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Abstract

Dysregulation of receptor tyrosine kinases (RTKs) contributes to cellular transformation and 

cancer progression by disrupting key metabolic signaling pathways. The EPHA2 RTK is 

overexpressed in aggressive forms of breast cancer, including the HER2+ subtype, and correlates 

with poor prognosis. However, the role of EPHA2 in tumor metabolism remains unexplored. In 

this study, we used in vivo and in vitro models of HER2-overexpressing breast cancer to 

investigate the mechanisms by which EPHA2 ligand-independent signaling promotes 

tumorigenesis in the absence of its prototypic ligand, ephrin-A1. We demonstrate ephrin-A1 loss 

leads to upregulated glutamine metabolism and lipid accumulation that enhanced tumor growth. 

Global metabolic profiling of ephrin-A1-null, HER2-overexpressing mammary tumors revealed a 

significant increase in glutaminolysis, a critical metabolic pathway that generates intermediates for 

lipogenesis. Pharmacologic inhibition of glutaminase activity reduced tumor growth in both 

ephrin-A1-depleted and EPHA2-overexpressing tumor allografts in vivo. Mechanistically, we 

show that the enhanced proliferation and glutaminolysis in the absence of ephrin-A1 was 

attributed to increased RhoA-dependent glutaminase activity. EPHA2 depletion or pharmacologic 

inhibition of Rho, glutaminase, or fatty acid synthase abrogated the increased lipid content and 

proliferative effects of ephrin-A1 knockdown. Together, these findings highlight a novel, 
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unsuspected connection between the EPHA2/ephrin-A1 signaling axis and tumor metabolism, and 

suggest potential new therapeutic targets in cancer subtypes exhibiting glutamine dependency.
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Introduction

Receptor tyrosine kinases (RTKs) are key regulators of signal transduction pathways that 

promote cell growth, survival, and motility during malignant progression of solid tumors. 

Recent advances in the analysis of tumor genomes revealed that EPHA2 RTK is frequently 

overexpressed in aggressive human breast cancers and correlates with poor patient survival 

and resistance to therapeutic agents (1–4). EPHA2 belongs to the Eph family of RTKs, 

which contain distinct regions for ligand binding, receptor clustering, and signaling. Though 

receptor clustering and activation occur upon Eph receptor binding to their ligands, known 

as ephrins, Eph receptors can also be activated by other cell-surface receptors, such as EGFR 

and ERBB2 (3, 5). Thus, cumulative evidence in breast cancer supports two modes for 

EPHA2 signaling. In the ligand-dependent mode, EphA2 can engage in ligand-dependent 

forward signaling that suppresses tumor cell proliferation and invasiveness (6, 7). In the 

second mode, EphA2 can signal in a ligand-independent manner that promotes tumor 

malignancy—a mechanism highly dependent upon phosphorylation of S897 (6). This model, 

however, has not been directly tested in a transgenic mammary tumor model, and the 

mechanism by which ephrin-A1 exerts its tumor-suppressive role has yet to be fully 

elucidated.

Dysregulation of RTK signaling can result in aberrant metabolism through disruption of 

critical metabolic pathways. Recent studies in tumor metabolism have led to significant 

advances in our understanding of how tumor cells utilize metabolic switches to produce 

intermediates for cell growth and division (8, 9). One hallmark for proliferating tumor cells 

is high levels of glucose influx and subsequent aerobic glycolysis with lactate production, 

even in the presence of adequate oxygen [termed the “Warburg effect”; (10)]. While most 

cancers depend on a high rate of aerobic glycolysis, some cancer cells also display addiction 

to glutamine (11–13). Glutamine, an abundant amino acid, can be utilized for energetics in 

rapidly proliferating cells and is first catabolized to glutamate by the enzyme, glutaminase 

(GLS). Oxidative deamination by glutamate dehydrogenase in the mitochondrion, or the 

transamination of glutamate, then generates α-ketoglutarate [α-KG; (14)]. In this capacity, 

glutamine provides nitrogen for biosynthesis of nucleotides and amino acids, and serves as a 

mitochondrial substrate (11). α-KG can be further metabolized to citrate, which donates 

acetyl-CoA groups for lipid biosynthesis. This pathway is used for de novo lipogenesis 

under hypoxic conditions and is linked to tumor cell proliferation, motility, and survival 

(15). Although RTKs have been shown to regulate these metabolic pathways in tumors, the 

role of EPH RTKs in tumor metabolism has yet to be investigated.
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In this study, we demonstrate a novel role for ephrin-A1 as a regulator of mammary tumor 

growth and tumor metabolism. Gene deletion of ephrin-A1 (Efna1) increased the growth of 

endogenous mammary tumors in a mouse model of breast cancer driven by activated ErbB2 

(MMTV-NeuT). RNAi-mediated silencing of ephrin-A1 increased lipid accumulation and 

cell proliferation in both mouse and human breast cancer models. Furthermore, metabolic 

profiling of tumors revealed increased glutaminolysis in ephrin-A1-null tumors. 

