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Background and purpose: The critical role of blood supply in the growth of solid tumours makes blood vessels an ideal target
for anti-tumour drug discovery. The anti-angiogenic and vascular disrupting activities of C9, a newly synthesized microtubule-
depolymerizing agent, were investigated with several in vitro and in vivo models. Possible mechanisms involved in its activity
were also assessed.

Experimental approach: Microtubule-depolymerizing actions were assessed by surface plasmon resonance binding, com-
petitive inhibition and cytoskeleton immunofluorescence. Anti-angiogenic and vascular disrupting activities were tested on
proliferation, migration, tube formation with human umbilical vein endothelial cells, and in rat aortic ring, chick chorioallantoic
membrane and Matrigel plug assays. Western blots and Rho activation assays were employed to examine the role of
Raf-MEK-ERK (mitogen-activated ERK kinase, extracellular signal-regulated kinase) and Rho/Rho kinase signalling.

Key results: C9 inhibited proliferation, migration and tube formation of endothelial cells and inhibited angiogenesis in aortic
ring and chick chorioallantoic membrane assays. C9 induced disassembly of microtubules in endothelial cells and down-
regulated Raf-MEK-ERK signalling activated by pro-angiogenic factors. In addition, C9 disrupted capillary-like networks and
newly formed vessels in vitro and rapidly decreased perfusion of neovasculature in vivo. Endothelial cell contraction and
membrane blebbing induced by C9 in neovasculature was dependent on the Rho/Rho kinase pathway.

Conclusions and implications: Anti-angiogenic and vascular disruption by C9 was associated with changes in morphology
and function of endothelial cells, involving the Raf-MEK-ERK and Rho/Rho kinase signalling pathways. These findings strongly
suggest that C9 is a new microtubule-binding agent that could effectively target tumour vasculature.
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Introduction

Functional blood vessels provide oxygen and nutrients to
solid tumours and serve as the route for metastatic spread,
making tumour vasculature an attractive target for anti-
tumour therapy (Ferrara and Kerbel, 2005). Two main
strategies have been used to target tumour vasculature:
anti-angiogenic and vascular disrupting therapies(Denekamp,
1993; Folkman, 1995).
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Anti-angiogenic therapy has been thought to be an impor-
tant component for cancer treatment since Judah Folkman
first addressed the concept in 1971 (Folkman, 1971). Bevaci-
zumab (Avastin), a monoclonal antibody against vascular
endothelial growth factor (VEGF) was the first angiogenesis
inhibitor approved by Food and Drug Administration. Nine
other angiogenesis inhibitors have subsequently been
approved or used in different countries (Folkman, 2007).
Although these anti-angiogenic drugs are active in cancer
treatment, as single agents or in combination with other drugs,
they have minimal effects on existing tumour blood vessels
within well-established tumours and have had limited effects
on large tumours (Bergers et al., 1999; Bergers et al., 2003).

Vascular disrupting therapy using vascular disrupting
agents (VDAs) has become attractive as it causes a rapid and
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Figure T Chemical structure of C9.

selective shutdown of the established tumour vasculature by
disrupting the tumour endothelium (Thorpe, 2004). Differ-
ences in the physiology of immature tumour vasculature
versus mature normal vasculature provide an opportunity for
the selective disruption of tumour blood flow (Neri and Bick-
nell, 2005). One of the potential advantages of VDAs is that
they can exert greater actions on large experimental tumours
than small ones (Landuyt et al., 2000; Siemann and Rojiani,
2005). In addition, VDAs produce central necrosis in experi-
mental tumours, but have no effect on the thin rim of
the tumour periphery, where angiogenesis occurs most
vigorously.

As such, the development of new compounds with both
anti-angiogenic and vascular targeting properties has
attracted greater attention (Belleri efal., 2005; Kruczynski
et al., 2006). A newly synthesized compound, C9 (Figure 1),
was identified during our search for a potential candidate
agent with both activities. Preliminary studies with C9 sug-
gested it inhibited microtubule polymerization in vitro (Li
et al., 2005). The current study aims to investigate the poten-
tial anti-angiogenic activity of C9 and to further characterize
its anti-vascular properties and mechanisms of action in vitro
and in vivo.

