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ABSTRACT
EphA2 receptor tyrosine kinase (RTK) is highly expressed in breast tumor cells across multiple molecular subtypes and correlates with
poor patient prognosis. In this study, the potential role of EphA2 in this clinically relevant phenomenon is investigated as metastasis
of breast cancer to bone is a major cause of morbidity andmortality in patients. It was found that the EphA2 function in breast cancer
cells promotes osteoclast activation and the development of osteolytic bone disease. Blocking EphA2 functionmolecularly and phar-
macologically in breast tumors reduced the number and size of bone lesions and the degree of osteolytic disease in intratibial and
intracardiac mouse models, which correlated with a significant decrease in the number of osteoclasts at the tumor–bone interface.
EphA2 loss of function in tumor cells impaired osteoclast progenitor differentiation in coculture, which is mediated, at least in part, by
reduced expression of IL-6. EPHA2 transcript levels are enriched in human breast cancer bone metastatic lesions relative to visceral
metastatic sites; EphA2 protein expression was detected in breast tumor cells in bone metastases in patient samples, supporting
the clinical relevance of the study’s findings. These data provide a strong rationale for the development and application of molecu-
larly targeted therapies against EphA2 for the treatment of breast cancer bone metastatic disease. © 2021 The Authors. JBMR Plus
published by Wiley Periodicals LLC. on behalf of American Society for Bone and Mineral Research.
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Introduction

Metastasis to bone is a common occurrence among late-
stage breast cancer patients,1,2 and approximately 70%

of patients who die from breast cancer have bone metastases.3

Breast-to-bone metastases are predominately osteolytic in
nature and cause skeletal lesions that result in fractures, nerve
compression, bone pain, and hypercalcemia.4–7 The establish-
ment and growth of these metastases depend on the interaction
between tumor cells and the host microenvironment. Metastatic
cells are able to seize control of molecular pathways that regu-
late normal bone remodeling to induce aberrant activation of

osteoclasts, which leads to increased lysis of the bone.5 Osteo-
clasts, multinucleated differentiated cells with the unique ability
to resorb mineralized bone, are critical for tumor-induced osteo-
lysis.8 Identifying molecular regulators of osteoclast recruitment,
maturation, and activation is key for developing newmolecularly
targeted therapies to inhibit bone destruction of osteolytic
lesions resulting from breast cancer metastasis to the bone.

Recent studies suggest Eph receptor interactions with ephrin
ligands mediate bone homeostasis in both A and B sub-
classes.9,10 Cell surface-bound ephrin ligands and their receptors
(Eph) belong to the largest family of receptor tyrosine kinases.
The Eph family of receptors and ligands plays critical roles in
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neuronal, vascular, and intestinal development, as well as cellular
migration and bone morphogenesis.11–17 Both ephrin ligands
and Eph receptors are membrane-bound proteins, which gener-
ate signaling via cell–cell contact in both the receptor (forward
signaling) and ligand–(bidirectional/reverse signaling) expres-
sing cells. The family is subdivided into two subclasses based
on sequence homology, binding affinity, and structure. The A
subclass of receptors (EphA1-EphA10) generally bind to the
ligands tethered to the cell membrane by a glycosylphosphati-
dylinositol (GPI) anchor (ephrinA1-ephrinA6), whereas the
B-subclass (EphB1-EphB4, EphB6) generally bind to ligands
containing a transmembrane domain followed by a short cyto-
plasmic region (ephrinB1-ephrinB3). The importance of signaling
by both the receptor and ligand has been confirmed in multiple
studies of angiogenesis, tissue boundary formation, cell sorting,
and axonal guidance.18

A-class Eph receptors have also been implicated in bone
homeostasis. Irie and colleagues have shown that
ephrinA2-EphA2–mediated interactions between osteoclast pre-
cursors and osteoblasts enhance osteoclastogenesis while inhi-
biting osteoblast differentiation.10 Likewise, other studies have
implicated A-class receptors in giant cell tumors19 and prostate
cancer metastasis.20–22 Several studies have linked EphA2 func-
tion to breast tumor growth and visceral metastasis in multiple
breast cancer subtypes,23 including HER2+24 and basal-like,
triple-negative models.25 These studies are consistent with
enriched EPHA2 transcript levels and protein expression in these
subtypes in human breast cancer, with higher levels of EPHA2
correlating with poor clinical outcome.25,26 Recently, a clinical
trial testing a combination therapy with dasatinib, which cotar-
gets Src family kinases and EphA2 along with other kinases, plus
zolendronic acid, a bisphosphonate that inhibits osteoclast pro-
liferation, produced responses in hormone receptor–positive
metastatic breast cancer with skeletal involvement.27 Although
EphA2 receptor tyrosine kinase plays a crucial, clinically relevant
role in breast cancer growth across multiple subtypes and in vis-
ceral metastasis,23–26,28–30 its role in breast-to-bone metastasis
remains unclear.

Here, we show that the EphA2 function in breast cancer cells
promotes osteoclast activation and the development of osteoly-
tic bone disease. EPHA2 transcript levels were elevated in human
breast-to-bone metastases, and EphA2 loss of function in tumor
cells reduced tumor-induced osteolysis in two independent
models in vivo. Further analyses revealed that blocking tumor
EphA2 function reduced osteoclast precursor maturation into
functional osteoclasts through an IL-6–dependent mechanism
in coculture. Together, these data provide preclinical validation
of EphA2 as a clinically relevant molecular target for breast can-
cer bone metastatic disease, warranting further investigation of
molecular mechanisms that link EphA2 to tumor-induced osteo-
lysis and potential development of a clinical inhibitor.

Materials and Methods

Reagents

Raw246.7 cells were purchased from the American Type Culture
Collection (ATCC). The generation of 4T1 control (4T1.V) and 4T1
dominant–negative EphA2-overexpressing cells (4T1.ΔC) was
described previously.29 The generation of MDA-MB-231 vector
control and EphA2 shRNA knockdown (KD) cells was described
previously.25 EphA2 antibodies were purchased from Santa Cruz
Biotechnology (SC-924), Millipore/Sigma (Clone D7), Thermo

Fisher Scientific (34–7400), and Cell Signaling Technology (P-
EphA2 Y588 D7X2L mAb). Stat3 antibodies were purchased from
Cell Signaling Technology (Stat3 D1B2J mAb; P-Stat3 Y705 D3A7
mAb). Actin antibodies were purchased from Santa Cruz Biotech-
nology (SC-1616 and SC-47778). TaqMan qRT-PCR reagents were
purchased from Thermo Fisher Scientific. Primer sequences for
qRT-PCR: EphA2-F CCCCGCCCCTAGTTAGAGG; EphA2-R GAAAG-
CAAGAAGCTGGCCC; GAPDH-F AACTTTGGCATTGTGGAAGG;
GAPDH-R ACACATTGGGGGTAGGAACA. ELISA kits for mouse
and human IL-6 were purchased from RayBiotech. Neutralizing
anti-mouse IL-6 antibody (AF-406-NA), recombinant mouse and
human IL-6, and recombinant mouse ephrin-A1-Fc were pur-
chased from R&D Systems. Neutralizing anti-human IL-6 anti-
body was purchased from Abcam. Recombinant murine RANK
ligand was purchased from Peprotech. All other reagents were
obtained from Sigma-Aldrich unless otherwise noted. Tissue pro-
cessing and histologic analyses were performed by the Vander-
bilt Translational Pathology Shared Resource (TPSR) or the
Vanderbilt Center for Bone Biology.

Mining the Human Cancer Metastasis database

The Human Cancer Metastasis database31 (http://hcmdb.i-
sanger.com/index) was queried for “EphA2” in two independent
breast metastatic datasets (GSE14017 and GSE14020) to com-
pare relative transcript expression in bone relative to brain, lung,
and liver metastatic sites. For statistical analyses within the data-
base, the limma package nested in R (http://www.r-project.org/)
was employed to detect differentially expressed genes between
different types of samples in the database. Those genes with
false discovery rate (F.D.R.)<0.05 were selected as candidates
having significantly different expressions. EPHA2 was identified
as having a significantly different expression between bone
metastases relative to lung, brain, and/or liver.31 Human samples
from the Human Cancer Metastasis database and the human
breast-to-bone metastasis sections were de-identified and were
thus exempt from institutional review board authorization.

qRT-PCR and Western blot analyses

qRT-PCR for EPHA2 in MDA-MB-231 vector versus EphA2 shRNA
KD was performed as described previously.32 Western blot
detection of P-EphA2 and/or total EphA2 in 50 μg of cell lysate
(4T1 and MDA-MB-231) was performed as described previ-
ously.24 To validate recombinant mouse or human IL-6 and neu-
tralizing anti-mouse or anti-human IL-6, RAW264.3 cel1s
(2 × 105) were seeded in six-well plates, starved overnight in
OptiMem media, and stimulated for 5 min with IL-6 (50 ng/ml)
that had been preincubated for 30 min with control IgG
(20 μg/ml mouse or goat; Santa Cruz Biotechnology) or neutraliz-
ing anti-IL-6 antibody (20 μg/ml). Lysates were harvested and
50 μg was fractionated, subjected to SDS-PAGE and transfer,
and membranes probed with anti-P-Stat3 and anti-Stat3 anti-
bodies. Membranes were probed with anti-actin antibodies to
confirm uniform loading.