Mechanisticaly, we identified a signaling pathway involving EPHA2-RhoA-glutaminase that 

mediates ephrin-A1-dependent suppression of glutaminolysis and lipid accumulation in 

tumor cells. Collectively, these studies provide in vivo evidence for a tumor suppressive role 

of ephrin-A1 in breast cancer, and uncover a novel function of ephrin-A1 and EPHA2 in the 

regulation of tumor metabolism.

Material and Methods

Animal Models and in vivo studies

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. Ephrin-A1−/− mice were crossed with MMTV-NeuT 
mice. MMTV-NeuT-positive mice that were EphrinA1+/+ or Ephrin-A1−/− were identified 

by PCR analysis of genomic DNA using the following primers: Ephrin-A1 forward primer 

(5′-CCCAACAAAAACAAACAGCCG-3′) and two allele specific reverse primers, WT (5′-

GAGGTGGAGGAAGGGAAAAAGAC-3′) and KO (5′-TGGATG 

TGGAATGTGTGCGAGG-3′). The NeuT transgene was detected by PCR using the 

following primers: NeuT forward (5′-CATGGCCAGACAGTCTCCGT-3′) and reverse (5′-

TGAGCTGTTTTGAGGCTGACA-3′). Allograft experiments are as described (3, 4) and in 

supplemental materials.

Analysis of human breast cancer tissue microarray and expression profiling datasets

Immunohistochemical staining was performed on a human Metastatic Breast Cancer Tissue 

Array from Cybrdi (Rockville, MD; Cat# CS08-10-001) for ephrin-A1 and phosphorylated 

EPHA2 (pS897). The scoring system is as follows: 0–10% + tumor epithelium = 0; 10–25%

+ tumor epithelium = 1; 25–50%+ tumor epithelium = 2; >50%+ tumor epithelium = 3. 

Samples were subdivided by scores of 0–1 as low/negative and scores of 2–3 as high. 

Statistical significance was determined using Chi Square Analysis.

Survival analyses were performed as previously described (16). EPHA2 and EFNA1 gene 

expression data was downloaded from GEO (Affymetrix HGU133A, accession# GPL96, and 

HGU133 Plus 2.0, accession# GPL570) and recurrence-free survival information was 

analyzed using the online software package, Kaplan–Meier Plotter (http://kmplot.com). The 

packages ‘recurrence-free survival’ and ‘automatic cutoff’ were used to calculate and plot 

Kaplan–Meier survival curves for 936-patients with lymph node-positive breast cancer. 

Tumors were ranked according to gene expression values of EPHA2 and EFNA1, scored as 

high or low. Statistical significance was determined by logrank P-value and hazard ratios 

with 95% confidence intervals are displayed.
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Cell culture and in vitro studies

Human cell lines were purchased from the ATCC and maintained as described (3, 4). BT474 

cell lines were authenticated by the ATCC cell authentication services utilizing short tandem 

repeat profiling. Other cell lines were used at low passage and were not authenticated. The 

mouse MMTV-Neu cell line was generated and provided by Rebecca Cook (Vanderbilt 

University). These cells were maintained in DMEM/F12 media supplemented with estrogen 

(5ng/ml), progesterone (5ng/ml), insulin (0.5μg/mL), EGF (5ng/ml), L-glutamine (2 mM), 

penicillin (100U/ml) and streptomycin (100U/ml) and 10% fetal bovine serum. siRNA-

mediated knockdown, BrdU proliferation, 3D Matrigel culture, Rho activity assay, and 

western blot analysis are as described (39, 3, 4) and in supplemental materials.

