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Research Paper

VE-Cadherin Regulates EphA2 in Aggressive Melanoma Cells
Through a Novel Signaling Pathway
Implications for Vasculogenic Mimicry

ABSTRACT
The formation of matrix-rich, vasculogenic-like networks, termed vasculogenic mimicry

(VM), is a unique process characteristic of highly aggressive melanoma cells found to
express genes previously thought to be exclusively associated with endothelial and epithelial
cells. This study contributes new observations demonstrating that VE-cadherin can regulate
the expression of EphA2 at the cell membrane by mediating its ability to become phos-
phorylated through interactions with its membrane bound ligand, ephrin-A1. VE-cadherin
and EphA2 were also found to be colocalized in cell-cell adhesion junctions, both in vitro
and in vivo. Immunoprecipitation studies revealed that EphA2 and VE-cadherin could
interact, directly and/or indirectly, during VM. Furthermore, there was no change in the
colocalization of EphA2 and VE-cadherin at cell-cell adhesion sites when EphA2 was
phosphorylated on tyrosine residues. Although transient knockout of EphA2 expression
did not alter VE-cadherin localization, transient knockout of VE-cadherin expression resulted
in the reorganization of EphA2 on the cells’ surface, an accumulation of EphA2 in the
cytoplasm, and subsequent dephosphorylation of EphA2. Collectively, these results suggest
that VE-cadherin and EphA2 act in a coordinated manner as a key regulatory element in
the process of melanoma VM and illuminate a novel signaling pathway that could be
potentially exploited for therapeutic intervention.

INTRODUCTION
In a process that resembles embryonic vasculogenesis, highly aggressive human

melanoma cells, but not poorly aggressive melanoma cells, form patterned networks of
matrix-rich tubular structures and express select endothelial-associated genes when cultured
on three-dimensional matrices in vitro.1,2 This unique characteristic of aggressive
melanoma is termed vasculogenic mimicry (VM) and is clinically significant with a corre-
sponding 50% increased risk of death from metastatic disease.3 Furthermore, VM has
been described in a variety of tumor types including breast, prostate, ovarian, and lung
with similar clinical significance.1,4-8 These observations suggest that, understanding the
key molecular mechanisms that regulate VM would offer new avenues for therapeutic
intervention for several different tumor types.

In an attempt to discern the molecular mechanisms that regulate melanoma VM,
microarray analysis was performed to identify the differentially expressed genes between
the highly aggressive compared to poorly aggressive melanoma cells. These data helped
establish a molecular signature characteristic of the aggressive melanoma cells which
revealed both endothelial and epithelial cell genotypes, including the expression of both
VE-cadherin and EphA2, respectively.1,9 VE-cadherin expression by endothelial cells plays
an important role in regulating vascular morphology and stability.10 In particular, the
importance of VE-cadherin in maintaining vascular integrity was made evident from studies
using a VE-cadherin knockout mouse which resulted in the death of embryos during
midgestation due to large vascular malformations.11 Additionally, EphA2—a receptor
tyrosine kinase and a member of the Eph family of protein tyrosine kinases, has been
found to play an important role in angiogenesis. Several different studies using both in
vitro and in vivo angiogenesis models have demonstrated that EphA2, in conjunction
with its membrane bound ligand, ephrin-A1, regulates key processes controlling tumor
neovascularization.12-15

Previous work has also shown that both VE-cadherin and EphA2 play important roles
in melanoma VM.16,17 The present study extends those observations and identifies critical

 



events that link VE-cadherin and EphA2 in the regulation of this
process. While immunocytochemistry of highly aggressive
melanoma cells in vitro and in vivo show that both EphA2 and
VE-cadherin are colocalized at cell-cell adhesion sites, likewise,
coimmunoprecipitation experiments demonstrate that these two
receptors interact during VM in vitro. Furthermore, transient
knockout of VE-cadherin in the highly aggressive melanoma cells
resulted in a reorganization of EphA2 on the cell surface and an
accumulation of EphA2 in the cytoplasm, as well as its dephospho-
rylation on tyrosine residues. However, subsequent stimulation of
EphA2 using a monoclonal antibody or transient knockout of EphA2
expression resulted in no change in the distribution or localization of
VE-cadherin in these cells. Together, these results suggest that
VE-cadherin regulates the function of EphA2 in highly aggressive
human melanoma cells, and identifies a key regulatory mechanism
for downstream signaling events underlying VM.

MATERIALS AND METHODS
Cell culture. The human metastatic cutaneous, C8161, and uveal,

MUM-2B, melanoma cell lines used in this study have been previously
characterized as highly aggressive and having an epitheliod phenotype.18,19

These cell lines were maintained in RPMI 1640 (Invitrogen, Inc., Carlsbad,
CA) supplemented with 10% fetal bovine serum (Gemini Bioproducts,
Calabasas, CA) and 0.1% gentamycin sulfate. Cell cultures were determined
to be free of Mycoplasma contamination using the Mycoplasma PCR ELISA
(Roche, Indianapolis, IN).

