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Overexpression of the receptor tyrosine kinase EPH receptor A2 (EphA2) is commonly observed in aggres-
sive breast cancer and correlates with a poor prognosis. However, while EphA2 has been reported to enhance
tumorigenesis, proliferation, and MAPK activation in several model systems, other studies suggest that EphA2
activation diminishes these processes and inhibits the activity of MAPK upon ligand stimulation. In this study,
we eliminated EphA2 expression in 2 transgenic mouse models of mammary carcinoma. EphA2 deficiency
impaired tumor initiation and metastatic progression in mice overexpressing ErbB2 (also known as Neu)
in the mammary epithelium (MMTV-Neu mice), but not in mice overexpressing the polyomavirus middle
T antigen in mammary epithelium (MMTV-PyV-mT mice). Histologic and ex vivo analyses of MMTV-Neu
mouse mammary epithelium indicated that EphA2 enhanced tumor proliferation and motility. Biochemical
analyses revealed that EphA2 formed a complex with ErbB2 in human and murine breast carcinoma cells,
resulting in enhanced activation of Ras-MAPK signaling and RhoA GTPase. Additionally, MMTV-Neu, but
not MMTV-PyV-mT, tumors were sensitive to therapeutic inhibition of EphA2. These data suggest that EphA2
cooperates with ErbB2 to promote tumor progression in mice and may provide a novel therapeutic target for
ErbB2-dependent tumors in humans. Moreover, EphA2 function in tumor progression appeared to depend on

oncogene context, an important consideration for the application of therapies targeting EphA2.

Introduction

Malignant progression of solid tumors is a complex process that
involves the activation of oncogenic signaling and downregula-
tion of tumor suppressor pathways. In addition, modulation of
the tumor microenvironment, for example through neovascular-
ization, enhances tumor cell growth and survival, promoting inva-
sion and metastatic spread (reviewed in refs. 1-3). Oncogenic con-
version, amplification, or overexpression of protooncogenes, such
as those encoding cell surface receptor tyrosine kinases (RTKs) like
the EGF receptor family member ErbB2, are frequently observed
in human cancers and contribute to malignancy. Other pathways,
such as pS53 transcription factor/genome surveillance factor, nega-
tively regulate growth, and loss of these pathway components also
contributes to tumorigenesis (reviewed in refs. 3, 4). Recent evi-
dence suggests that Eph RTKs play multiple roles in neoplastic
progression, including regulation of processes intrinsic to tumor
cells, and in the tumor microenvironment, such as tumor neovas-
cularization (reviewed in refs. 5-8).

Nonstandard abbreviations used: EphA2, EPH receptor A2; HER2, human ErbB2;
MMTV, mouse mammary tumor virus; PCNA, proliferating cell nuclear antigen;
PMEC, primary mammary epithelial cell; PMTC, primary mammary tumor cell;
PyV-mT, polyoma virus middle T; RTK, receptor tyrosine kinase.

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: J. Clin. Invest. 118:64-78 (2008). doi:10.1172/JCI33154.

64 The Journal of Clinical Investigation

htep://www.jci.org

The Eph RTK family is the largest family of RTKs identified in
the genome, with at least 15 receptors and 9 ligands identified in
vertebrates (reviewed in refs. 5, 9). The family is subdivided into
class A and class B based on homology and binding affinity for
2 distinct types of membrane-anchored ephrin ligands. Class B
receptors generally bind to class B ephrins that are attached to the
cell membrane by a transmembrane-spanning domain, while A
class receptors normally interact with glycosyl-phosphatidylino-
sitol-linked class A ephrins, although interclass binding does
occur among certain family members (reviewed in refs. 5,9). These
molecules function during embryogenesis to regulate angiogenic
remodeling processes, axon guidance, and tissue boundary forma-
tion (reviewed in refs. 10, 11). More recently, members of this RTK
family, including EPH receptor A2 (EphA2), have been linked to
tumor progression and neovascularization (reviewed in ref. 6).

Increasing evidence suggests that EphA2 expression may be
causally related to neoplasia. EphA2 RTK overexpression has
been observed in several models of cancer, including primary
and transplanted rodent tumors, human tumor xenografts, and
primary human tumor biopsies (reviewed in refs. 5-7). Experi-
mentally induced overexpression of EphA2 resulted in malignant
transformation of nontransformed MCF10A breast cells and
enhanced malignancy of pancreatic carcinoma cells (12, 13). Con-
versely, siRNA-mediated inhibition of EphA2 expression impaired
malignant progression of pancreatic, ovarian, and mesothelioma
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Table 1
Incidence of hyperplasia, tumorigenesis, and lung metastasis
frequency in mice 8 months and 1 year after birth

Genotype Hyperplasia Tumors Lung lesions
8 mo 8mo 1yr 1yr
EphA2++ MMTV-Neu 1% 57%  72% 63%
EphA2+- MMTV-Neu 64% 43%  76% 69%
EphA2-- MMTV-Neu 23% 23%~  40%* 44%

n = 13-14 per genotype scored 8 months after birth; 10—13 per genotype
scored 1 year after birth. AP < 0.05 versus EphA2++ MMTV-Neu; %2 test.

tumor cell lines, and overexpression of dominant-negative EphA2
constructs suppressed growth and metastasis of 4T1 metastatic
mouse mammary adenocarcinoma cells in vivo (13-16). EphA-Fc
receptor proteins that disrupt endogenous receptor activation
significantly inhibited growth and neovascularization of tumors
in vivo (17-19). Coupled with the observation that EphA2 signal-
ing induces phosphorylation and activation of the pro-prolifera-
tive p42/44 MAPK family member Erk in tumor cell lines (20, 21),
these data suggest that EphA2 functions as an oncogene.

Other evidence, however, suggests that EphA2 may function as a
tumor suppressor. EphA27/~ gene-trap mice displayed increased sus-
ceptibility to chemical carcinogen-induced skin cancer compared
with control littermates, along with increased tumor cell prolifera-
tion and phosphorylation of Erk (22). Stimulation of EphA recep-
tors with soluble ephrin-A1-Fc ligand reduced Erk phosphoryla-
tion in tumor cell lines, fibroblasts, and primary aortic endothelial
cells and suppressed growth of primary keratinocytes and prostate
carcinoma cells (22-24). Macrae et al. also reported that treatment
of human breast cancer cell lines with ephrin-A1-Fc, which stimu-
lated EphA2 phosphorylation, attenuated EGF-mediated phos-
phorylation of Erk and inhibited transformation of NIH3T3 cells
expressing v-erbB2 (24). In addition, EphA2 was reported to be a
transcriptional target of the tumor suppressor p53 (25-28). Over-
expression of EphA2 in lung and breast cancer cell lines negatively
regulated proliferation and induced apoptosis (25, 28). These data
suggest that EphA2 functions as a tumor suppressor.

Given the controversy surrounding the role of EphA2 in tumori-
genesis, we investigated the consequences of EphA2 deficiency in
transgenic mouse models of endogenous mammary tumor forma-
tion. We chose the MMTV-Neu and MMTV-PyV-mT transgenic
models, as they each recapitulate the numerous stages of human
breast tumor formation and progression. In these models, the
mouse mammary tumor virus (MMTV) long-terminal repeat drives
expression of Neu, the rat homolog of ErbB2, or polyoma virus
middle T (PyV-mT) antigen specifically in mammary gland epithe-
lium. These models recapitulate multistage tumor progression in
vivo in a similar fashion to that observed in human breast cancer,
making them excellent models for analysis of endogenous tumor
progression (29, 30). Herein, we demonstrate that EphA2 enhanced
tumor formation and proliferation in the context of Neu, both in
vivo and in ex vivo molecular analyses of purified tumor cells. Host-
derived EphA2 was required for maximal tumor vascularization in
the MMTV-Neu model. Within MMTV-Neu tumor cells, maximal
levels of Neu/ErbB2 signaling required EphA2, which promoted
both tumor initiation and metastatic progression of MMTV-
Neu-derived mammary tumors. Therapeutic inhibition of EphA2
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impaired growth of MMTV-Neu tumors. By contrast, EphA2 defi-
ciency or inhibition did not affect tumor formation or progression
in the MMTV-PyV-mT model of breast cancer (29). These results
demonstrate that the role of EphA2 in tumor progression is depen-
dent upon the oncogene/tumor suppressor context within which it
functions. Such considerations are likely to be important regarding
the application of therapies targeting EphA2.