Metabolite Assays

Intracellular glutamate concentrations were determined using the enzymatic assay, 

Glutamate Assay Kit (Sigma), according to the manufacturer’s protocol. MCF-10A-HER2 

or MMTV-Neu cells (106) were cultured in glutamine-free DMEM/F12 base media for 24 

hours. Cells were stimulated with 5% serum, EGF (5ng/mL), and 2mMol of glutamine. 

Briefly, after treatment, cells were washed with PBS and collected with the provided 

glutamate assay buffer. Lysates were centrifuged and the supernatants were further 

centrifuged in 10kDa ultrafiltration spin columns. The concentrated samples were plated in 

96-well plates with the supplied glutamate enzyme mix. Absorbance was measured at 

450nm. Concentrations were determined from the standard curve. Statistical significance 

was determined using ANOVA analysis on GraphPad Prism software; a P-value <0.05 is 

considered significant. Lipid content was determined by Oil-Red-O staining as detailed in 

supplemental materials. Metabolomic profiling was performed in collaboration with 

Metabolon Inc, as detailed in supplemental materials.

Results

Ephrin-A1 inhibits mammary tumor growth in MMTV-NeuT transgenic mice and in human 
breast cancer cell lines

Ephrin-A1-null mice are viable, fertile, and do not exhibit overt phenotypes in a pathogen-

free animal facility (17). Previous experimental data in breast cancer cell lines suggest a 

model in which the oncogenic role of EPHA2 is largely ligand-independent, whereas ephrin-

A1, the prototypic ligand of EPHA2, transduces inhibitory signaling that blocks tumor cell 

proliferation and invasiveness (3, 6, 18). To test this hypothesis in vivo in a clinically 

relevant transgenic mammary tumor model, we crossed ephrin-A1-deficient mice with 

MMTV-NeuT transgenic animals (19) to determine whether loss of ephrin-A1 enhanced 

breast cancer tumorigenesis and progression. MMTV-NeuT/Efna1−/− mice developed larger 

tumors compared to MMTV-NeuT/Efna1+/+ littermates (Figure 1A). PCNA staining 

revealed that ephrin-A1 null tumors had an elevated proliferative index compared to wild-

type tumors (Figure 1B). However, vWF staining, an endothelial cell marker, was not 

significantly different (Supplementary Figure 1A), suggesting that tumor vasculature is not 

markedly affected by loss of ephrin-A1 in this model. These results suggest that Ephrin-A1 

inhibits mammary tumor growth within its native environment, as genetic deletion of ephrin-

A1 enhanced tumor growth in this aggressive breast cancer model.
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To assess whether our data in this animal model is applicable to human disease, we tested 

whether loss of ephrin-A1 augmented growth in MCF-10A-HER2 cells, a human breast cell 

line overexpressing HER2. We used two independent shRNA sequences to stably 

knockdown ephrin-A1 in MCF-10A-HER2 cells and performed 3-dimensional (3D) 

spheroid growth assays. MCF-10A-HER2 cells treated with shEphrin-A1 developed 

significantly larger spheroids that displayed protrusive properties compared to control cells 

(Figure 1C). To directly evaluate proliferation, MCF-10A-HER2 cells were treated with 

siRNAs targeting ephrin-A1 or a non-targeting control and BrdU incorporation was 

measured. Knockdown of ephrin-A1 significantly enhanced proliferation (Figure 1D and 

Supplemental Figure 1B), which is accompanied by an increase in EPHA2 protein 

expression and phosphorylation of EPHA2 at Y588 and S897, markers of kinase activity and 

ligand-independent signaling, respectively. However, there were no discernable changes in 

the expression of EPHA4 or EPHB6, in which high expression levels were shown to 

correlate with poor patient survival in human breast cancer (2) (Figure 1 D).

To test whether ephrin-A1-induced growth suppression requires EPHA2, we silenced 

EPHA2 and ephrin-A1 simultaneously. Knockdown of EPHA2 in MCF-10A-HER2 cells 

inhibited the elevated cell proliferation in ephrin-A1-deficient cells (Figure 1E, 

Supplementary Figure 1B), suggesting that EPHA2 is the receptor for ephrin-A1 that links 

this ligand to tumor suppression in breast cancer. To investigate whether EPHA2 kinase 

activity or phosphorylation of S897 is required for ligand-independent signaling, we 

expressed wild-type EPHA2, EPHA2S897A, or EPHA2D739N (kinase dead) in MCF-10A-

HER2 cells and evaluated spheroid growth. We found that both S897 phosphorylation and 

kinase activity are required for the EPHA2-dependent increase in cell growth (Figure 1F), 

suggesting that EPHA2 receptor forward signaling is important in this process.