Methods

Cell culture

Human umbilical vein endothelial cells (HUVECs) were iso-
lated as previously described (Jaffe et al., 1973), and presence
of von Willebrand factor was confirmed by immunofluores-
cence staining. HUVECs were cultured (37°C, 5% CO,) in
M199 medium supplemented with 20% heat-inactivated fetal
bovine serum (FBS) containing 30 ug-mL™ endothelial cell
growth supplement, 10 ng-mL™" epidermal growth factor, 100
units-mL™" penicillin and 100 ug-mL™" streptomycin. Cells at
passages 3-7 were used for experiments.

Cell proliferation assay

Human umbilical vein endothelial cells (1.0 x 10° cells-mL™)
were seeded onto 96-well plates, attached overnight and sub-
sequently exposed to different concentrations of C9 (0.03,
0.06, 0.13, 0.25, 0.5, 1.0 and 2.0 umol-L™) for 12, 24, 36 or
48 h. Cell proliferation was determined by MTT [3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazalium  bromide]
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assay (Alley et al., 1988). The inhibition rate of cell prolifera-
tion was calculated as: growth inhibition (%) = (ODcontral —
ODtreated)/ODcontrol X 100%

Cell cycle assay

Cells (5.0 x 10%) were fixed in 70% ice-cold ethanol, centri-
fuged, washed with phosphate-buffered solution (PBS), cen-
trifuged, resuspended in 1 mL DNA-staining solution
(20 ug-mL™" RNase, PBS and 20 ug-mL™ propidium iodide)
and incubated (30 min, room temperature, in the dark). Cell
samples (at least 1.0 x 10°) were then examined by a FACS
Calibur analyser. Cell cycle phase analysis was performed by
utilizing Modifit software (BD, San Jose, CA, USA).

Cytoskeleton immunofluorescence

Human umbilical vein endothelial cells were seeded on
fibronectin-coated chamber slides (10 ug-mL™") before expo-
sure to C9 (0.5 umol-L?, 1 h). Tubulin was visualized with
FITC-anti-tubulin monoclonal antibody (Sigma) and F-actin
with Alexa Fluor 633 Phalloidin (Molecular Probes, OR, USA).
Slides were mounted by using VECTASHIELD (Vector labora-
tories, CA, USA). Fluorescence images were obtained by using
a Lecia TCS confocal microscope (Leica, Deerfield, IL, USA).

Surface plasmon resonance (SPR)-binding assay
Tubulin-binding assays were performed by using an SPR
technology-based Biacore 3000 instrument (Biacore AB,
Uppsala, Sweden) as described by Li et al., (2007). Briefly,
tubulin was covalently immobilized on a CMS5 sensor chip
(BIAcore), and indicated concentrations of the compound
were dissolved in the running buffer. The equilibrium disso-
ciation constant (Kp) was derived by fitting the data by using
the 1:1 Langmuir binding model based on BlAevaluation 3.1
software.

Competitive inhibition assay

Colchicine binding to tubulin. The tubulin-colchicine complex
was formed by incubating 3 umol-L™ tubulin with colchicine
(30 min, 37°C, excitation 365 nm, emission 435 nm). C9
(0-50 umol-L™) or vinblastine (0-50 umol-L') was then added
to the preformed tubulin-colchicine complex (60 min, 37°C),
and fluorescence was measured by using a Hitachi F-2500
spectrofluorimeter (n = 3).

Vinblastine binding to tubulin. Binding of the fluorescent
conjugate of vinblastine (BODIPY FL-vinblastine; Molecular
probes Inc., Eugene, OR, USA) to tubulin will increase fluo-
rescence at 490 nm excitation wavelength (Gupta etal.,
2004). Tubulin (3 umol-L™") was incubated with various con-
centrations of C9 (45 min, 37°C) or vinblastine, then incu-
bated with BODIPY FL-vinblastine (2 umol-L, 20 min, 37°C).
Data were analysed by a Hitachi F-4500 fluorimeter.

Cell migration assay
Human umbilical vein endothelial cell migration was deter-
mined in a transwell Boyden chamber (Costar, MA, USA)
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(Osusky etal., 2004). Briefly, cell suspensions (5 x 10°
cells-mL™") with different concentrations of C9 (0.25, 0.5, 1.0
and 2.0 pumol-L™) or control was added to the upper compart-
ment of the chamber. The lower compartment contained
20% FBS M199 medium and the same concentrations of C9
or control. After incubation (8 h, 37°C), the inhibition of
migration was calculated thus: inhibition of migration =
[1 = (Acompound = Avtank)/ (Acontrot = Abtank)] X 100%.