Intratibial and intracardiac injections

All experiments involving animals were performed in accor-
dance with the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAK International guidelines
and with Vanderbilt University Institutional Animal Care and
Use Committee approval. Animals were housed in a pathogen-
free facility, including sterile food, water, and bedding for nude
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mice. General health and weight of experimental animals was
monitored two to three times weekly for the duration of each
experiment. 4T1.V and 4T1ΔC tumor cells (105 cells in a 25 μl vol-
ume of sterile PBS) were injected into the left tibia of deeply
anesthetized 6- to 8-week-old BALB/c female mice (Envigo).
The contralateral tibia was injected with 25-μl volume of PBS
alone and treated as the sham-injected control. Mice were
euthanized 10 days postsurgery, and both the tumor-injected
and contralateral tibias were collected for histologic analyses.
The same number/volume of vector control or EphA2 shRNA
KD MDA-MB-231 cells were injected into anesthetized immuno-
compromised 6-week-old nude female mice (Envigo). Tibias
from both the tumor-injected and sham contralateral legs were
also harvested for analysis 3 weeks postimplantation. Intracar-
diac injection (left ventricle) of 1 × 105 MDA-MB-231 cells in
100 μl PBS into 6-week-old nude female mice was performed
as described previously.33 Hindlimbs were collected for histo-
logic analyses 3 weeks postinjection. Mice were monitored two
to three times per week for adverse effects, including difficulty
ambulating and cachexia. All animal studies were repeated at
least twice for a total of 8-12 animals per condition.

Treatment with ALW-II-41-27

Mice (6-week-old nude female) harboring MDA-MB-231 tumors
(intracardiac injection of 1 × 105 MDA-MB-231 cells) were ran-
domized and treated with 15 mg/kg ALW-II-41-27 EphA2 inhibi-
tor in 10% 1-methyl-2-pyrrolidinone and 90% polyethylene
glycol 300 or the vehicle starting 1 week after tumor cell injec-
tion. Mice were treated twice daily (intraperitoneal injection)
for 5 days with a 2-day holiday in between over the course of
2 weeks, and were imaged at week 1 posttreatment and week
2 posttreatment by Faxitron digital X-ray (see below) for analysis
and quantification of osteolytic bone disease prior to collection
of hindlimbs for histology. Mice were monitored two to three
times per week for adverse effects, including difficulty ambulat-
ing and cachexia; there were seven animals per condition.

Histology

Tartrate-resistant acid phosphatase staining

Tibias and femurs were fixed for 24 hours in fresh 10% neutral
buffered formalin, decalcified, embedded in paraffin, and sec-
tioned by the Vanderbilt Center for Bone Biology. Tartrate-
resistant acid phosphatase (TRAP) staining on tissue sections
was performed by the Vanderbilt Center for Bone Biology as
described previously.34 Multinuclear TRAP+ osteoclasts adjacent
to bone were quantified using cellSens (Olympus) morphometric
software and normalized to the bone area. For coculture studies,
TRAP staining was performed using Sigma-Aldrich TRAP staining
kit as per the manufacturer’s instructions. Multinuclear TRAP+
osteoclasts were quantified by hand-counting and by cellSens
morphometric software. The pixel area of the multinuclear
TRAP+ osteoclasts was measured using ImageJ software
(National Institutes of Health; https://imagej.nih.gov/ij/).

EphA2 staining

Immunohistochemical detection of EphA2 in paraffin sections
from collected hindlimbs was performed as described previ-
ously,35 using a rabbit polyclonal antibody (5 μg/ml, overnight
at 4�C; Zymed Laboratories) validated in human tumor sections
and using EphA2-deficient mice.36 Antigen retrieval was

performed by heating in a Pickcell 2100 retriever (PickCell Labo-
ratories BV) in the presence of citrate buffer (2mM citric acid,
10mM sodium citrate buffer, pH 6.0). Sections were washed in
PBS and incubated with primary antibody overnight, followed
by biotinylated anti-rabbit IgG secondary antibody (1:200; Trans-
duction Laboratories, BD Biosciences PharMingen) for 1 hour at
room temperature. Specific staining was detected using avidin-
peroxidase (ABC kit; Vector Laboratories) followed by 3,30 diami-
nobenzidine substrate (Zymed Laboratories). Sections were
counterstained with hematoxylin. Immunohistochemical detec-
tion of EphA2 from human breast-to-bone metastasis samples
(de-identified and generously provided by Dr Conor Lynch)
was performed as described above.

Ki67 and cleaved caspase 3

Staining was performed by the Vanderbilt University Medical
Center TPSR. Proliferation and apoptosis indices were calculated
as described previously.25

Faxitron analysis

At weeks 1-3 posttransplantation, the mice were anesthetized
with 2% isoflurane and imaged in a Faxitron LX-60 (Faxitron
Biooptics) at an X-ray energy of 35 kVp for 8 s. Visual inspection
of the two-dimensional digital X-ray images was carried out to
identify and enumerate lesions, and lesion areas were deter-
mined using ImageJ software.

μComputed tomography and histomorphometry

At week 8 postintratibial injection, the animals were anesthe-
tized with 2% isoflurane and imaged in a microCAT II (Siemens)
at an X-ray beam intensity of 180 mAs and an X-ray tube voltage
of 80 kVp. The images were reconstructed at 512 × 512 × 512
with a voxel size of 0.122 × 0.122 × 0.173 mm3. Three-
dimensional bone segmentation and quantitation of osteolytic
lesions of the reconstructed images were carried out using the
imaging software Amira (Thermo Fisher Scientific). The animals
were euthanized at week 8 based upon μCT scan analysis. After
euthanization, the samples were fixed for 24 hours in 10% for-
malin and decalcified as described previously.34 Tissues were
embedded in paraffin, and 5-μm sections were prepared for
staining. Histomorphometry was calculated by using two non-
serial H&E-stained sections of tumor–bearing limbs to assess
bone volume/total volume and/or with TRAP to provide osteo-
clast number per millimeter of bone at the tumor bone interface.

Cytokine array and ELISA

Quantibody Mouse Cytokine Array (QAM-CYT-Q-2000) was pur-
chased from RayBiotech and used to analyze conditioned
medium harvested from 4T1.V and 4T1.ΔC lines as per the sup-
plier’s instructions. To generate conditioned media, 3 × 106 cells
were plated in 10-cm tissue culture dishes and incubated in
serum-free OptiMem for 48 hours prior to collection. Condi-
tioned medium was filtered to remove cell debris and particu-
lates prior to analysis. To validate protein expression profiles for
IL-6, conditioned media from 4T1.V and 4T1.ΔC was harvested
and analyzed using a mouse IL-6 ELISA kit (RayBiotech) as per
the manufacturer’s instructions. Conditioned media from MDA.
V and MDA.A2KD cells were analyzed using a human IL-6 ELISA
kit (RayBiotech).
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Cell culture

4T1 and MDA-MB-231 were maintained in DMEM supplemented
with 10% FBS as described previously.37 RAW264.7 cells were
maintained in αMEM supplemented with 10% FBS. For some
experiments, RAW264.4 cells were differentiated into osteoclasts
by stimulation with 50 ng/ml RANKL (Peprotech).

