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Combretastatin A4 phosphate induces rapid
regression of tumor neovessels and growth
through interference with vascular
endothelial-cadherin signaling
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The molecular and cellular pathways that support the maintenance and stability of tumor neovessels are not
well defined. The efficacy of microtubule-disrupting agents, such as combretastatin A4 phosphate (CA4P),
in inducing rapid regression of specific subsets of tumor neovessels has opened up new avenues of research
to identify factors that support tumor neoangiogenesis. Herein, we show that CA4P selectively targeted
endothelial cells, but not smooth muscle cells, and induced regression of unstable nascent tumor neovessels
by rapidly disrupting the molecular engagement of the endothelial cell-specific junctional molecule vascular
endothelial-cadherin (VE-cadherin) in vitro and in vivo in mice. CA4P increases endothelial cell permeability,
while inhibiting endothelial cell migration and capillary tube formation predominantly through disruption of
VE-cadherin/f-catenin/Akt signaling pathway, thereby leading to rapid vascular collapse and tumor necrosis.
Remarkably, stabilization of VE-cadherin signaling in endothelial cells with adenovirus E4 gene or ensheath-
ment with smooth muscle cells confers resistance to CA4P. CA4P synergizes with low and nontoxic doses of
neutralizing mAbs to VE-cadherin by blocking assembly of neovessels, thereby inhibiting tumor growth.
These data suggest that the microtubule-targeting agent CA4P selectively induces regression of unstable tumor
neovessels, in part through disruption of VE-cadherin signaling. Combined treatment with anti-VE-cadherin
agents in conjunction with microtubule-disrupting agents provides a novel synergistic strategy to selectively
disrupt assembly and induce regression of nascent tumor neovessels, with minimal toxicity and without affect-

ing normal stabilized vasculature.

Introduction
Stability and functional assembly of tumor neovessels are governed
by collaboration of multiple organ-specific cellular and angiogenic
factors. The profound selective efficacy and rapid mode of action
of prototypical microtubule-disrupting agents, such as combre-
tastatin A4 phosphate (CA4P), in regressing tumor vasculature
suggest that tumor neovessels are maintained and stabilized by
as-yet-unrecognized activated cellular and molecular factors.
Targeted genetic manipulation and antibody-mediated inhibi-
tion of angiogenic growth factors and their receptors in murine
tumor models have resulted in identification of key angiogenic
modulators that support tumor neoangiogenesis. Neutralizing
mAbs to VEGF-A or one of its receptors, VEGFR-2, a tyrosine
kinase that regulates endothelial integrity, induces regression of
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unstable neovessels within the tumor, thereby normalizing tumor
vasculature (1). However, it remains to be determined which angio-
genic factors maintain the stability of these normalized vessels.
Therefore, understanding the mechanism by which vascular tar-
geting agents disrupt the integrity of tumor neovessels will provide
a platform to identify the molecular pathways involved in normal-
ization and stabilization of subsets of tumor neovessels.

One other essential angiogenic factor that collaborates with
VEGFR-2 to support the assembly of tumor neovessels is the
endothelial adhesion molecule known as vascular endothelial-
cadherin (VE-cadherin), which localizes exclusively at specialized
cell-cell contact regions of endothelium (2). In fact, VE-cadherin
is involved in various aspects of vascular biology related to angio-
genesis, including endothelial cell migration, survival, contact-
induced growth inhibition, vascular integrity, and, most notably,
endothelial cell assembly into tubular structures (3-7). Targeting
of VE-cadherin has been effective in inducing regression of the
tumor vasculature. However, given the critical role of VE-cadherin
in maintaining the integrity of endothelial cells, targeting VE-cad-
herin has resulted in significant vascular toxicity (8, 9). Therefore,
selective targeting of VE-cadherin within the tumor neovessels
or decreasing the requirement for using high doses of anti-VE-
cadherin agents will significantly diminish toxicity associated
with inhibition of VE-cadherin. A recent discovery that distinct
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Figure 1

CA4P inhibits growth factor—induced endothelial cell proliferation and migration. (A) CA4P inhibits HUVEC proliferation. HUVECs were incubated
with or without growth factors, and CA4P was added at different concentrations. Cells were then counted at the indicated time points. Results of
4 experiments in duplicate are expressed as the mean number of cells + SEM (*P < 0.05, **P < 0.01, #P < 0.001 compared with CA4P-untreated
cells; n =4). (B) SMCs are not sensitive to CA4P. HUVECs or SMCs were incubated with CA4P, and cells were counted after 48 hours. Results of 4
experiments in duplicate are expressed as the mean number of cells + SEM (**P < 0.01, #P < 0.001 compared with CA4P-untreated cells; n = 4). (C)
HUVECs are resistant to CA4P when cocultured with SMCs. HUVECs and SMCs were seeded together, incubated with CA4P, and counted after
48 hours. Results of 4 experiments in duplicate are expressed as the mean number of cells + SEM. (D) CA4P inhibits HUVEC migration. A lesion
was produced across the HUVECs’ monolayers, and unstimulated or FGF-2—stimulated cell monolayers were incubated with CA4P for 24 hours
and then photographed. A representative picture is shown. Magnification: x4. Scale bar, 500 um. (E) Quantification of recovery of each denuded
area after CA4P treatment. Results are expressed as the ratio of the number of invading cells to the number of migrating cells in absence of CA4P

+ SEM (*P < 0.001 compared with CA4P-untreated cells; P < 0.001 compared with FGF-2—stimulated endothelial cells; n = 5).

epitopes of VE-cadherin molecule are selectively expressed on
neoangiogenic endothelial cells (9) will increase selective target-
ing of the tumor neovessels, while diminishing toxicity to normal
organ vasculature. Nonetheless, identification of factors that can
selectively enhance disengagement of VE-cadherin homodimers in
tumor neovessels will increase the therapeutic efficacy and mar-
ginal safety of anti-VE-cadherin agents (8, 9).

Agents that can potentially influence VE-cadherin engagement
are vascular targeting agents. Differences in the architecture, cel-
lular, and biochemical composition between normal and tumor
blood vessels provide the basis for design of vascular targeting of
tumors. The newly formed tumor vessels are usually thin-walled
capillaries or sinusoids with little more than an endothelial lining
stabilized by a basement membrane and are prone to spontane-
ous hemorrhage and thrombosis (10-12). Dependence of tumor
growth and progression on neoangiogenesis makes targeting of
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vasculature and inhibition of angiogenesis very important and
promising anticancer strategies (13-15). Generally, in contrast to
the antiproliferative effects of antiangiogenic therapy, antivascu-
lar approaches aim to cause rapid and catastrophic shutdown in
the vascular function of the tumor, leading to extensive second-
ary tumor cell death (16-18). The antimitotic agent colchicine
was among the first agents shown to possess antivascular activity,
producing hemorrhagic necrosis in experimental tumors. Tubulin
is also the site of action of the clinically used class of anticancer
compounds, such as vinca alkaloids. These compounds exert their
anticancer effect by binding to tubulin and preventing its polymer-
ization to form microtubules, thus inhibiting a number of cellular
processes, including mitosis (19).

Much interest has recently been generated in a series of stilbene
compounds isolated from the South African tree Combretum caf-
frum. Combretastatin A4 has been shown to bind to tubulin at
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Table 1
CA4P does not induce endothelial cell apoptosis

CA4P  Live Early apoptotic Late apoptotic Dead
(nM) cells (%) cells (%) cells (%) cells (%)
AnnV-/PI- AnnV+/PI- AnnV+/PI AnnV-/PI
0 98.0+£1.2 05+0.2 0.8+04 0.7+01
10 57.8+544 22+08(NS) 7.4+13(NS) 32.6+3.3*
50 33.3x45* 37+11(NS) 99+1.8(NS) 53.1x5.1A

FGF-2-stimulated endothelial cells were treated with or without CA4P
(10 and 50 nM) for 24 hours and analyzed for the presence of apoptotic
cells by annexin V (AnnV) and propidium iodide (PI) staining using flow
cytometry. Results of 3 experiments are expressed as the mean number
of cells + SEM (AP < 0.001 compared with CA4P-untreated cells; n = 3).

the same site as colchicine does, but with even higher affinity
(20, 21). Its prodrug, CA4P, has been shown to induce vascular
shutdown in subcutaneous experimental tumors, causing tumor
necrosis secondary to hemorrhage at concentrations well below
the maximum tolerated dose, and to be more cytotoxic to rapidly
proliferating rather than quiescent endothelial cells in vitro (22,
23). In vitro studies have shown that endothelial cells are particu-
larly sensitive to the effects of CA4P compared with various other
cell types. Proliferating human umbilical vein endothelial cells
(HUVECs) round up when exposed to CA4P, and this is associated
with condensation of the tubulin and reorganization of the actin
cytoskeleton and with increased permeability of the endothelial
cell monolayer to macromolecules (24, 25). Despite the remark-
able effectiveness of CA4P in inducing vascular collapse in certain
tumors, such as anaplastic thyroid cancers, dose-limiting toxicity
and lack of understanding of its mechanism of action have delayed
its clinical development. Specifically, it remains to be determined
which antiangiogenic agents synergize with CA4P to enhance its
therapeutic efficacy while diminishing its toxicity.