Tube formation assay

Matrigel (55 uL-well") was used to coat 96-well plates,
allowed to solidify (37°C, 1 h) (Soeda et al., 2000), prior to
seeding with HUVECs (1 x 10° cells-mL™") that were then
cultured (37°C, 6 h) in M199 medium with 20% FBS contain-
ing C9 (0.25, 0.5, 1.0 and 2.0 umol-L™") or control.

For investigation of neovessel disruption, HUVECs were
seeded on Matrigel (9.3 mg-mL™") and left to align for 24 h
(Kruczynski et al., 2006). The formed capillary-like structures
or cords were exposed to C9 (0.5 umol-L™) then examined
with an inverted phase contrast microscope (DP70, Olympus,
Japan). The number of the tubes was quantified from five
random fields (Ashton et al., 1999). The inhibition of tube
formation was calculated thus: inhibition of tube formation =
[1 — (tubesco/tubesconuor)] X 100%.

Aortic ring assay

All animal procedures and experiments complied with the
ethical Guidelines for the care and use of animals and were
approved by the Institute animal reviews boards of Shanghai
Institute of Materia Medica, Chinese Academy of Sciences.
Aortic rings obtained from 6-week-old Sprague-Dawley rats
(Nicosia and Ottinetti, 1990; Belleri et al., 2005) were embed-
ded with 30 uL Matrigel, incubated with M199 medium, with
or without 10% FBS, and various concentrations of C9 (0.5,
1.0 and 2.0 umol-L™?), then photographed on day 7 with an
inverted phase contrast microscope (DP70, Olympus, Japan).
The degree of endothelial cell sprouting from aorta samples
was analysed with computer image analysis (Image pro-plus
4.5; Media Cybernetics, LP), with inhibition rate calculated as:
inhibition rate of sprouting areas of the aortic ring = [1 —
(sprouting areasco/sprouting areasconto)] X 100%.

Rings cultured for 7 days were used in disruption assays of
neo-formed vessels (Belleri ef al., 2005). Neovessels were pho-
tographed at different time points after treatment with C9
(0.5 umol-L!, 24 h).

Chick chorioallantoic membrane (CAM) assay

Fertilized chicken eggs were incubated (7 days) in a humidi-
fied egg incubator Roll-X base (Lyon Electric Company, CA,
USA) (Ribatti ef al., 2000). The chorioallantoic membrane
(CAM) was treated with various concentrations of C9 or
0.01% dimethyl sulphoxide (v/v) continuously for 48 h, then
evaluated and recorded by stereomicroscopic photography
(MSS, Leica, Switzerland). Angiogenesis was quantified by
counting the number of blood vessel branch points in each
photograph under the coverslips; at least 10 viable embryos
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were tested for each treatment. The CAM inhibition rate
was measured as: inhibition of CAM = [1 - (branchesco/
branchesonto)] X 100%.

In vivo Matrigel plug assay

A Matrigel plug assay was employed as previously described
(Micheletti etal., 2003), with some modifications. Briefly,
basic fibroblast growth factor (bFGF; 100 ng per pellet) was
embedded in a Matrigel pellet (0.5 mL) and s.c. injected into
C57BL/6N mice. On day 7, when functional vessels were
formed and evident in the plug, C9 (200 mg-kg™', i.p.) was
injected into mice for 1 or 3 h before necropsy. Mice were
injected i.v. with FITC-conjugated dextran (100 uL, Sigma,
St. Louis, MO, USA) 1h before necropsy. The Matrigel
was removed and FITC-positive vessels were analysed
by fluorescence microscopy (BXS51, Olympus, Japan) at
488 nm.

Western blot analysis

Human umbilical vein endothelial cells (5 x 10° cells-mL™)
were treated, and cell lysates were prepared as previously
described (Tan ef al., 2004). Equal amounts of protein were
separated on SDS-PAGE gels and transferred to nitrocellulose
membranes, incubated (overnight, 4°C) with primary anti-
bodies followed by horseradish peroxidase-conjugated sec-
ondary antibodies (1 :2000). Detection was performed by
using ECL Plus Western Blotting Detection System.

Rho activation assay

Rho activation was analysed by using Rho assay kits (Upstate
Biotechnology). Briefly, HUVECs grown in 100 mm diameter
dishes were serum-starved (2 h) followed by pretreatment
with vehicle, Y27632 (10 umol-L™!) or taxol (0.2 umol-L™?) for
30 min, then exposed to C9 (0.5 umol-L™!, 1 h). Cells were
then rinsed with ice-cold PBS buffer and lysed (lysis buffer,
500 uL per plate), following the manufacturer’s protocol. Cell
lysates were clarified by centrifugation (14 000x g, 4°C,
5 min), supernatants incubated with glutathione S-transferase
(GST)-Rhotekin-Rho-binding domain (RBD) (GST-RBD) beads
(4°C, 45 min), and washed three times with the wash buffer.
Bound Rho proteins were detected by Western blotting using
a monoclonal antibody against Rho. RBD-bound Rho was
normalized to the total amount of Rho in cell lysates for
comparison of Rho activity in different samples (Ren et al.,
1999).