Coculture

RAW264.7 cells (1 × 104) were plated on the bottom of a 24-well
transwell plate and grown in α-MEM/10% FBS. Transwell inserts
(0.4-μm pore size; Costar) containing 5000 tumor cells (4T1.V
vs 4T1.ΔC and MDA-MB-231 vector vs EphA2 KD) with and without
EphA2 function and cultured for 5 days. TRAP staining assays were
performed to detect activated osteoclasts in vitro according to the
manufacturer’s instructions. For some experiments, recombinant
IL-6 (50 pg/ml in 4T1.ΔC and MDA.A2KD cocultures to restore IL-6
expression to control 4T1.V levels) or neutralizing anti–IL-6 antibody
(20 μg/ml in 4T1.V andMDA.V cocultures to block IL-6 function) was
added to transwells and chambers during culture. PBS vehicle and
control goat ormouse IgGwere used as negative controls. Untreated

RAW264.7 cells served as negative controls, and RAW264.7 cells
treated with 50 ng/ml RANKL were used as positive controls for
osteoclast differentiation. For direct coculture, RAW264.7 cells
(1 × 104) were plated in six-well plates and grown in
α-MEM/10% FBS for 24 hours. Tumor cells (5000 4T1.V vs
4T1.ΔC and MDA.V vs MDA.A2KD) were added and cultures
were maintained for 4 days. TRAP staining assays were per-
formed as described above. For some experiments, recombinant
IL-6 or neutralizing anti-IL-6 antibodies were used to restore
expression to normal levels (4T1.ΔC and MDA.A2KD) or block
IL-6 activity in control cells (4T1.V and MDA.V) as described
above. Direct cocultures between 4T1 and primary mouse bone
marrow cells were performed to confirm data derived from the
RAW264.7 coculturemodel. Briefly, mouse bonemarrowwas iso-
lated from 5-week-old BALB/c female mice. Following red blood
cell lysis, cells were suspended in α-MEM/10% FBS and plated on
tissue culture plastic. After 2 hours, nonadherent cells were col-
lected and seeded into 24-well plates (2 × 106 cells) and cultured
overnight. After 24 hours, tumor cells (1.000 4T1.V vs 4T1.ΔC)
were added plus or minus recombinant IL-6 or neutralizing
anti-IL-6 antibodies as described above. Cocultures were main-
tained for 8 days prior to TRAP staining as described above.

Fig 1. EphA2 is highly expressed in human breast-to-bone metastatic lesions. (A) EPHA2 transcript levels in breast cancer metastatic lesions within bone
relative to lung and brain (left), and in bone metastatic lesions relative to brain, liver, and lung in an independent dataset (right, p < 0.05). (B) Immuno-
histochemistry (IHC) staining for EphA2 was performed on human breast cancer bone metastatic samples. There were six independent human breast-
to-bone samples for IHC staining, five of which were positive for EphA2 expression in tumor cells (arrows). Scale bar = 50 μm.
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Statistical analysis

All graphs are mean ± standard error of the mean. Statistical sig-
nificance was determined by Mann–Whitney tests or ANOVA, as
noted in the figure legends, using Prism 6 software (GraphPad).
Statistical analyses for the Human Cancer Metastasis database
was performed in the system as described.31 For animal experi-
ments, the primary endpoint for experiments in which tumors
were analyzed was osteolytic lesion size. We anticipated that a
40% difference in tumor volume would be biologically meaning-
ful, thus N = at least 7 animals per group would provide 80%
power to detect a 40% difference with a SD of 0.25 at p = 0.05.

Results

EphA2 expression is enriched in tumor cells in human
breast cancer bone metastatic lesions

To assess the potential role of EphA2 function in the context of
breast cancer metastatic disease in the bone microenvironment,
we first analyzed and compared EPHA2 transcript levels in human
metastatic breast cancer patient datasets from bone, brain, and
lung curated by the Human Cancer Metastasis database (http://
hcmdb.i-sanger.com/index).31 Transcript levels of EPHA2 were
significantly higher in breast cancer bone metastases relative to
other metastatic sites including brain, lung, and liver in two inde-
pendent datasets (Fig. 1A; p < 0.05). Immunohistochemical stain-
ing for EphA2, using an antibody validated in human tumor
samples and in EphA2-deficient mice,36 was performed in a set
samples from de-identified patients with human breast cancer
bone metastases (generously provided by Dr Conor Lynch). This
analysis revealed high levels of EphA2 protein expression in
tumor cells (Fig. 1B; arrows). We observed 80%-95% EphA2+
tumor cells in these samples. These data suggest that EphA2
might play a role in breast cancer bone metastatic progression.

Loss of EphA2 function in breast tumor cells impairs
osteolysis when grafted into bone

To test the role of EphA2 in bone metastatic disease in vivo, we
used the MDA-MB-231 human breast cancer cells, which express
high levels of EphA2,25,38 to model experimental metastasis.39

Immunohistochemical staining for EphA2 in MDA-MB-231 intra-
tibial tumors revealed that EphA2 was predominantly expressed
in tumor cells (Supplementary Information Fig. S1A, right panels)
within bone and in associated blood-vessel endothelium (Sup-
plementary Information Fig. S1A, lower left panel), consistent
with what we observed in human disease (Fig. 1B) and in our pre-
vious studies showing EphA2 expression in the majority of
tumor-associated vascular endothelium.37,40,41 For loss of func-
tion experiments, we used MDA-MB-231 cells stably expressing
shRNAs against EphA2 (MDA.A2KD) versus vector control (MDA.
V).25 We confirmed EphA2 KD in MDA.A2KD cells by qRT-PCR
and immunoblot analyses (Supplementary Information
Fig. S1B). We performed intracardiac injection of MDA.V and
MDA.A2KD, and monitored animals for osteolytic disease pro-
gression. Three weeks after injection, we analyzed Faxitron digi-
tal X-ray images to quantify the number and size of skeletal
lesions, particularly in the femurs and tibias (Fig. 2A, lower
panels, arrows). Quantification of the number of osteolytic
lesions revealed a significant reduction in MDA.A2KD-inoculated
animals relative to MDA.V controls (Fig. 2B; p < 0.005). MDA.
A2KD-inoculated animals also displayed significantly reduced

osteolytic lesion area compared with the MDA.V controls
(Fig. 2B; p < 0.005).

To confirm these data, we established intratibial xenografts
with MDA.V versus MDA.A2KD tumor cells and analyzed the
resulting bone lesions by digital X-ray. Relative to the vector con-
trol that produced large osteolytic lesions (Fig. 2C, left panel,
arrowhead), MDA.A2KD-inoculated cells produced smaller
osteolytic lesions (Fig. 2C, right panel). Quantification of the
osteolytic lesion area revealed a significant reduction in osteoly-
tic lesion size in MDA.A2KD-inoculated animals relative to MDA.V
controls (Fig. 2D; p < 0.005), suggesting that the reduced osteo-
lysis observed in the intracardiac model is caused by the effects
on tumor outgrowth in the bone and not extravasation into the
bone marrow. Osteolytic disease and bone damage were
detected in tumor-bearing limbs, but not in PBS mock-injected
contralateral control limbs (Supplementary Information Fig. S1C).

We quantified tumor cell growth and apoptosis by immuno-
histochemical staining for Ki67 (Fig. 3A, arrows) and cleaved cas-
pase 3 (Fig. 3B, arrows) in bone sections from intracardiac
injections. We detected no significant differences in tumor cell
proliferation (Fig. 3A, graph, n.s. = not significant) or survival
(Fig. 3B, graph, n.s. = not significant) in MDA.V versus MDA.
A2KD tumors in bone, suggesting EphA2 loss of function does
not affect tumor cell growth or survival in the bone microenvi-
ronment (Fig. 3A,B). We next quantified the number of differenti-
ated TRAP+ osteoclasts in MDA.V versus MDA.A2KD tumors in
bone (Fig. 3C, arrows). We observed a significant decrease in
the number of TRAP+ osteoclasts proximal to bone in MDA.
A2KD tumors relative to MDA.V tumors (Fig. 3C, graph;
p < 0.0005), though we detected no differences in the sizes of
bone proximal osteoclasts in MDA.V versus MDA.A2KD tumors
(average pixel area 201.4 ± 38MDA.V vs 204 ± 39, arbitrary units;
p = 0.87Mann–Whitney test), suggesting that EphA2 loss of func-
tion in tumors impairs osteoclast differentiation and/or function.