Results
EphA2 deficiency suppresses mammary epithelial hyperplasia, tumorigenesis,
and metastasis in MMTV-Neu mice. MMTV-Neu-positive female mice
that were EphA2*/*, EphA2*/-, or EphA2-/- were generated and mon-
itored for tumor formation. Mammary gland tissue and/or tumors
were collected from 2 cohorts of animals 8 months and 1 year
after birth. Relative to EphA2*/* and EphA2*/- controls, EphA2-/-
MMTV-Neu females exhibited a significant decrease in epithelial
hyperplasias and tumors of the mammary gland with a 2-to 3-fold
reduction in frequency (Table 1). Whole-mount and histologic
analysis revealed a reduction in mammary epithelial hyperplasia
and epithelial cell content for EphA2-/- MMTV-Neu glands relative
to controls (Figure 1B). In fact, the mammary epithelium failed to
penetrate the mammary fat pad in 30% of EphA27/- MMTV-Neu
mammary glands (Supplemental Figure 1A; supplemental material
available online with this article; doi:10.1172/JCI33154DS1).

To examine premalignant changes within the epithelium of
EphA27/- versus EphA2"/* MMTV-Neu mammary glands, we
assessed proliferation and apoptosis in tissue sections by stain-
ing for proliferating cell nuclear antigen (PCNA) and by TUNEL
assay, respectively. We observed a 5.5-fold reduction in epithelial
cell proliferation in the EphA2+/- versus the EphA2"/* MMTV-Neu
mammary epithelium, while levels of apoptosis were unaffected
(Figure 1C). To determine whether proliferation defects were due
to EphA2 deficiency in mammary epithelium versus surround-
ing host tissue, we analyzed proliferation and apoptosis in puri-
fied primary mammary epithelial cells (PMECs) isolated from
EphA2*/* or EphA2+/- animals. Proliferation, as measured by incor-
poration of BrdU, was reduced nearly 3-fold in serum-stimulated
EphA2-/- cells relative to EphA2*/* controls (Figure 1D), suggest-
ing that EphA2-mediated effects on proliferation are, at least in
part, intrinsic to the epithelial cell. Interestingly, unlike mammary
epithelium in situ, we observed a modest yet significant increase
in apoptosis for EphA2-/- versus EphA2*/* PMECs (Figure 1D).
Together, these data indicate that loss of EphA2 inhibits ErbB2-
initiated mammary epithelial cell hyperplasia.

Among the EphA2-/- animals that actually developed tumors, no
significant change in time of tumor onset was observed. However,
we detected a nearly 3-fold decrease in tumor volume in EphA2-/~
relative to EphA2*/* mice (data not shown). In addition, EphA2+/*
and EphA2*/- controls displayed a higher overall tumor burden
relative to EphA2-/~ mice, as control animals developed 2 or more
tumors 1 year after birth while EphA2-/- animals developed single
tumors. While EphA2 protein expression was detected in mammary
epithelial cells, associated blood vessels, and total mammary gland
lysates in EphA2*/* and EphA2*/- MMTV-Neu females, EphA2
protein expression was not detected in tissue or mammary gland
lysates harvested from EphA27/- MMTV-Neu mice (Supplemental
Figure 1B). Expression levels and localization of ErbB2 in MMTV-
Neu tumors were not affected by EphA2 deficiency (Supplemental
Figure 1C), although EphA2 expression appeared to be elevated in
mammary gland lysates isolated from 8-month-old MMTV-Neu
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Figure 1

EphA2 deficiency reduces mammary tumorigenesis, metastasis, pro-
liferation, and vascularity in MMTV-Neu mice. (A) Number of surface
lung lesions was significantly reduced in EphA2-- MMTV-Neu mice
(P < 0.05; single-factor ANOVA). Data are mean + SEM. (B) Top:
Whole-mount mammary gland preparations (8 mo) revealed dimin-
ished hyperplasia in EphA2-- glands relative to controls. Shown are
an EphA2++ gland with pervasive epithelial hyperplasia (left) and an
EphA2+- gland with a small tumor (arrowhead; middle). Asterisks
indicate inguinal lymph node. Bottom: H&E-stained mammary gland
sections (8 mo) reveal reduced epithelial cell content in EphA2--
MMTV-Neu tissue samples relative to controls. Scale bar: 250 um.
(C) Top: Mammary epithelial proliferation (PCNA* nuclei; arrowheads),
was significantly reduced (P < 0.05; 2-tailed, paired Student’s t test).
Scale bar: 50 um. Bottom: Mammary epithelial apoptosis (TUNEL*
nuclei; arrowheads) was not affected. (D) Top: Proliferation of primary
mammary epithelial cells from EphA2-- animals (BrdU incorpora-
tion; arrowheads) was reduced relative to EphA2++ cells (P < 0.05;
2-tailed, paired Student’s t test). Bottom: Apoptosis (TUNEL* nuclei;
arrowheads) was significantly increased in EphA2-- primary mammary
epithelial cells relative to controls (P < 0.05; 2-tailed, paired Student’s t
test). Scale bar: 20 um. (E) H&E-stained tumor sections (1 yr) demon-
strate increased cystic degeneration and lumen formation in EphA2--
tumors. Scale bar: 250 um. (F) Decreased tumor cell proliferation
(PCNA* nuclei; arrowheads) was observed for EphA2-- MMTV-Neu
tumors compared with controls (P < 0.05; single-factor ANOVA). Scale
bar: 50 um. (G) Microvascular density (CD31+ vessels; arrowheads)
was significantly reduced in EphA2-- MMTV-Neu tumors relative to
controls (P < 0.05; single-factor ANOVA). Scale bar: 100 um.

mice relative to FVB controls (Supplemental Figure 1C). At 1 year
of age, lungs harvested from EphA2-/- MMTV-Neu mice displayed
anearly 5-fold reduction in the number of surface metastases com-
pared with EphA2** or EphA2*/- controls (Figure 1A). Moreover,
the overall frequency of metastasis was decreased in EphA2/~ ani-
mals relative to EphA2*/* and EphA2*/- controls (Table 1).

Histologic examination of tumors collected from each genotype
8 months after birth disclosed mainly well-circumscribed prolif-
erations of invasive carcinoma with broad pushing, rather than
infiltrating, borders. More infiltrative-appearing carcinomas were
seen in animals 1 year after birth. Tumors isolated from EphA2-/-
MMTV-Neu mice showed more areas of cystic degeneration and
occasional lumen formation, suggestive of a more differentiated
phenotype relative to the dense, solid sheet-like growth patterns
seen in EphA2*/* MMTV-Neu tumors (Figure 1E). PCNA staining
of tumor tissue revealed a nearly 2-fold decrease in proliferation in
EphA2-/- relative to EphA2*/* MMTV-Neu tumors (Figure 1F). The
tumor microvasculature was evaluated by immunohistochemical
staining against vWF, which demonstrated that loss of EphA2
expression was associated with a significant 2.9-fold reduction in
microvascular density (Figure 1G). Levels of apoptosis were unal-
tered in EphA27/- MMTV-Neu tumors compared with controls
(data not shown). These data suggest that EphA2 is required for
both mammary tumor initiation and progression.

EphA2 is required in the host microenvironment for vascular recruitment
in MMTV-Neu tumors. While the data presented herein suggest that
EphA2 deficiency restrains epithelial proliferation in MMTV-Neu
mammary glands, previously reported data suggest that EphA2
may be required for tumor vascularization (reviewed in ref. 5).
Indeed, decreased tumor vascularization was observed in EphA2-/~
MMTV-Neu tumors (Figure 1G). To determine whether the defects
in tumor microvascular density result from EphA2 deficiency in
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host tissue versus tumor cells, we orthotopically transplanted
EphA2** MMTV-Neu tumor cells (31) into the cleared fat pads of
syngeneic EphA2*"/* or EphA27/~ FVB host animals. EphA2*/* tumor
cells transplanted into EphA2-/- hosts produced significantly
smaller tumors than those transplanted into EphA2*/* hosts (Sup-
plemental Figure 2A). We also observed a 7-fold decrease in micro-
vascular density of tumors isolated from EphA2/- versus EphA2*/*
recipients (Supplemental Figure 2B). Consistent with these data,
microvascular endothelial cells isolated from EphA2-/- animals
displayed a markedly decreased migratory response to MMTV-Neu
tumor cells in coculture assays compared with the robust migra-
tory response exhibited by endothelial cells isolated from EphA2+/*
mice (Supplemental Figure 2C). Together, these data suggest that
EphA2 signaling promotes tumorigenesis and progression through
distinct processes both in the tumor microenvironment, including
vascular endothelium, and within tumor cells.