Indeed, the extent to which the tubulin-binding activity of CA4P
accounts for its antivascular action remains unclear. In particular,
the mechanism by which CA4P selectively targets and destabilizes
tumor neovessels is not known. Here, we demonstrate that the
antiangiogenic effect of CA4P is mediated through rapid disen-
gagement and inhibition of the VE-cadherin/f-catenin/Akt signal-
ing pathway, leading to regression of tumor neovessels. As such,
CAA4P selectively targets pericyte-depleted tumor neovessels and
opens new strategies to combine antivascular and antiangiogenic
approaches for targeting tumor vasculature.

Results

CA4P inhibits endothelial cell proliferation. The mechanism where-
by CA4P selectively targets tumor neovessels is not known. As
endothelial cells recruited to tumor neovessels undergo rapid
cell proliferation, we hypothesized that cytokine-stimulated
endothelial cells may be more sensitive to the microtubule-desta-
bilizing effects of CA4P. To test this hypothesis, we evaluated the
kinetics of endothelial cell growth in the presence of angiogenic
growth factors including FGF-2 and VEGF-A alone or in combi-
nation with various concentrations of CA4P (0, 1, 5, 10, 20, 30,
40, and 50 nM). We show that low concentrations of CA4P (1 nM)
were insufficient to block the proliferation of FGF-2- or VEGF-A-
stimulated endothelial cells. However, CA4P at nontoxic doses of
5 nM and 10 nM significantly decreased FGF-2- or VEGF-A-stim-

2994 The Journal of Clinical Investigation

http://www.jci.org

ulated HUVEC proliferation (P < 0.05; n = 4; Figure 1A). Remark-
ably, CA4P at 1 nM was more effective in inducing endothelial
cell death when endothelial cells were stimulated with a combina-
tion of FGF-2 and VEGF-A (P < 0.01; n = 4). The inhibitory effect
of CA4P on endothelial cell proliferation was observed after 24
hours of treatment and was sustained until 48 hours. Doses of
CAA4P higher than 10 nM had toxic effects, resulting in cell detach-
ment promoting cell death. In contrast, CA4P had no effect on
unstimulated endothelial cell proliferation at the concentration
that significantly decreased the endothelial cell growth (i.e., 10 nM;
Figure 1A). These data suggest that proliferating endothelial cells
are more sensitive to the antivascular effects of CA4P.

To elucidate the mechanism by which CA4P exerts its antipro-
liferative effect on HUVECs, we investigated the effect of CA4P on
inducing endothelial cell apoptosis. Subconfluent monolayers of
HUVECs were incubated with FGF-2 in the presence and absence
of CA4P (0, 10, and 50 nM), and the number of apoptotic cells as
quantified by annexin V/propidium iodide (annexin V/PI) stain-
ing was evaluated by flow cytometry. Surprisingly, a 24-hour incu-
bation with CA4P did not induce endothelial cell death through
apoptosis (Table 1). Similar results were obtained after 36 hours
of treatment with CA4P, and short-time incubation with CA4P
(12 hours) did not interfere with cell viability (data not shown). In
addition, CA4P-induced endothelial cell death was not associated
with activation of caspase-3 or caspase-9, and the ratio of the level
of the antiapoptotic protein Bcl-2 to that of the proapoptotic pro-
tein Bax was not altered (data not shown). These data suggest that
endothelial cell death mediated by CA4P treatment is not driven
by classical apoptotic pathways.

HUVECs cocultured with SMCs are resistant to CA4P. Stability of
fully assembled neovessels is supported by the recruitment of and
periendothelial ensheathment with mural cells, including SMCs. As
tumor neovessels are invested with disorganized sheaths of SMCs,
we speculated that CA4P might also target SMCs. However, the sur-
vival of SMCs was not affected by CA4P even at high doses (such
as 50 nM) that would induce significant endothelial cell death
(Figure 1B). This finding raised the possibility that SMCs may con-
fer endothelial cells with the capacity to resist cell death caused by
CAA4P. Remarkably, when cocultured with SMCs, HUVECs become
resistant to CA4P (Figure 1C). These data suggest that SMCs con-
fer endothelium with protection against CA4P-induced cell death,
possibly through stabilization of endothelial cell-cell interaction.

CAA4P blocks migration of neoangiogenic endothelial cells. Endothelial
cell motility plays an essential role in supporting the survival and
neoangiogenic phenotype of endothelial cells. CA4P as a proto-
typical anti-tubulin agent may not only block endothelial cell
proliferation but also impair endothelial cell motility, leading to
diminished signals promoting cell survival. To test this hypoth-
esis, we challenged the capacity of FGF-2-stimulated endothelial
cells to migrate into a mechanically denuded area. Indeed, 24
hours after wounding, FGF-2-treated endothelial cells could
be seen to have migrated into the denuded area (Figure 1D).
Remarkably, 10 nM CA4P completely blocked FGF-2-mediated
endothelial cell migration into the denuded area as compared
with the unstimulated- or FGF-2-stimulated HUVECs (P < 0.001;
n=35;Figure 1, D and E). These data suggest that CA4P, at a non-
toxic dose, blocks endothelial cell migration and potentially leads
to impaired tube formation.

CA4P impairs capillary tube formation but has no effect on SMC-stabi-
lized tubes. Capillary tube formation is a multistep process involv-
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Figure 2

CA4P impairs capillary tube formation, but has no effect on SMC-stabilized tubes, and destabilizes a
preestablished vascular network. (A) CA4P inhibits capillary tube formation. HUVECs (3 x 10%) were
seeded on Matrigel matrix and incubated in the presence of FGF-2 and with 10 nM CA4P. The effect
of CA4P on capillary tube formation was observed after a 12-hour incubation under an inverted light
microscope. Magnification: x10 (top panels), x40 (bottom panels). Scale bar, 10 um (top panels), 15 um
(bottom panels). (B) Quantification of the CA4P-mediated capillary tube formation inhibition. The quan-
tification was done by measuring the tubule length and counting the number of branch points in 4 dif-
ferent random pictures. Results are expressed as the mean of the tubule length and the mean of the
number of branch points + SEM (**P < 0.01, #P < 0.001 compared with CA4P-untreated cells; n = 4).
(C) SMCs protect capillary tube formation against CA4P. HUVECs (3 x 10%) stained with red fluores-
cent cell linker and SMCs (1 x 10%) stained with green fluorescent cell linker were seeded together
on Matrigel matrix and incubated in presence of FGF-2 and with 10 nM CA4P. The effect of CA4P
on capillary tube formation was observed after a 12-hour incubation under an inverted fluorescent
microscope. Magnification: x20. Scale bar, 50 um. (D) CA4P destabilizes a preestablished vascular
network. HUVECs (3 x 10%) were seeded on Matrigel matrix and incubated in presence of FGF-2. Once
the capillary network formed (after 12 hours), CA4P was added, and the effect of 10 nM CA4P on the
disruption of the capillary network was monitored in a time-course manner every 3 hours. There was
significant disruption of endothelial cell morphology (arrows). Magnification: x40. Scale bar, 10 um.
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ly shown in the proliferation assay.
FGF-2-stimulated endothelial cells
induced the formation of a polygonal
capillary network, which was destabi-
lized in presence of 10 nM CA4P (Fig-
ure 2A). CA4P significantly decreased
the tubule length and the formation
of branch points as compared with
FGF-2-stimulated endothelial cells
(Figure 2B). Since SMCs have been
shown to protect HUVECs against
CA4P-induced cell death, the capac-
ity of endothelial cells to form capil-
lary tubes was evaluated in the pres-
ence of SMCs and CA4P. Remarkably,
HUVECs cocultured with SMCs in the
presence or absence of 10 nM CA4P
were able to assemble into capillary
tubes, in which endothelial cells were
stabilized with SMCs (Figure 2C). In
contrast, pure cultures of endothelial
cells treated with CA4P failed to
assemble into capillary tubes. These
data demonstrate that mural protec-
tion of endothelial cells might confer
protection of vascular tubes against
CA4P-induced vessel destabilization.

We then evaluated the effect of CA4P
on preestablished capillary networks
grown in the presence of FGF-2. As
shown in Figure 2D, incubation of
endothelial cells with FGF-2 support-
ed the generation of a cellular capil-
lary network. However, after a 3-hour
treatment with 10 nM CA4P, the prees-
tablished vessels were disrupted, as evi-
denced by the formation of round and
disorganized sheaths of endothelial
cells (Figure 2D, arrow). By 9 hours,
endothelial cells were disengaged, drop-
ping out of the typical capillary lumen.
These data indicated that CA4P might
impair the shape of endothelial cells
through destabilization of the cyto-
skeleton, thereby depriving them of
junctional survival signals conveyed by
the endothelial-specific adherens junc-
tion, such as VE-cadherin.

