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Abstract
Background—Silencing EphA2 has been shown to result in anti-tumor efficacy. However, it is
not known whether increasing EphA2 expression specifically results in increased tumor growth and
progression. We examined the effects of stable EphA2 transfection into poorly invasive ovarian
cancer cells with regard to in vitro invasive and in vivo metastatic potential.

Results—In low cell density, EphA2-overexpressing A2780 cells (A2780-EphA2) displayed less
cell-cell contact, increased cell-extracellular matrix (ECM) attachment and anchorage-independent
cell growth compared to empty vector controls. There was no significant effect on anchorage-
dependent cell proliferation, migration or invasion. Increased expression of EphA2 promoted tumor
growth and enhanced the metastatic potential in A2780-EphA2 human ovarian cancer xenografts.
The overexpression of EphA2 resulted in enhanced microvessel density (MVD), but had no effect
on tumor cell proliferation.

Methods—EphA2 gene was introduced into A2780 cells by retroviral infection. The effects of
increased EphA2 expression were examined on cellular morphology, and anchorage-dependent and
independent cell growth. Furthermore, the effect of EphA2 overexpression on metastatic ability was
determined using an orthotopic nude mouse model of ovarian carcinoma.

Conclusions—EphA2 promotes tumor growth by enhancing cell-ECM adhesion, increasing
anchorage-independent growth and promoting angiogenesis.
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Introduction
EphA2 is a tyrosine kinase receptor in the ephrin family, originally known as epithelial cell
kinase (Eck). Developmentally, EphA2 was found to play a functional role in neuronal
migration, and it is largely absent in most normal adult tissues.1-4 It is expressed in its active
phosphorylated form in organs with a high proportion of epithelial cells such as skin, intestine
and lung.1,5,6 For oncology applications, interest in EphA2 has grown recently due to its
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increased expression in most cancers including lung, breast, ovary, prostate, colorectal, skin
and esophagus.7-13 Interestingly, EphA2 is located on chromosome 1p36.1, which is a hotspot
for rearrangements in many human cancers including ovarian cancer.14-16

We have previously demonstrated that EphA2 is overexpressed in 76% of epithelial ovarian
cancers.17 This increased expression was associated with high tumor grade and stage as well
as decreased overall survival.17 We have also demonstrated that increased EphA2 expression
in ovarian cancer samples is strongly associated with critical factors involved in angiogenesis
and invasion such as greater microvessel density and higher matrix metalloproteinase (MMP)
expression.18 Based on the high frequency of EphA2 overexpression and its association with
aggressive tumor features, we and others have employed either agonist antibodies or in vivo
siRNA to decrease EphA2 levels. Indeed, these approaches demonstrated decreased tumor
growth and improved survival in orthotopic ovarian cancer mouse models.7,19 The
mechanisms underlying this therapeutic efficacy were related to reduced levels of VEGF
following decreased EphA2 levels and tumor angiogenesis.7,19 While these data have
provided an increasing understanding of the role that EphA2 plays in malignant tumor behavior,
in the current study, we asked whether increased EphA2 expression in poorly invasive ovarian
cancer cells could directly promote malignant behavior. To answer this question, we utilized
a series of in vitro and in vivo experiments following introduction of EphA2 into a non-
expressing cell line.

Results
EphA2 overexpression in A2780 cells

We have previously demonstrated that EphA2 is expressed at high levels in ovarian cancer
cells with aggressive features such as SKOV3ip1 compared to the poorly invasive A2780 cells
or the non-transformed HIO-180 cells.17 Here, we asked whether introduction of EphA2 into
the A2780 cells would promote aggressive behavior. Therefore, human EphA2 cDNA or an
empty vector control was transfected by means of retrovirus into the A2780 cells. Following
G418 selection, EphA2 expression was confirmed by Western blot (Fig. 1A and B). We also
determined the phosphorylation status of the overexpressed EphA2 in the A2780-EphA2 cells
and found that it was not phosphorylated.

EphA2 overexpression promotes cell-ECM attachment
Microscopic analyses of EphA2 transfected (A2780-EphA2) and empty vector (A2780-neo)
transfected cells revealed substantial morphological changes (Fig. 1C). While there were no
obvious differences between A2780 and A2780-neo cells, the A2780-EphA2 cells displayed
altered morphology with less cell-cell contact. Cell-cell contact and cell-ECM adhesions are
inversely regulated in epithelial cells, and several investigators have demonstrated that ECM
adhesion provides signals that promote cell growth, migration and survival.27-29 It has been
suggested that EphA2 may facilitate cell-ECM interactions.30,31 Therefore, we next
determined the effect of EphA2 on cell adhesion to a defined Matrix (collagen I/FBS/ and
fibronectin). A2780-EphA2 cells (clone #1 and clone #2) showed significantly greater ability
to adhere to collagen, FBS and fibronectin in comparison to A2780-neo cells (Fig. 2).