Statistical analysis
All results are expressed as mean * SD. Statistical significance
was assessed by two-tailed Student’s t-test.

Materials

C9, (2H-Indol-2-one, 1, 3-dihydro-6-methoxy-1-methyl-3-[(3,
4, S-trimethoxyphenyl) methylene]-, (3E)-(9CI) (Figure 1),
was prepared with commercially available 6-methoxy-2-
indolinone as previously described (Li efal., 2005; Pandit



et al., 2006). The stock solution (102 mol-L™!) was made in
dimethyl sulphoxide. Type I collagenases, endothelial cell
growth supplement, epidermal growth factor, MTT, DAPI,
propidium iodide, tubulin, taxol, Y27632, colchicine and
antibodies to von Willebrand factor were purchased from
Sigma Aldrich (St. Louis, MO, USA); M199 medium and FBS
from Gibco (Grand Island, NY, USA); VEGF and bFGF from
R&D systems (Minneapolis, MN, USA); Matrigel from BD Bio-
sciences (San Jose, CA, USA); antibodies to phosphorylated
form of the VEGF receptor (KDR), FGF receptor (FGFR)1, c-Raf,
extracellular signal-regulated kinase (ERK), mitogen-activated
ERK kinase (MEK), Akt and myosin light chain2 (MLC2) from
Cell Signaling Technology (Danvers, MA, USA); antibody to
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) from
KangChen Bio-tech (Shanghai); secondary antibodies from
Calbiochem (San Diego, CA, USA), and ECL Plus Western
Blotting Detection System was purchased from GE Healthcare
(UK).

Results

C9 as a tubulin-depolymerizing agent

C9 disrupts the cytoskeleton and changes the morphology of endot-
helial cells. C9 disrupted tubulin polymerization with an ICs
of approximately 13 umol-L™! (Pandit et al., 2006). The effects
of C9 on microtubule and F-actin cytoskeleton organization

A a-tubulin F-actin

Control
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were examined by immunofluorescence. As shown in
Figure 2A, C9 led to a dramatic disruption of the HUVEC
cytoskeleton, producing a diffuse microtubule network and
an increase in actin stress fibres and membrane blebbing. At
the same time, cell morphology was significantly changed,
with rounded and retracted shape following exposure to C9
(see later).

C9 induces G2/M phase arrest. Given the correlation between
G2/M phase arrest and cytoskeletal dynamics, we next inves-
tigated the effect of C9 on the cell cycle. Our data showed that
treatment with C9 (24 h) induced a dose-dependent reduc-
tion in the proportion of cells in GO/G1, with a concomitant
accumulation of cells arrested in G2/M (Table 1).

C9 binds to the colchicine-binding site of tubulin. Most
microtubule-targeting agents interact with either the Vinca
alkaloid (Downing, 2000) or the colchicine site (Ravelli et al.,
2004) of tubulin. We examined whether C9 exerted its activ-
ity through binding to either of these two sites. Colchicine is
weakly fluorescent in aqueous solution but becomes strongly
fluorescent upon binding to tubulin (Hastie, 1991). As
expected, no decrease in fluorescence was noted following
vinblastine, which is known to bind to tubulin at the Vinca
alkaloid site. Conversely, 5-50 umol-L"! C9 competed with
colchicine to bind to tubulin, releasing colchicine from the
complexes with consequent decrease of fluorescence (75.6%
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Figure 2 (9 is a microtubule-binding agent. (A) Effects of C9 on the endothelial cell cytoskeleton. Human umbilical vein endothelial cells were
seeded onto coverslips coated with fibronectin and incubated overnight prior to treatment (1, 4 and 8 h, with or without 0.5 pumol-L™' C9).
Cells were then fixed and stained for microtubules (green) and F-actin (red); fluorescence images were viewed by using a Leica TCS confocal
microscope (43x). (B) Effects of C9 on the colchicine-binding site. Tubulin (3 umol-L™") was incubated with colchicine to form tubulin-
colchicine binding complexes prior to treatment (37°C, 60 min) with C9 (5, 10, 15, 25 and 50 umol-L™") or vinblastine (VLB; 5, 10, 15, 25 and
50 umol-L™"). (C) Effects of C9 on the Vinca alkaloid site. Tubulin (3 pmol-L™") was incubated (37°C, 45 min) with various concentrations of C9
(25, 50, 100 and 200 pumol-L™") or vinblastine (VLB; 25, 50, 100 and 200 pumol-L™") prior to treatment with BODIPY FL-vinblastine (20 min,
37°C). (D) C9 or colchicine tubulin-binding affinity by surface plasmon resonance assay. C9 (2.9, 4.1, 5.9, 8.4, 12.0, 17.2, 35.0 and
50.0 umol-L™) or colchicine (4.1, 5.9, 8.4, 12.0, 17.2, 24.5 and 35.0 umol-L™") were prepared as an analyte and then injected into a Biacore