Immunoprecipitation, electrophoresis and immunoblotting. MUM-2B
and C8161 cell lysates were collected from three-dimensional type 1 colla-
gen matrices as previously described.17 A total of 500 mg of total protein
was used for immunoprecipitation with an anti-EphA2 antibody (C-20;
5 mg per reaction; Santa Cruz Biotechnology, Santa Cruz, CA) or
anti-VE-cadherin antibody (160840; 5 mg per reaction; Cayman Chemical
Co., Ann Arbor, MI). Immunoprecipitations were performed by continuous
shaking at 4˚C for 1 hour, followed by 1 hour incubation with protein-A
sepharose beads (50 ml of a 50% slurry in PBS; Sigma Chemical Co. St.
Louis, MO). Samples were washed three times with a modified 1x RIPA
buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100, and 0.5% deoxy-
cholate) containing 25 mg/ml leupeptin (Sigma Chemical Co.), 10 mg/ml
aprotinin (Sigma Chemical Co.), 1mM sodium ortho-vanadate, and 2mM
EDTA, and the protein recovered by boiling for 4 minutes in 2x elec-
trophoresis sample buffer.20 Samples were separated by 10% SDS-PAGE
and transferred to nitrocellulose (Schleicher and Schuell, Keene, NH).
Western blots prepared from immunoprecipitation reactions or by using 25
mg whole cell lysates, were incubated in 5% nonfat dry milk in Tris buffered
saline (TBS; 50 mM Tris, 150 mM NaCl) containing 0.05% Tween 20 and
0.1% BSA (TBSTB) for one hour at room temperature. Blots were then
incubated with anti-EphA2 antibody (1:500; clone D7; Upstate, Lake
Placid, NY), anti-VE-cadherin (1:500; Cayman Chemical Co.), or anti-pax-
illin (1:1000; clone 349, BD Pharmingen, San Diego, CA) for 1 hour with
continuous shaking, washed two times 10 minutes with TBS-TB, followed
by incubation for one hour with a horseradish peroxidase-conjugated
anti-mouse (anti-EphA2) or anti-rabbit (VE-cadherin) secondary antibody
(both at 1:5000; Jackson Laboratory, Bar Harbor, ME). Blots were devel-
oped using enhanced chemiluminescence detection (ECL; Pierce Co,
Rockford, IL).

For the antibody stimulation assays, the MUM-2B and C8161 cells were
plated onto 60 mm dishes in serum-free media and incubated for 24 hours.
The cells were washed once with PBS, then fresh serum-free media containing
3 µg/ml of EA2 antibody was added to the cells in a manner previously
described.21 Lysates were harvested at subsequent time points and immuno-
precipitation performed using anti-EphA2 antibodies (5 µg per reaction;
Santa Cruz Biotechnology). A western blot was prepared and probed with an
anti-phosphotyrosine antibody (1:500, PY20, BD Pharmingen) as previously

described,17 stripped and subsequently reprobed with anti-EphA2 antibody
(1:500; Upstate).

Transient transfections. The MUM-2B and C8161 cell lines were
transiently transfected with either scrambled sense oligodeoxynucleotides
(ODNs) (5'GACTGGAATGCAGATCGA3') or anti-sense ODNs (5'CAT-
GAGCCTCTGCATCTT3’) to knockout the expression of VE-cadherin, or
inverted anti-sense (5'GCCGCGTCCCGTTCCTTCACCATGACGACC3')
or anti-sense (5'CCAGCAGTACCACTTCCTTGCCCTGCGCCG3') to
knockout the expression of EphA2, as previously described.16,17 After initial
transfection with ODNs, the cells were harvested and seeded onto 18 mm
glass coverslips. Twenty-four hours after plating, the cells were fixed for
5 minutes in ice-cold methanol. Coverslips were incubated for 20 minutes
in serum-free protein block (DAKO Cytomation, Carpinteria, CA). The
coverslips were then incubated with an anti-EphA2 (1:100; Upstate) or
anti-VE-cadherin antibody (1:100; Cayman Chemical Co.) for 1 hour,
rinsed with PBS, incubated with an anti-rabbit Oregon Green 488 conjugate
secondary antibody (for VE-cadherin) or an anti-mouse rhodamine conjugate
secondary antibody (for EphA2;1:500 for each, Molecular Probes, Eugene,
OR) for 1 hour at room temperature then rinsed with PBS. Pictures were
taken using an Axioskop 2 microscope (Carl Zeiss, Inc., Thornwood, NY)
using a Spot 2 camera (Diagnostic Instrument, Inc. Sterling Heights, MI)
and Zeiss Axiovision 2.0.5 software (Carl Zeiss, Inc.).