EphA2 overexpression increases anchorage-independent cell growth in vitro
To determine the direct effect of EphA2 on A2780 cell growth and metastatic potential, we
performed MTT assay to measure anchorage-dependent cell growth, and soft agar assay to
analyze anchorage-independent cell growth. A2780-EphA2 cells significantly increased
anchorage-independent cell growth; the number of colonies was increased 20% and 65% in
A2780-EphA2 clone #1 and #2, respectively, in comparison to A2780-neo cells (Fig. 3A).
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Overexpression of EphA2 had no significant effect on anchorage-dependent cell growth (Fig.
3B), migration or invasion (data not shown).

EphA2 overexpression promotes tumorigenesis in an orthotopic mouse model of ovarian
carcinoma

The effect of EphA2 transfection into poorly-aggressive ovarian cancer cells with regard to
metastatic ability was determined by using an orthotopic nude mouse model of ovarian
carcinoma, which was previously described.7,17,32 Two clones of A2780-EphA2 cells, the
non-transfected and vector-alone transfected A2780-neo cells were injected i.p. into female
nude mice. After 23 days, mice were sacrificed and a necropsy was performed. The A2780-
EphA2 cells resulted in significantly increased tumor growth. The tumor weight was 2.0 and
8.4 fold higher in A2780-EphA2 clones #1 and #2, respectively in comparison to the A2780-
neo cells (p < 0.005; Fig. 4). The number of tumor nodules was significantly increased (4 fold)
in the A2780-EphA2 clone #2 model (p < 0.005) in comparison to the A2780-neo model. In
EphA2 clone #1 model, there was a 50% increase in the number of tumor nodules in comparison
to A2780-neo, but this difference was not statistically different (p > 0.05). There was no
significant difference in tumor growth between the non-transfected and vector-alone
transfected A2780-neo cells. The metastatic spread was significantly greater in EphA2
overexpressing A2780 orthotopic mouse model compared to A2780-neo cells, indicating that
EphA2 promoted the metastatic potential.

EphA2 overexpression increases angiogenesis
Based on our previous work related to reduced angiogenesis with EphA2 silencing,7,33 we
next asked whether the increased tumor growth with A2780-EphA2 cells was related to
increased angiogenesis. To investigate this possibility, we examined microvessel density. First,
we confirmed that the EphA2 expression level in A2780-EphA2 tumor tissue was indeed
increased following transfection (Fig. 5). EphA2 was also detected at higher levels in tumors
harvested from the A2780-EphA2 injected animals compared to the A2780-neo tumors. We
also examined MVD using IHC for CD31; the MVD increased by 60% in both A2780-EphA2
(clone #1 and clone #2) models, in comparison to the A2780-neo model (p < 0.05).

Discussion
In the present study, we demonstrated that EphA2 overexpression weakened cell-cell contacts,
enhanced cell-ECM adhesion, and increased anchorage-independent cell growth. Furthermore,
increased EphA2 expression promoted in vivo tumor growth by increasing angiogenesis.

We have previously demonstrated that even though EphA2 is overexpressed in highly invasive
ovarian cancer cells, it is not phosphorylated.17 EphA2 overexpression in human ovarian
cancers is associated with advanced tumor stage, grade and shorter overall survival.17 Similar
findings have been reported in many other cancers including breast, cervix, colorectal and
prostate cancers.33 The mechanisms underlying the increased expression of EphA2 in cancer
cells is not fully understood, but may reflect altered ligand binding.34 Alternatively, the
phosphotyrosine content of EphA2 may also be negatively regulated by associated
phosphatases such as LMW-PTP.35,36 The effect of EphA2 overexpression was examined in
breast cancer by Zelinski and colleagues9 who demonstrated that EphA2 overexpression was
sufficient to confer malignant transformation and tumorigenic potential on non-transformed
(MCF-10A) mammary epithelial cells. Nasreen and colleagues reported that EphA2
overexpression significantly enhanced the proliferation and haptotaxis of malignant
mesothelioma cells.37 Results from this study strengthen our previous work by providing a
new understanding of the effects of EphA2 on ovarian cancer growth.
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Based on the overexpression of EphA2 in most tumors and its suspected role in tumor growth
and progression, it is being pursued as a therapeutic target. For example, reducing EphA2 level
using an agonist antibody or siRNA approaches can effectively decrease tumor growth in
orthotopic ovarian cancer mouse models.7,33 The anti-tumor efficacy was reflective of anti-
angiogenic effects mediated, in part, by reduced levels of vascular endothelial growth factor
(VEGF) levels.7 Similar results with regard to the growth inhibitory effects of EphA2
suppression have been demonstrated in breast and prostate cancers, glioma and malignant
mesothelioma.38-40