3000 system following tubulin immobilization on the chip.
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Table T C9 blocks the cell cycle in human umbilical vein endothelial cells at the G2/M phase
C9 (umol-L7")
0 0.25 0.5 1.0 2.0
G1 phase (%) 67.4 = 6.1 66.3 * 4.4 54.6 £ 5.2 51.1 1.5 483 = 11.4
S phase (%) 171 1.5 11394 10.6 = 9.2 11.7 £10.3 *4.8 + 6.9
G2 phase (%) 155 6.2 224 = 5.1 348 £ 123 *37.2 £ 95 *46.9 * 9.1

Data shown in the table are percentage of cells in the phases of the cell cycle indicated, as measured by FACS (see Methods). Incubation with increasing
concentrations of C9 decreased the proportion of cells in the S phase and increased that in the G2 phase.
*Significantly different from corresponding value in control cultures (C9 at 0 umol-L™"); Student’s t-test. At least 10° cells were assessed from three separate cultures.

at 50 umol-L™), suggesting that C9 competed for the same
tubulin-binding site as colchicine (Figure 2B).

We next investigated whether C9 inhibited BODIPY
FL-vinblastine binding to tubulin wusing a BODIPY
FL-vinblastine competition-binding assay. While we observed
no inhibitory effect of C9, the positive control vinblastine
(50 umol-L™") decreased the fluorescence by 47.8%. These
results suggested that C9 binds with tubulin through the
colchicine site and not the vinblastine-binding site
(Figure 2C).

C9 exhibits high binding affinity for tubulin. We subsequently
investigated the binding affinity of C9 for tubulin. SPR sensor
kinetic analysis data demonstrated that the C9 equilibrium
dissociation constant K, was 20.8 umol-L™!, compared with
24.6 umol-L™! for colchicine, suggesting C9 and colchicine
have similar binding affinities for tubulin (Figure 2D).

Anti-angiogenic activity of C9

C9 inhibits endothelial cell proliferation. Angiogenesis is a
complex process that includes the proliferation, migration
and tube formation of endothelial cells. We first tested the
inhibitory effect of C9 on endothelial cell proliferation by
MTT assay. As shown in Figure 3A, C9 treatment (48 h) had
little effect on cell growth at 0.03, 0.06, 0.1, 0.2 and
0.5 umol-L™ and exhibited slight growth inhibition at 1.0 and
2.0 umol-L™" (11.8% and 34.9% respectively). Therefore, con-
centrations below 2 umol-L™' C9 were used to assess the anti-
angiogenic effects in HUVECs.

C9 blocks migration of endothelial cells. Endothelial cell migra-
tion, which occurs through chemotaxis, is necessary for
angiogenesis. As shown in Figure 3B, treatment with 0.25-
2.0 umol-L™* C9 (8 h, a and b) significantly reduced the
number of migrating cells in a concentration-dependent
manner, compared with controls. When endothelial cells
were exposed to 0.5 umol-L' C9 for 8 h, only a marginal
proliferation inhibitory effect was observed (9.9% = 2.4), but
the migration of endothelial cells was strongly inhibited, sug-
gesting that inhibition of migration by C9 did not result from
its cytotoxity.

C9 impairs capillary tube formation. We further evaluated the
effects of C9 on the formation of functional tubes utilizing
HUVECs plated on a Matrigel substratum. In the control
group, stimulation with 20% FBS resulted in the rapid align-
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ment of HUVECs and formation of tube-like structures,
within 6 h (Figure 3B, c¢). C9 suppressed FBS-stimulated tube
formation in a concentration-dependent manner, suggesting
C9 interfered with the ability of HUVECs to form capillary-
like tubes in vitro, one of the important traits of endothelial
cells.