Loss of EphA2 expression impairs tumor formation and invasiveness in
MMTV-Neu tumor cells. In addition to analysis of EphA2 function
in tumor initiation and progression within endogenous MMTV-
Neu tumors in which EphA2 deficiency precedes tumorigenesis,
we examined the effects of diminishing EphA2 expression in
established tumor cells. Using an RNAi knockdown strategy in an
established cell line derived from an MMTV-Neu tumor (31), stable
expression of 2 independent siRNA sequences significantly reduced
EphA2 expression in MMTV-Neu cells relative to parental cells and
cells expressing control siRNA (Figure 2A). Pooled populations of
cells in which EphA2 expression was diminished displayed slower
growth rates than parental or control siRNA-expressing cells (data
not shown). Consistent with the diminished growth rates, inhibi-
tion of EphA2 expression by siRNA correlated with diminished lev-
els of p-Erk, a known regulator of proliferation in the MMTV-Neu
model (reviewed in ref. 32), in EphA2 siRNA clones (Figure 2A).
Parental MMTV-Neu cells and cells transduced with the control
siRNA formed large, multiacinar structures and failed to form
lumens in 3-dimensional Matrigel culture, consistent with previous
descriptions of the effects of ErbB2 activity on 3-dimensional cul-
tures of human MCF10A cells (33). In contrast, diminished EphA2
expression impaired the ErbB2/Neu-driven multiacinar phenotype
of the MMTV-Neu cells in 3-dimensional culture. Instead, these
cells primarily formed small, organized acini composed of epithe-
lial cells surrounding a single central lumen (Figure 2, B and C).
Furthermore, the size of individual 3-dimensional colonies formed
by control cells was 3- to 4-fold greater than cells with decreased
EphA2 expression (Figure 2B). While MMTV-Neu parental cells or
cells expressing control siRNAs formed tumors when orthotopi-
cally transplanted in the cleared fat pads of FVB recipient female
mice, MMTV-Neu cells with diminished EphA2 expression failed
to establish tumors or formed very small, nonpalpable tumors in
a small percentage of animals (Figure 2D). These data suggest that
EphA2 activity is required for tumor cell-intrinsic growth and inva-
siveness in the context of the ErbB2/Neu oncogene.

Elevated EphA2 expression augments growth and invasiveness of
MCF10A cells overexpressing human ErbB2. To determine whether
EphA2 enhances ErbB2-mediated growth and invasiveness in
human cells, we overexpressed EphA2 in both nontransformed
MCF10A human mammary epithelial cells and in MCF10A cells
that stably express the human homolog of ErbB2 (HER2; ref. 34)
by adenoviral transduction. Consistent with previous studies
(12), overexpression of EphA2 enhanced growth, as we observed
increased colony size in 3-dimensional Matrigel culture (Figure 3A).
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Figure 2

Loss of EphA2 expression impairs tumor formation and invasiveness in MMTV-Neu tumor cells. (A) EphA2 expression was significantly dimin-
ished in MMTV-Neu tumor cells transduced with retroviruses expressing EphA2 siRNA sequences versus control siRNAs. Erk phosphorylation
was reduced upon EphA2 knockdown. (B) Parental and control siRNA tumor cells formed large, irregularly shaped clusters with invasive protru-
sions (arrowheads) when cultured on Matrigel, whereas EphA2 siRNA—expressing cells formed smaller clusters with a rounded morphology
and few protrusions, indicative of reduced invasiveness. Scale bar: 200 um (top), 50 um (bottom). We observed a significant decrease in colony
size, as determined by calculating the average pixel area occupied by individual colonies, for cells expressing EphA2 siRNA relative to controls
(P < 0.05; single-factor ANOVA). (C) Cultures stained with TO-PRO-3 iodide nuclear stain (blue) and anti—E-cadherin (green) were imaged by
confocal microscopy. Control tumor cells formed multiacinar structures with invasive protrusions (arrowheads), whereas tumor cells expressing
EphA2 siRNA sequences formed round, uniform acinar structures composed of a single layer of epithelial cells surrounding a central lumen
(arrows). Scale bar: 20 um. (D) Upon orthotopic transplantation into cleared fat pads of FVB recipient female mice, tumor cells expressing
control siRNA sequences produced tumors of comparable volume to those generated by transplantation of parental cells at 5 weeks. Tumor
cells expressing EphA2 siRNA sequences, however, either failed to form tumors or formed very small, nonpalpable tumors in a small fraction of
animals (P < 0.05; single-factor ANOVA). Data are mean + SEM.

Relative to parental MCF10A, HER2-overexpressing (MCF10A. by adenoviral transduction in MCF10A.HER2 cells led to a 2-fold
HER2) cells formed larger, multiacinar structures that failed to  increase in the size of individual colonies relative to untransduced
form lumens in 3-dimensional Matrigel culture (Figure 3A), con-  controls or cells transduced with adenovirus expressing 3-gal (Fig-
sistent with previous reports (33, 34). Overexpression of EphA2  ure 3A). In addition, there was an increase in lumen filling and
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Figure 3

Elevated EphA2 expression in MCF10A.HER2 cells enhances cell proliferation and invasiveness in vitro. (A) Parental MCF10A human breast
cells and MCF10A.HER2 cells were transduced with adenoviruses (Ad) expressing EphA2 or control 3-gal and plated on growth factor-reduced
Matrigel to generate 3-dimensional spheroid cultures. After 10 days in culture, parental MCF10A cells and cells expressing Ad—f3-gal formed
small, round acinar structures, while MCF10A.HER2 cells formed larger colonies with irregular, invasive protrusions (arrows). Expression of
Ad-EphA2 in MCF10A cells resulted in larger, irregular colonies, an effect that was amplified in MCF10A.HER2 cells (P < 0.05; single-factor
ANOVA). Scale bar: 25 um. (B) Cultures were stained with TO-PRO-3 iodide nuclear stain (red) and anti-Ki67 (green) and imaged by confo-
cal microscopy. Confocal analysis revealed that parental and Ad—3-gal-transduced MCF10A formed uniform acinar structures composed of a
single layer of epithelial cells surrounding a central lumen, while MCF10A.HER2 cells formed multiacinar structures with invasive protrusions
(arrows) and a poorly defined lumen containing several cells. MCF10A cells transduced with Ad-EphA2 also formed multiacinar structures with
a poorly defined lumen. Invasion and lumen filling were enhanced in MCF10A.HER2 cells overexpressing EphA2. Scale bar: 20 um. EphA2
overexpression significantly enhanced proliferation (Ki67+ nuclei, arrows) within acinar structures formed by MCF10A and MCF10A.HER2 cells
(P < 0.05; single-factor ANOVA). (C) Expression of adenoviral gene products and overexpression of ErbB2/HER2 in MCF10A.HER2 cells was
confirmed by immunoblot, and uniform loading was verified by immunoblot for actin. Expression of p-Erk, total Erk, p-EphA2, and total EphA2
was also assessed by immunoblot.
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Figure 4

EphA2 is required for Ras/Erk activation and proliferation in the context of Neu/ErbB2-mediated neoplasia. (A) Proliferation of PMTCs isolated
from EphA2-- animals, as assessed by nuclear incorporation of BrdU (arrowheads), was reduced relative to EphA2++ cells. For rescue experi-
ments, PMTCs were transduced with adenoviruses expressing EphA2 or -gal 48 hours prior to BrdU incorporation assay. Overexpression of
EphA2 significantly elevated serum-induced proliferation relative to control (P < 0.05; 2-tailed, paired Student’s t test). Scale bar: 20 um. Expres-
sion of adenoviral transgenes was confirmed by immunoblot. (B) Ras activity in unstimulated cells, as measured by effector pulldown assay of
GTP-bound Ras by GST-Raf Ras-binding domain, was reduced in EphA2-- PMTCs relative to control, as was Erk phosphorylation. Uniform
loading was confirmed by immunoblotting for total Ras/Erk and actin. EphA2 deficiency and uniform expression of Neu/ErbB2 was confirmed
by effector pulldown assay and immunoblotting for EphA2 and ErbB2. EphA2 was phosphorylated in unstimulated EphA2++ tumor cells, and no
changes in ErbB2 phosphorylation were detected in EphA2++ versus EphA2-- PMTCs. (C) Diminished Ras and Erk activity were confirmed in
whole tumor extracts isolated from 3 independent EphA2++ or EphA2-- tumors. (D) For rescue experiments EphA2-- PMTCs were transduced
with adenoviruses expressing Erk-1 or control fgal. Overexpression of Erk-1 in EphA2-- PMTCs significantly elevated serum-induced prolifera-
tion relative to control (P < 0.05, EphA2-- Ad—B-gal versus EphA2++ or EphA2-- Ad-Erk-1; single-factor ANOVA). Expression of adenoviral
transgenes was confirmed by immunoblot. (E) Treatment of EphA2++ PMTCs with the MEK inhibitor U0126 for 12 hours significantly inhibited
serum-induced proliferation relative to vehicle control (P < 0.05, 5- and 10-uM U0126 versus vehicle). Inhibition of Erk phosphorylation by U0126
was confirmed by immunoblot.