CA4P induces endothelial cell retraction
and actin depolymerization. To deter-
mine the mechanism by which CA4P
may alter the shape of endothelial
cells, the effect of CA4P on FGF-2-
stimulated HUVECs was studied.

ing cell adhesion and migration and remodeling of proliferating
endothelial cells. As CA4P interferes with endothelial cell prolif-
eration and motility, we hypothesized that CA4P may also dis-
rupt tube formation. For this purpose, we used a dose of 10 nM
CA4P, which is the optimal physiologically relevant concentra-
tion to block angiogenesis under in vitro conditions, as previous-
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In the first 18 hours following exposure to 5 nM and 10 nM of
CAA4P, endothelial cells remained flat (Figure 3A). However, after
18 hours of treatment with CA4P, the endothelial cells retracted
and rounded up and by 24 hours detached from the culture plate
and underwent cell death (Figure 3A). The effect of CA4P was
then assessed on actin cytoskeleton. After 18 hours of incubation
Volume 115 2995
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FGF-2

with 2.5 nM CA4P, the endothelial cells rapidly lost their cell-cell
contact without affecting the organization of the actin fibers
(Figure 3B). Remarkably, 5 nM CA4P interfered with the alignment
of actin stress fibers, and the organization of the actin cytoskel-
eton was completely disrupted at higher concentration of CA4P
(10 nM), resulting in the disappearance of actin fibers and their
relocation and reorganization in the intracellular focal adhesion
regions. As VE-cadherin anchors and interacts with actin cytoskel-
eton via B-catenin, it is conceivable that CA4P interference with
the organization of endothelial stress fibers may contribute to
disengagement of homophilic VE-cadherin/p-catenin-mediated
cell-cell interactions.

The antivascular effect of CA4P is mediated through rapid inbibition and
disengagement of VE-cadberin/P-catenin function. Since CA4P disrupts
endothelial junctional integrity, we tested the hypothesis that
CA4P could interfere with VE-cadherin homophilic interactions.
To this end, HUVECs were stimulated with FGF-2 in the presence
of 10 nM CA4P. During the first hour of treatment with CA4P,
VE-cadherin was focally localized to the interjunctional region of
endothelial cells, assuming an organized linear pattern (Figure 4A).
Remarkably, after 3-6 hours of exposure to CA4P, the VE-cad-
herin staining at cell-cell contacts redistributed into a disorga-
nized zigzag pattern (P < 0.001; n = 10; Figure 4, A [arrowheads]
and B), which has been previously shown to be the hallmark of
VE-cadherin disengagement (26). However, 12 hours after CA4P
treatment, the redistributed VE-cadherin at the cell-cell contacts
appeared to be associated with the partitioned and separated gaps
between the endothelial cells (Figure 4A, asterisks), which were
more visible after 18 hours of treatment, suggesting a loss of inter-
cellular contacts. The rapid initial VE-cadherin redistribution that
occurred before cell retraction was concomitant with the redistri-
bution of -catenin, a signaling partner of VE-cadherin. In fact,
staining for B-catenin showed similar disrupted zigzag pattern at
the same time points, i.e., after 3 and 6 hours of CA4P treatment
(P <0.001; n = 10; Figure 4, A [arrowheads] and B), leading to the
formation of separated gaps (Figure 4A, asterisks).

To assess whether CA4P may also disrupt the distribution of
other junctional proteins, the localization of the junctional pro-
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Figure 3

CA4P induces retraction of
endothelial cells and disrupts
actin cytoskeleton. (A) CA4P
induces retraction of endothelial
cells. The effect of CA4P (5 nM
and 10 nM) on the cell shape of
FGF-2—stimulated HUVECs was
monitored during 48 hours by
microscopy. Notice the retrac-
tion of HUVECSs after 18 hours
of treatment with CA4P. Magni-
fication: x20. Scale bar, 10 um.
(B) The actin cytoskeleton was
stained with TRITC-labeled phal-
loidin and analyzed by fluores-
cent microscopy on FGF-2—stim-
ulated HUVECs after an 18-hour
incubation with CA4P. Addition of
CAA4P resulted in reorganization
of actin stress fibers. Magnifica-
tion: x40. Scale bar, 5 um.

0

teins PECAM-1, zona occludens 1 (ZO-1), occludin, and connex-
in-43 was investigated on endothelial cells upon treatment with
10 nM CA4P. Although there was no apparent disruption of these
junctional molecules (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI24586DS1),
it remains to be determined whether CA4P has any major effect
on functional engagement of these junctional molecules with the
intracellular signaling components. Notwithstanding, since among
the known adherens molecules VE-cadherin is the key endothelial-
specific junctional protein that is essential for the integrity and
survival of endothelial cells, we focused our attention on the
mechanism by which CA4P may exert its potent antivascular effect
through destabilization of the VE-cadherin/f-catenin complex
leading to cell death.

To formally prove that the inhibitory effect of CA4P on
endothelial cell homophilic interaction is mediated through VE-
cadherin disengagement, we assessed the effect of CA4P alone or
in combination with a neutralizing mAb against human VE-cad-
herin (clone BV9) on adenoviral E4* (AdNullE4*) vector-infected
HUVECs. We have shown that introduction of adenovirus E4
gene into the endothelial cells stabilizes VE-cadherin/B-catenin
homophilic interactions, thereby augmenting the survival of
endothelial cells through an Akt-dependent pathway (27). Remark-
ably, AdNullE4*-, but not control AdNullE4~—, infected HUVECs,
were resistant to CA4P, and cells became sensitive to CA4P treat-
ment only when high concentrations of CA4P (50 nM) were used
(P < 0.001; n = 4; Figure 4C). Neutralizing mAb against VE-cad-
herin also impaired endothelial cell viability at a high concen-
tration (10 ug/ml) (P < 0.05; n = 4). Cotreatment of AdNullE4*-
infected HUVECs with CA4P and mAb against VE-cadherin greatly
increased the sensitivity of AdNullE4*-transduced HUVECsS, since
introduction of 10 nM of CA4P concomitant with 2.5 ug/ml of
mADb against VE-cadherin significantly decreased endothelial cell
viability (P < 0.01; n = 4). These data support the notion that dis-
ruption of VE-cadherin by CA4P plays a critical role in promoting
endothelial cell death.

To determine whether the CA4P-induced loss of cell-cell
interaction and disruption of VE-cadherin/p-catenin complex
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Figure 4

CAA4P blocks VE-cadherin/p-catenin/Akt signaling pathway. (A) CA4P disengages VE-cadherin and $-catenin. The localization of VE-cadherin and
B-catenin in FGF-2—stimulated HUVECs was monitored during 18 hours by microscopy upon CA4P treatment (10 nM). Notice the redistribution of
VE-cadherin and $-catenin assuming a zigzag pattern at cell-cell contacts (arrowheads) before the apparition of gaps between the cells (asterisks).
Magnification: x40. Scale bar, 10 um. (B) Quantification of the organization pattern of VE-cadherin and -catenin. The organization pattern, i.e.,
linear or zigzag, was evaluated by microscopic counting of 10 fields at x10 magnification and presented as the percentage of linear or zigzag pattern
per microscopic field + SEM (*P < 0.001, TP < 0.001 compared with linear and zigzag organization pattern observed at time 0, respectively; n = 10).
(C) CA4P synergizes with human mAb against VE-cadherin to decrease cell viability. AANullE4—- or AdNullE4+-infected HUVECs were incubated
with either CA4P or human mAb against VE-cadherin (BV9) or in combination, and the number of viable cells was determined after a 48-hour incu-
bation. Results of 4 experiments in duplicate are expressed as the mean number of viable cells + SEM (*P < 0.05, **P < 0.01, #P < 0.001 compared
with untreated cells; n = 4). (D) CA4P synergizes with neutralizing mAb against VE-cadherin to increase endothelial cell permeability. Modification
of endothelial cell permeability of AANuUllE4—- or AdNullE4+-infected HUVEC monolayers was assessed as described in Methods at designated
time points. Results of 3 experiments in triplicate are expressed as the permeability ratio (experimental/control) + SEM (*P < 0.05, **P < 0.01,
#P < 0.001 compared with control; n = 3). (E) CA4P inhibits tyrosine phosphorylation of VE-cadherin and -catenin. Levels of tyrosine phosphoryla-
tion of immunoprecipitated VE-cadherin and f3-catenin were determined by Western blotting. (F) CA4P induces serine/threonine phosphorylation of
B-catenin. Phosphorylation levels (Ser45 and Ser33/37/Thr41) of B-catenin were determined by Western blotting. (G) CA4P decreases Akt phos-
phorylation. Phosphorylation level (Ser 473) of Akt was determined by Western blotting. The condition where the serum-free medium (X-VIVO) was
used corresponds to basal protein expression in the absence of stimulation.
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would result in reduced monolayer integrity, we assessed the
effect of CA4P on the permeability of AdNullE4*- and con-
trol AdNullE4--infected HUVEC monolayers. Remarkably, as
compared with AdNullE4--infected HUVECs, monolayers of
AdNullE4*-infected HUVECs were resistant to CA4P and did
not manifest a significant increase in permeability even after
18 hours of treatment with CA4P (Figure 4D). However, control
AdNullE4- endothelial cell monolayers became permeable with-
in 3 hours of treatment with CA4P (P < 0.05; n = 3; Figure 4D).
Treatment with neutralizing mAb against VE-cadherin alone
also impaired endothelial cell permeability, but only after 18
hours of incubation (P < 0.05; n = 3; Figure 4D). In line with the
previous finding that CA4P synergizes with mAb against VE-
cadherin, the endothelial cell monolayer permeability was sig-
nificantly increased by treatment with a combination of CA4P
and mAb against VE-cadherin (P < 0.05; n = 3; Figure 4D). Taken
together, these results set forth the notion that CA4P, in part
through dysregulation of VE-cadherin homotypic interaction,
impairs the endothelial cell barrier function, since AdNullE4*-
infected HUVEC monolayers where VE-cadherin/p-catenin
homophilic interactions are tightly stabilized were not perme-
able upon CA4P treatment, while control AdNullE4- endothelial
cell monolayers were highly sensitive to CA4P treatment.