Loss of EphA2 function in breast tumor cells results in
reduced osteolytic disease and osteoclasts in an
independent bone graft model

To confirm our findings in the MDA-MB-231 human model, we
used the 4T1 mouse metastatic adenocarcinoma line as an inde-
pendent model. We previously reported that an engineered
mutant of EphA2 (ΔC) lacking the intracellular domain of the
receptor acts as a dominant negative when overexpressed, inhi-
biting EphA2 activation. Overexpression of EphA2.ΔC inhibited
migration and lung metastasis in vitro and in vivo in the 4T1
model.29 EphA2.ΔC also possesses the advantage of maintaining
expression of the EphA2 extracellular domain, allowing us to dis-
rupt forward signaling through the receptor on tumor cells, while
minimizing the effects of potential bidirectional/reverse signal-
ing through ligand-expressing cells in the bone microenviron-
ment. Immunohistochemical staining for EphA2 revealed that
EphA2 was predominantly expressed in tumor cells within bone
(Supplementary Information Fig. S2A, right panels) and associ-
ated blood vessels (Supplementary Information Fig. S2A, lower
left panel), consistent with what we observed in human disease
(Fig. 1B). Our previous studies found that EphA2 is highly
expressed in tumor-associated vascular endothelium.42

μCT analysis revealed osteolytic disease in the inoculated tibia
for intratibial allografts of vector control (4T1.V) cells (Fig. 4A, left
panel, arrowhead). Allograft of cells expressing dominant nega-
tive EphA2 (4T1.ΔC) showed less bone destruction in the inocu-
lated tibia (Fig 4A, right panel). Quantification of the percentage
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of osteolytic volume relative to tumor volume revealed a signif-
icant reduction in tumor volume in the tibias of 4T1.ΔC inocu-
lated mice (Fig. 4A, graph; p < 0.0005). Histologic analyses of
tissue from tumor-bearing animals revealed a significant reduc-
tion in the numbers of TRAP+ osteoclasts (Fig. 4B, arrows right
panel; p < 0.05) proximal to bone (bone surface marked by
dashed lines) for 4T1.ΔC tumors relative to vector controls,
consistent with reduced osteolysis in 4T1.ΔC tumors. We con-
firmed the dominant negative function of EphA2 in 4T1.ΔC
clones versus 4T1.V control via comparison of EphA2 receptor
phosphorylation upon stimulation with soluble ligand
(Supplementary Information Fig. S2B). We observed no differ-
ence in tumor cell proliferation or apoptosis in 4T1.V versus
4T1.ΔC in the intratibial model (Supplementary Information
Fig. S2C,D), suggesting that EphA2 does not function to regu-
late tumor cell proliferation or survival in this model of bone
metastatic disease.

Targeted inhibition of EphA2 impairs osteolysis in vivo

To investigate the efficacy of an EphA2 pharmacologic inhibitor
on breast cancer–induced osteolysis, we treated bone tumor–
bearing animals with EphA2 small-molecule inhibitor ALW-II-
41-2725,43 or vehicle control. Following intracardiac injection of
MDA-MB-231 human tumor cells into nude female hosts, tumors
were allowed to grow for 1 week prior to treatment with ALW
versus control for 2 weeks. Osteolytic lesions were observed
after 2 weeks and 3 weeks, particularly in the femurs and tibias
(Fig. 5A, arrows, lower panels). We observed a significant reduc-
tion in both the number and size (Fig. 5A,B, p < 0.05) of skeletal
lesions in ALW-treated animals relative to controls at both
2 weeks and 3 weeks postinjection, 1 week and 2 weeks post-
treatment. We did not observe significant differences in tumor
cell proliferation or apoptosis between vehicle and ALW-treated
bone lesions (55.2% ± 2.7% Ki67+ nuclei vector vs 52.2% ± 3.1%

Fig 2. EphA2 loss of function reduces osteolytic disease in an intracardiac xenograft tumor model. (A) Digital X-ray images of osteolytic lesions (arrows)
3 weeks following intracardiac injection of MDA.V or MDA.A2KD cells, which we enumerated and used morphometric software to measure the area. (B)
Graphs show quantification of osteolytic lesion numbers (top) and sizes (bottom; p < 0.005, Mann–Whitney test). (C) Digital X-ray images of osteolytic
lesions (arrowhead, C) 3 weeks following intratibial injection of MDA.V or MDA.A2KD. (D) Graph shows quantification of osteolytic lesion sizes
(p < 0.005, Mann–Whitney test). There were eight animals per condition analyzed in two experiments.
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Fig 3. EphA2 loss of function reduces osteoclast number in the intracardiac xenograft model. (A) Ki67 staining (arrows) in tissue sections fromMDA.V and
MDA.A2KD bone tumors. Graph shows quantification of % Ki67+ nuclei relative to total nuclei in bone tumor sections (n.s. = not significant; Mann–Whit-
ney test). (B) Cleaved caspase 3 (Cl. caspase 3, arrows) staining in tissue sections from MDA.V and MDA.A2KD bone tumors. Graph shows quantification of
% cleaved caspase 3+ nuclei relative to total nuclei between MDA.V and MDA.A2KD tumors (n.s.; Mann–Whitney test). Tissue sections are from five inde-
pendent animals per genotype, four independent×20 fields per tumor. Scale bar = 100 μm. (C) Tartrate-resistant acid phosphatase (TRAP) osteoclast stain-
ing (arrows) in tissue sections from MDA.V and MDA.A2KD bone tumors. Graph shows quantification of TRAP+ osteoclasts at the tumor–bone interface
normalized to bone area (p < 0.005, Mann–Whitney test). There were eight animals per condition; four independent ×20 fields per tumor were analyzed
in two independent experiments. Scale bar = 100 μm, upper panels; 50 μm, lower panels.
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Ki67+ nuclei ALW; p = 0.47 Mann–Whitney test; 0.68% ± 0.12%
cleaved caspase 3+ nuclei vector vs 1.2% ± 0.24% cleaved cas-
pase 3+ nuclei ALW; p = 0.20 Mann–Whitney test). We did
observe a significant reduction in the number of TRAP+ bone
proximal osteoclasts (Fig. 5C, arrows) in osteolytic lesions from
ALW-treated animals relative to vehicle-treated controls
(Fig. 5C, graph; p < 0.001). These data show that therapeutic tar-
geting EphA2 impairs bone destruction in osteolytic breast can-
cer metastatic disease in vivo.

EphA2 loss of function impairs tumor-induced osteoclast
differentiation in vitro

Although EphA2 loss of function impairs osteolysis, it is unclear
if this effect is mediated by direct effects on osteoclast progen-
itors or indirectly through effects on other cell types, including
tumor cells or other components of the bone microenviron-
ment. Using a modified indirect coculture model (Fig. 6A), we
investigated the ability of tumor cell EphA2 to induce osteoclast

Fig 4. EphA2 loss of function reduces osteolytic disease in an independent intratibial allograft tumor model. (A) μCT for mice inoculated with 4T1 met-
astatic mouse mammary adenocarcinoma cells expressing a truncated EphA2 (4T1.ΔC) or vector control cells (4T1.V) and euthanized 10 days later. *
Indicates tumor-bearing limb. Arrowhead indicates area with evidence of bone destruction. Graph shows histomorphometric quantification of μCT
images calculating the percentage of osteolytic volume versus bone volume in tumor-bearing limbs (p < 0.0005, Mann–Whitney test). (B) Tartrate-
resistant acid phosphatase (TRAP) staining of osteoclasts (arrows) in tissue sections from tumor-bearing bones, as well as PBS-sham–injected control
bones. Graph shows quantification of bone-proximal TRAP+ osteoclasts normalized to bone area (p < 0.05, ANOVA). Scale bar = 100 μm, left panels. Right
panels (50 μm) show higher magnification of regions marked with black boxes in left panels. Dashed lines indicate boundary between bone and tumor.
There were 9 to 11 animals per condition analyzed in two independent experiments.
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Fig 5. Pharmacologic inhibition of EphA2 reduced osteolytic disease in intracardiac xenograft model. One week after intracardiac injection of MDA-MB-
321 cells into nude femalemice, animals were treated twice daily with EphA2 tyrosine kinase inhibitor ALW-II-41-27 (ALW) or control vehicle. (A) Osteolytic
lesions detected in digital X-rays (arrows) 2 weeks and 3 weeks posttreatment. (B) Graphs show enumeration of osteolytic lesions (left) and quantification
of lesion sizes (right) by morphometric software in ALW-treated animals versus vehicle controls (p < 0.05, Mann–Whitney test). (C) Tartrate-resistant acid
phosphatase (TRAP) staining of osteoclasts (arrows) in tissue sections from tumor-bearing bones. Graph shows quantification of TRAP+ osteoclasts prox-
imal to bone normalized to bone area (p < 0.001, Mann–Whitney test). Scale bar = 100 μm. There were eight animals per condition.
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differentiation of progenitor cells. MDA.A2KD cells cocultured
with RAW264.7 BALB/c-derived macrophage-like cells showed
significantly reduced differentiation of TRAP+ osteoclasts
(Fig. 6B, arrows) relative to MDA.V cells (Fig. 6B, graph;
p < 0.005). We observed similar results for progenitor cells cocul-
tured with 4T1.ΔC cells versus 4T1.V control cells (Supplemen-
tary Information Fig. S3A,B; p < 0.005). We also assessed
progenitor cell differentiation to osteoclasts in direct coculture

assays with MDA and 4T1 tumormodels (Fig. 6C; Supplementary
Information Fig. S3C). The trend was similar to what we observed
in indirect coculture assays, with significantly reduced TRAP+
osteoclast differentiation in MDA.A2KD and 4T1.ΔC cocultures
relative to control MDA.V (Fig. 6D, arrows, graph; p < 0.005) and
4T1.V (Supplementary Information Fig. S3D, arrows, graph;
p < 0.005), respectively. We did not observe any significant dif-
ferences between the size of osteoclasts in vector control versus