Immunocytochemistry. The presence and location of EphA2 and
VE-cadherin on the MUM-2B and C8161 cells was determined immuno-
cytochemically. Cells were seeded onto 18 mm glass coverslips and allowed
to reach confluence. The coverslips were fixed with ice-cold methanol for
5 minutes, rinsed with PBS and incubated for 20 minutes with serum-free
protein block (DAKO Cytomation) followed by incubation with both
anti-EphA2 (1:100; Upstate) and anti-VE-cadherin antibodies (1:100;
Cayman Chemical Co.) for 1 hour and rinsed with PBS. The coverslips were
then incubated with rhodamine conjugated anti-mouse (for EphA2) and an
Oregon Green 488 conjugated anti-rabbit (for VE-cadherin) secondary anti-
bodies (both at 1:500, Molecular Probes) for 1 hour followed by rinsing
with PBS.

The presence of EphA2 and VE-cadherin in uveal melanoma tumor
sections from patients with aggressive disease was performed as follows:
slides were deparafinized and the tissue digested with Ficin (Digest-All 1,
Zymed Laboratories, San Francisco, CA) for 20 minutes at 37˚C. The samples
were then blocked for 10 minutes with serum-free protein block (DAKO
Cytomation) followed by rinse with TBST. After blocking, a primary antibody
cocktail of mouse anti-human EphA2 antibody (1:50; clone B2D6, Oncogene
Research Products, Boston MA) and rabbit anti-human VE-caderhin antibody
(1:200; Cayman Chemical Co.) or a primary cocktail of mouse anti-human
melanoma cocktail (1:40; contains antibodies to HMB-45 and MART-1;
Biocare Medical, Walnut Creek, CA) and rabbit anti-human VE-cadherin
antibodies (1:200) was added. As a negative control, an antibody cocktail
prepared using Mouse IgG (1:50; DAKO) and Rabbit IgG (1:200; DAKO)
was added and incubated for 1 hour. After a thorough rinse with TBST, a
secondary antibody cocktail consisting of Alexa Fluor 568 goat anti-mouse
(1:100, Molecular Probes) and Alexa Fluor 660 goat anti-rabbit (1:100,
Molecular Probes) antibodies was applied to both sets of slides for 45 minutes,
followed by a thorough wash in TBST. Images were captured using a BioRad
1024MRC confocal microscope (BioRad Laboratories, Hercules, CA).

For the EA2 antibody stimulation assay, MUM-2B and C8161 cells were
seeded onto 18 mm coverslips in serum-free media and incubated for 24 hours.
After 24 hours, cells were washed and fresh serum-free media containing
3 µg/ml EA2 antibody was added; at appropriate time points coverslips were
fixed with ice-cold methanol for 5 minutes and then rinsed with PBS.
Coverslips were incubated with both anti-EphA2 and anti-VE-cadherin
antibodies for 1 hour, rinsed with PBS, and then incubated with rhodamine
conjugated anti-mouse (anti-EphA2) and Oregon Green 488 conjugated
anti-rabbit (anti-VE-cadherin) antibodies for 1 hour. Slides were mounted
with permanent mounting media. Pictures were taken using an Axioskop 2
microscope as previously described.
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RESULTS
EphA2 and VE-cadherin are co-localized at sites of cell-cell adhesion.

Microarray analysis of the highly aggressive metastatic cutaneous melanoma
(C8161) and uveal melanoma (MUM-2B) cell lines compared with their
poorly aggressive counterparts revealed the overexpression of VE-cadherin,
an endothelial-specific cell adhesion molecule, and EphA2, an epithelial cell
receptor protein tyrosine kinase.1,2,9,16,17 The present study provides direct
immunocytochemisty evidence demonstrating that EphA2 and VE-cadherin
are colocalized at areas of cell-cell contact in MUM-2B (Fig. 1A) and C8161
(Fig. 1B) cells. In addition, this staining pattern was confirmed in sections
from patients’ melanoma tumors characterized as aggressive, revealing that
both EphA2 and VE-cadherin were colocalized at cell-cell contacts in situ,
as shown in (Fig. 1C). To confirm that positive VE-cadherin-staining was
localized in melanoma tumor cells, tissue sections were also costained with
an anti-melanoma cocktail and VE-cadherin antibodies (Fig. 1C; inset).
Furthermore, immunoprecipitation of VE-cadherin from MUM-2B and
C8161 engaged in VM on three-dimensional matrices resulted in the co-
precipitation of EphA2 (Fig. 1D).