C9 decreased vessel sprouting from aortic rings and reduced newly
formed blood vessels embedded in Matrigel. The effects of C9
on microvessel sprouting from vascular tissues were tested
by using an ex vivo rat aortic ring assay, which mimics
several processes in angiogenesis, including endothelial
cell proliferation, migration and tube formation. Microvessels
were observed in the control group on days 2-3, with the
number and length of microvessels increasing with pro-
longed culture time (Figure 3B, e and f). Treatment with C9
resulted in a decrease of capillary sprouting in a dose-
dependent manner, with a microvessel growth inhibition
of almost 60% noted after exposure to 0.5 umol-L! C9 for
7 days.

C9 reduces neovascularization in CAM assay. CAM assays were
used to examine the effects of C9 in vivo as they provide a
unique model to investigate the process of new blood vessel
formation and effects of anti-angiogenic agents. Compared
with the control group, neovascularization of CAM treated
with C9 (5 nmol per egg) was dramatically decreased, an
inhibitory effect that was also concentration-dependent
(Figure 3B, g and h). These results suggested that C9 inhibited
angiogenesis in vitro, ex vivo and in vivo, in a concentration-
dependent manner.

C9 anti-angiogenic activity is mediated through down-regulation of
Raf-MEK-ERK signalling molecules. We further examined the
mechanisms of anti-angiogenic activity of C9 treatment.
VEGF and bFGF stimulate the proliferation, migration and
differentiation of endothelial cells via binding to their recep-
tors and receptor activation. We evaluated the effects of C9 on
endothelial cell-specific receptors for VEGF (KDR) or bFGF
(FGFR1) and their downstream signalling pathways. HUVECs
were exposed to various concentrations of C9 for 2 h after
24 h serum starvation and subsequently stimulated (10 min)
with VEGF (50 ng-mL™) or bFGF (25 ng-mL™"). The phospho-
rylation of KDR and FGFR1 and overall KDR and FGFR1
expression levels in cells (Figure 4A,B) were not affected by
pretreatment with C9 (1 umol-L™' and 2 umol-L™"). However,
phosphorylation of downstream molecules Raf, MEK and
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Figure 3 C9 inhibited angiogenesis. (A) C9 inhibited endothelial cell proliferation. Human umbilical vein endothelial cells were incubated
overnight then exposed to different concentrations of C9 (0.03, 0.06, 0.12, 0.25, 0.5, 1.0 and 2.0 umol-L™") and cultured for 8, 12, 24, 36 and
48 h. Inhibition of proliferation was measured by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazalium bromide] assay. (B) Inhibitory
effect of C9 on cell migration, tube formation, aortic ring and chick chorioallantoic membrane assays. Representative images and summary
data (bar graphs on right hand side) showing inhibition of migration (a and b), tube formation (c and d), angiogenesis in aortic ring (e and
f) and chick chorioallantoic membrane assays (g and h). Cells were treated with vehicle (a, ¢, e and g) or 0.5 umol-L™' C9 (b, d and f) or 5 nmol
per egg C9 (h) (see Methods); magnification: 100x (a, b, c and d), 40x (e and f), 1.6x (g and h). Results are expressed as mean = SD; n = 3;
*P < 0.01 versus control, **P < 0.005 versus control.
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Figure 4 C9 down-regulated the Raf-MEK-ERK S|gnaII|ng pathway induced by VEGF and bFGF. Serum-starved cells were treated with different
concentrations of C9 for 2 h, followed by the addition of 50 ng-mL™" VEGF or 25 ng-mL™" bFGF (10 min), then assayed by Western blotting
(n = 3). bFGF, basic fibroblast growth factor; ERK, extracellular signal-regulated kinase; FGFR1, FGF receptor 1; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; KDR, receptor for vascular endothelial growth factor; MEK, mitogen-activated ERK kinase; VEGF, vascular endot-

helial growth factor.

ERK1/2 was down-regulated in a concentration-dependent
manner (0.25, 0.5, 1.0 and 2.0 umol-L™"). Interestingly, effects
on Akt phosphorylation were only noted at high concentra-
tions (2 umol-L™). In all cases, total steady state protein levels
remained unchanged. These results suggested that reduction
by C9 of phosphorylation in the Raf-MEK-ERK signalling
pathway, contributed to the anti-angiogenic effects of this
compound.