invasive protrusions in acinar structures formed by MCF10A and
MCF10A.HER2 cells upon overexpression of EphA2, as assessed by
confocal microscopy (Figure 3B). Quantification of nuclear Ki67
revealed that overexpression of EphA2 in MCF10A and MCF10A.
HER2 cells increases proliferation nearly 3-fold compared with lev-
els observed in control cells (Figure 3B). Overexpression of HER2
in MCF10A.HER2 cells, as well as expression of adenoviral gene
products, was confirmed by immunoblot (Figure 3). Increased
p-Erk levels in cells overexpressing HER2, and to a greater extent
cells overexpressing both HER2 and EphA2, correlated with
70
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increased levels of proliferation in culture (Figure 3C). These
data suggest that EphA2 enhances mammary epithelial prolifera-
tion and invasion and augments growth and invasive properties
induced by ErbB2/HER2 in human breast epithelial cells.

EphA2 promotes activation of Ras/MAPK and tumor cell proliferation. To
examine the specific EphA2 signaling events intrinsic to the breast
epithelial cells that regulate proliferation, we purified MMTV-Neu
hyperplastic PMECs and primary mammary tumor cells (PMTCs)
from EphA2-/-and EphA2*/* mice. EphA27/- tumor cells expressed no
detectable levels of EphA2, but ErbB2 expression or phosphorylation
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Figure 5

EphA2 is required for RhoA activation and tumor cell migration in the context of Neu/ErbB2-medi-
ated malignancy. (A) EphA2-- PMTCs displayed significantly reduced migration in response to
growth media supplemented with 10% serum compared with EphA2++ PMTCs in transwell migra-
tion assays (P < 0.05; 2-tailed, paired Student’s t test). (B) RhoA activity, as measured by effector
pulldown assay of GTP-bound RhoA in tumor cell lysates and in whole tumor extracts by GST-Rho-
tekin Rho-binding domain, was reduced in EphA2-- PMTCs and intact tumors relative to EphA2+/+
cells and tumors. We also observed a decrease in total RhoA protein levels in EphA2-- MMTV-Neu
tumor cells and in whole tumor extracts relative to EphA2++ controls. We observed no change
in GTP-bound, activated Rac, or total Rac protein levels in tumor cell lysates from EphA2-- or
EphA2++ PMTCs. (C) For rescue experiments, EphA2-- MMTV-Neu primary tumor cells were
transduced with adenoviruses expressing constitutively active RhoA (Q63L) or control -gal 48
hours prior to migration assay. Expression of constitutively active RhoA restored serum-induced
migration of EphA2-- tumor cells to levels comparable to those observed in tumor cells derived
from EphA2++ animals, while control 3-gal had no effect (P < 0.05, EphA2-- Ad—f-gal versus
EphA2++ and EphA2-- Ad-Rho; single-factor ANOVA). Expression of adenoviral transgenes was
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EphA2 promotes tumor cell migration
through activation of RhoA GTPase. To dis-
sect the mechanisms by which EphA2
promotes tumor metastasis, we analyzed
motility of MMTV-Neu tumor cells in
the context of EphA2 deficiency using
a transwell migration assay. EphA2-/-
MMTV-Neu tumor cells displayed a
1.5-fold decrease in serum-stimulated
migration relative to EphA2*/* cells
(Figure SA). Because expression and
activity of Rho family small GTPases
are integral components of signaling
pathways that regulate cell migration,
we sought to determine whether EphA2
regulates tumor cell motility through
a Rho-dependent mechanism. Dimin-
ished levels of active GTP-bound RhoA
were present in both EphA27/- tumors
and in purified EphA2-/- PMTCs rela-
tive to EphA2*/* controls (Figure 5B).
EphA2-/- tumor cells also displayed a
decrease in total RhoA protein expres-
sion. In contrast, there were no detect-
able changes in levels of activated Racl
under our experimental conditions. To
determine whether activation of RhoA
mediates EphA2-dependent cell migra-
tion, we expressed a constitutively active
RhoA in EphA27/- MMTV-Neu tumor
cells. While expression from a control
adenovirus expressing p-gal had no
effect on migration in EphA2+- PMTCs,
expression of exogenous activated RhoA
restored migration to levels similar to
those of EphA2*/* control cells (Figure

confirmed by immunoblot assays.

was not affected in these cells (Figure 4B), suggesting that EphA2 did
not regulate ErbB2 expression or activity. Both PMECs and PMTCs
that were EphA2-/- exhibited a decrease in proliferation relative to
that in EphA2+/* cells (Figure 4A and Figure 1D), and the prolifera-
tion defect was rescued by restoring EphA2 expression (Figure 4A).
While there were no significant changes in levels of p-src, p-stat5,
p-cyclin-D1, or p-PLCy (data not shown), levels of p-Erk and active
GTP-bound Ras were significantly diminished in EphA27/- relative
to EphA2+/* cells (Figure 4B and Supplemental Figure 3, A and B).
Similarly, there was a substantial reduction in Erk and Ras activity in
whole tumor lysates from EphA2-/- animals compared with tumors
from EphA2*/* MMTV-Neu mice (Figure 4C). Overexpression of
exogenous Erk-1 rescued proliferation defects in EphA2-- PMTCs
relative to cells expressing control 3-gal (Figure 4D), suggesting that
modulation of Ras/Erk signaling is a primary mechanism through
which EphA2 affects Neu-mediated tumor growth. Treatment
of EphA2%/* PMTCs with the MEK inhibitor U0126 significantly
impaired proliferation. As MEK activates Erk in response to activa-
tion of Ras, these data confirm that Ras/MEK/Erk pathway activa-
tion regulates growth in these cells (Figure 4E).
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5C). These findings suggest that RhoA
activation contributes to EphA2-medi-
ated tumor cell migration.

While Rho family GTPases, includ-
ing RhoA, have also been shown to regulate cell cycle progression
(35, 36), expression of constitutively active RhoA did not rescue
proliferation in EphA2+/- PMTCs to the levels observed in control
cells (data not shown), suggesting that RhoA activation specifi-
cally contributes to EphA2-mediated tumor cell migration rather
than growth. Conversely, we did not observe any change in migra-
tion of EphA2-/- PMTCs upon overexpression of Erk-1 (data not
shown). These data suggest that proliferation and motility are
regulated separately by Erk-1 and Rho, respectively, in the context
of ErbB2/EphA2-mediated tumor progression.

EphA2 physically and functionally intevacts with ErbB2. To investigate
the molecular mechanism(s) by which EphA2 modulates Neu/
ErbB2-mediated proliferation and invasiveness, biochemical stud-
ies were performed to assess physical interaction between EphA2
and ErbB2 in COS7 cells overexpressing both proteins and between
endogenous proteins in MMTV-Neu-derived PMTCs. We detected
the presence of ErbB2 in EphA2 immunoprecipitates, and EphA2
in ErbB2 immunoprecipitates, in lysates from COS?7 cells overex-
pressing the human isoforms of EphA2 and ErbB2 (Figure 6A).
Coimmunoprecipitation analysis of endogenous proteins from
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EphA2 physically and functionally interacts with ErbB2. (A) COS7 cells were transfected with plasmids
for expression of EphA2 or/and ErbB2. EphA2 or ErbB2 was immunoprecipitated from cell lysates,
and products were analyzed for ErbB2 or/and EphA2. Coexpression of EphA2 and ErbB2 was suf-
ficient to permit coimmunoprecipitation. (B) Endogenous ErbB2 and EphA2 were coimmunoprecipi-
tated with anti-EphA2 or anti-ErbB2 antibodies, respectively, in EphA2++ MMTV-Neu tumor cells that
were untreated or treated with the chemical crosslinker DTSSP. The interaction detected was specific:
EphA2 and ErbB2 were not immunoprecipitated by control IgG. Uniform input was validated by prob-
ing lysates for expression of EphA2 and ErbB2. (C) COS7 cells were transfected with plasmids for
expression of EphA2 or ErbB2. EphA2 was immunoprecipitated from cell lysates, and products were
analyzed for EphA2 expression and tyrosine phosphorylation. Coexpression of ErbB2 and EphA2 was
sufficient to induce phosphorylation of EphA2 in COS7 cells in the absence of ephrin ligand stimula-
tion. (D) Interaction between EphA2 and HER2 in MCF10A cells overexpressing HER2 was observed,
as EphA2 and HER2 were coimmunoprecipitated with anti-EphA2 antibodies in HER2-overexpressing
cells, but not in parental MCF10A cells. Elevated EphA2 phosphorylation was observed in MCF10A
cells overexpressing HER2 relative to parental MCF10A cells, and treatment with the ErbB2 kinase
inhibitor AG825 reduced EphA2 phosphorylation as well as ErbB2 phosphorylation in MCF10A cells
overexpressing HER2.