Fig 6. EphA2 loss of function in tumor cells impairs tumor-induced osteoclast differentiation in coculture. (A) For indirect coculture assays, we seeded
tumor cells in the upper chamber of transwells and seeded RAW264.7 osteoclast progenitor cells into the plate below, cultured for 6 days, and stained
for tartrate-resistant acid phosphatase (TRAP)+ osteoclasts (blue arrows). (B) Graph shows the % TRAP+ osteoclasts relative to the total number of cells
for MDA.V andMDA.A2KD tumor cell cocultures (p < 0.005, Mann–Whitney test). Scale bar = 50 μm, upper panels; 25 μm, lower panels. (C) For direct cocul-
ture assays, we seeded tumor cells and progenitor cells into the same dish, cultured for 4 days, and stained for TRAP+ osteoclasts (blue arrows). (D) Graph
shows % TRAP+ osteoclasts relative to the total number of cells for MDA.V and MDA.A2KD cocultures (p < 0.05, Mann–Whitney test). There were five to
eight fields per condition from three independent experiments.
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EphA2 loss of function tumor cells in coculture models (direct
coculture average pixel area MDA.V 1758.5 ± 473 vs MDA.A2KD
1994 ± 826, arbitrary units, p = 0.583 Mann–Whitney test; indi-
rect coculture average pixel area MDA.V 1721 ± 465 vs MDA.
A2KD 1627 ± 270, arbitrary units, p = 0.702 Mann–Whitney test;
direct coculture average pixel area 4T1.V 2551 ± 403 vs 4T1.Δ
C 2321 ± 919, arbitrary units, p = 0.406 Mann–Whitney test; indi-
rect coculture average pixel area 4T1.V 3346 ± 671 vs 4T1.ΔC
3978 ± 542, arbitrary units, p = 0.491 Mann–Whitney test). These
data suggest EphA2 function in tumor cells is required for osteo-
clast differentiation in the context of breast cancer bone meta-
static disease.

EphA2 regulates osteoclast differentiation through an IL-
6–dependent mechanism

Data from coculture studies suggest that EphA2 induction of
osteoclast differentiation by breast cancer cells involves a solu-
ble factor(s) whose expression is regulated by EphA2. To identify
differentially expressed soluble factors related to osteoclast
differentiation and bone metastatic disease, we performed cyto-
kine expression array analysis on conditioned media from 4T1.V
versus 4T1.ΔC cells. We found that IL-6 protein levels were sig-
nificantly reduced in 4T1.ΔC versus 4T1.V controls (144 pg/ml
4T1.V vs 50 pg/ml 4T1.ΔC, 2.9-fold decrease; p < 0.05 Mann–
Whitney test).

To validate data from the cytokine array, we analyzed 4T1.V
and 4T1.ΔC conditioned media for IL-6 levels by ELISA. We
observed a 2.5-fold decrease in IL-6 protein levels in 4T1.ΔC-
conditioned medium versus control (Fig. 7A; p < 0.05), confirm-
ing reduced expression in EphA2 loss of function tumor cells.
To determine the functional significance of IL-6 reduction in
tumor cell–induced osteoclast differentiation, we restored IL-6
levels in 4T1.ΔC cells to levels comparable to those observed
in control 4T1.V cells (e.g., added 75 pg to bring to 125 pg/ml)
using recombinant murine IL-6 and assessed osteoclast differen-
tiation induced by tumor cells in indirect coculture assays. We
also used a neutralizing anti-mouse IL-6 antibody to block IL-6
function in cocultures with 4T1.V cells. Restoring IL-6 levels res-
cued osteoclast differentiation induced by 4T1.ΔC cells to near
control levels (Fig. 7B; p < 0.05), and neutralization of IL-6 signif-
icantly inhibited osteoclast differentiation induced by 4T1.V cells
(Fig. 7B; p < 0.05). We observed similar effects in direct coculture
assays, where restoring IL-6 levels in 4T1.ΔC cultures rescued
osteoclast differentiation and blocking IL-6 function in 4T1.V cul-
tures inhibited osteoclast differentiation (Fig. 7C; p < 0.05). No
significant differences in the size of osteoclasts were detected
between groups (data not shown). We assessed phosphorylation
of Stat3 as a surrogate marker for IL-6 activity to confirm activity
of recombinant IL-6 and neutralizing activity of the anti-mouse
IL-6 antibody (Fig. 7D). We also observed a significant reduction
in IL-6 expression for MDA.A2KD versus MDA.V control cells by
ELISA (Supplementary Information Fig. S4A; p < 0.005). Restoring
IL-6 expression to control levels (e.g., added 3.3 ng to bring to
4 ng/ml) rescued osteoclast differentiation induced by MDA.
A2KD tumor cells, and a neutralizing anti-human IL-6 antibody
significantly inhibited osteoclast differentiation induced by
MDA.V cells in indirect (Supplementary Information Fig. S4B;
p < 0.05) and direct (Supplementary Information Fig. S4C;
p < 0.05) coculture assays. No significant differences in the size
of osteoclasts were detected between groups (data not shown).
We confirmed recombinant human IL-6 activity and neutralizing

activity of anti-human IL-6 antibody using Stat3 phosphorylation
as a surrogate marker (Supplementary Information Fig. S4D).

To validate data derived from RAW246.7 cells, we performed
direct coculture assays with 4T1 cells and primary mouse bone
marrow cells as the source for osteoclast progenitors
(Supplementary Information Fig. S5A). Coculture with tumor cells
resulted in osteoclast differentiation as determined by TRAP
staining (Supplementary Information Fig. S5B, arrows). Coculture
with 4T1.V cells resulted in a differentiation of a higher percent-
age of TRAP+ osteoclasts relative to coculture with 4T1.ΔC (Sup-
plementary Information Fig. S5C, p < 0.05). Restoring IL-6
expression to control levels rescued osteoclast differentiation
induced by 4T1.ΔC tumor cells, and a neutralizing anti-human
IL-6 antibody significantly inhibited osteoclast differentiation
induced by 4T1.V cells (Supplementary Information Fig. S5C,
p < 0.05). Together, these data suggest that elevated EphA2
expression in breast tumor cells promotes osteolytic disease in
bone metastasis, at least in part, by upregulating IL-6, which in
turn enhances osteoclast differentiation to facilitate osteolysis.

Discussion

The Eph receptor family and associated ephrin ligands play crit-
ical roles in many diverse cellular and disease processes.11 Breast
cancer bone metastasis is predominantly osteolytic in nature,
wherein osteoclasts are activated to cause bone degradation.
Our study reveals that EphA2 functions in tumors to promote
osteolysis of the bone via osteoclast differentiation, at least in
part through regulation of IL-6 production in tumor cells. There-
fore, in the context of bone cell–tumor cell interactions, we
hypothesized that blocking EphA2 will result in a decrease of
osteoclast differentiation and activation, thus breaking the
vicious cycle and offering an effective means to control bone
metastasis. This hypothesis is supported by our in vivo studies
showing the efficacy of molecular/genetic and pharmacologic
inhibition of EphA2 in reducing osteolytic disease in breast can-
cer bone allograft and xenograft experimental metastasis
models.

It will be of great interest to see if inhibition of EphA2 impairs
endogenous metastasis to bone from an orthotopic primary
tumor injection model, which will be particularly useful in deter-
mining which stages of the metastatic cascade are regulated by
EphA2, including intravasation/extravasation, bone homing and
colonization, and interaction with other components of the bone
microenvironment such as inflammatory cells. These studies are
ongoing. A relatively low number of metastatic samples are cur-
rently represented in the gene expression omnibus (GEO) data
curated by the Human Cancer Metastasis database. We are in
the process of identifying more cases for EphA2-expression ana-
lyses to validate the clinical relevance of our findings. Although
our studies with the pharmacologic inhibitor ALW-II-41-27 pro-
vide proof-of-principle in terms of therapeutic targeting, this
inhibitor is not suitable for clinical development. Adverse effects
from ALW-II-41-27 included lethargy, piloerection, and bruising
at the injection site for mice treated with the inhibitor versus
vehicle control. Future studies will test the efficacy of experimen-
tal therapeutics with the potential for clinical translation.