The mechanism by which CA4P modulates VE-cadherin/f-catenin
function was further dissected at different time points (30 minutes
and 1, 3, 6, 12, and 18 hours) in the presence or absence of 5 nM
and 10 nM CA4P. The levels of tyrosine phosphorylation of VE-cad-
herin and B-catenin were assessed by immunoprecipitation of VE-
cadherin and fB-catenin, respectively, followed by blotting for phos-
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Figure 5

Treatment with CA4P and neutralizing mAb against
VE-cadherin (BV13) promotes B16 melanoma tumor
necrosis. (A) Growth curves of IgG control—, CA4P-,
anti-VE-cadherin— (BV13), or CA4P plus anti—-VE-
cadherin— (BV13) treated tumors. B16 melanoma
cells were injected subcutaneously into the dorsa of
C57BL/6 mice. Treatment was initiated after 10 days
and mice injected every 2 days. Mice in the CA4P
group received an i.v. injection of CA4P at 5 mg/kg;
the anti-VE-cadherin group received an i.p. injec-
tion of 10 ug of mAb against VE-cadherin (BV13);
the combined group received CA4P at 5 mg/kg plus
10 ug of mAb against VE-cadherin (BV13); and the
control group received 10 ug of IgG antibody. Tumor
size was measured until day 8 after the first injection,
and tumor volumes were measured. The data rep-
resent the mean value of the tumor volume + SEM
(**P < 0.01, #P < 0.001 compared with IgG control
group; n =9). (B) Histopathological analysis of CA4P-
and anti—VE-cadherin— (BV13) treated B16 mela-
noma tumors. Animals were sacrificed at day 8 after
first injection. Shown here are H&E-stained paraffin
sections demonstrating areas of necrosis (arrows)
with CA4P and mAb against VE-cadherin (BV13)
treatment. Arrowhead shows area of hemorrhage.
Magnification: x20. Scale bar, 80 um. (C) Induction
of tumor necrosis. Cell death within paraffin tumor
sections was detected by TUNEL. Red staining rep-
resents positive signals within the tumors (blue cells
are the negative, living cells). Arrows show areas of
necrosis. Magnification: x20. Scale bar, 80 um.

CA4P +

photyrosine. Remarkably, CA4P rapidly decreased VE-cadherin and
[-catenin tyrosine phosphorylation after 1 hour of treatment, and
this reduction was maintained until 18 hours (Figure 4E). We further
questioned whether CA4P could interfere with VE-cadherin function,
possibly through modulating 3-catenin phosphorylation status. The
endothelial cell lysates were examined using anti-phospho-f-catenin
Ser45 antibody and anti-phospho-f-catenin Ser33/37/Thr41 anti-
body, which recognizes f-catenin when it is phosphorylated at 1 or
more of 3 specific sites, namely Ser33, Ser37, or Thr41. Remarkably,
CAA4P induced the phosphorylation of B-catenin on both Ser45 and
Ser33, Ser37, or Thr41 after 1 hour of treatment (Figure 4F). More-
over, the increase in phospho-f-catenin Ser33/37/Thr41 was con-
firmed by immunostaining of CA4P-treated endothelial cells (Sup-
plemental Figure 2). These findings suggest that CA4P may interfere
with B-catenin function, since phosphorylation of serine/threonine
residues in the N-terminal region of $-catenin targets the protein for
ubiquitination and subsequent proteasomal degradation (28, 29).
There was no change in the total amount of the VE-cadherin and
[-catenin, suggesting that the observed phosphorylation patterns are
independent of the changes in the overall protein expression.

The decline in the tyrosine phosphorylation of VE-cadherin/
B-catenin complex and increased serine/threonine phosphoryla-
tion of B-catenin were detected much earlier than the induction of
cell retraction, which was observed after 18 hours of treatment with
CA4P (Figure 3A). These data set forth the notion that rapid CA4P-
mediated inhibition of VE-cadherin/B-catenin disengagement and
function contribute to the selective destabilization of endothelial
cell-cell junctions, which is the early event in inducing the loss of
anchorage of endothelial cells, setting the stage for cell death.
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Figure 6

CA4P synergizes with mAb against VE-cad- A
herin (BV13) to block tumor neoangiogenesis.
C57BL/6 mice bearing B16 melanoma cells
were treated with IgG control, CA4P, anti—VE-
cadherin (BV13), or CA4P plus anti—VE-cad-
herin (BV13) as described in Methods. After
an 8-day treatment, tumors were removed and
subjected to immunohistochemical analysis.
(A) Vessel density determination in B16 mela-
noma tumors. The importance of intratumoral
vascularization was assessed by PECAM-1
immunostaining (red fluorescence). Nuclei
were detected by DAPI staining (blue). Note
that numerous vessels are seen in the control
group, whereas groups of mice treated with
CA4P, anti-VE-cadherin (BV13), or combina-
tion have markedly fewer neovessels. Rep-
resentative tumor sections of each group are
shown. Magnification: x20. Scale bar, 100 um.
(B) Quantification of the microvessel density in
B16 melanoma tumor sections. The microves-
sel density is presented as mean number of
microvessels per microscopic field + SEM
(*P < 0.05, *P < 0.001 compared with the IgG
control group; n = 5). (C) CA4P impairs SMC-
mediated stabilization of neovessels. The
presence of endothelial cells and SMCs was
assessed by fluorescence microscopy using
PECAM-1 (red) and a-SMA (green) staining,
respectively. Note that vessels in the CA4P and
CA4P plus anti-VE-cadherin (BV13) groups are
not positive for a-SMA, whereas in the absence
of CA4P, vessels are surrounded by SMCs. Rep-
resentative photographs of tumor sections are
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CA4P decreases the phosphorylation of Akt. As the VE-cadherin/
[-catenin complex is upstream of the PI3K/Akt signaling pathway,
we further examined whether CA4P inhibits FGF-2-mediated Akt
phosphorylation. The incubation of FGF-2-stimulated endothelial
cells with CA4P did not affect the phosphorylation of Akt (Ser473)
during the first 6 hours of treatment (Figure 4G). However, treat-
ment with 10 nM CA4P decreased the phospho-Akt level after a
12-hour incubation, and the level of phospho-Akt was comparable
to that observed for unstimulated cells incubated under serum-
free conditions. CA4P-mediated inhibition of Akt phosphoryla-
tion was maintained after an 18-hour incubation with CA4P. This
reduction was clearly related to a decrease in phosphorylation,
since the total amount of Akt was not altered by CA4P treatment
(Figure 4G). Taken together, these data suggest that the rapid
antivascular (12 hours after exposure to CA4P) effect of CA4P on
growth factor-stimulated endothelial cells is primarily mediated
through destabilization of VE-cadherin leading to inhibition of
B-catenin and PI3K/Akt cell signaling.

CAA4P synergizes with neutralizing mAb against VE-cadberin to block
tumor neoangiogenesis. Angiogenic factors and physical forces
imparted by the periendothelial cells activate signaling molecules
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No. of ensheathed vessels/field (%)

that directly stabilize VE-cadherin homotypic interaction, thereby
counteracting the destabilizing effect of CA4P on engaged VE-cad-
herin. Therefore, forced physical disengagement of VE-cadherin by
neutralizing antibodies may facilitate the cytoskeletal destabilizing
effect of CA4P. To this end, the potential synergistic effect of CA4P
and forced VE-cadherin disruption on blocking tumor neoangio-
genesis was tested by introducing CA4P and/or neutralizing mAb
against VE-cadherin into mice with preestablished B16 melanoma
tumors. CA4P injections were performed every 2 days, and tumor
growth was monitored for 8 days after the beginning of the treat-
ment. As shown in Figure SA, CA4P treatment induced a significant
delay in tumor growth as compared with the control group 3 days
after treatment (902.26 + 47.50 mm?3 versus 1,542.26 + 304.06 mm?;
P <0.001; 7 =9). Intravenous injection of neutralizing mAb against
murine VE-cadherin (BV13), at low doses to avoid end-organ toxic-
ity (6), reduced tumor growth as compared with the control group
(766.16 + 138.16 mm? versus 1,542.26 + 304.06 mm?; P < 0.001;
n=9). The degree of inhibition of tumor growth was comparable
to that achieved with CA4P treatment. The stabilization of tumor
growth was maintained until the end of the treatment period
(P <0.01; »=9). However, the maximum tumor growth inhibition
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Figure 7 A

CA4P synergizes with mAb against VE-cad- 4000
herin (E4G10) to block tumor neoangiogenesis. % 3500
C57BL/6 mice bearing B16 melanoma cells £ 3000
were treated with IgG control, CA4P, anti-VE- @ 2500
cadherin (E4G10), or CA4P plus anti—-VE-cad- 5 e
herin (E4G10) as described in Methods. After 4

an 8-day treatment, tumors were removed and 5 1500
subjected to immunohistochemical analysis. g 1000
(A) Growth curves of IgG control—, CA4P-, anti— = 500