way, we crossed MMTV-PyV-mT
mice with EphA2-/~ mice. These ani-
mals were used to generate MMTV-
PyV-mT mice that were EphA2*/*,
EphA2*/-, or EphA27/-. Virgin female
mice were monitored for tumor for-
mation through 100 days. Despite
confirmed loss of EphA2 deficiency
in the MMTV-PyV-mT model (Figure
7,A and C), EphA2 deficiency did not
affect rate of tumor formation (data
not shown), tumor volume, number
of surface lung lesions, or microvas-
cular density (Table 2 and Figure
7B). Additionally, there were no dif-
ferences in levels of total Ras, active
GTP-bound Ras, p-Erk, or total Rho
in MMTV-PyV-mT tumors derived
from EphA2*/* versus EphA27/- mice
(Figure 7C). These findings are in
striking contrast to the effects of
EphA2 deficiency observed in the
MMTV-Neu model. These data sug-
gest that, in marked contrast to the
MMTV-Neu model, EphA2 does not
affect tumor initiation, metastasis, or
vascular density in the MMTV-PyV-
mT model, nor does loss of EphA2
affect the signaling pathways that
contribute to these aspects of tumor
progression in this model.

We next assessed expression and
activation of EphA2 in normal mam-
mary tissue isolated from FVB female
mice, in MMTV-Neu and MMTV-
PyV-mT tumor tissue, and in PMECs
and PMTCs isolated from both
MMTV-Neu and MMTV-PyV-mT
animals. EphA2 was overexpressed
and phosphorylated in tumor tissue

PMTCs also confirmed that ErbB2 formed a complex with EphA2
(Figure 6B). In both PMTCs and COS7 cells, EphA2 and ErbB2 were
expressed at high levels, and the EphA2/ErbB2 interaction occurred
constitutively in the absence of ligand stimulation (Figure 6C).
Strikingly, coexpression of ErbB2 and EphA2 in COS7 cells was suf-
ficient to induce tyrosine phosphorylation of EphA2 in the absence
of ligand or serum stimulation (Figure 6C). Likewise, elevated
EphA2 phosphorylation was observed in MCF10A.HER2 cells over-
expressing ErbB2 relative to parental MCF10A cells (Figure 6D).
Consistent with coexpression data in COS?7 cells, treatment with
an ErbB2 kinase inhibitor diminished EphA2 phosphorylation as
well as HER2 phosphorylation in MCF10A.HER2 cells (Figure 6D).
Given evidence for physical interaction between ErbB2 and EphA2
and the functional requirement of EphA2 expression for maximal
activation of signaling pathways downstream of ErbB2, these data
suggest that that EphA2 participates in ErbB2 signaling.

EphA2 deficiency bas no impact on tumor progression, angiogenesis, or
metastasis in MMTV-PyV-mT transgenic animals. To assess EphA2
function in an independent endogenous model of mammary
tumorigenesis that is also dependent upon the Ras/MAPK path-

72 The Journal of Clinical Investigation

htep://www.jci.org

derived from both MMTV-Neu and MMTV-PyV-mT models com-
pared with normal mammary tissue. Furthermore, expression of
ephrin-Al ligand was elevated in tumor lysates from both models
compared with normal mammary tissue (Figure 7, C and D). Lev-
els of ephrin-A1 were comparable in EphA2*/* and EphA2/- tumor
lysates (Figure 7, C and D). Notably, however, levels of both total
EphA2 and p-EphA2 were higher in MMTV-Neu tumors compared
with MMTV-PyV-mT tumors (Figure 7D). EphA2 overexpression

Table 2
Tumor volume and lung metastases in mice 100 days after birth

Genotype Tumor volume? No. lung lesions®?
EphA2++ MMTV-PyV-mT 747 291 mm? 10+6
EphA2+- MMTV-PyV-mT 752 + 444 mm3 10+ 12
EphA2-- MMTV-PyV-mT 803 + 329 mm? 12+7

Data are mean + SEM. n = 8-10 per genotype; phenotypes were
scored 100 days after birth. AP = 0.99 among groups, single-factor
ANOVA. BP = 0.32 among groups, single-factor ANOVA.
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was detected specifically in tumor cells and not in non-neoplastic
epithelial cells (Figure 7E). While ErbB2 overexpression has been
previously reported in MMTV-PyV-mT tumors (37) and was also
observed in our tumor lysates, MMTV-Neu tumors displayed a much
higher level of ErbB2 overexpression (Figure 7D). The evidence there-
fore suggests that EphA2 augments ErbB2/Neu-mediated signaling
and that increased expression of EphA2 may be a mechanism by
which ErbB2 signaling pathways are amplified in tumors.
Anti-EphA2 therapy shows efficacy in the MMTV-Neu tumor model. To
determine whether MMTV-Neu tumors are responsive to targeted
anti-EphA2 therapy in vivo, we transplanted wild-type MMTV-Neu
tumor cells into the cleared fat pads of wild-type FVB recipient
animals. At 2 weeks after transplantation, animals were injected
intraperitoneally twice weekly for 3 weeks with either control IgG
or an anti-EphA2 antibody that targets murine EphA2 for degra-
dation (Figure 8A). The anti-EphA2 antibody specifically targeted
EphA2, as expression of the related receptor EphA4 was unaffect-
ed in antibody-treated tumor cells derived from MMTV-Neu and
MMTV-PyV-mT animals (Figure 8A). MMTV-Neu tumors harvest-
ed from anti-EphA2-treated animals displayed a 3-fold reduction
in tumor volume relative to tumors isolated from IgG-treated mice
(Figure 8B). In addition, tumor cell proliferation was significantly
decreased in anti-EphA2-treated animals relative to controls, as
determined by quantifying nuclear PCNA staining (Figure 8C). As
predicted, EphA2 protein levels were significantly reduced in anti-
EphA2-treated tumors relative to control IgG-treated tumors,
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A2+* MMTV-PyV-mT/EphA2* © Figure 7
L —— e +/+ /- +/+ /- EphA2 deficiency does not affect tumorigen-
: -] ‘ . EphA2 esis, microvascular density, or growth regu-
latory signaling pathways in MMTV—-PyV-mT
(S— Ras-GTP tumors. (A) Loss of EphA2 protein expres-

sion was confirmed by immunohistochemical
staining. Scale bar: 50 um. (B) We detected
no change in MMTV-PyV-mT tumor micro-
vascular density based on VWF staining
(arrows indicate vVWF+ blood vessels). Scale
bar: 100 um. (C) We did not observe any
change in levels of GTP-bound active Ras
or p-Erk in EphA2-- MMTV-PyV-mT whole
tumor extracts relative to controls, nor did we
observe any change in levels of RhoA. Uni-
form loading was confirmed by immunoblot-
ting for total Ras, total Erk, and tubulin. (D)
We observed EphA2 overexpression and
elevated phosphorylation in MMTV-Neu and
MMTV—-PyV-mT tumors relative to normal
mammary tissue isolated from control FVB
mice, with the highest levels observed in
MMTV-Neu tumors. We also observed over-
expression of ErbB2 and ephrin-A1 in both
tumor types, with comparable ephrin-A1
expression in both tumor types and higher
ErbB2 levels in MMTV-Neu tumors. Uni-
form loading was confirmed by immunoblot
for actin. (E) We confirmed EphA2 overex-
pression specifically in epithelium by com-
paring EphA2 levels in PMEC lysates ver-
sus PMTCs derived from MMTV-Neu and
MMTV-PyV-mT mice.