We then asked how does EphA2 promote tumorigenesis? In the present study, we demonstrated
that EphA2 overexpression resulted in weakened cell-cell contacts and enhanced cell-ECM
adhesion. It was known that interactions among tumor cells and their microenvironment
provide structural and chemical cues that control many aspects of cancer cell behavior,
including cell proliferation, survival, migration and invasion. Defects in cell-cell contacts are
characteristics of aggressive cancer cells, and the ability to attach to ECM and remodel the
local microenvironment is an important step in metastasis. Generally, cell-cell and cell-ECM
adhesions are separate events and are inversely regulated in epithelial cells. Hu and colleagues
showed that EphA2 selectively inhibits cell-cell adhesions by increasing cell attachment and
upregulating the ECM protein fibronectin.41 We and others have shown evidence that EphA2
interacts with important adhesion and cytoskeletal proteins, including E-cadherin, Src,
phosphatidylinositol 3′-kinase, Fak and p130Cas.7,9,42,43 A recent study has shown that
overexpression of EphA2 destabilizes adherens junctions via a RhoA-dependent mechanism.
44 EphA2 has been also shown to promote tumorigenesis by enhancing angiogenesis. The
effects on angiogenesis may be direct (EphA2 overexpression has been noted in angiogenic
blood vessels and may contribute to vasculogenic mimicry)18 or indirect (role in VEGF
mediated angiogenesis).45,46 In the present study, we found that EphA2 overexpression
resulted in significantly increased tumor growth and microvessel density, suggesting that
increased angiogenesis likely contributed to the greater tumor growth.

In summary, this study provides further understanding of EphA2 function in tumor growth and
progression. EphA2 overexpression weakened cell-cell contacts and enhanced cell-ECM
adhesion. In vitro, it also increased anchorage-independent cell growth. EphA2 overexpression
promoted tumor growth in A2780 human ovarian cancer xenografts, partially due to enhanced
angiogenesis. Findings of this study provide further support for developing new therapeutic
approaches targeted against EphA2 for ovarian cancer patients.

Materials and Methods
Cell culture and transfection

The A2780 ovarian cancer cell line was established from an untreated patient with epithelial
ovarian carcinoma.20,21 It was selected for our work due to low baseline expression of
EphA2.17 A2780 cells were maintained and propagated in vitro, as previously described.7,
19 To establish stable cell lines with EphA2 overexpression, the pNeoMSV-EphA2 and
pNeoMSV vectors were used for recombinant VSV-G pseudotyped retrovirus production by
using 293GPG (kindly provided by Richard C. Mulligan22). 293 GPG stably expresses
vesicular stomatitis virus glyconprotein (VSV-G) and MoMLV gal-pol coding sequences.
pNeoMSV-EphA2 or pNeoMSV was introduced into 293GPG by a standard calcium
phosphate precipitation method. Briefly, 30 μg of pNeoMSV-EphA2 or pNeoMSV were used
for preparing the transfection mixture of one 10 cm plate of 293 GPG cells. After overnight
transfection, the precipitate was taken off and VSV-G expression was induced by withdrawing
doxycycline. Forty-eight hours after the induction, the medium was harvested and used for
viral stock. The A2780 cells were then transfected with EphA2 or vector alone viral stock.
Furthermore, the transfected cells were selected by adding G418 (800 μg/ml), while the EphA2
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expression level was confirmed by Western blot. Four clones were isolated, and two with the
highest EphA2 expression were used for subsequent in vitro and in vivo experiments.