Vascular disrupting effect of C9

We then tested the vascular targeting effects of C9 utilizing in
vitro, ex vivo and in vivo models. HUVECs seeded on Matrigel
will form a network, which is typically completed within 24 h
(Figure 5A). The addition of C9 (3 h) to these newly formed
capillary-like structures disrupted the network, after 3 h and
this effect increased over the following 9 h (Figure 5A).

In the aortic ring assay, vessels grow continuously and
become bushy by day 7. Time course experiments showed
that formed vessels were cleaved following treatment with
C9 (0.5 umol-L") in a time-dependent manner (Figure 5B).

We further evaluated the vascular disruptive effects of C9 in
vivo using Matrigel plug assays, in which a pellet of Martigel
containing bFGF was implanted s.c. After 7 days of implan-
tation, fluorescent dextran was injected i.v. to assess the func-
tion of the newly formed vasculature. As shown in Figure 5C,
in the control group, functional blood vessels were perfused
by FITC-dextran. However, C9 treatment (1 h) resulted in a
rapid reduction of vessels and the perfusion of FITC-dextran
almost disappeared after 3 h of treatment. Taken together,
these data indicated that C9 showed not only anti-
angiogenic, but also vascular-disrupting activities in vitro and
in vivo.

Morphological changes in HUVECs induced by C9
Cell morphology is an important indicator of endothelial
cell behaviour (Schmidt et al., 2006). We found that cells
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became rounded and retracted, accompanied by membrane
blebbing following treatment of C9 (Figure 6A). Taxol, a
microtubule-polymerizing agent, can reverse the effect of
microtubule-depolymerizing agents (Taraboletti et al., 2005).
Pretreatment with taxol resulted in the rounded or retracted
cells becoming extended. In addition, taxol pretreatment
attenuated the disruptive effects of C9 on existing HUVEC
networks in Matrigel, with inhibition decreasing markedly
(Figure 6B).

The Rho/Rho kinase signalling pathway is a critical regula-
tor of the cytoskeleton and of cell behaviour. We therefore
examined the effect of the Rho kinase inhibitor Y27632 on
C9-driven events. We found that Y27632 attenuated cell mor-
phology changes induced by C9. Similarly, pretreatment with
Y27632 protected HUVEC networks from disruption by C9,
with a striking reduction in inhibition (Figure 6B). C9 was
further noted to activate Rho GTPase and induce phosphory-
lation of MLC2; both of these effects were reversed by
pretreatment with Y27632 (Figure 6C).

Discussion

Anticancer therapies focused on tumour vasculature are clas-
sified into anti-angiogenic and vascular disrupting therapies,
with many successful compounds having been employed
clinically. Microtubules, one of the major dynamic and struc-
tural cellular components, are essential for cell function and
are, consequently, an attractive target not only for cancer
chemotherapy, but also as agents targeting tumour vascula-
ture (Jordan and Wilson, 1998). Microtubule-destabilizing
agents, such as combretastatin and vinblastine, are also
described as VDAs, with observed anti-angiogenic activity,
even at low concentrations (Vincent et al., 2005). Consistent
with this notion, the vascular targeting and anti-angiogenic
activity of C9 were clearly observed in vitro, but this com-
pound showed limited inhibition of endothelial cell prolifera-
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Figure 5 Vascular targeting activity of C9. (A) Neovasculature network disruption assay: cells were plated on Matrigel and allowed to form
capillary-like networks for 24 h. These networks were then exposed to C9 (0.5 umol-L™', 12 h). C9 treatment resulted in a time-dependent
inhibition. Magnification, 100x. (B) Aortic ring assay; aortic rings were cultured for 7 days and then treated with C9 (0.5 umol-L™") for 12 h.
Magnification, 200x. (C) In vivo Matrigel plug assay. Fluorescence microscopy image of FITC-dextran perfusing the neovasculature before (0 h)

and 1 and 3 h following C9 treatment (200 mg-kg™',
disrupted 3 h after i.p. injection of C9. Magnification, 200x.

tion, at non-toxic concentrations. All these suggested that the
effect of C9 on the already formed vasculature and angiogen-
esis was related to its effects on endothelial cell function,
rather than on cell proliferation.