EphA2 phosphorylation does not change the colocalization of EphA2
and VE-cadherin at sites of cell-cell adhesion. In order to determine
whether the association of VE-cadherin with EphA2 involved the functional
regulation of one by the other, MUM-2B and C8161 cells were stimulated
with a monoclonal anti-EphA2 antibody EA2, which has been shown to
induce EphA2 phosphorylation on tyrosine residues.21 At subsequent time
points, whole cell lysates were collected and analyzed for EphA2 phospho-
rylation on tyrosine residues. Additionally, cells were fixed in situ and
stained with both anti-EphA2 and anti-VE-cadherin antibodies. Figure 2A
demonstrates the effects of the EA2 antibody on EphA2 phosphorylation on
tyrosine residues. Tyrosine phosphorylation of EphA2 peaks at 30 minutes

and returns to baseline levels by 24 hours. Dual-labeling immunocytochem-
istry with both VE-cadherin and EphA2 antibodies revealed that after
30 minutes and 24 hours post-stimulation with EA2 antibody, the colocal-
ization of VE-cadherin with EphA2 at cell-cell junctions remained
unchanged in both the MUM-2B (Fig. 2B) and C8161 (data not shown)
cells. These data suggest that colocalization of EphA2 and VE-cadherin in
both the MUM-2B and C8161 cells does not change in response to EphA2
phosphorylation on tyrosine residues.

Knockdown of EphA2 expression does not affect the localization of
VE-cadherin at sites of cell-cell adhesion. Given that there was no change
in the localization of VE-cadherin in response to EphA2 tyrosine phospho-
rylation, we sought to determine if loss of EphA2 protein expression would
have an effect on the localization of VE-cadherin. To test this, transient
knockout of EphA2 expression was performed by treating the C8161 and
MUM-2B (data not shown) cells with inverted anti-sense (IAS; Fig. 3A) or
anti-sense ODNs (AS; Fig. 3B) followed by immunocytochemistry to
examine VE-cadherin distribution within the cells. Western blot confirmation
of EphA2 knockout is depicted in Figure 3C, with paxillin serving as a loading
control. These results suggest that VE-cadherin localization at cell-cell adhesion
sites is not changed when EphA2 expression is lost. Together, these results
indicate that neither EphA2 expression nor its phosphorylation regulates the
expression or function of VE-cadherin in these melanoma cells.

Knockdown of VE-cadherin expression results in a redistribution of
EphA2 on the cell-membrane. To investigate whether VE-cadherin regulates
the expression of EphA2 in the highly aggressive melanoma cells, a transient
knockout of VE-cadherin expression was performed in the C8161 and
MUM-2B cells and the effects observed by immunocytochemistry using an
anti-EphA2 antibody. Untransfected C8161 and MUM-2B cells (data not
shown) or cells transfected with scrambled-sense VE-cadherin (Scr; Fig. 4A)
or anti-sense VE-cadherin (AS; Fig. 4B) ODNs were treated with an
anti-EphA2 antibody and fluorescent secondary antibody. Western blot
analysis (Fig. 4C) confirmed that the expression of VE-cadherin decreased
in anti-sense treated cells relative to scrambled sense treated cells. Scrambled-
sense transfected cells revealed EphA2 at cell-cell adhesion complexes (arrows;
Fig. 4A), while cells transfected with anti-sense VE-cadherin showed a reor-
ganization of EphA2 that appears to be a random scattering of the EphA2
on the cell surface, accompanied by a predominant loss of EphA2 from the
cell-cell adhesion complexes, and the appearance of EphA2 in the cytoplasm
of the transfected cells (Fig. 4B). In addition, loss of VE-cadherin expression
by treatment with anti-sense ODNs resulted in the apparent decrease of
phosphorylated EphA2 in these cells (Fig. 4D).

DISCUSSION
Interestingly, the molecular signature of aggressive melanoma

cells is indicative of a dysregulated genotype aberrantly expressing
genes normally associated with endothelial and epithelial cells, in
addition to the other cellular phenotypes.1,2,9,16,17 In particular,
VE-cadherin and EphA2 are expressed by aggressive cutaneous and
uveal melanoma cells and have been shown by transient knockout
experiments to be essential for VM to occur in vitro.16,17 In the
present study, VE-cadherin and EphA2 are shown to be linked in
melanoma cells expressing vasculogenic molecules and forming
vasculogenic-like networks, thereby implicating their involvement in
the initial signaling and regulation of this unique process.