To complement loss-of-function studies, we determined whether overexpression of ephrin-

A1 could inhibit growth and proliferation of breast cancer cells in vivo. MMTV-Neu cells 

overexpressing ephrin-A1 or control LacZ protein were transplanted into mammary fat pads 

of recipient mice and tumor volume was measured. Overexpression of ephrin-A1 

significantly reduced tumor volume relative to controls (Figure 2A). Analyses of PCNA 

expression in these tumor allografts revealed that tumor cell proliferation was significantly 

lower in MMTV-Neu tumors expressing ephrin-A1 compared with that of MMTV-Neu 
tumors expressing the control LacZ protein (Figure 2B). We next evaluated the effect of 

ephrin-A1 overexpression in the HER2-dependent human breast cancer cell line, BT474. 

Overexpression of ephrin-A1 by either an adenoviral delivery or a lentiviral doxycycline-

inducible system reduced EPHA2 expression, spheroid size and BrdU incorporation 

compared to control cells expressing GFP (Figure 2, C–E). Collectively, our findings support 

the model in which ephrin-A1 acts as a molecular switch to modify EPHA2 receptor 

signaling output, such that loss of ephrin-A1 enhances tumor cell growth.

Low ephrin-A1 or high EPHA2 expression is associated with poor survival in lymph node 
positive breast cancer patients

We previously reported that EPHA2 overexpression is linked to poor prognosis in breast 

cancer patients (2, 4). To investigate whether high EPHA2 expression correlates with ligand-

Youngblood et al. Page 5

Cancer Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



independent signaling, we analyzed the level of phospho-S897 EPHA2, a marker for ligand-

independent activation (6), and ephrin-A1 expression in adjacent sections of tumor samples 

in a human breast cancer tissue microarray (TMA). As shown in Figures 3A and 3B, 75% of 

pS897-EPHA2-positive samples were negative for ephrin-A1 in primary tumors, and 74% of 

pS897-EPHA2 positive lymph node metastases were negative for ephrin-A1 (n= 20 and 27 

for primary and metastatic tumors, respectively; p<0.05), suggesting that high levels of 

ligand-independent EPHA2 signaling in human breast cancer are associated with low levels 

of ephrin-A1 expression. To investigate whether the expression level of ephrin-A1 is 

associated with clinical outcomes, we mined datasets from the NCBI Gene Expression 

Omnibus [GEO; (16); Figure 3, C&D]. We found no correlation between ephrin ligand 

expression and clinical outcome in overall breast cancer samples. However, high EFNA1 
expression was associated with increased probability of 20-year recurrence-free survival in 

lymph node-positive breast cancer patients (n=936, p<0.05), whereas high EPHA2 
expression is associated with decreased survival (p<0.01). Collectively, these data support a 

tumor-suppressive role for ephrin-A1 in metastatic malignant human breast cancer.

Ephrin-A1 regulates lipid accumulation in breast cancer cells

Reprogramming of energy metabolism is a hallmark of cancer that confers growth and 

survival advantages to tumor cells (8, 9). We discovered that knockdown of ephrin-A1 leads 

to accumulation of vacuole-like structures in MCF10A-HER2 cells (Figure 4A, arrowhead). 

To investigate whether these vacuole-like structures represented lipid droplets, we stained 

cells with the lipid soluble dye, Oil-Red-O. As shown in Figure 4B, the Oil-Red-O positive 

area was significantly increased in ephrin-A1 knockdown cells compared to control cells. As 

fatty acid synthase (FASN) is a key enzyme for de novo fatty acid synthesis, we tested 

whether inhibition of FASN could rescue increased lipid deposits in ephrin-A1-deficient 

cells. Orlistat, an irreversible inhibitor of FASN (20, 21), suppressed lipid accumulation in 

ephrin-A1 knockdown cells (Figure 4C) and inhibited the proliferative phenotype observed 

in ephrin-A1-deficient MCF-10A-HER2 cells (Figure 4D).

Since EPHA2 is the primary receptor for ephrin-A1 (Figure 1E), we reasoned that 

overexpression of EPHA2 should produce a similar lipid accumulation phenotype as ephrin-

A1 knockdown cells. Indeed, overexpression of wild-type EPHA2, but not EPHA2S897A or 

EPHA2D739N mutants, enhanced lipid content in MCF-10A-HER2 cells (Figure 4E, 

Supplementary Figure 2A). In contrast, overexpression of ephrin-A1 significantly reduced 

lipid deposits in BT474 cells, which have high endogenous levels of lipids (Figure 4F). 