! Total Erk
Rho

as assessed by immunohistochemistry and immunoblot (Figure
8D), although downregulation of EphA2 expression did not affect
expression of ErbB2 in anti-EphA2-treated tumors, nor did con-
trol IgG treatment affect ErbB2 expression in tumors (Supplemen-
tal Figure 4A). We also observed a significant reduction in micro-
vascular density in tumors harvested from anti-EphA2-treated
animals relative to those treated with control IgG (Figure 8E). In
contrast to these results, anti-EphA2 treatment had no effect on
tumor volume (Figure 8F) or microvascular density (Supplemental
Figure 4B) in animals transplanted with MMTV-PyV-mT tumors
in spite of downregulated levels of EphA2 protein in anti-EphA2-
treated tumors (Supplemental Figure 4C). These data suggest
that the efficacy of anti-EphA2 therapy depends upon the onco-
gene context in which tumor progression occurs, as treatment of
MMTV-PyV-mT tumor-bearing animals did not affect tumor pro-
gression as in MMTV-Neu tumor-bearing mice in spite of EphA2
overexpression in both tumor models.

Discussion
Role of EphA2 in ErbB2-driven mammary tumor initiation and metastatic
progression. The role of EphA2 in breast tumor progression has
remained controversial, based on discrepancies among individual
studies. For example, recent screens of RTK expression in tumors
revealed that EphA2 RTK is overexpressed in a variety of human
epithelial cancers, including more than 80% of breast cancer clinical
samples (38, 39). While these studies did not discriminate between
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Treatment with an anti-EphA2 antibody inhibits tumor growth in MMTV-Neu but not MMTV—PyV-mT tumors. (A) Treatment with anti-murine
EphA2 antibody diminished EphA2 protein expression in tumor cells derived from MMTV-Neu and MMTV—-PyV-mT mice. Tumor cells were treat-
ed with control IgG (10 ug/ml) or increasing concentrations of anti-EphA2 antibody for 48 hours. Uniform loading was confirmed by immunoblot
for actin. Blots were stripped and reprobed with anti-EphA4 antibodies as a control for antibody specificity. (B) Cells derived from EphA2++
MMTV-Neu mice were orthotopically transplanted into the cleared fat pads of female FVB recipient mice. At 2 weeks following transplantation,
mice were injected intraperitoneally with anti-EphA2 antibody or control IgG (10 mg/kg) twice weekly for 3 weeks. We observed a significant
reduction in tumor volume in anti-EphA2—-treated animals relative to control IgG—treated mice (P < 0.05; 2-tailed, paired Student’s t test). Data
are mean + SEM. (C) Tumor cell proliferation was significantly impaired in anti-EphA2-treated animals relative to controls (P < 0.05; single-fac-
tor ANOVA, arrowheads indicate PCNA* nuclei). Scale bar: 50 um. (D) EphA2 expression was significantly diminished in anti-EphA2—treated
tumors relative to IgG controls, as assessed by immunohistochemistry and immunoblot. Blots were stripped and reprobed for actin expression
to verify uniform loading. Scale bar: 50 um. (E) We observed significantly reduced (P < 0.05; 2-tailed, paired Student’s t test) microvascular
density in tumors isolated from anti-EphA2—treated mice relative to controls (arrowheads indicate VWF+* blood vessels). Scale bar: 100 um. (F)
Cells derived from MMTV-PyV-mT mice were orthotopically transplanted in the cleared fat pad of FVB female recipient mice and were treated
with anti-EphA2 antibody or control IgG as described above. We observed no change in tumor volume between animals treated with anti-EphA2
antibody relative to control IgG-treated mice.

stromal cell-intrinsic versus tumor cell-intrinsic EphA2 expression,
they clearly demonstrated a correlation between EphA2 expression
and breast cancer progression. In contrast, some initial studies sug-
gested that EphA2 does not play a role in tumor initiation, including
reports indicating that stimulation of tumor cells with soluble eph-
rins does not promote, and may even inhibit, MAPK activation and
tumor cell proliferation (22-24). In addition, the majority of previ-
ous in vivo studies regarding EphA2 function in tumor progression
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involved tumor xenograft models that do not recapitulate endog-
enous tumor initiation and progression (12-14, 16, 17, 19, 40, 41).
To provide a comprehensive examination of the role of EphA2 in the
multiple stages of mammary tumorigenesis, we generated EphA2-/~
MMTV-Neu mice. We chose the MMTV-Neu model because the
mammary epithelium progresses from hyperplasia to carcinoma in
situ and to invasive and metastatic carcinoma in a stepwise man-
ner is similar to that seen in ErbB2-overexpressing human breast
Volume 118
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cancers (30). EphA27/- MMTV-Neu female mice exhibited a reduc-
tion in mammary epithelial hyperplasia and developed tumors with
reduced frequency secondary to a significant reduction in epithelial
cell proliferation (Figure 1), consistent with a role for EphA2 in the
earliest stages of breast cancer formation. This proliferation defect
was, at least in part, intrinsic to epithelial cells, as BrdU incorpo-
ration was also reduced in primary mammary epithelial cells and
tumor cells isolated from EphA2~/- animals relative to controls (Fig-
ures 1 and 4). Taken together, these results suggest that EphA2 is
required for mammary tumor onset and growth.

At later stages of tumor progression, MMTV-Neu mammary
tumors progress from hyperplasia to metastatic carcinoma
through multiple steps, including increased tumor cell invasion
and migration and sustained angiogenesis. Loss of EphA2 signifi-
cantly inhibited MMTV-Neu tumor metastasis to the lung. While
EphA2-dependent tumor cell proliferation is intrinsic to the epi-
thelium, EphA2-dependent tumor metastasis can be attributed
to dual roles for EphA2 in both tumor cells and host microenvi-
ronment. Ex vivo studies using EphA27- MMTV-Neu tumor cells
revealed that loss of EphA2 impaired serum-induced cell migration
(Figure 5), indicating a tumor cell-intrinsic role for EphA2-medi-
ated malignant progression. Additionally, tumor angiogenesis was
significantly diminished when MMTV-Neu cells were transplanted
into EphA2/- host environment (Supplemental Figure 2). These
studies underscore the complex nature of EphA2 signaling.

Oncogene interaction in mammary tumorigenesis and metastatic progres-
sion. A large body of work indicates that tumorigenesis is a multi-
step process, and different oncogenes often cooperate to promote
different steps of tumor progression (reviewed in refs. 1-3). Here
we demonstrated a physical interaction between EphA2 and ErbB2
at the tumor cell surface, inducing phosphorylation of the EphA2
in the absence of ligand stimulation. This interaction between
ErbB2 and EphA2 amplified Ras/Erk signaling and Rho GTPase
activation (Figures 4 and 5), likely contributing to the increased
proliferation and motility of EphA2-expressing tumor cells. This
observation holds repercussions regarding how ErbB2-expressing
breast cancers are treated, especially those that are refractory to
anti-ErbB2 therapies. Our findings provide translational evidence
that anti-EphA2 therapy may be effective against ErbB2-expressing
tumors, alone or in combination with methods targeting ErbB2.

By contrast, EphA2 deficiency in MMTV-PyV-mT transgenic
mice had no effect on tumor progression or in observed levels of
activated Ras or p-Erk. Because Ras and Erk displayed high basal
activity in PyV-mT-expressing tumors regardless of EphA2 expres-
sion, these data suggest that PyV-mT antigen activates Ras/MAPK
pathway by alternate mechanisms, bypassing the requirement for
EphA2 function. More importantly, this observation demonstrates
that EphA2 function in tumor progression depends upon the con-
text of other oncogenic/tumor suppressive determinants of malig-
nancy, which may underlie some of the controversy regarding the
role of EphA2 in tumor progression. While ErbB2 and PyV-mT acti-
vate many of the same signaling pathways that contribute to malig-
nancy, such as those mediated by Ras, PI3K, src-family kinases, and
Stat transcription factors (reviewed in refs. 42, 43), our data indi-
cate that modulation of EphA2 signaling represents an important
molecular distinction between these pathways to malignancy.

EphA2 RTK: oncogene or tumor suppressor? The contradictory
observations that EphA2 may promote tumorigenesis under
some circumstances (e.g., ErbB2-expressing breast tumors) and
fail to influence tumor progression under others (e.g., PyV-mT-
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expressing tumors), or may even prevent tumor formation (e.g.,
carcinogen-induced skin cancers; ref. 22), may be reconciled by
the following model that we propose. Under physiologic condi-
tions, epithelial cells form adherens junction, permitting ephrins
to interact with EphA2s on adjacent cells. Ligand stimulation
induces receptor endocytosis and degradation, keeping EphA2 lev-
els low. Upon tumor initiation, EphA2 expression is upregulated.
Elevated EphA2 can be phosphorylated by other RTKs, such as
ErbB2, independent of ligand stimulation, leading to enhanced
cell proliferation and tumorigenesis. Thus, ligand stimulation may
play an antitumorigenic role by downregulation of EphA2, while
in the absence of ligand, EphA2 crosstalk with other receptors may
promote tumorigenesis. This model is supported by several lines
of experimental evidence. First, ligand stimulation has been shown
to downregulate EphA2 through endocytosis (24, 44, 45) as well as
Cbl ubiquitin ligase-mediated proteasome degradation (46, 47).
Second, adenoviral delivery of ephrin-A1l (45) and EphA2 activat-
ing antibodies have been shown to be effective in inhibition of
malignant cell behavior in vitro and in treating malignant ovarian
tumors in vivo (48, 49). Third, we have shown that ErbB-2 inter-
acted with EphA2 physically in MMTV-Neu tumor cells and that
EphA2 was phosphorylated by activated ErbB2. Fourth, ablation
of EphA2 by gene targeting inhibited ErbB2-induced mammary
tumorigenesis. Thus, EphA2 remains an important therapeutic
target, and downregulation of EphA2 expression or inhibition of
EphA2 signaling could lead to tumor inhibition.