The data presented in this study demonstrate that both EphA2
and VE-cadherin are colocalized at areas of cell-cell contact in
aggressive uveal and cutaneous melanoma cells in vitro and in vivo.
Furthermore, coimmunoprecipitation analysis indicates that EphA2
and VE-cadherin are associated with each other during the process of
VM. These data correlate with other studies that report similar
interactions between EphA2 and E-cadherin in various breast cancer
cell lines and embryonic stem cells.22,23 These studies found that
E-cadherin homotypic adhesion is necessary for the phosphorylation

Figure 1. Immunolocalization of EphA2 and VE-cadherin in areas of cell-cell
adhesion. Highly aggressive MUM-2B uveal (A) and C8161 cutaneous (B)
melanoma cells stained with antibodies to both EphA2 (red) and VE-cadherin
(green); arrows delineate immunostaining at cell-cell junctions. (C) Histological
section of an aggressive uveal melanoma primary tumor incubated with both
anti-EphA2 (red) and anti-VE-cadherin (green); arrows delineate networks
present within tumor. Inset: Similar histological section incubated with both
anti-melanoma cocktail (contains antibodies to HMB-45 and MART-1; red)
and anti-VE-cadherin (green) antibodies. (D) MUM-2B and C8161 cells
were cultured on a three-dimensional matrix for a period of 6 days; lysates
were collected and immunoprecipitated with anti-VE-cadherin antibodies or
rabbit IgG (control), run on a 10% polyacrylamide gel, and transferred to
nitrocellulose membranes. The blots were probed with anti-EphA2 antibodies
and reprobed with anti-VE-cadherin antibodies. (Bar = 50 µm).
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and localization of EphA2 to cell-cell adhesion
sites which enables EphA2 to contact its ligand,
ephrin-A1.22,23 However, while these studies
show that E-cadherin is required for the localiza-
tion of EphA2 to areas of cell-cell contact, they
were unable to show a direct interaction between
EphA2 and E-cadherin.22,23 It is important to
note, however, that the interaction between
EphA2 and E-cadherin described in this previous
work may be indirect and involve additional
signaling molecule(s) which link(s) these proteins
together when EphA2 is phosphorylated. An
excellent candidate for such a bridging protein is
phosphoinositide 3-kinase (PI3K). This kinase
binds phosphorylated EphA2 and is also thought
to interact with VE-cadherin through β-catenin
and VEGFR2.11,24 However, it is unclear
whether VE-cadherin or EphA2 serves as the
receptor that recruits PI3K to the cell membrane.

Experiments were designed to address the
question of whether EphA2 modulates the
expression and function of VE-cadherin, or
whether VE-cadherin modulates the expression
and function of EphA2. The data indicate that
there is no change in the distribution of VE-
cadherin on the cells’ surface when EphA2 is
phosphorylated on tyrosines or after knocking
out EphA2 expression, suggesting that EphA2 does not regulate the
distribution of VE-cadherin in the cells. However, transient knock-
out of VE-cadherin expression in these cells resulted in the redistri-
bution of EphA2 from the cell-cell adhesion complexes into a more
random distribution over the cell surface. Furthermore disruption of
VE-cadherin expression resulted in a dephosphorylation of EphA2,
suggesting that VE-cadherin facilitates relocalization of EphA2 to
cell-cell adhesion complexes and may potentiate its interaction with
ephrin-A1 (EphA2’s membrane-bound ligand), and its subsequent
phosphorylation.

Taken together, these observations suggest that VE-cadherin and
EphA2 play important roles in melanoma vasculogenesis and possibly
in embryonic vascular networks formation as well.10,11,14-17 The work
presented here demonstrates that knocking out VE-cadherin or
EphA2 expression affects EphA2 phosphorylation and the signal
transduction pathways downstream, and results in an inability of the
cells to form vasculogenic structures. It has been shown in epithelial
cells that elevated PI3K activity can mediate the process of tubulo-
genesis by activating unknown downstream effectors, and EphA2
has been shown to interact with PI3K using a yeast two-hybrid
study.24,25 In this latter study, induced phosphorylation of EphA2
resulted in its binding to PI3K and its subsequent activation of
PI3K.24 Additionally, our laboratory has recently shown an important
role for PI3K activity in promoting melanoma VM by regulating the
expression and function of MT1-MMP and MMP-2, and conse-
quently the cleavage of laminin 5γ2 chain.26,27 Furthermore, VE-cad-
herin has been shown to interact with PI3K through β-catenin and
VEGFR2 in endothelial cells, thus contributing to their survival.11

Moreover, endothelial cell migration is dependent on the activation
of PI3K which occurs downstream of focal adhesion kinase (FAK)
activation in VEGF-A stimulated cells expressing VEGFR-2.28

Other reports have suggested an interaction between FAK and
EphA2 in PC-3 prostate cancer cells.29 We have found that EphA2

can interact with phosphorylated FAK in aggressive melanoma cells
(unpublished observations) and that FAK is phosphorylated exclusively
in these cells undergoing VM.30 It is tempting to speculate that in
highly aggressive melanoma cells, VE-cadherin promotes the interac-
tion between EphA2 and FAK by regulating the ability of EphA2 to
translocate to the membrane. This would facilitate EphA2 interaction