Recent studies identified roles for A-class Eph receptors in
bone homeostasis. EphA4 KO animals display craniosynostosis
caused by dysregulation of proper osteogenic precursor-cell
migration and guidance,44 though we found no significant dif-
ferences in EPHA4 transcript levels in bone versus visceral
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metastases (data not shown). Ephrin-A2 expressed in osteoclast
precursors and EphA2 expressed in osteoblasts enhance osteo-
clastogenesis, while inhibiting osteoblast differentiation.10 Sev-
eral Eph receptors, including EphA2, contribute to
tumorigenesis and/or progression.45 Based on these data and
our observed elevation of EphA2 in bone metastatic lesions

relative to lesions from other metastatic sites, we hypothesized
that EphA2 might play a key role in aberrant bone remodeling
caused by increased expression in tumors where it mediates
bone cell–tumor cell interactions. Breast cancer and multiple
myeloma are associated with bone metastases that exhibit high
levels of osteolysis,46,47 whereas prostate cancers usually have
higher levels of bone formation preceded by bone
resorption,48 and all have alterations in Eph/ephrin signaling.45,49

Indeed, suppression of EphA2 function in prostate cancer cells
via overexpression of cytoplasmic deletion or kinase dead
mutants impaired growth in bone.20 In our models of breast can-
cer, elevated EphA2 expression in tumor cells appears to be
required for tumor-induced osteolytic disease.

Our models support an indirect role for tumor-expressed
EphA2 in modulating osteoclast differentiation through regula-
tion of IL-6. IL-6 plays an important role in osteoclast differentia-
tion, bone homeostasis, and the vicious cycle of bone
destruction in bone metastatic lesions.50 Moreover, evidence
from studies of postinfectious irritable bowel syndrome and pul-
monary fibrosis supports EphA2 regulation of IL-6.51,52 Although
we cannot rule out a role for EphA2-mediated reverse signaling
through ephrin ligands expressed in osteoclast progenitors,
comparable patterns of osteoclast differentiation in vitro for
both direct and indirect tumor coculture, as well as comparable
rescue of differentiation by exogenous IL-6, support an indirect
role. In addition, the fact that EphA2 KD in MDA-MB-231 tumor
cells phenocopies expression of the dominant negative mutant
capable of mediating reverse signaling in 4T1 tumor cells also
provides support for this model. On the other hand, EphA2 or
ephrin-A2 KD in rat bone-marrow–derived macrophages signifi-
cantly impaired osteoclastogenesis in culture.53 Thus, it is possi-
ble that EphA2 and its ligands may interact and mediate
osteoclastogenesis in breast cancer bone metastatic disease
through functions in the host bone microenvironment. It will
be interesting to determine if deletion of one or more ephrin-A
ligands in the host bone microenvironment affects osteolysis
induced by EphA2-overexpressing tumor cells, especially
because ephrin-A1 expression in normal bone has been
reported, as well as elevated ephrin-A1 expression in human
osteosarcomas.54

Our studies revealed differences in cytokine production by
cultured tumor cells (both human and murine) when EphA2
activity is inhibited. While we are in the process of validating dif-
ferences in other candidate cytokines (e.g., GM-CSF, M-CSF,
and/or SDF-1α) between 4T1.V and 4T1.ΔC cells, we validated
IL-6 as a factor regulated by EphA2. IL-6 is produced by several
bone-homing cancer cells, where it facilitates bone invasion
and growth of tumor cells in the bone microenvironment.55 In
addition, IL-6 functions within bone to stimulate osteoclast activ-
ity and bone resorption,56–58 with IL-6 KO mice showing resis-
tance to experimental arthritis59 and treatment with an IL-6
receptor antagonist reducing bone resorption in vivo.60 In the
context of cancer, blockade of IL-6 has been shown to reduce
prostate cancer and breast cancer–induced bone
destruction.61–63 It should be noted, however, that some studies
have reported that adding IL-6 directly to osteoclast progenitor
cultures inhibits osteoclast differentiation by inhibition of RANK
signaling pathways.64 Other studies have reported that the com-
bination of TNFα and IL-6 promoted osteoclast differentiation
from bone marrow–derived macrophages.65 It is possible that
the positive and negative effects of IL-6 on osteoclastogenesis
are influenced by other cytokines present in the microenviron-
ment. It will be of great interest to determine the role other

Fig 7. EphA2-Dependent tumor induction of osteoclast differentiation
requires IL-6. (A) ELISA analysis for IL-6 protein levels in conditioned
media harvested from 4T1.ΔC cells relative to 4T1.V controls (p < 0.05,
Mann–Whitney test). (B) Graph shows the % tartrate-resistant acid phos-
phatase (TRAP)+ osteoclasts in indirect cocultures of osteoclast progeni-
tors with 4T1.V + IgG, 4T1.V + anti-mouse IL-6 neutralizing antibody,
4T1.ΔC + PBS, and 4T1.ΔC + recombinant murine IL-6. (p < 0.05,
Mann–Whitney test). (C) Graph shows the % TRAP+ osteoclasts in direct
cocultures of osteoclast progenitors with 4T1.V + IgG, 4T1.V + anti-
mouse IL-6 neutralizing antibody, 4T1.ΔC + PBS, and 4T1.ΔC
+ recombinant murine IL-6, (p < 0.05, Mann–Whitney test). There were f-
ive to eight fields per condition from three independent experiments. (D)
Immunoblots show phosphorylated Stat3 levels in osteoclast progenitor
cells treated with IL-6 in the presence or absence of neutralizing anti-
mouse IL-6 antibody. Uniform loading was confirmed by probing blots
for total Stat3 and actin.
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cytokines differentially regulated by EphA2 in tumor cells play in
modulating osteoclast differentiation and function.

Though our models support a role for EphA2-mediated IL-6
osteoclast differentiation and osteolysis, we do not yet know if
this regulatory pathway also mediates breast cancer cell homing
to bone. It will be interesting to identify additional processes in
the bone metastatic cascade regulated by EphA2/IL-6, possibly
in cooperation with other cytokines, as well as the molecular
mechanism(s) that link EphA2 with IL-6 expression or secretion.
It will also be interesting to compare inflammatory cell popula-
tions, including macrophages, T cells, and other relevant popula-
tions and subpopulations, in EphA2-defective versus control
bone metastases in vivo.

Although the role of EphA2 in breast cancer and visceral
metastasis has been well-established, it is crucial to perform pre-
clinical studies in clinically relevant models of metastasis at dif-
ferent anatomic sites. Indeed, the fact that EphA2 loss of
function in the primary tumor within the mammary microenvi-
ronment impairs proliferation and/or survival29,40 but has no
effect on tumor cell proliferation in the bone microenvironment,
highlights the importance of systematic testing in multiple
models that reflect the spectrum of tumor progression in rele-
vant microenvironments. Our data support the rationale for con-
tinued investigation into targeting cell–cell interactions via Eph
receptors and ligands as a way to treat osteolytic bone disease
that would offer the potential for increased therapeutic options
available to patients suffering from this painful disease, particu-
larly in light of a recent phase 1/2 clinical trial that reported that
the combination of dasatinib and zoledronic acid was well-
tolerated and produced positive responses in bone for patients
with hormone receptor–positive tumors.27 Bisphosphonates like
zolendronic acid are the current standard of care for blocking
tumor-induced bone disease. Thus, the most likely clinical appli-
cation of EphA2 inhibitors will involve a combination therapy
with bisphosphonates. Because dasatinib targets many kinases,
it will be of great interest to test more specific pharmacologic
inhibitors of EphA2 for efficacy in treating bone metastatic dis-
ease, as well as potential synergy with bisphosphonates and
other drugs that target osteoclast function.

In conclusion, this study reveals a novel function for EphA2
signaling in tumor cell–bone cell interactions involved in osteo-
clastogenesis and osteolysis associated with breast cancer
metastasis, in part through regulation of cytokines such as IL-6.
Furthermore, our data provide preclinical support for targeting
EphA2 in advanced-stage breast cancer disease associated with
bone metastasis to disrupt the vicious cycle.

Acknowledgments

This work was supported by a NIH/NCI grants K01 CA117915 and
R01 CA148934 (DBS), and by a Department of Defense award
W81XWH-08-1-0249 (DBV). Special thanks to Dr Justin Cates
and Dr James Edwards for invaluable advice on histological anal-
ysis and the introduction to bone biology. We also acknowledge
the Vanderbilt Small Animal Imaging Core for assistance in gen-
eration of μCT scans and Faxitron digital X-ray images. We
acknowledge Joshua Johnson in the Vanderbilt Bone Center for
tissue processing, H&E, and tartrate-resistant acid phosphatase
staining of mouse bone samples from in vivo studies, and the
Vanderbilt Translational Pathology Shared Resource for Ki67
and cleaved caspase staining of mouse bone samples from
in vivo studies.