Orlistat treatment inhibited proliferation and lipid accumulation in BT474 cells, and EPHA2 

silencing also reduced lipid content (Figure 4, G and H, and Supplementary Figure 2B). 

Collectively, Orlistat-induced inhibition of lipid content and a reduction in tumor cell 

proliferation suggests a link between increased lipogenesis and tumor cell growth upon loss 

of ephrin-A1 or overexpression of EPHA2.

Ephrin-A1 regulates glutamine metabolism through modulation of glutaminase activity

To globally assess tumor metabolite profiles, tumors from MMTV-NeuT/Efna1+/+ and 

MMTV-NeuT/Efna1−/− were analyzed by mass spectrometry. We observed no consistent 

pattern of metabolite profile differences related to glucose metabolism. However, there were 
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marked increases in metabolites associated with glutamine metabolism in MMTV-NeuT/

Efna1−/− tumors relative to wild-type control tumors (Figure 5, A and B, Supplementary 

Figure 3), suggesting that ephrin-A1 may regulate glutaminolysis.

A decrease in glutamine coupled with an increase in glutamate (Figure 5B) in ephrin-A1-

null tumors suggests enhanced glutamine consumption by glutaminase (GLS), a key rate-

limiting enzyme in glutaminolysis. To directly test whether ephrin-A1 regulates the activity 

of GLS, MMTV-Neu cells treated with shEphrin-A1 or shControl were glutamine-starved, 

stimulated by fresh glutamine, and intracellular glutamate was measured. Figure 5C shows 

that intracellular glutamate steadily accumulated after addition of fresh glutamine in the 

media; however, there were higher glutamate levels in ephrin-A1 knockdown cells relative to 

control cells, and this increase was blocked by the treatment of GLS inhibitors, 968 or 

BPTES (Figure 5D). Because loss of ephrin-A1 promoted growth in both in vitro and in vivo 
models and enhanced GLS activity, we sought to determine whether GLS plays a direct role 

in tumor cell proliferation. Ephrin-A1 knockdown and control MMTV-Neu cells were 

treated with glutaminase inhibitors, 968 or BPTES, and BrdU incorporation was assessed. 

As expected, knockdown of ephrin-A1 enhanced proliferation in MMTV-Neu cells, and 968 

or BPTES was able to inhibit the elevated BrdU incorporation in ephrin-A1-deficient cells 

(Figure 5E). To test the effects of GLS inhibition on tumor growth in vivo, shEphrin-A1 and 

shControl MMTV-Neu cells were transplanted into contralateral mammary fat pads of 

recipient mice and treated with either BPTES (10mg/kg) or vehicle control every other day 

by intraperitoneal (IP) injection. Ephrin-A1 knockdown tumors were significantly larger 

than the shControl tumors (Figure 5F). BPTES treatment significantly reduced the volume 

of ephrin-A1 knockdown tumors, whereas BPTES appeared to have no significant effect on 

shControl tumors at the indicated dose (Figure 5F).

To complement ephrin-A1 knockdown studies, we tested the effects of EPHA2 

overexpression on GLS activity and tumor volume. We reasoned, since ephrin-A1 is the 

prototypic ligand of EPHA2 receptor and loss of ephrin-A1 can augment EPHA2 activity, 

that EPHA2 overexpression should have a similar effect on GLS activity and tumor cell 

growth as ephrin-A1 deficiency. Indeed, we observed that MMTV-Neu cells overexpressing 

EPHA2 had enhanced GLS activity compared to control cells (Figure 5G) and this increase 

could be blocked by GLS inhibitors, 968 or BPTES (Figure 5H). EPHA2 overexpression 

also enhanced BrdU incorporation, which was inhibited by 968 or BPTES (Figure 5I). 

Furthermore, EPHA2 overexpression enhanced tumor growth in vivo, and BPTES 

significantly decreased tumor volume to a level similar as control tumors (Figure 5J). 

Together, these data show that inhibition of GLS activity can impair proliferation and tumor 

growth, suggesting that enhanced glutaminolysis is, at least in part, the mechanism for the 

enhanced tumor growth in EphA2 overexpressing or ephrin-A1-deficient tumors.