Western blot and immunoprecipitation analysis
Western blot analysis was performed as described previously.7 Briefly, lysates from cultured
cells and tumor tissue were prepared using modified RIPA buffer, the protein concentrations
were determined using a BCA Protein Assay Reagent kit (Pierce Biotechnology, Rockford,
IL). Lysates were loaded and separated on 10% sodium dodecyl sulfate–polyacrylamide gels.
Proteins were transferred to a nitrocellulose membrane by semidry electrophoresis (Bio-Rad
Laboratories, Hercules, CA), and then incubated overnight at 4°C with primary antibody
[mouse antihuman/mouse EphA2 monoclonal antibody (clone D7, Upstate, Lake Placid, NY)],
after washing with TBST, the membranes were incubated with 1 μg/mL horseradish peroxidase
(HRP)-conjugated horse anti-mouse IgG (Amersham, Piscataway, NJ). HRP was visualized
by use of an enhanced chemiluminescence detection kit (Pierce). To confirm equal sample
loading, the blots were stripped and reprobed with an antibody specific for β-actin (0.1 μg/mL;
Sigma). For immunoprecipitation studies, 500 μg of whole cell lysate was incubated with 6
μL of anti-EphA2 antibody for two hours at 4°C. Protein A sepharose beads (60 μL of a 1:1
dilution in PBS) were then added, and the mixture was incubated for two hours at 4°C. The
beads were then separated and the supernatants were used for Western blot analysis with anti-
pY primary antibody (Upstate, Lake Placid, NY), as described above.

Cell viability assay
Cells were plated in a 96-well plate, and four wells used for each experimental condition. At
different time points, cell growth was assessed by adding 50 μL of 0.15% 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma) to each well.
Following incubation for two hours at 37°C, cells were reconstituted in 100 μL of dimethyl
sulfoxide (DMSO, Sigma). The absorbance at 570 nm was recorded as relative cell growth
parameter using a FALCON microplate reader (Becton Dickinson Labware, Franklin Lakes,
NJ). Each data point was obtained by calculating the average of the four duplicate wells for
each condition.

Cell attachment assays
Plates (96-well) were first coated with 100 μl/well of collagen I (20 μg/ml), 100% of Fetal
Bovine Serum (FBS), fibronectin (20 μg/ml), or 2% denatured BSA for two hours at room
temperature. Then, additional matrix was removed, and the plates were allowed to dry for two
hours. Cells (5 × 104) were then seeded in coated 96-well plates in triplicate, and incubated for
one hour at 37°C, washed with PBS, fixed with 3.7% formaldehyde for 30 minutes, and stained
with 0.1% crystal violet and solubilized in 10% acetic acid. The amount of adherent cells was
recorded by reading the OD value using spectrophotometry at 540 nm wavelength. The BSA
coating was used as nonspecific binding control.

Colony formation in soft agar
Soft agar assay for anchorage-independent growth was performed as described previously.
23 Briefly, Approximately 5 × 104 of cells were suspended in 4 mL of 0.35% SeaPlaque agarose
(FMC BioProducts, Rockland, ME) supplemented with complete culture medium. This
suspension was layered over 1.5 mL of 0.7% agar/medium base layer in one well of a 6-well
plate. Colonies with a diameter larger than 0.05 mm were counted.

Animals, orthotopic in vivo model and tissue processing
A reproducible and reliable orthotopic model for ovarian cancer metastasis has been found to
be useful for studying ovarian cancer biology.24 We and others have utilized intraperitoneal
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injection of ovarian cancer cells into nude mice to study metastatic ovarian cancer since this
model mimics the pattern of tumor spread in human patients with advanced ovarian carcinoma.
25,26 Female athymic nude mice (NCr-nu) were purchased from the National Cancer Institute,
Frederick Cancer Research and Development Center (Frederick, MD) and maintained in
specific pathogen-free conditions. The animals were cared for according to guidelines set forth
by the American Association for Accreditation of Laboratory Animal Care and the US Public
Health Service Policy on Human Care and Use of Laboratory Animals. All mouse studies were
approved and supervised by the MD Anderson Cancer Center Institutional Animal Care and
Use Committee. To produce orthotopic tumors, mice were injected with 1 × 106 tumor cells
into the peritoneal cavity. The cells were trypsinized, washed and resuspended in Hanks'
balanced salt solution (Gibco, Carlsbad, CA) at a concentration of 5 × 106 cells/ml. About three
weeks after tumor cell injection, all mice in the experiment were sacrificed and a necropsy was
performed. The individual tumor nodules were isolated from the supporting tissue and counted.
The total tumor weight was also measured. Tissue samples were fixed in formalin for paraffin
embedding, and frozen in optimal cutting temperature (OCT) media for preparation of frozen
slides, or snap frozen for lysate preparation as described above.