AUTHOR CONTRIBUTIONS

David Vaught: Conceptualization; data curation; formal analysis;
investigation; methodology; validation; visualization; writing-
original draft. Alyssa Merkel: Formal analysis; investigation;
methodology; writing-review & editing. Conor Lynch:
Resources. James Edwards: Data curation; formal analysis;
methodology; resources; software; writing-review & editing.
Mohammad Tantawy:Data curation; formal analysis; methodol-
ogy; software; writing-review & editing. Timothy Hilliard: Data
curation; formal analysis; investigation; methodology. Shan
Wang: Conceptualization; data curation; methodology; visualiza-
tion. Todd Peterson: Data curation; methodology; resources;
software. Rachelle Johnson: Conceptualization; formal analysis;
investigation; resources; writing-review & editing. Julie Sterling:
Formal analysis; investigation; methodology; resources; supervi-
sion; writing-review & editing. Dana Brantley-Sieders: Concep-
tualization; data curation; formal analysis; funding acquisition;
investigation; methodology; project administration; supervision;
validation; visualization; writing-original draft; writing-review &
editing.

Authors’ roles

Study design: DBV and DBS. Study conduct: DBV, ARM, MNT, SW,
TH, JAS, and DBS. Data collection: DBV, ARM, MNT, SW, TH, and
DBS. Data analysis: DBV, ARM, CCL, JE, MNT, SW, TP, RWJ, JAS,
and DBS. Data interpretation: DV, ARM, JE, RAW, JAS, and DBS.
Drafting manuscript: DBV and DBS. Revising manuscript content:
JE, MNT, RAW, JAS, and DBS. Approving final version of manu-
script: DBV, ARM, CCL, JE, MNT, TH, SW, TP, RWJ, JAS, and DBS.
DBS takes responsibility for the integrity of the data analysis.

Conflicts of Interest

The authors declare no conflicts of interest.

PEER REVIEW

The peer review history for this article is available at https://
publons.com/publon/10.1002/jbm4.10465.

References

1. Sowder ME, Johnson RW. Bone as a preferential site for metastasis.
JBMR Plus. 2019;3:e10126.

2. Sterling JA, Edwards JR, Martin TJ, Mundy GR. Advances in the biol-
ogy of bone metastasis: how the skeleton affects tumor behavior.
Bone. 2011;48:6-15.

3. Mundy GR. Metastasis to bone: causes, consequences and therapeu-
tic opportunities. Nat Rev Cancer. 2002;2:584-593.

4. Aielli F, Ponzetti M, Rucci N. Bone metastasis pain, from the bench to
the bedside. Int J Mol Sci. 2019;20:280.

5. Esposito M, Guise T, Kang Y. The biology of bone metastasis. Cold
Spring Harb Perspect Med. 2018;8:a031252.

6. Mundy GR. Mechanisms of bone metastasis. Cancer. 1997;80:1546-
1556.

7. Coleman RE. How can we improve the treatment of bone metastases
further? Curr Opin Oncol. 1998;10((Suppl 1)):S7-S13.

8. Teitelbaum SL, Ross FP. Genetic regulation of osteoclast develop-
ment and function. Nat Rev Genet. 2003;4:638-649.

9. Zhao C, Irie N, Takada Y, et al. Bidirectional ephrinB2-EphB4 signaling
controls bone homeostasis. Cell Metab. 2006;4:111-121.

JBMR® Plus EPHA2 AS TARGET IN BREAST CANCER BONE DISEASE 13 of 15 n

https://publons.com/publon/10.1002/jbm4.10465
https://publons.com/publon/10.1002/jbm4.10465


10. Irie N, Takada Y, Watanabe Y, et al. Bidirectional signaling through
ephrinA2-EphA2 enhances osteoclastogenesis and suppresses
osteoblastogenesis. J Biol Chem. 2009;284:14637-14644.

11. Kania A, Klein R. Mechanisms of ephrin-Eph signalling in develop-
ment, physiology and disease. Nat Rev Mol Cell Biol. 2016;17:240-256.

12. Brantley-Sieders D, Schmidt S, Parker M, Chen J. Eph receptor tyro-
sine kinases in tumor and tumor microenvironment. Curr Pharm
Des. 2004;10:3431-3442.

13. Pitulescu ME, Adams RH. Eph/ephrin molecules–a hub for signaling
and endocytosis. Genes Dev. 2010;24:2480-2492.

14. Edwards CM, Mundy GR. Eph receptors and ephrin signaling path-
ways: a role in bone homeostasis. Int J Med Sci. 2008;5:263-272.

15. Takyar FM, Tonna S, Ho PW, et al. EphrinB2/EphB4 inhibition in the
osteoblast lineage modifies the anabolic response to parathyroid
hormone. J Bone Miner Res. 2013;28:912-925.

16. Tonna S, Poulton IJ, Taykar F, et al. Chondrocytic ephrin B2 promotes
cartilage destruction by osteoclasts in endochondral ossification.
Development. 2016;143:648-657.

17. Vrahnas C, Blank M, Dite TA, et al. Increased autophagy in
EphrinB2-deficient osteocytes is associated with elevated secondary
mineralization and brittle bone. Nat Commun. 2019;10:3436.

18. Davy A, Soriano P. Ephrin signaling in vivo: look both ways. Dev Dyn.
2005;232:1-10.

19. Guenther R, Krenn V, Morawietz L, et al. Giant cell tumors of the bone:
molecular profiling and expression analysis of Ephrin A1 receptor,
Claudin 7, CD52, FGFR3 and AMFR. Pathol Res Pract. 2005;201:
649-663.

20. Taddei ML, Parri M, Angelucci A, et al. Kinase-dependent and
-independent roles of EphA2 in the regulation of prostate cancer
invasion and metastasis. Am J Pathol. 2009;174:1492-1503.

21. Taddei ML, Parri M, Angelucci A, et al. EphA2 induces metastatic
growth regulating amoeboid motility and clonogenic potential in
prostate carcinoma cells. Mol Cancer Res. 2011;9:149-160.

22. Morrissey C, True LD, Roudier MP, et al. Differential expression of
angiogenesis associated genes in prostate cancer bone, liver and
lymph node metastases. Clin Exp Metastasis. 2008;25:377-388.

23. Brantley-Sieders DM. Clinical relevance of Ephs and ephrins in cancer:
lessons from breast, colorectal, and lung cancer profiling. Semin Cell
Dev Biol. 2012;23:102-108.

24. Brantley-Sieders DM, Zhuang G, Hicks D, et al. The receptor tyrosine
kinase EphA2 promotes mammary adenocarcinoma tumorigenesis
and metastatic progression in mice by amplifying ErbB2 signaling.
J Clin Invest. 2008;118:64-78.

25. Song W, Hwang Y, Youngblood VM, et al. Targeting EphA2 impairs
cell cycle progression and growth of basal-like/triple-negative breast
cancers. Oncogene. 2017;36:5620-5630.

26. Brantley-Sieders DM, Jiang A, Sarma K, et al. Eph/ephrin profiling in
human breast cancer reveals significant associations between
expression level and clinical outcome. PLoS One. 2011;6:e24426.

27. Mitri Z, Nanda R, Blackwell K, et al. TBCRC-010: phase I/II study of
dasatinib in combination with zoledronic acid for the treatment of
breast cancer bone metastasis. Clin Cancer Res. 2016;22:5706-5712.

28. Nikas I, Ryu HS, Theocharis S. Viewing the Eph receptors with a focus
on breast cancer heterogeneity. Cancer Lett. 2018;434:160-171.

29. FangWB, Brantley-Sieders DM, Parker MA, Reith AD, Chen J. A kinase-
dependent role for EphA2 receptor in promoting tumor growth and
metastasis. Oncogene. 2005;24:7859-7868.

30. Zhang T, Li J, Ma X, et al. Inhibition of HDACs-EphA2 signaling Axis
with WW437 demonstrates promising preclinical antitumor activity
in breast cancer. EBioMedicine. 2018;31:276-286.

31. ZhengG, Ma Y, Zou Y, Yin A, Li W, DongD. HCMDB: the human cancer
metastasis database. Nucleic Acids Res. 2018;46:D950-D955.

32. Bogan C, Chen J, O’Sullivan MG, Cormier RT. Loss of EphA2 receptor
tyrosine kinase reduces ApcMin/+ tumorigenesis. Int J Cancer. 2009;
124:1366-1371.

33. Wright LE, Ottewell PD, Rucci N, et al. Murinemodels of breast cancer
bone metastasis. BoneKEy Rep. 2016;5:804.

34. Johnson RW, Finger EC, Olcina MM, et al. Induction of LIFR confers a
dormancy phenotype in breast cancer cells disseminated to the
bone marrow. Nat Cell Biol. 2016;18:1078-1089.