VE-cadherin— (E4G10), or CA4P plus anti-VE- 0 -
cadherin— (E4G10) treated tumors. Tumor size
was measured until day 8 after first injection.
The data represent the mean value of the tumor
volume + SEM (**P < 0.01, #*P < 0.001 compared
with IgG control group; n = 9). (B) Histopatholog-
ical analysis of CA4P- and anti—VE-cadherin—
(E4G10) treated B16 melanoma tumors. Shown
here are H&E-stained sections demonstrating
areas of necrosis (arrows) with CA4P and mAb
against VE-cadherin (E4G10) treatment. Arrow-
head shows area of hemorrhage. Magnifica-
tion: x20. Scale bar, 80 um. (C) Vessel density
determination in B16 melanoma tumors. The
importance of intratumoral vascularization was
assessed by PECAM-1 immunostaining (red flu-
orescence). Nuclei were detected by DAPI stain-
ing (blue). Note that numerous vessels are seen
in the control group, whereas groups of mice
treated with CA4P, anti-VE-cadherin (E4G10),
or combination have markedly fewer neoves-
sels. Representative tumor sections of each
group are shown. Magnification: x20. Scale bar,
100 um. (D) Quantification of the microvessel
density in B16 melanoma tumor sections. The
microvessel density is presented as mean num-
ber of microvessels per microscopic field + SEM
(*P < 0.05, #¥P < 0.001 compared with the IgG
control group; n = 5).
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was achieved by treating the inoculated mice with a combination
of CA4P and mAD against VE-cadherin (BV13). Indeed, at the end
of the treatment period (i.e., at day 8), tumor growth was reduced
by 75% in mice treated with CA4P and mAb against VE-cadherin
(BV13) as compared with the control group (839.10 + 271.16 mm?
versus 3,462.37 + 437.51 mm?3; P <0.001;n=9).

Histological examination of tumor sections showed large areas
of viable melanoma cells without significant necrosis or fibrosis
formation in the untreated control mice (Figure 5B). In contrast,
multiple necrotic areas within the tumors were detected in groups
of mice that were treated with either CA4P or mADb against VE-
cadherin (BV13) (Figure 5B, arrows). There was significantly more
necrosis in the mice that were treated with both CA4P and mAb
against VE-cadherin (BV13). Remarkably, the combination of
CAA4P and anti-VE-cadherin resulted in hemorrhage within the
tumors, demonstrating the disruption of the endothelial barrier
function, which is usually mediated through VE-cadherin engage-
ment (Figure 5B, arrowhead).

To gain insight into the mechanism by which CA4P or mAb
against VE-cadherin (BV13) induced tumor necrosis, we investi-
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gated the effect of such treatments on tumor cell death by TUNEL
assay. The tumor sections obtained from the untreated mice were
negative for TUNEL assay (Figure SC). In sharp contrast, large
areas of tumor mass were necrotic in groups of mice treated with
CA4P or mAD against VE-cadherin (BV13) and to a much higher
degree in groups of mice treated with a combination of CA4P and
mADb against VE-cadherin (BV13) (Figure 5C, arrows).

To investigate the effect of CA4P on tumor angiogenesis, the
extent of intratumoral vascularization within the different groups
was assessed by CD31 (PECAM-1) immunostaining of tumor sec-
tions. The control group exhibited abundant number of vessels
within the tumor as compared with CA4P or mADb against VE-
cadherin (BV13) or CA4P plus mAb against VE-cadherin (BV13)
groups (Figure 6A). Indeed, microvessel density determination
showed that both CA4P- and anti-VE-cadherin-treated mice devel-
oped a limited number of neovessels within the tumors as com-
pared with that observed in the control group (13.75 + 1.37 and
14.0 £ 2 versus 28.75 + 4.62 positive cells per field; P < 0.05; 7 = 5;
Figure 6B). The most remarkable result was obtained after CA4P
plus anti-VE-cadherin treatment. Evaluation of the microvessel
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Number 11~ November 2005



Anti-VE-
cadherin (BV13)

CA4P + anti-VE-

cadherin (E4G10) |—
CA4P + anti-VE-
cadherin (BV13) —
Anti-VE-cadherin (E4G10) e

Anti-VE-cadherin (BV13)
CA4P

laG control
0 02 04 06 08 1.2

Total vessel length/control (fold)
Figure 8
CA4P used alone or in combination with mAb against VE-cadherin
does not destabilize normal vasculature. (A) CA4P does not affect
normal vasculature. Mouse ears were injected with CA4P (100 ug),
mADb against VE-cadherin BV13 (10 ug), mAb against VE-cadherin
E4G10 (150 ug), or a mix of CA4P plus mAb against VE-cadherin, and
the control group received 150 ug of IgG antibody. Seven days after
injection, ears were removed and stained for vessels using PECAM-1
staining. VIP-based immunodetection yielded a red reaction product.
Magnification: x20. (B) Quantitative analysis of the total vessel length
in the mouse ears. Total vessel length was obtained from 5 peripheral
fields for each ear of each animal (n = 5/group). Results show the total
vessel length relative to that of control.

density indicated a marked reduction in the number of microves-
sels after combined CA4P plus anti-VE-cadherin (BV13) treatment
as compared with the control group (5 + 1.5 versus 28.75 + 4.62
positive cells per field, respectively; P < 0.001; n = 5; Figure 6B).
The fact that neutralizing mADb against VE-cadherin remarkably
enhanced the CA4P effect suggests that CA4P exerts its antivascu-
lar effect in part through destabilization of VE-cadherin, which is
essential for the integrity of the angiogenic endothelial cells.
Although clinically CA4P has been typically used for short peri-
ods of time, we examined the effect of chronic treatment with
CA4P beyond 8 days on tumor microvessel density. The num-
ber of capillaries and those capillaries that were associated with
SMCs was assessed by costaining with PECAM-1 and a-SMA.
Remarkably, although the tumors isolated from the untreated
groups showed significant SMC-invested capillaries, a few areas
of staining for a-SMA were detected in the CA4P and the CA4P
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plus anti-VE-cadherin (BV13) groups (Figure 6C). Quantification
of SMC-ensheathed neovessels indicated a marked reduction in
the number of ensheathed neovessels after CA4P and CA4P plus
anti-VE-cadherin treatment as compared with control group
(11.75% + 5.75% and 10.75% + 2.75% versus 57.5% + 11% SMC-
ensheathed neovessels per field, respectively; P < 0.001; n = 5;
Figure 6D). These data suggest that chronic treatment with CA4P
diminishes the total number of capillaries and those capillaries
that are ensheathed with SMCs. Taken together, these findings
suggest that chronic exposure to CA4P not only targets unstable
vessels, but also induces regression of the SMC-coated neoves-
sels that may undergo remodeling. It is possible that during the
remodeling process, the endothelial cells may transiently become
disengaged from SMCs, rendering them sensitive to CA4P. As
such, CA4P may also play a role in pruning and sculpting unsta-
ble neovessels during the remodeling process.

The neutralizing mAb against VE-cadherin (BV13) used in pre-
vious experiments is highly effective in disrupting the interac-
tion of fully engaged VE-cadherin within the established stable
neovessels. However, several lines of evidence have shown that
subsets of tumor vasculature are leaky due to partial disengage-
ment of VE-cadherin. Hence, these nascent vessels may be exclu-
sively sensitive to CA4P and susceptible to complete disruption
of VE-cadherin interaction. To test this hypothesis, we took
advantage of the availability of the neutralizing mAb against VE-
cadherin (clone E4G10) that binds to an epitope of VE-cadherin
that is only exposed in partially or fully disengaged leaky tumor
endothelial cells (9, 30). CA4P also synergized with this mAb
against VE-cadherin (E4G10) to block tumor growth (P < 0.001;
n =9; Figure 7A). These results were similar to those obtained
with a combination of CA4P and BV13. Histological examina-
tion of tumor sections showed areas of necrosis in groups of
mice that were treated with either CA4P or mAb against VE-cad-
herin (E4G10) (Figure 7B, arrows), with much higher areas of
necrosis when a combination of anti-VE-cadherin (E4G10) and
CA4P was used. However, CA4P used in combination with mAb
against VE-cadherin (E4G10) was less effective than BV13 in pro-
moting tumor hemorrhage (Figure 7B, arrowhead). Nonetheless,
combined treatment with CA4P and mAb against VE-cadherin
(E4G10) showed a synergistic effect in blocking tumor neoangio-
genesis (P < 0.05; n = 5; Figure 7, C and D).

Finally, the effects of the different treatments using CA4P
alone or in combination with mAb against VE-cadherin (BV13 or
E4G10) were assessed on normal vasculature using the ear model
of angiogenesis in mice (31). CA4P used alone or in combination
with E4G10 or therapeutic nontoxic doses of BV13 did not tar-
get the normal vessels, as demonstrated by PECAM-1 staining of
the vessels (Figure 8A) and confirmed by the quantification of the
total length of the vessels per field as compared with the IgG con-
trol (Figure 8B). Collectively, these data suggest that partially dis-
engaged endothelial cells are more susceptible to the VE-cadherin
destabilizing agents, resulting in selective targeting of leaky tumor
neovessels. Since preclinical use of E4G10 has been associated with
very low vascular toxicity as compared with BV13, the combina-
tion of E4G10 and CA4P will provide a highly effective means to
target nascent unstable tumor vasculature.