Figure 2. Western blot confirmation of the level of phosphorylated EphA2 following stimulation
with EA2 antibody; which recognizes the extracellular domain of EphA2. (A) MUM-2B cells were
seeded onto 60 mm dishes and allowed to adhere, treated with 3 µg/ml EA2 antibody, and cell
lysates collected at the appropriate time points. Lysates were immunoprecipitated with anti-EphA2
antibodies, run on a 10% polyacrylamide gel and transferred to nitrocellulose membranes. The
blots were probed with anti-phosphotyrosine antibodies and with anti-EphA2 antibodies.
Immunofluorescence microscopy shows that stimulation of EphA2 with the monoclonal antibody
EA2 does not change the distribution of VE-cadherin in the aggressive MUM-2B cells (B). MUM-2B
cells were seeded onto glass coverslips and allowed to adhere, followed by addition of EA2 antibody
in serum-free media. After various time points the cells were fixed and stained with both EphA2
(red) and VE-cadherin (green) antibodies. (Bar = 50 µm).

Figure 3. Immunofluorescence microscopy demonstrates that transient
knockout of EphA2 resulted in no change in the distribution or localization
of VE-cadherin to areas of cell-cell adhesion in highly aggressive melanoma
cells. The C8161 melanoma cells were seeded onto 18 mm coverslips,
transfected with (A) inverted anti-sense (IAS) EphA2 ODNs or (B) transfected
with anti-sense (AS) EphA2 ODNs (arrows delineate immunostaining at cell-
cell junctions). Twenty-four hours after transfection, the cells were fixed and
stained with anti-VE-cadherin antibodies followed by incubation with Oregon
Green 488 conjugated secondary antibody. (C) Western blot analysis of cell
lysates showing the level of EphA2 in cells treated with inverted anti-sense
(IAS) or anti-sense (AS) ODNs. Paxillin serves as a loading control.
(Bar = 50 µm).
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with its membrane bound ligand resulting in its phospho-
rylation, and potentially forming an interaction with
FAK leading to its phosphorylation and activation. The
signal transduction pathways activated by both EphA2
and VE-cadherin could converge and result in the activa-
tion of PI3K, and lead to the promotion of melanoma
VM through activation of MMP-2 resulting in the cleav-
age of the laminin 5γ2 chain. A hypothetical model
describing the critical signaling cascade mediating
melanoma VM is depicted in Figure 5.

Highly aggressive uveal and cutaneous melanoma cells
express genes which have previously been thought to be
specific to endothelial and epithelial cells. The work pre-
sented here demonstrates that these endothelial and
epithelial-specific genes contribute to the formation of
vasculogenic-like structures similar to the process of
embryonic vasculogenesis. While VE-cadherin and
EphA2 have been previously shown to be important in
the process of VM,16,17 this work extends these observa-
tions and provides a novel finding that VE-cadherin reg-
ulates the distribution and function of EphA2 in highly
aggressive human cutaneous and uveal melanoma cells.
In summary, the identification that EphA2 function can
be regulated by VE-cadherin, and that this may serve as
a critical mediator of VM, provides new insights for the
therapeutic intervention of tumor associated vasculature.

Figure 5. Hypothetical model for the regulation of EphA2 by VE-cadherin in highly aggressive melanoma cells. In this model, VE-cadherin association with
another VE-cadherin molecule on adjacent cells facilitates the organization of EphA2, either by interacting directly or indirectly with EphA2 on the cell
membrane. Once organized on the cell membrane, EphA2 is able to bind to its ligand, ephrin-A1, resulting in the phosphorylation of the receptor.
Phosphorylated EphA2 can then bind to phosphorylated FAK. Additionally, VE-cadherin and EphA2 may converge to activate the PI3K pathway leading to
the activation MMP-2 and the consequent cleavage of the laminin 5γ2 chain.26 The ability of EphA2 to signal thorough FAK and PI3K may play an important
role in triggering the signaling pathways underlying melanoma cell vasculogenic mimicry.

Figure 4. Immunofluorescence microscopy demonstrates that transient knockout of
VE-cadherin resulted in the reorganization of EphA2 in highly aggressive melanoma cells.
The C8161 melanoma cells were seeded onto 18 mm glass coverslips, transfected with
scrambled-sense (Scr), VE-cadherin ODNs (A) or anti-sense (AS) VE-cadherin ODNs (B).
24 hours after transfection, cells were fixed and stained with anti-EphA2 antibodies
followed by incubation with rhodamine conjugated secondary antibody; (A) Arrows
delineate immunostaining at cell-cell junctions. (C) Western blot analysis of cell lysates
showing the level of VE-cadherin in cells treated with scrambled-sense (Scr) or anti-sense
(AS) ODNs. Paxillin serves as a loading control. (D) Western blot detecting the level of
phosphorylated EphA2 in cells treated with scrambled-sense (Scr) or anti-sense (AS)
ODNs. Lysates were immunoprecipitated with anti-EphA2 antibodies, run on a 10%
polyacrylamide gel, and transferred to nitrocellulose membranes. The blots were probed
with anti-phosphotyrosine antibodies, followed by probing with anti-EphA2 antibodies.
(Bar = 50 µm).