EphA2 as a therapeutic target. Although EphA2 is overexpressed
in a wide variety of tumors, including breast adenocarcinomas
(reviewed in refs. 5-7), our data suggest that overexpression in and
of itself does not necessarily indicate an active role in tumorigen-
esis. Significant levels of EphA2 overexpression were document-
ed in tumors arising in both MMTV-Neu and MMTV-PyV-mT
models of mammary carcinogenesis in this study. However, while
deletion of EphA2 significantly impaired tumor initiation and
progression in MMTV-Neu animals, there was no effect of EphA2
deficiency on tumor progression in the MMTV-PyV-mT model,
which expressed only moderate levels of ErbB2. Thus, the func-
tional consequences of EphA2 overexpression depend upon the
context of coexpressed oncogenes. Therefore, effective therapeu-
tic targeting of EphA2 requires an understanding of how EphA2
cooperates with and functionally influences coexisting oncogenic
signaling networks within specific tumor types. For example, while
downregulation of EphA2 protein levels showed efficacy against
human ovarian tumor xenografts (49), an independent, similarly
designed antibody reagent had no effect on CT26 human colon
cancer xenografts or human mammary adenocarcinoma xeno-
grafts (50). Interestingly, like MMTV-PyV-mT tumor cells, CT26
cells do not overexpress ErbB2/HER?2 (51), suggesting that EphA2
overexpression enhances malignant transformation and progres-
sion particularly in the context of ErbB2 overexpression and is
therefore an appropriate target in such tumors.

While EphA2 overexpression has been reported in a variety of
human epithelial cancers, including more than 80% of breast can-
cer clinical samples (12, 38, 39), HER2 overexpression is observed
in only 30% of human breast cancers (52). Moreover, no correla-
tion was reported between EphA2 and HER2 expression in a recent
screen of 134 human breast cancer specimens (39). Our data dem-
onstrated that EphA2 interacted with ErbB2. Other EGFR family
members, including EGFR/ErbB1 and an EGFR variant (EGFRVIII,
a constitutively active deletion mutant implicated in carcinogen-
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esis; refs. 53, 54), have also been shown to physically and function-
ally interact EphA2 (55). Overexpression of EGFR and EGFRVIII
has been reported in a broader subset of human breast cancers,
with as many as 48% of cases analyzed reported to be positive for
EGFR expression (56-61). Thus, EphA2 may act in concert with the
EGEFR family of RTKs in general, and not exclusively with ErbB2,
to enhance proliferation and malignant progression. Functional
interaction between EphA2 and EGFR as well as ErbB2 may be
required for breast tumor growth and progression. Further investi-
gation of the relationship between EphA2 and EGFR family mem-
bers may provide a sound rationale for targeting EphA2 in breast
cancers that display amplification and/or activation of 1 or more
of this family of RTKs.

Conclusions. Our data suggest that the role of EphA2 RTK in can-
cer is context dependent, as EphA2 deficiency impairs tumor pro-
gression in MMTV-Neu, but not MMTV-PyV-mT, transgenic mod-
els of mammary epithelial adenocarcinoma. We provide evidence
that EphA2 physically and functionally interacts with ErbB2 to
amplify Ras/MAPK and RhoA signaling in tumor cells. Ras/MAPK
contributes to cell proliferation, while activated Rho GTPase is
required for tumor cell motility. Together, these results indicate
that EphA2 cooperates with ErbB2/Neu to promote tumor pro-
gression and may be a novel target for tumors that are dependent
upon ErbB receptor signaling.

Methods

Reagents. Antibodies against the following proteins were used: EphA2
(Zymed Laboratories, Santa Cruz Biotechnology, and Upstate Biotechnol-
ogy); EphA4 (Upstate Biotechnology); PCNA (BD Biosciences); anti-Erk,
anti-phosphothreonine-202/tyrosine-204 Erk, Akt, and phosphoserine-
473 Akt (Cell Signaling Technology); anti-tubulin (Sigma-Aldrich); ErbB2
(Neomarkers/Lab Vision Corporation); anti-B-actin (Santa Cruz Biotech-
nology); Ras (BD Biosciences); RhoA (Santa Cruz Biotechnology and BD
Biosciences); VWF (Zymed Laboratories); E-cadherin (BD Biosciences); Ki67
(Vision Biosystems Inc.); and normal rabbit IgG (Santa Cruz Biotechnol-
ogy). Therapeutic anti-EphA2 (1C1) and control nonspecific IgG (R347)
antibodies were provided by MedImmune Inc. Raf-1 RBD agarose Ras assay
reagent was purchased from Upstate Biotechnology. BrdU was purchased
from Sigma-Aldrich. BrdU detection and ApopTag Red In situ Apoptosis
kits were purchased from Zymed Laboratories and Chemicon/Millipore,
respectively. Avidin peroxidase reagents were from Vector Laboratories, and
liquid 3,3'-diaminobenzidine tetrahydrochloride (DAB) substrate kit was
from Zymed Laboratories. Ephrin-Al1-Fc was from R&D Systems. Estro-
gen, progesterone, insulin, and EGF were from Sigma-Aldrich. DAPI was
purchased from Sigma-Aldrich. TO-PRO-3 iodide nuclear stain, Cell Track-
er orange CMTMR, and CellTracker green CMFDA dyes was purchased
from Invitrogen. Growth factor-reduced Matrigel was purchased from BD
Biosciences. AG825 ErbB2 kinase inhibitor was from Calbiochem (EMD
Biosciences). Recombinant adenoviruses expressing constitutively active
RhoA (Q63L) and Erk-1 were purchased from Cell Biolabs and Vector Bio-
labs, respectively. Control adenoviruses expressing -gal and adenoviruses
expressing EphA2 have been previously described (62, 63). MEK inhibitor
U0126 was purchased from Calbiochem.

Mice and in vivo tumor studies. All animals were housed under pathogen-
free conditions, and experiments were performed in accordance with
AAALAC guidelines and with Vanderbilt University Institutional Animal
Care and Use Committee approval. EphA27/~ mice were backcrossed with
FVB animals for 5-7 generations prior to crossing with MMTV-Neu or
MMTV-PyV-mT mice on an inbred FVB background (Jackson Laborato-
ries; refs. 29, 30). MMTV-Neu- or MMTV-PyV-mT-positive transgenic
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animals that were EphA2*/*, EphA2*/-, or EphA27/- (63) were identified by
PCR analysis of genomic DNA from tail biopsy using the following prim-
ers: 5'-GGGTGCCAAAGTAGAACTGCG-3' (forward), 5'-GACAGAATA-
AAACGCACGGGTG-3' (neo), S'-TTCAGCCAAGCCTATGTAGAAAGC-3'
(reverse). The neu and PyV-mT transgenes were detected by PCR using prim-
ers and conditions recommended by Jackson Laboratories. Age-matched
littermates were monitored for tumor formation by weekly palpation.

Tumors and lungs were collected from 2 cohorts of MMTV-Neu hemizy-
gous EphA2/* EphA2*/-,and EphA2-7/-animals at 8 months and 1 year after
birth. Tumors and lungs were collected from MMTV-PyV-mT hemizygous
EphA1*/*, EphA1*/-, and EphA1/- animals 100 days after birth. Tumors
were enumerated, and dimensions were measured by caliper. Tumor vol-
ume was calculated as / x w? x 0.52, where [ represents length and w width
(64). Lungs were fixed and dehydrated, and surface metastases were enu-
merated. For transplantation studies, the left inguinal mammary gland fat
pad of 3-week-old recipient EphA2*/* or EphA27/~ FVB female animals was
cleared of endogenous epithelium as described previously (65) and injected
with 10° tumor cells derived from MMTV-Neu (31) or MMTV-PyV-mT
(66) animals. Resulting tumors were harvested 4-5 weeks after injection for
analysis. Where indicated, beginning at 2 weeks after tumor cell injection,
recipient mice received intraperitoneal injections of 1C1 anti-EphA2 anti-
body or control IgG (10 mg/kg twice weekly for 3 weeks) prior to collection
and analysis of primary tumors. At least 10 animals per condition were
analyzed in 2-3 independent experiments. Statistical analysis of tumor
development and metastasis frequency was assessed by y? test assuming
that 50% of MMTV-Neu female mice should develop tumors within 7-8
months after birth, as was originally reported (30).