Immunohistochemistry (IHC)
IHC was performed as described previously.7,23 Briefly, tumor tissues were fixed in formalin
and embedded with paraffin, or fixed and frozen in OCT. Slides were deparaffinized
sequentially in xylene, 100% ethanol, 95% ethanol, 80% ethanol and PBS. Antigen retrieval
was then performed by heating slides in a steam cooker for 10 minutes in 0.2 M Tris buffer,
pH 9.0. CD31 was stained using frozen slides. These slides were fixed in cold acetone for 20
minutes and did not require antigen retrieval. Endogenous peroxide was blocked by adding 3%
H2O2 in methanol for five minutes, after washing, the nonspecific proteins were blocked using
5% normal horse serum and 1% normal goat serum in PBS for 15 minutes at room temperature.
For EphA2 staining, slides were then incubated with 0.13 μg/mL mouse IgG Fc blocker
(Jackson Laboratory, Bar Harbor, ME) for two hours. These slides were further incubated with
primary antibody to EphA2 (EA5 clone, MedImmune, Inc.,) or CD31 (PECAM-1, rat IgG,
Pharmingen, San Diego, CA) in blocking solution overnight at 4°C. After washing with PBS,
the appropriate HRP-conjugated secondary antibody in blocking solution was added for one
hour at room temperature. Slides were stained with DAB substrate (Phoenix Biotechnologies,
Huntsville, AL) and counterstained with Gil No. 3 hematoxylin (Sigma). The intensity of
protein expression was evaluated using OPTIMAS 6.5 software. To quantify MVD, the
microvessels within five randomly selected 0.159-mm2 fields at ×100 were counted for each
sample, a single microvessel was defined as a discrete cluster or at least three cells stained
positive for CD31 (CD31+). The presence of a lumen was required for scoring as a microvessel.

Statistical analyses
Differences in continuous variables were analyzed using Student's t test or ANOVA as
appropriate. A p value ≤0.05 was considered statistically significant. The Statistical Package
for the Social Sciences (SPSS, SPSS Inc.,) was used for all statistical analyses.
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Abbreviations
ECM  

extracellular matrix

MVD  
microvessel density

MMP  
matrix metalloproteinase

FBS  
fetal bovine serum

VEGF  
vascular endothelial growth factor
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Figure 1.
EphA2 overexpression in A2780 cells. (A) pNeoMSV-EphA2 or pNeoMSV vector was stably
transfected into A2780 cells. Whole cell lysate was extracted, and Western blot was performed
to detect EphA2 expression. (B) phospho-EphA2 status in EphA2 overexpressing A2780 cells.
EphA2 expression was determined by Western blot, phospho-EphA2 expression was examined
by immnoprecipitation (with EphA2 antibody) and Western blot (with phospho-tyrosine
specific antibody). (C) Microscopic analyses of EphA2 transfected (A2780-EphA2) and empty
vector (A2780-neo) transfected cells.
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Figure 2.
EphA2 overexpression promotes cell-ECM attachment. The A2780-neo and A2780-EphA2
cells were seeded on collagen I, FBS or fibronectin coated plates, and incubated for one hour,
the amount of attached cells were evaluated by OD value.
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Figure 3.
Effect of EphA2 on tumor cell growth. (A) EphA2 overexpression increases anchorage-
independent cell growth. A2780-neo and A2780-EphA2 Cells were cultured in SeaPlaque
agarose, and the number of colonies formed in soft agar were counted. (B) Effect of EphA2
overexpression on cell viability, as measured by MTT assay. There was no significant
difference in cell viability between A2780-neo and A2780-EphA2 cells.
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Figure 4.
EphA2 overexpression promotes tumorigenesis in an orthotopic mouse model of ovarian
carcinoma. Two clones of A2780-EphA2 cells, the non-transfected and vector-alone
transfected A2780-neo cells were injected i.p. into female nude mice. The tumor weight (A)
and number of nodules (B) were recorded 23 days after tumor cell injection.
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Figure 5.
Overexpression of EphA2 increases MVD. EphA2 expression in tumor tissue collected from
xenografts of A2780, A2780-neo and two clones of A2780-EphA2 cells were determined by
IHC (A) and Western blot (B). Tumors were subjected to IHC for CD31(C) to allow
identification of endothelial cells. A lumen with positive CD31 staining was counted as a single
microvessel.
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