Discussion

Vascular disrupting agents were developed to induce selective
regression of atypical tumor blood neovessels (16-18). CA4P, as
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Proposed model for CA4P-mediated angiogenesis inhibition. Pre-
existing vessels are invested with SMCs protecting endothelial cells
against CA4P-induced cell death. Because nascent unstable tumor
neovessels are not ensheathed by periendothelial mural cells, CA4P
selectively destabilizes neovessels by inducing VE-cadherin disen-
gagement, therefore increasing the antiangiogenic effects of the neu-
tralizing mAb against VE-cadherin without increasing toxicity to the
normal vasculature.

a prototypical microtubule-destabilizing agent, exerts its antivas-
cular effect presumably by taking advantage of the relative insta-
bility of tumor vasculature and its supporting structures, thereby
inducing a rapid collapse and regression of tumor vessels, lead-
ing to ischemic or hemorrhagic necrosis. However, the molecular
mechanisms by which CA4P exerts its selective antitumor vascular
effects are not fully unraveled. Here, we show that CA4P selectively
targets unstable tumor neovessels through rapid disengagement
of the VE-cadherin/p-catenin complex, destabilization of cytoskel-
etal organization of endothelial cells, and subsequent non-apop-
totis-mediated cell death. Inhibition of VE-cadherin homotypic
interaction synergized with the microtubule-destabilizing effect of
CAA4P, resulting in regression of preestablished tumor neovessels
and diminished tumor growth. In addition, we show that stabiliza-
tion of endothelial cells by investment with SMCs confers signifi-
cant resistance to CA4P. These data suggest that nascent unstable
tumor neovessels, lacking proper periendothelial support, are sen-
sitive to the microtubule-destabilizing effects of CA4P through
VE-cadherin disengagement.

By disrupting VE-cadherin/B-catenin complex, CA4P inhibits
various endothelial cell vital functions. One remarkable effect of
CAA4P on endothelial cells is the induction of cell death at very low
nontoxic doses. However, CA4P does not induce endothelial cell
death through known apoptotic pathways. In fact, exposure of
endothelial cells to CA4P initiates a series of profound morpho-
logical alterations that affect the integrity of cell shape causing
anchorage loss, thereby impairing survival signals, and ultimately
leading to cell death, features that are reminiscent of anoikis-
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mediated cell death. Indeed, anoikis refers to cell death induced
by a loss of cell-matrix interactions and/or through dysregulation
of cell-cell interactions and controls cell survival, particularly via
cadherin homophilic ligation (32). This unique, rapid induction
of the endothelial cell death may explain the immediate induction
of vascular collapse and tumor necrosis imparted by CA4P upon
certain tumors such as anaplastic thyroid cancer.

Concomitant with inhibition of endothelial cell proliferation,
a significant inhibitory effect of CA4P on endothelial cell migra-
tion was demonstrated using a wound assay. A three-dimensional
tube formation assay revealed that CA4P blocks formation of a
capillary tube network. In addition, CA4P can destabilize a prees-
tablished endothelial network, disrupting endothelial cell lining,
resulting in cell rounding. In fact, endothelial cells undergoing
remodeling or participating in neovessel assembly are in a dynam-
ic state during angiogenesis and are thus not firmly attached to
the extracellular matrix or to periendothelial cells, such as SMCs
or pericytes. This makes them more vulnerable to anoikis-medi-
ated cell death, a process promoted by loss of cell-matrix and/
or cell-cell attachment (32). It seems that an early event in the
cytotoxic process triggered by CA4P on endothelial cells is medi-
ated through alterations of cell-cell interactions. In fact, whereas
angiogenic endothelial cells are characterized by a flattened mor-
phology and by functional adherens junctions between other
endothelial cells, CA4P-treated endothelial cells retracted their
cytoplasm, became round, and lost contact with neighboring cells.
In contrast, endothelial cells when cocultured with SMCs were
stabilized and were not sensitive to CA4P. To the same extent, vas-
cular tube formation was also preserved in the presence of SMCs.
These findings suggest that endothelial cells are able to overcome
cell death by anoikis when VE-cadherin mediated cell-cell contact
is preserved in the presence of SMCs.

CA4P not only inhibits vascular endothelial cell tube formation,
but also disrupts endothelial cell-cell contacts, preventing estab-
lishment of cellular connections that are critical for their survival
and morphological integrity. These effects are in part attributed
to the inhibition of the function of the VE-cadherin/p-catenin
complex in vascular endothelial cells. Indeed, CA4P induced the
rapid redistribution of VE-cadherin/B-catenin complex along the
adjacent cells before the initiation of cellular retraction. CA4P
had no major apparent effect on the integrity and maintenance of
other junctional proteins including ZO-1 and occludin, PECAM-1,
and connexin-43, although a possible destabilizing effect of other
as-yet-unrecognized junctional proteins by CA4P can not be com-
pletely excluded. Collectively, these data suggest that CA4P pri-
marily targets unstable tumor neovessels by selective and efficient
disruption of endothelial-specific VE-cadherin. In support of this
conclusion, we show that CA4P rapidly diminished the tyrosine
phosphorylation of VE-cadherin and B-catenin, thereby interfer-
ing with the maintenance of a functional endothelial cell barrier.
This result may not fit with the VEGF-A-induced tyrosine phos-
phorylation of VE-cadherin, which has been reported to be an
important regulatory pathway associated with endothelial barrier
dysfunction and increased permeability (33). Our unique find-
ing, which was obtained in the absence of VEGF-A stimulation,
may be a characteristic of microtubule-destabilizing agents, and
the precise mechanism of activation of the intracellular events
leading to the tyrosine phosphorylation of the VE-cadherin/
[-catenin complex is the subject of ongoing studies. Nonetheless,
CAA4P remarkably triggered serine/threonine phosphorylation of
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[B-catenin, which targets f-catenin for ubiquitination and protea-
somal degradation (28, 29).

To formally prove that the stability of VE-cadherin/B-catenin
complex is critical for the antivascular effect afforded by CA4P, we
show that infection of endothelial cells with AANullE4"* vectors,
which activate and stabilize VE-cadherin homotypic interaction,
confers a robust resistance to CA4P (27). Remarkably, cotreatment
of AdNullE4*-infected endothelial cells with CA4P and neutral-
izing mADb against VE-cadherin decreased endothelial cell viability
and also impaired endothelial cell barrier function, bolstering the
notion that CA4P exerts its effect in part through VE-cadherin dis-
engagement. In addition, neutralizing mAb against VE-cadherin
not only inhibited new capillary formation, but also induced the
disruption of mature vessels (7). In fact, CA4P induces disrup-
tion of actin filaments, and this effect can result in endothelial
cell detachment by disrupting the intracellular organization of
the cytoskeleton, contributing to physical VE-cadherin disengage-
ment. VE-cadherin and f-catenin chemically cross-link with PI3K
and support the survival of endothelial cells and the development
of new capillaries in a converging Akt signaling pathway (4). The
fact that CA4P decreased the phosphorylation of Akt supports
the concept that VE-cadherin/p-catenin inhibition and PI3K/Akt
blockade by CA4P blocks tumor neovessel assembly.

Treatment of tumor-bearing mice with high doses of neutral-
izing mAb against murine VE-cadherin (BV13) has been shown to
inhibit angiogenesis and tumor growth (8, 9). However, preclinical
use of mAb against VE-cadherin (BV13) has been associated with
significant increase in vascular permeability and toxicity, because
BV13 binds to an epitope on the amino-terminal loops of VE-cad-
herin that is readily accessible even in fully stabilized, established
vessels, thereby tempering the enthusiasm for clinical use. In our
study, we used lower nontoxic doses of mAb against VE-cadherin
(BV13), which blocked tumor neoangiogenesis to the same degree
as did treatment of mice with CA4P without significant toxicity.
Cotreatment with CA4P and mAb against VE-cadherin (BV13)
resulted in a significant inhibition of tumor neoangiogenesis with
minimal toxicity. Histological examination of tumors removed
from animals after treatment showed dramatic differences
between the groups treated with CA4P, mAb against VE-cadherin
(BV13), or CA4P plus mAD against VE-cadherin (BV13) and the
control group. Indeed, tumors from animals receiving either CA4P
or anti-VE-cadherin (BV13) or a combination CA4P plus anti-VE-
cadherin (BV13) treatment showed enhanced tumor necrosis.

Similar results were obtained using another mAb against anti-
VE-cadherin (E4G10), which can bind only to the endothelial cells,
where VE-cadherin is partially engaged (9, 30). These findings sug-
gest that CA4P may selectively destabilize leaky tumor endothelial
cells, thereby exposing hidden VE-cadherin epitopes to E4G10.
Thus, the synergistic effects of CA4P with mAb against VE-cad-
herin (E4G10) account for a selective targeting of unstable tumor
neovessels by CA4P without conferring vascular toxicity to other
stabilized organ vasculature.