Histologic analyses. Mammary glands and tumors were harvested at the
indicated time points and fixed in 10% neutral buffered formalin (Fisher
Scientific) for 24 hours at 4°C. Whole-mount hematoxylin staining of mam-
mary glands and H&E staining of 7-um mammary gland tissue sections was
performed as described previously (65). Immunohistochemical staining for
EphA2 and PCNA was performed as described previously (17), and prolifer-
ation was quantified by calculating the average percentage of PCNA* nuclei
relative to total nuclei (4 random fields of at least 4 independent mammary
and tumor samples per genotype; original magnification, x20). Apoptosis
assays were performed using the Apoptag red in situ apoptosis detection
kit per the manufacturer’s protocol (Chemicon International). Apoptosis
was calculated as the average percentage TUNEL* nuclei relative to total
nuclei (4 random fields of at least 4 independent mammary and tumor
samples per genotype; original magnification, x20). We detected p-Erk in
tissue sections using rabbit monoclonal anti-p-Erk antibody clone 20G11
per the manufacturer’s protocol (Cell Signaling Technology). Colorimetric
immunohistochemical staining for vWF was performed by the Vanderbilt
University Immunohistochemistry Core Facility, and immunofluorescence
staining was performed as described previously (8). Microvascular density
was determined by counting the number of vVIWE" vessels in 4 random fields
per sample of at least 4 independent tumors per genotype (original magni-
fication, x20). ErbB2 immunohistochemistry was performed using 5 ug/ml
rabbit anti-ErbB2 antibody (Neomarkers/Lab Vision Corporation).

Cell culture. PMECs were isolated from mice as described previously (65,
67) and maintained in PMEC media (DMEM/F12 media [Mediatech] sup-
plemented with 5 ng/ml estrogen, S ng/ml progesterone, 5 ng/ml EGF, and
5 ug/mlinsulin [Sigma-Aldrich]) on growth factor-reduced Matrigel-coated
(1:20 dilution) tissue culture dishes. Primary tumor cells were derived from
EphA2+/* or EphA2-/- MMTV-Neu animals as previously described (31).
Enrichment of tumor cells in cultures was verified by expression of the
neu transgene (31). The MMTV-Neu tumor-derived cell line (31) and the
MMTV-PyV-mT tumor-derived cell line (66) used in transplantation and
signaling studies were cultured in PMEC media. For EphA2 degradation
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studies, tumor cells were cultured in the presence of 1C1 anti-EphA2 anti-
body or control IgG (MedImmune) at the indicated concentrations for 48
hours prior to harvesting lysates for immunoblot analysis. In vitro prolifera-
tion and apoptosis analyses were performed as described previously (17, 67)
using BrdU and TUNEL detection kits described above. For rescue experi-
ments, EphA2/- MMTV-Neu primary tumor cells were transduced with
1 x 108 pfu/ml adenovirus expressing Erk-1, EphA2, or control -gal 48
hours prior to BrdU assay. For MEK inhibitor studies, cells were treated with
Sand 10 uM U0126 (Calbiochem) or DMSO vehicle control for the 12 hours
during the BrdU labeling/serum stimulation time frame. Transwell migra-
tion assays were performed as described previously (63). For rescue experi-
ments, EphA2/- MMTV-Neu primary tumor cells were transduced with
1 x 108 pfu/ml adenovirus expressing constitutively active RhoA (Q63L)
or control B-gal 48 hours prior to transwell assay. Tumor-endothelial cell
coculture migration assays were performed as described previously (8, 68).

siRNA sequences for mouse EphA2 or irrelevant control sequences were
cloned into pRetroSuper viral vector and used to produce retroviruses for
infection of MMTV-Neu tumor cells as previously described (68, 69). The
following sequences were used to target EphA2: siRNA no. 1, 5-GCCAAAG-
TAGAACTGCGTT-3' (aa 1,140-1,158); siRNA no. 2, 5'-GCGCTAGA-
CAAGTTCCTTA-3' (aa 2,211-2,229); control siRNA, 5'-GCACCAGTTCAG-
CAAGACT-3'. We established 3-dimensional spheroid cultures as described
previously (70). Cultures were maintained for 8 days prior to photodocu-
mentation. Digital images were scored for spheroid culture area in 4 random
fields, 3 cultures per field, using NIH Image]J software. For confocal imaging,
spheroid cultures were fixed in 10% neutral buffered formalin and subjected
to immunohistochemistry for E-cadherin followed by nuclear staining with
TO-PRO-3 as previously described (71). Tumor cells were transplanted into
the cleared fat pads of recipient FVB mice as described above. At least 10 ani-
mals per condition were analyzed in 2-3 independent experiments.

Parental MCF10A and MCF10A cells stably overexpressing HER2 were
maintained as described previously (34). We established 3-dimensional
spheroid cultures as described previously (70). Cells were transduced with
1 x 108 pfu/ml adenovirus expressing constitutively EphA2 or control
B-gal 48 hours prior to analysis. Staining for confocal analysis was per-
formed as described above.

Immunoprecipitation and immunoblot analysis. Immunoprecipitation and
immunoblot of EphA2 was performed as described previously (17). ErbB2
was immunoprecipitated using 1 ug rabbit anti-ErbB2 plus 1 pg mouse
anti-ErbB2 Ab-17 (Neomarkers/Lab Vision Corporation). Where indicated,
2.5 x 105 PMECs (for Western analyses) or 2.5 x 10 primary tumor cells
(for GTP-Ras and -Rho/Rac pulldown assays) were cultured in DMEM:
F12 media plus 2% FBS overnight. For analysis of EphA2 stability, MMTV-
Neu or MMTV-PyV-mT tumor cells (2.5 x 10°) were treated with EphA2-
agonist monoclonal antibody 1C1 or control IgGs at the indicated doses
and times. Lysates were harvested and used for immunoblot analysis as
described previously (17). Densitometric analysis was performed using
NIH Image]J software.
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For Ras and Rho/Rac pulldown assays, tumor tissue was collected,
weighed, mechanically homogenized in PBS, pelleted, and resuspended
in manufacturer-recommended assay buffer (Upstate Biotechnology).
Approximately 500 ug tumor lysate was used per assay. Ras assays were
performed using Raf-1 Ras-binding domain-GST assay reagent (Upstate
Biotechnology) per the manufacturer’s protocol. Rho assays were per-
formed using Rhotekin-binding domain-GST reagents as previously
described (16). For some coimmunoprecipitation assays, COS7 cells were
cotransfected with 1 ug each of myc-tagged erbB2 (pcDNA3-erbB2) and
ephA2 (pcDNA3-EphA2) using Lipofectamine 2000 (Invitrogen). Cells were
lysed in 1% NP-40 buffer (10 mM Tris-HCI, pH 7.5; 150 mM NaCl; 2 mM
EDTA; and 1% NP-40 plus 50 mM protease inhibitors). Lysates were used
for immunoprecipitation with anti-myc (Sigma-Aldrich) or anti-EphA2
antibodies (catalog no. sc-924; Santa Cruz). Immune complexes were
resolved on SDS-PAGE and Western blotted using anti-EphA2 or anti-myc
antibodies. EphA2 was immunoprecipitated from MMTV-Neu cells, fol-
lowed by treatment of half the samples with the 1 mM of the crosslinking
agent DTSSP. Immunoprecipitates were subjected to Western blot analysis
using anti-ErbB2 (1:2,000 dilution; Neomarkers). EphA2 and ErbB2 were
immunoprecipitated from MCF10A and MCF10A.HER2 cells as described
above. Where indicated, cells were incubated with 10 ug/ml AG825 ErbB2
kinase inhibitor for 24 or 48 hours prior to immunoprecipitation.

Statistics. Statistical differences among groups were determined by single-fac-
tor ANOVA, by 2-tailed, paired Student’s ¢ test; or by 2 test as indicated in the
figure and table legends. A Pvalue less than 0.05 was considered significant.
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