35. Vaught D, Chen J, Brantley-Sieders DM. Regulation of mammary
gland branching morphogenesis by EphA2 receptor tyrosine kinase.
Mol Biol Cell. 2009;20:2572-2581.

36. Brantley-Sieders DM, Fan KH, Deming-Halverson SL, Shyr Y, Cook RS.
Local breast cancer spatial patterning: a tool for community health
resource allocation to address local disparities in breast cancer mor-
tality. PLoS One. 2012;7:e45238.

37. Brantley-Sieders DM, Dunaway CM, RaoM, et al. Angiocrine factorsmod-
ulate tumor proliferation and motility through EphA2 repression of Slit2
tumor suppressor function in endothelium. Cancer Res. 2011;71:976-987.

38. Macrae M, Neve RM, Rodriguez-Viciana P, et al. A conditional feed-
back loop regulates Ras activity through EphA2. Cancer Cell. 2005;8:
111-118.

39. Campbell JP, Merkel AR, Masood-Campbell SK, Elefteriou F,
Sterling JA. Models of bone metastasis. J Visual Exp. 2012;67:e4260.

40. Brantley DM, Cheng N, Thompson EJ, et al. Soluble Eph a receptors
inhibit tumor angiogenesis and progression in vivo. Oncogene.
2002;21:7011-7026.

41. Brantley-SiedersDM,FangWB,HicksDJ,ZhuangG,ShyrY,ChenJ. Impaired
tumor microenvironment in EphA2-deficient mice inhibits tumor angio-
genesis andmetastatic progression. FASEB J. 2005;19:1884-1886.

42. Brantley-Sieders DM, Chen J. Eph receptor tyrosine kinases in angio-
genesis: from development to disease. Angiogenesis. 2004;7:17-28.

43. Choi Y, Syeda F, Walker JR, et al. Discovery and structural analysis of
Eph receptor tyrosine kinase inhibitors. Bioorg Med Chem Lett. 2009;
19:4467-4470.

44. TingMC,WuNL, Roybal PG, et al. EphA4 as an effector of Twist1 in the
guidance of osteogenic precursor cells during calvarial bone growth
and in craniosynostosis. Development. 2009;136:855-864.

45. Kou CJ, Kandpal RP. Differential expression patterns of Eph receptors
and ephrin ligands in human cancers. Biomed Res Int. 2018;2018:
7390104.

46. Brook N, Brook E, Dharmarajan A, Dass CR, Chan A. Breast cancer
bone metastases: pathogenesis and therapeutic targets. Int J Bio-
chem Cell Biol. 2018;96:63-78.

47. Raje NS, Bhatta S, Terpos E. Role of the RANK/RANKL pathway in mul-
tiple myeloma. Clin Cancer Res. 2019;25:12-20.

48. Quiroz-Munoz M, Izadmehr S, Arumugam D, Wong B,
Kirschenbaum A, Levine AC. Mechanisms of osteoblastic bone
metastasis in prostate cancer: role of prostatic acid phosphatase.
J Endocr Soc. 2019;3:655-664.

49. Matsuo K, Otaki N. Bone cell interactions through Eph/ephrin: bone
modeling, remodeling and associated diseases. Cell Adh Migr. 2012;
6:148-156.

50. Omokehinde T, Johnson RW. GP130 cytokines in breast cancer and
bone. Cancers (Basel). 2020;12:326.

51. Zeng L, Li K, Wei H, et al. A novel EphA2 inhibitor exerts beneficial
effects in PI-IBS in vivo and in vitro models via Nrf2 and NF-kappaB
signaling pathways. Front Pharmacol. 2018;9:272.

52. Leem AY, Shin MH, Douglas IS, et al. All-trans retinoic acid attenuates
bleomycin-induced pulmonary fibrosis via downregulating
EphA2-EphrinA1 signaling. Biochem Biophys Res Commun. 2017;491:
721-726.

53. Liu L, Zhou L, Yang X, et al. 17beta-estradiol attenuates ovariectomy
induced bone deterioration through the suppression of the ephA2/e-
phrinA2 signaling pathway. Mol Med Rep. 2018;17:1609-1616.

54. Fritsche-Guenther R, Noske A, UngethumU, et al. De novo expression
of EphA2 in osteosarcomamodulates activation of themitogenic sig-
nalling pathway. Histopathology. 2010;57:836-850.

55. Tawara K, Oxford JT, Jorcyk CL. Clinical significance of interleukin
(IL)-6 in cancer metastasis to bone: potential of anti-IL-6 therapies.
Cancer Manag Res. 2011;3:177-189.

56. Tamura T, UdagawaN, Takahashi N, et al. Soluble interleukin-6 recep-
tor triggers osteoclast formation by interleukin 6. Proc Natl Acad Sci U
S A. 1993;90:11924-11928.

JBMR Plus (WOA)n 14 of 15 VAUGHT ET AL.



57. Richards CD, Langdon C, Deschamps P, Pennica D, Shaughnessy SG.
Stimulation of osteoclast differentiation in vitro by mouse
oncostatin M, leukaemia inhibitory factor, cardiotrophin-1 and inter-
leukin 6: synergy with dexamethasone. Cytokine. 2000;12:613-621.

58. Palmqvist P, Persson E, Conaway HH, Lerner UH. IL-6, leukemia inhib-
itory factor, and oncostatinM stimulate bone resorption and regulate
the expression of receptor activator of NF-kappa B ligand, osteopro-
tegerin, and receptor activator of NF-kappa B in mouse calvariae.
J Immunol. 2002;169:3353-3362.

59. Wong PK, Quinn JM, Sims NA, van Nieuwenhuijze A, Campbell IK,
Wicks IP. Interleukin-6 modulates production of T lymphocyte-
derived cytokines in antigen-induced arthritis and drives
inflammation-induced osteoclastogenesis. Arthritis Rheum. 2006;54:
158-168.

60. Moonga BS, Adebanjo OA, Wang HJ, et al. Differential effects of
interleukin-6 receptor activation on intracellular signaling and bone
resorption by isolated rat osteoclasts. J Endocrinol. 2002;173:395-405.

61. Zheng Y, Basel D, Chow SO, et al. Targeting IL-6 and RANKL signaling
inhibits prostate cancer growth in bone. Clin Exp Metastasis. 2014;31:
921-933.

62. Zheng Y, Chow SO, Boernert K, et al. Direct crosstalk between cancer
and osteoblast lineage cells fuels metastatic growth in bone via auto-
amplification of IL-6 and RANKL signaling pathways. J Bone Min Res.
2014;29:1938-1949.

63. Luo X, Fu Y, Loza AJ, et al. Stromal-initiated changes in the bone pro-
mote metastatic niche development. Cell Rep. 2016;14:82-92.

64. Yoshitake F, Itoh S, Narita H, Ishihara K, Ebisu S. Interleukin-6 directly
inhibits osteoclast differentiation by suppressing receptor activator
of NF-kappaB signaling pathways. J Biol Chem. 2008;283:11535-11540.

65. Yokota K, Sato K, Miyazaki T, et al. Combination of tumor necrosis fac-
tor alpha and interleukin-6 induces mouse osteoclast-like cells with
bone resorption activity both in vitro and in vivo. Arthritis Rheumatol.
2014;66:121-129.

JBMR® Plus EPHA2 AS TARGET IN BREAST CANCER BONE DISEASE 15 of 15 n


	EphA2 Is a Clinically Relevant Target for Breast Cancer Bone Metastatic Disease
	Introduction
	Materials and Methods
	Reagents
	Mining the Human Cancer Metastasis database
	qRT-PCR and Western blot analyses
	Intratibial and intracardiac injections
	Treatment with ALW-II-41-27
	Histology
	Tartrate-resistant acid phosphatase staining
	EphA2 staining
	Ki67 and cleaved caspase 3

	Faxitron analysis
	μComputed tomography and histomorphometry
	Cytokine array and ELISA
	Cell culture
	Coculture
	Statistical analysis

	Results
	EphA2 expression is enriched in tumor cells in human breast cancer bone metastatic lesions
	Loss of EphA2 function in breast tumor cells impairs osteolysis when grafted into bone
	Loss of EphA2 function in breast tumor cells results in reduced osteolytic disease and osteoclasts in an independent bone g...
	Targeted inhibition of EphA2 impairs osteolysis in vivo
	EphA2 loss of function impairs tumor-induced osteoclast differentiation in vitro
	EphA2 regulates osteoclast differentiation through an IL-6-dependent mechanism

	Discussion
	Acknowledgments
	AUTHOR CONTRIBUTIONS
	Authors' roles
	Conflicts of Interest
	PEER REVIEW

	References