A B

C D

 



www.landesbioscience.com Cancer Biology & Therapy 233

The Regulation of EphA2 by VE-Cadherin

Reference
1. Hendrix MJ, Seftor EA, Hess AR, Seftor RE. Vasculogenic mimicry and tumour-cell plas-

ticity: Lessons from melanoma. Nat Rev Cancer 2003; 3:411-21.
2. Maniotis AJ, Folberg R, Hess A, Seftor EA, Gardner LM, Pe'er J, Trent JM, Meltzer PS,

Hendrix MJ. Vascular channel formation by human melanoma cells in vivo and in vitro:
Vasculogenic mimicry. Am J Pathol 1999; 155:739-52.

3. Folberg R, Rummelt V, Parys-Van Ginderdeuren R, Hwang T, Woolson RF, Pe'er J,
Gruman LM. The prognostic value of tumor blood vessel morphology in primary uveal
melanoma. Ophthalmology 1993; 100:1389-98.

4. Liu C, Huang H, Donate F, Dickinson C, Santucci R, El-Sheikh A, Vessella R, Edgington
TS. Prostate-specific membrane antigen directed selective thrombotic infarction of tumors.
Cancer Res 2002; 62:5470-5.

5. Passalidou E, Trivella M, Singh N, Ferguson M, Hu J, Cesario A, Granone P, Nicholson
AG, Goldstraw P, Ratcliffe C, Tetlow M, Leigh I, Harris AL, Gatter KC, and Pezzella F.
Vascular phenotype in angiogenic and nonangiogenic lung nonsmall cell carcinomas. Br J
Cancer 2002; 86:244-9.

6. Sharma N, Seftor RE, Seftor EA, Gruman LM, Heidger PM Jr, Cohen MB, Lubaroff DM,
Hendrix MJ. Prostatic tumor cell plasticity involves cooperative interactions of distinct
phenotypic subpopulations: Role in vasculogenic mimicry. Prostate 2002; 50:189-201.

7. Shirakawa K, Wakasugi H, Heike Y, Watanabe I, Yamada S, Saito K, Konishi F.
Vasculogenic mimicry and pseudo-comedo formation in breast cancer. Int J Cancer 2002;
99:821-8.

8. Sood AK, Fletcher MS, Zahn CM, Gruman LM, Coffin JE, Seftor EA, Hendrix MJ. The
clinical significance of tumor cell-lined vasculature in ovarian carcinoma: Implications for
anti-vasculogenic therapy. Cancer Biol Ther 2002; 1:661-4.

9. Bittner M, Meltzer P, Chen Y, Jiang Y, Seftor E, Hendrix M, Radmacher M, Simon R,
Yakhini Z, Ben-Dor A, Sampas N, Dougherty E, Wang E, Marincola F, Gooden C,
Lueders J, Glatfelter A, Pollock P, Carpten J, Gillanders E, Leja D, Dietrich K, Beaudry C,
Berens M, Alberts D, Sondak V. Molecular classification of cutaneous malignant
melanoma by gene expression profiling. Nature 2000; 406:536-40.

10. Dejana E, Bazzoni G, Lampugnani, MG. Vascular endothelial (VE)-cadherin: Only an
intercellular glue? Exp Cell Res 1999; 252:13-9.

11. Carmeliet P, Lampugnani MG, Moons L, Breviario F, Compernolle V, Bono F, Balconi G,
Spagnuolo R, Oostuyse B, Dewerchin M, Zanetti A, Angellilo A, Mattot V, Nuyens D,
Lutgens E, Clotman F, de Ruiter MC, Gittenberger-de Groot A, Poelmann R, Lupu F,
Herbert JM, Collen D, Dejana E. Targeted deficiency or cytosolic truncation of the
VE-cadherin gene in mice impairs VEGF-mediated endothelial survival and angiogenesis.
Cell 1999; 98:147-57.

12. Brantley DM, Cheng N, Thompson EJ, Lin Q, Brekken RA, Thorpe PE, Muraoka RS,
Cerretti DP, Pozzi A, Jackson D, Lin C, Chen J. Soluble Eph A receptors inhibit tumor
angiogenesis and progression in vivo. Oncogene 2002; 21:7011-26.