Moreover, costaining of vessels and SMCs showed that chronic
treatment with CA4P for 8 days resulted in the regression of both
neovessels and SMC-coated vessels. However, the mechanisms by
which CA4P might impair SMC investment of neovessels remain
unclear. A possible indirect reduction of SMCs after CA4P treat-
ment through dismantling of vascular structures cannot be
excluded. Nevertheless, whatever the effects induced by chronic
treatment of CA4P to block SMC investment of neovessels, lack
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of SMC ensheathment of the tumor neovessels may make these
immature capillaries susceptible to further disengagement of VE-
cadherin afforded by introduction of CA4P or low doses of mAb
against VE-cadherin. This may also explain the specificity of CA4P
in targeting certain nascent tumor neovessels, since these imma-
ture vessels lack supportive mural cells, while subsequent acqui-
sition of mural cell coverage leads to vessel stabilization, thereby
conferring resistance to CA4P (Figure 9).

One major clinical complication associated with the use of CA4P
may be the impairment of wound healing or collateral vessel forma-
tion after myocardial or cerebral infarction. Our data suggest that
fully stabilized vessels, such as the vasculature in the mouse ears, are
resistant to CA4P and low doses of mAb against VE-cadherin. How-
ever, anecdotal reports have attributed vascular toxicity of CA4P to
disruption of myocardial ischemic neovessels. The requirement for
using high doses and potentially toxic doses of CA4P may be allevi-
ated by combining lower and less toxic doses of CA4P with lower
doses of anti-VE-cadherin agents. Nonetheless, additional rigorous
studies are in order to assess whether a combination of lower doses
of CA4P and anti-VE-cadherin (i.e., E4G10) are going to be any less
toxic than the use of higher doses of either agent.

Recent evidence suggests that antiangiogenic agents may exert
their antitumor effect by “normalizing” tumor vasculature (34,
35). Normalization of tumor blood vessels is associated with prun-
ing of unstable, leaky, and pericyte-depleted tumor vessels that are
susceptible to the antiangiogenic agents, including anti-VEGF-A
and anti-VEGFR-2. This normalization process, which takes sev-
eral days and results in removal of unstable tumor neovessels and
maintenance of fully stabilized tumor vessels, provides a conduit
to efficiently deliver chemotherapeutic agents to the tumor cells.
Similar to this process, it is plausible that CA4P may induce rapid
pruning and sculpting of unstable tumor neovessels, thereby nor-
malizing tumor neovessels. As such, combination of CA4P will
also increase the delivery of chemotherapeutic agents to the tumor
cells, thereby enhancing their therapeutic index.

Taken together, our data suggest that 1 mechanism by which CA4P
exerts its antiangiogenic effect is through rapid functional inhibition
of the VE-cadherin/p-catenin complex as needed for endothelial cell-
cell adhesion and survival during neovessel assembly and remodel-
ing. CA4P may also inhibit angiogenesis by Akt inactivation, which
could interfere with endothelial cell proliferation, gene expression,
and tube formation. These findings set forth a novel mechanistic
insight into the potential effects of CA4P on the reduction of neoan-
giogenesis and tumor growth. These data also provide justification
for using antiangiogenic agents, such as anti-VE-cadherin, in con-
junction with antivascular agents and chemotherapeutic agents to
effectively block tumor angiogenesis and diminish end-organ vascu-
lar toxicity. Indeed, as anti-VE-cadherin treatment is associated with
significant toxicity, combined use of antivascular agents in conjunc-
tion with lower doses of anti-VE-cadherin may diminish toxicity and
improve the efficacy of the treatment.

Methods

Reagents

R&D Systems supplied recombinant human VEGF-A and FGF-2. When
HUVECs were incubated with FGF-2, 1% heparin (Sigma-Aldrich) was sys-
tematically added in the cell culture medium. CA4P was dissolved in PBS
t0 0.01 M and stored at 4°C. Further dilutions to working concentrations
were made before use. CA4P was kindly provided by OXiGENE Inc.
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Cell culture

HUVECs and SMCs were isolated from umbilical cord veins with collagenase
and were cultured in M199 medium containing 10% (vol/vol) FBS, 20 ug/ml
endothelial cell growth factor, 50 ug/ml heparin, 100 ug/ml penicillin, and
100 ug/ml streptomycin in a humidified incubator at 37°C with air/5% CO,.
HUVEC and SMC monolayers from passages 2-4 were used in these studies.

Cell proliferation assay

For the proliferation assay, we used the minimal concentration of FBS (1%)
diluted in X-VIVO medium (Cambrex Corp.) to allow sufficient viability
of endothelial cells. Briefly, after detachment, the cells were seeded at a
concentration of 2 x 10* HUVECs in each well of 24-well plates, allowed to
adhere overnight, and then incubated with or without cytokines (5 ng/ml
FGF-2 or 5 ng/ml VEGF-A). CA4P was added at concentrations indicated
in Results. After incubation for 12, 24, 36, and 48 hours, cells were detached
by trypsin/EDTA and manually counted using trypan blue exclusion. For
the coculture experiment, HUVECs and SMCs were stained using red fluo-
rescent cell linker PKH26 and green fluorescent cell linker PKH2, respec-
tively, according to the manufacturer’s instructions (Sigma-Aldrich), and
2.5 x 10* HUVECs and 2.5 x 10* SMCs were seeded together in each well of
24-well plates in X-VIVO supplemented with 5% FBS. Cells were then dif-
ferentially counted under a fluorescent microscope. Each fluorescent cell
was checked for the presence of trypan blue by switching to white light.

Apoptosis analysis

FGF-2-stimulated endothelial cells were treated with CA4P (0, 10,and 50 nM)
for 12, 24, or 36 hours and analyzed for the presence of apoptotic cells
using the ApoAlert Annexin V-FITC PI Apoptosis Kit (BD), following the
manufacturer’s instructions. Apoptotic analysis was performed using a
Beckman-Coulter Elite Flow Cytometer.

Cell wounding

HUVECs (1.5 x 105 per well) were seeded in 6-well plates and incubated
at 37°C until they attached. A single lesion of 1 mm in width was pro-
duced across the cell monolayer by mechanical scraping of the adherent
endothelial cells. Wells were rinsed with PBS to remove dislodged cells and
cellular debris, and unstimulated or FGF-2-stimulated cells were incubated
in X-VIVO supplemented with 1% FBS (minimum serum content required
for wounded monolayers to remain attached to the wells during the incu-
bation period without inducing proliferation). After 24 hours, wells were
washed 3 times with PBS and fixed in 4% paraformaldehyde (PFA) for 10
minutes prior to image analysis. Recovery of each denuded area was quan-
tified by counting any single cells or small groups of cells that moved into
S fields of view taken at random.

Capillary tube formation on a Matrigel matrix

Matrigel matrix (BD) was kept on ice for 24 hours. Then, 200 ul per well
of Matrigel was added to 24-well culture plates. After gelation at 37°C for
30 minutes, gels were overlaid with 500 ul of medium containing 3 x 10*
HUVECs. Afterward, endothelial cells were stimulated with 5 ng/ml of FGF-2
and then incubated with different concentrations of CA4P as indicated in
Results. The effect of CA4P on capillary tube formation was inspected after a
period of 12 hours under an inverted light microscope. The quantification of
the capillary tube formation was performed by measuring the tubule length
and counting the number of branch points in 4 different pictures taken at ran-
dom. For tube formation in the presence of SMCs, HUVECs (3 x 10%) stained
in red fluorescent cell linker PKH26 (Sigma-Aldrich) were seeded with SMCs
(1 x 10 stained with green fluorescent cell linker PKH2 (Sigma-Aldrich) on
Matrigel matrix, and the effect of CA4P was analyzed after a 12-hour incuba-
tion under an inverted fluorescent microscope. In another experiment, CA4P
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was added on a preestablished FGF-2-stimulated capillary network (after a
3-hour incubation with angiogenic growth factor), and the effect of CA4P on
the disruption of the capillary network was monitored every 3 hours.

Cell shape observation

HUVECs were allowed to grow until they reached 80% confluence. HUVECs
were then stimulated with FGF-2 and incubated with CA4P in X-VIVO sup-
plemented with 5% FBS, and modification of the cell shape was monitored
at different time points under an inverted microscope.

Fluorescence microscopy analysis

The fluorescence microscopy analysis of VE-cadherin, 3-catenin, phospho-
[-catenin Ser33/37/Thr41, CD31, ZO-1, occludin, connexin-43, and actin
filaments was performed on the FGF-2-stimulated HUVECs in different
conditions and times, as indicated in Results. Briefly, after HUVECs were
fixed in 4% PFA and permeabilized with 0.1% Triton X-100, HUVECs were
incubated with polyclonal antibodies against VE-cadherin (1:100; Alexis
Biochemicals), B-catenin (1:100; Santa Cruz Biotechnology Inc.), phos-
pho-p-catenin Ser33/37/Thr41 (1:100; Cell Signaling Technology), ZO-1
(1:100; Zymed Laboratories Inc.), occludin (1:20; Zymed Laboratories Inc.),
connexin-43 (1:100; Zymed Laboratories Inc.), and mAb against PECAM-1
(1:50; Alexis Biochemicals) for 1 hour at room temperature, then washed
and incubated with secondary Texas red-conjugated antibodies (1:1000;
Vector Laboratories) for 1 hour at room temperature. After washing, the
samples were mounted in VECTASHIELD (Vector Laboratories) and ana-
lyzed by fluorescence microscopy at x40 magnification (Olympus). Chang-
es in actin organization were investigated with TRITC-labeled phalloidin
(Sigma-Aldrich) diluted at 4 ug/ml in PBS, which selectively stains F-actin
and does not bind to monomeric G-actin. After fixation and permeabiliza-
tion, cells were incubated for 1 hour at room temperature with phalloidin,

rinsed with PBS, and observed with an inverted fluorescent microscope.