Much ongoing research has attempted to elucidate the
molecular bases of the anti-angiogenic and vascular targeting
activity of microtubule-binding agents (Hotchkiss et al., 2002;
Mabijeesh et al., 2003; Bijman et al., 2006), while it is widely
accepted that the main effects of such agents result from their
alteration of microtubule dynamics. In the present study, the
inhibitory effects of C9 on microtubule dynamics and its
affinity for tubulin have been clearly identified, as C9 dis-
rupted the microtubule cytoskeleton through binding to
tubulin via the colchicine site (but not the vinblastine-
binding site). These results together indicated that impair-
ment of microtubule function might be responsible for the
anti-angiogenic or vascular targeting effects of C9. The
attenuation of the effects of C9 by pretreatment with taxol, a
microtubule-polymerizing agent, provides further support for
this mechanism of action.

i.p.), as described in Methods. The clearly visible blood vessels at 0 h were almost totally

Evidence has suggested that Raf-MEK-ERK signalling mol-
ecules are required for angiogenesis (Gollob et al., 2006) and
the microtubule inhibitors are known to elicit distinct and
specific effects on mitogen-activated protein kinase-mediated
signalling pathways (Tan etal., 2004). In our study, C9
decreased the activation of Raf-MEK-ERK signalling molecules
stimulated by either VEGF or bFGF or FBS, but with no effects
noted on phosphorylation of KDR or FGFR1. These results
strongly suggested that the anti-angiogenic activities of C9
were partly mediated through the Raf-MEK-ERK1/2 signalling
pathway.

Although the vascular targeting mechanisms have not, up
to date, been clearly elucidated (Hotchkiss etal., 2002;
Mabijeesh et al., 2003; Bijman et al., 2006), it has been sug-
gested that changes in endothelial cell morphology are asso-
ciated with vascular targeting activities, as cell contraction
or retraction may cause an increase in vascular resistance
and obstruction of tumour blood flow (Kanthou and Tozer,
2002). Such changes are critically regulated by the Rho/Rho
kinase signalling pathway. In the current study, Y27632, a
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Figure 6 Microtubule disassembly contributed to the vascular disrupting activity of C9. (A) The change in endothelial cell morpho-
logy induced by C9 was attenuated by taxol and Y27632. Endothelial cells were pretreated with vehicle control (30 min), taxol
(0.2 umol-L™", 30 min) or Y27632 (10 umol-L™", 30 min), then incubated with C9 (0.5 umol-L™', 1 h). Cells were examined with an inverted
microscope (40x) or stained for F-actin (red); fluorescence images were obtained by a fluorescence microscope (43x). (B) Effects of C9 on
newly formed vessels were antagonized by taxol and Y27632. HUVECs were seeded onto Matrigel to form a functional network, then
pretreated with or without taxol (0.2 umol-L™!, 30 min) or Y27632 (10 umol-L™!, 30 min) and then exposed to C9 (0.5 umol-L™, 12 h);
magnification, 100x. (C) C9 activated Rho GTPase and increased the phosphorylation of MLC2, which was antagonized by taxol and
Y27632. Serum-starved HUVECs were treated with control or taxol (0.2 umol-L™', 30 min) or Y27632 (10 umol-L™', 30 min), prior to analysis
of Rho activity. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HUVECs, human umbilical vein endothelial cells; MLC2, myosin light

chain2.

Rho kinase inhibitor, attenuated cell morphology changes
induced by C9. Similarly, pretreatment with Y27632 pro-
tected cord networks from disruption by C9. Consistent
with the results of these morphological and immuno-
fluorescence assays, C9 also activated Rho GTPase and the
phosphorylation of MLC2, which was reversed by pretreat-
ment with Y27632. All these findings suggest that C9 dis-
rupted newly formed vessels via a Rho/Rho Kkinase
pathway.

Crosstalk between the microtubule and the actin
cytoskeleton is essential for the regulation of many cellular
functions. Our findings that taxol reversed the effects of
C9 on Rho GTPase and MLC2 phosphorylation indicated
that the morphological and vascular disrupting activity of
C9 was associated with the disruption of microtubules
and actin reorganization. Taken together, these results sug-
gested the C9 induced microtubule disassembly in endothe-
lial cells and actin reorganization through the Rho/Rho
kinase pathway; and it also suggested that its vascular
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disruption effect resulted from changes in endothelial cell
morphology.

In conclusion, we demonstrated for the first time that C9, a
newly synthesized microtubule-binding agent, exhibited both
anti-angiogenic and vascular disrupting effects in vivo and
in vitro. The Raf-MEK-ERK pathway and microtubule disrup-
tion were found to be associated with the anti-angiogenic
activity of C9. Endothelial cell contraction and membrane
blebbing involving the Rho/Rho kinase-dependent pathway
were likely to be responsible for its vascular disrupting
activity.
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