0.4 uM.
This result is consistent with the previous finding of a
disintegrin-like protein from Bothrops alternatus venom,
alternagin-C, that inhibited FGF2-induced proliferation at
0.1 uM (Cominetti et al., 2004).

Previously, SVMPs were classified into various protein
groups (P-I to P-IV). In general, both classes P-I and P-III can
induce HUVEC apoptosis. For P-I SVMPs, suppressing their
enzymatic activity can abolish their apoptosis-inducing func-
tion. However, halysase, a P-III SVMP, induces endothelial
apoptosis without exerting enzymic activity (You et al., 2003).
Therefore, this result seems to reveal that the disintegrin-like
and cysteine-rich domains of P-III SVMPs can promote
HUVEC apoptosis by interfering with the cell-ECM interac-
tions. Moreover, the disintegrin-like domain may regulate the
catalytic activity of metalloproteinase by modulating the
hydrolysis of ECMs, suggesting the effects of P-IIl SVMPs on
cellular functions may involve the interactions of their
various domains present in these proteins (Diaz et al., 2005).

In the assay of HUVEC adhesion to immobilized ECMs,
acurhagin-C markedly inhibited HUVEC adhesion to vit-
ronectin (Figure 2A). Also, acurhagin-C potently reduced
FGF2-stimulated endothelial tube formation on Matrigel
(Figures 4Ac and 7D) and showed a concentration-dependent
inhibition of spontaneous angiogenesis in the ERK-dependent
CAM model (Figure 4Bd—f,C). Using FITC-23C6 and FITC-AK7
as primary probes, acurhagin-C was shown to inhibit the
binding of 23C6 but not that of AK7 to HUVEC, suggesting
acurhagin-C and 23C6 may bind to the same or the over-
lapped epitope on avfB3 (Figure SA). Because triflavin has been
identified as a potent angiogenesis inhibitor, the RGD motif
of triflavin is a critical recognition sequence in its interaction
with endothelial avB3 (Sheu etal., 1997). However, both
acurhagin and acurhagin-C also bound to avf3 in a
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concentration-dependent manner, indicating that the ECD
motif in the disintegrin-like domain within acurhagin-C may
be crucial for its binding capacity. There are, probably, some
motifs other than ECD that contribute to such interaction
and these need to be identified. Using the synthetic peptides
as tools, our study indicated that the ECD-containing region
in the disintegrin-like domain of acurhagin-C was necessary
for its inhibitory effect on HUVEC functions. As shown in
Figure 7B-D, the ECD peptide derived from acurhagin-C
could inhibit FGF2-induced proliferation, invasion and in
vitro angiogenesis. In fact, this region is the positional homo-
logue of the RGD loop of disintegrin. The two significant
differences between the regions of the disintegrin-like domain
in acurhagin-C and the RGD loop in triflavin are the XXECD
substitution for RGDXX and the presence of an unidentified
disulfide bonded cysteinyl residue (ECD) in disintegrin-like
proteins. Given these differences, it is interesting that
acurhagin-C inhibited endothelial behaviours and exhibited a
similar potency to that of triflavin, in the interactions of such
regions of the disintegrin-like domain with the endothelial
ovB3. Therefore, the structure of the ECD region in the
disintegrin-like domain of acurhagin-C appears to be essential
for its biological activities, as the synthetic linear ECD peptide
lacking disulfide linkages was able to affect endothelial cells.

Previous studies have demonstrated that avB3 antagonism
can trigger endothelial apoptosis. Brassard et al. (1999) pro-
posed that the cell death induced by an RGD disintegrin
echistatin binding to ovp3 results in an apoptotic signal
occurring prior to matrix detachment in AvB3-293 cells.
Similar results obtained by caspase-3 activation and immuno-
blotting analyses also strongly suggested that the apoptotic
effects observed in acurhagin-C-treated HUVEC relate to the
activation of procaspase-3 and inhibition of intracellular sig-
nalling, not to detachment-induced apoptosis (Figures 6 and
7). As adhesion of HUVECs to ECMs is an anchorage-
dependent process, it is reasonable to expect that failure to
adhere to a substratum may generate a signal to activate a
suicide cascade in HUVECs. Those data demonstrate that
when adhesion is blocked, HUVEC rapidly undergo cell death
with the morphological and biochemical characteristics of
apoptosis. The round cell shape caused by an altered interac-
tion with ECMs and prevention of cytoskeletal organization
represent signals for cell death in HUVECs (Figure 2B). There-
fore, it appeared that acurhagin-C, an ECD disintegrin, may
induce apoptosis by direct caspase-3 activation. Although
Buckley et al. (1999) had suggested that RGD-containing pep-
tides can induce apoptosis via triggering a conformational
change in procaspase-3 and then promoting procaspase-3
activation, the exact interaction sites involved in the
acurhagin-C molecule with procaspase-3 remain to be inves-
tigated. Perhaps the ECD peptide, similar to the RGD peptide,
can penetrate cell membranes and then induce apoptosis by
direct caspase-3 activation through its interaction with a non-
RGD-binding site of caspase-3 (Adderley and Fitzgerald,
2000). Thus, the biological activity of ECD peptide might be
more versatile than simple disruption of cell adhesion.

Cell adhesion is a critical event in various biological phe-
nomena such as proliferation and differentiation. Integrins
on cell surface can mediate cell adhesion by connecting ECMs
to intracellular cytoskeleton. With the loss of appropriate

British Journal of Pharmacology (2010) 160 1338-1351



Acurhagin-C is a novel angiostatic agent

1350 W-J Wang

ECMs contacts, cells may undergo apoptosis (Meredith and
Schwartz, 1997). However, a possible physiological signifi-
cance of the integrin-mediated apoptosis is that it may
prevent cells from adhering to inappropriate circumstances,
because attachment through the incorrect integrin would
induce apoptosis (Kumar, 1998). Overall, acurhagin-C com-
petes with ECMs for the binding to avp3 on suspended or
proliferating endothelial cells and thereafter disrupts
focal adhesions, as well as inactivating the FAK/PI3K/Akt sur-
vival signalling, leading to endothelial apoptosis through
direct procaspase-3 activation and subsequent DNA
fragmentation.

In conclusion, therapeutic efforts to target the integrin
avPB3 for the treatment of abnormal angiogenesis already
become an intriguing approach and a promising strategy to
suppress pro-inflammatory responses and induce cancer
regression. Acurhagin-C triggers endothelial anoikis by block-
ade of avB3-mediated cell adhesion and survival, thereby
initiating a procaspase-3 apoptotic pathway. Furthermore, the
functional study using synthetic peptides as probes demon-
strated that the ECD-containing region of disintegrin-like
domain of acurhagin-C was responsible for its interactions
with HUVEC. Therefore, acurhagin-C and its derivatives may
be used as a lead compounds for developing new angiostatic
agents. However, further evaluation of the inhibition of
pathological angiogenesis in animal models by acurhagin-C is
required to extend the applications of acurhagin-C in anti-
angiogenic therapy.
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