Infection of HUVECs with AANullE4 vector

HUVEC monolayers were seeded in 12-well plates, allowed to adhere, and
infected with AdNullE4- or AdNullE4* overnight in serum-free medium as
described previously (27). Cells were then incubated with CA4P or human
anti-VE-cadherin mAb (BV9; ImClone Systems Inc.) or in combination at
concentrations indicated in Results. Cell viability was assayed by trypan
blue exclusion 48 hours after the treatment.

Endotbelial cell permeability assay

AdNullE4 - or AdNullE4*-infected HUVECs were seeded at 2.5 x 105 cells
on Transwell filters (3 um pore size, 6.5 mm diameter; Corning Inc.) pre-
coated with collagen (StemCell Technologies) according to the manufac-
turer’s instructions, and cultured for 72 hours. HUVECs were then incu-
bated with either CA4P or neutralizing mAb against VE-cadherin (BV9) or
in combination. Modification of endothelial cell monolayer permeability
was monitored at different time points by adding FITC-labeled dextran
3.3-kDa (10 ug/ml; Invitrogen Corp.) to each Transwell insert for 1 hour,
followed by fluorescence measurement of medium from the lower well on
the SpectraMax M2 microplate reader (Molecular Devices) using excita-
tion/emission wavelengths of 494/521 nm.

Western blot analysis

HUVECsS (3 x 10°) were incubated under different conditions and for various
times as indicated in Results after an overnight starvation with X-VIVO medi-
um. Western blot cell extracts were then prepared by lysing cells in cold RIPA
buffer (S0 mM Tris, 1% NP-40, 0.15% Na-deoxycholate, 150 mM NaCl, 1 mM
EDTA, 0.1% SDS) in the presence of protease inhibitors (aprotinin, leupeptin,
pepstatin, and phenylmethylsulfonyl fluoride). After sonication and centrifu-
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gation to remove cell debris, the protein yield was quantified using the BCA
protein assay kit (Pierce Biotechnology Inc.). Normalized cell lysates were then
mixed with sample buffer containing 2-mercaptoethanol and SDS and heat-
ed for 5 minutes at 95°C. Samples containing 50 ug total proteins were run
on SDS-polyacrylamide gels before being transferred to nitrocellulose mem-
branes. Binding of the primary antibody against polyclonal Akt or polyclonal
Akt phospho-Ser473 (1:1,000; Cell Signaling Technology), polyclonal
B-catenin phospho-Ser45 (1:1,000; Cell Signaling Technology), polyclonal
{-catenin phospho-Ser33/37/Thr41 (1:1,000; Cell Signaling Technology),
polyclonal p-catenin (1:500; Santa Cruz Biotechnology Inc.), and polyclonal
VE-cadherin (1:500; Santa Cruz Biotechnology Inc.) was detected with the
enhanced chemiluminescence reagent (Amersham Pharmacia Biotech) using

HRP-conjugated secondary antibody (1:5,000; DakoCytomation).

Immunoprecipitation of VE-cadberin and B-catenin and
phosphotyrosine Western blotting

HUVECs (3 x 10°) were incubated in different conditions and times as indi-
cated in Results after an overnight starvation with X-VIVO medium. Cells
were lysed in 0.5 ml ice-cold RIPA buffer containing protease inhibitors and
1 mM Na3VOy,. The protein concentration of the cell lysate was then deter-
mined, and goat antibody against VE-cadherin (4 ug; Santa Cruz Biotechnol-
ogy Inc.) or rabbit antibody against -catenin (3 ug; Santa Cruz Biotechnol-
ogy Inc.) was added to the same amount of protein lysate and incubated for 2
hoursat 4°C. The immunocomplex was captured by 100 ul protein G agarose
beads (Santa Cruz Biotechnology Inc.) for 1 hour, and then beads were sedi-
mented by brief centrifugation and washed by resuspending and pelleting
3 times with 0.5 ml ice-cold modified RIPA buffer. Then, the agarose beads
were resuspended in 60 ul sample buffer, boiled for 5 minutes, and collected
by centrifugation, and 20 ul of the supernatant fraction was fractionated on
7.5% SDS-polyacrylamide gel and processed for immunoblotting with anti-
phosphotyrosine antibody (1:200; Santa Cruz Biotechnology Inc.).

In vivo tumorigenesis assay

Tumor model in mice. Approval for performing these experiments was
obtained from the institutional review board at Weill Medical College of
Cornell University. B16 melanoma cells were obtained from ATCC and
were cultured in DMEM (Invitrogen Corp.), supplemented with 10% FBS,
and antibiotics. B16 cells were harvested, washed, and resuspended in X-
VIVO, and a volume of 200 pl containing 2 x 10° cells was injected subcuta-
neously into the dorsa of 7-week-old female C57BL/6 mice (Jackson Labo-
ratory) using a 24-gauge needle. When mice bore a tumor of approximately
200 mm? (i.e., after 10 days), 4 experimental groups were randomized, each
with 9 animals. Treatment was initiated at this time and continued every
2 days. The CA4P group was subjected to intravenous injection of CA4P at
5 mg/kg body weight; the anti-VE-cadherin group received intraperitoneal
injection of 10 ug of monoclonal anti-VE-cadherin antibody (mAb BV13)
or 1 mg of monoclonal anti-VE-cadherin antibody (mAb E4G10) directed
against mouse VE-cadherin; the combined group received CA4P (5 mg/kg)
plus monoclonal anti-VE-cadherin antibody (10 ug of BV13 or 1 mg of
E4G10); and the control group received 10 ug of IgG (6). After different
times, tumor appearance was evaluated using a caliper, and tumor volume
was calculated using the formula mt/6(w; x w; x w,), where wy represents
the largest tumor diameter, and w, represents the smallest tumor diam-
eter. After an 8-day treatment, animals were sacrificed, and tumors were
removed and then subjected to immunohistochemistry analysis. Some
tumors were embedded in Tissue-Tek OCT (VWR International) com-
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directed against vascular endothelial growth factor
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pound and immediately frozen in liquid nitrogen; others were embedded
in paraffin. Paraffin-embedded tumors were serially sectioned and stained
with H&E for histological analysis.

TUNEL staining. Cell death within paraffin-embedded tumor sections
was detected by TUNEL reaction (Roche Diagnostics GmbH) according
to the manufacturer’s instructions. Assessment of cell death in this assay
relies on the detection of free 3'OH DNA ends. Positive signal was revealed
by fast red staining, and tumor sections were then counterstained prior to
analysis by light microscope.

Immunobhistochemical staining. Immunohistochemistry was used to assess
the extent of intratumoral vascularization and SMC investment within the
different experimental groups. Five-micrometer frozen tumor sections were
prepared. For vessel staining, endogenous peroxidase was quenched using
3% aqueous H,O;, and sections were incubated overnight at 4°C with a
biotinylated rat antibody against mouse PECAM-1 (1:100; BD Biosciences
— Pharmingen) and then with Rhodamine Avidin DCS (1:500; Vector Labo-
ratories) for 1 hour at room temperature. SMCs were detected using a rabbit
antibody against a-SMA (1:100; Abcam Inc.) and then secondary FITC-con-
jugated antibodies (1:1,000; Vector Laboratories). After washing, the sections
were then mounted in VECTASHIELD containing DAPI (Vector Labora-
tories) and analyzed by fluorescence microscopy. The microvessel density
and the number of SMC-ensheathed vessels were evaluated by microscopic
counting of 5 fields at x10 magnification and are presented as mean number

of microvessels and SMC-ensheathed vessels per microscopic field.

Ear model

The effect of CA4P alone or used in combination with the different anti-VE-
cadherin antibodies (BV13 or E4G10) was investigated on the normal vascu-
lature using the mouse ear model as previously described (31). Each group
contained 5 animals, and injections of CA4P (100 ug) in the presence or
absence of monoclonal anti-VE-cadherin antibodies (10 ug BV13 and 150 ug
E4G10) were performed bilaterally. The control group received 150 ug IgG.
Animals were sacrificed 7 days after injection. A minimum of 5 regions of
ear skin were photographed at the distal periphery, and blood vessels were
quantitated by measuring the total length of vessels lined by PECAM-1-
positive endothelial cells using Photoshop Image version 7.0 (Adobe Sys-
tems Inc.) analysis. All analyses were performed in a blinded fashion.

Statistics

Both in vitro and in vivo results were statistically analyzed using a 2-tailed
nonparametric Mann-Whitney U test. The results are expressed as mean
value + SEM. P < 0.05 was considered significant.
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