13. Cheng N, Brantley DM, Liu H, Lin Q, Enriquez M, Gale N, Yancopoulos G, Cerretti DP,
Daniel TO, Chen J. Blockade of EphA receptor tyrosine kinase activation inhibits vascular
endothelial cell growth factor-induced angiogenesis. Mol Cancer Res 2002; 1:2-11.

14. Ogawa K, Pasqualini R, Lindberg RA, Kain R, Freeman AL, and Pasquale EB. The
ephrin-A1 ligand and its receptor, EphA2, are expressed during tumor neovascularization.
Oncogene 2000; 19:6043-52.

15. Pandey A, Shao H, Marks RM, Polverini PJ, Dixit VM. Role of B61, the ligand for the Eck
receptor tyrosine kinase, in TNF-alpha-induced angiogenesis. Science 1995; 268:567-9.

16. Hendrix MJ, Seftor EA, Meltzer PS, Gardner LM, Hess AR, Kirschmann DA, Schatteman
GC, and Seftor RE. Expression and functional significance of VE-cadherin in aggressive
human melanoma cells: Role in vasculogenic mimicry. Proc Natl Acad Sci USA 2001;
98:8018-23.

17. Hess AR, Seftor EA, Gardner LM, Carles-Kinch K, Schneider GB, Seftor RE, Kinch MS,
and Hendrix MJ. Molecular regulation of tumor cell vasculogenic mimicry by tyrosine
phosphorylation: Role of epithelial cell kinase (Eck/EphA2). Cancer Res 2001; 61:3250-5.

18. Hendrix MJ, Seftor EA, Chu YW, Seftor RE, Nagle RB, McDaniel KM, Leong SP, Yohem
KH, Leibovitz AM, and Meyskens FL Jr. Coexpression of vimentin and keratins by human
melanoma tumor cells: Correlation with invasive and metastatic potential. J Natl Cancer
Inst 1992; 84:165-74.

19. Seftor EA, Meltzer PS, Kirschmann DA, Pe'er J, Maniotis AJ, Trent JM, Folberg R, and
Hendrix MJ. Molecular determinants of human uveal melanoma invasion and metastasis.
Clin Exp Metastasis 2002; 19:233-46.

20. Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacterio-
phage T4. Nature 1970; 227:680-5.

21. Carles-Kinch K, Kilpatrick KE, Stewart JC, Kinch MS. Antibody targeting of the EphA2
tyrosine kinase inhibits malignant cell behavior. Cancer Res 2002; 62:2840-2847.

22. Orsulic S, Kemler R. Expression of Eph receptors and ephrins is differentially regulated by
E-cadherin. J Cell Sci 2000; 113:1793-802.

23. Zantek ND, Azimi M, Fedor-Chaiken M, Wang B, Brackenbury R, and Kinch MS. E-cad-
herin regulates the function of the EphA2 receptor tyrosine kinase. Cell Growth Differ
1999; 10:629-38.

24. Pandey A, Lazar DF, Saltiel AR, Dixit VM. Activation of the Eck receptor protein tyrosine
kinase stimulates phosphatidylinositol 3-kinase activity. J Biol Chem 1994; 269:30154-7.

25. Khwaja A, Lehmann K, Marte, BM, Downward J. Phosphoinositide 3-kinase induces scat-
tering and tubulogenesis in epithelial cells through a novel pathway. J Biol Chem 1998;
273:18793-801.

26. Hess AR, Seftor EA, Seftor RE, Hendrix MJ. Phosphoinositide 3-kinase regulates mem-
brane Type 1-matrix metalloproteinase (MMP) and MMP-2 activity during melanoma cell
vasculogenic mimicry. Cancer Res 2003; 63:4757-62.

27. Seftor RE, Seftor EA, Koshikawa N, Meltzer PS, Gardner LM, Bilban M, Stetler-Stevenson
WG, Quaranta V, and Hendrix MJ. Cooperative interactions of laminin 5 gamma2 chain,
matrix metalloproteinase-2, and membrane type-1-matrix/metalloproteinase are required
for mimicry of embryonic vasculogenesis by aggressive melanoma. Cancer Res 2001;
61:6322-7.

28. Qi JH, Claesson-Welsh L. VEGF-induced activation of phosphoinositide 3-kinase is
dependent on focal adhesion kinase. Exp Cell Res 2001; 263:173-82.

29. Miao H, Burnett E, Kinch M, Simon E, Wang B. Activation of EphA2 kinase suppresses
integrin function and causes focal-adhesion-kinase dephosphorylation. Nat Cell Biol 2000;
2:62-9.

30. Hess AR, Postovit LM, Margaryan NV, Seftor EA, Schneider GB, Seftor RE, Nickoloff BJ,
and Hendrix MJ. Focal adhesion kinase promotes the aggressive melanoma phenotype.
Cancer Res 2005; 65:9851-60.

 