We next tested whether ephrin-A1 also regulates GLS activity in the human cell line 

MCF-10A-HER2. Similar to MMTV-Neu cells, knockdown of ephrin-A1 in MCF-10A-

HER2 cells enhanced GLS activity compared to control cells (Figure 6A), and inhibition of 

GLS rescued the pro-proliferative phenotype induced by ephrin-A1 knockdown (Figure 6B). 

We reasoned, if ephrin-A1 regulates cell proliferation through modulation of GLS, 

supplementing with downstream metabolites such as α-ketogluterate (αKG) should rescue 
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the proliferative phenotype induced by the GLS inhibitor. We observed that addition of 

dimethyl-αKG (DM-αKG), the soluble form of αKG, restored proliferation inhibited by 968 

in ephrin-A1 knockdown cells (Figure 6B). Additionally, overexpression of wild-type 

EPHA2, but not S897A and D739N mutants, enhanced glutamine metabolism 

(Supplementary Figure 4D), suggesting that both EphA2 kinase activity and phosphorylation 

of S897 are required for EphA2-dependent regulation of glutamine metabolism.

Glutaminase exists in two isoforms, GLS1 and GLS2, or kidney-type isoform and liver-type 

isoform, respectively (22). To determine which isoform regulates glutamine levels in ephrin-

A1 knockdown cells, we silenced these distinct enzymes with siRNAs. Knockdown of GLS1 

rescued the elevated glutaminase activity in ephrin-A1-deficient cells (Figure 6C–D, 

Supplementary Figure 4A–4C), suggesting that ephrin-A1 regulates glutaminolysis through 

inhibition of GLS1. It remains to be determined if GLS2 is also important in ephrin-A1-

dependent glutaminolysis (Figure 6C and 6E).

Regulation of glutaminase activity by ephrin-A1 is mediated through RhoA GTPase

GLS, the biologic target of compound 968, was previously shown to be regulated by Rho 

family GTPases (23). Inhibition of GLS or aminotransferase (AT) has been shown to 

suppress Rho GTPase-induced transformation and inhibit tumor growth in breast 

adenocarcinoma xenografts, respectively (23, 24). Since overexpression of EPHA2 receptor 

can activate RhoA activity (3, 25, 26), we tested whether the GLS activity induced by 

ephrin-A1 depletion could be mediated through RhoA signaling. RNAi-mediated silencing 

of ephrin-A1 increased the levels of active GTP-bound RhoA, relative to non-targeting 

siRNA controls (Figure 7A). CT04, a cell permeable Rho inhibitor, inhibited RhoA-GTP 

levels and decreased GLS activity in ephrin-A1 knockdown cells (Figure 7, B and C). 

Furthermore, inhibition of RhoA, GLS, or FASN decreased elevated Oil-Red-O staining and 

cellular proliferation induced by knockdown of ephrin-A1 (Figure 7, D and E), suggesting 

that inhibition of tumor cell growth by ephrin-A1 is mediated through RhoA and 

glutaminase.

Discussion

RTK signaling is critical to cell growth and survival in normal epithelial cells. Dysregulation 

of RTKs by mutations, amplification, or overexpression can increase kinase activity, leading 

to oncogenic transformation and malignant progression. Yet, recent studies have discovered 

dual roles for Eph receptors in both promoting and inhibiting tumor initiation and metastatic 

progression (7, 27–30) based on in vitro and allograft studies using mammary epithelial and 

cancer cell lines. Ephrin-A1 overexpressing xenograft models and intratumoral delivery of 

Ad-ephrinA1-Fc both reduced tumor volume (31). In breast cancer cell lines, ligand-induced 

EPHA2 signaling inhibits proliferation, whereas ligand-independent crosstalk between 

EPHA2 and other oncogene pathways results in tumor promotion (3, 4). These data suggest 

ephrin-A1 can act as a molecular switch in breast cancers, such that loss of ligand-dependent 

signaling switches EPHA2 to function as a tumor promoter. Herein, we provide functional 

evidence in a transgenic MMTV-NeuT mouse model that genetic deletion of Ephrin-A1 
enhances tumor cell proliferation and mammary tumor growth. The role of ephrin-A1 in 

Youngblood et al. Page 8

Cancer Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suppression of tumor malignancy is also supported by human breast cancer data in which 

lower ephrin-A1 (EFNA1) gene expression is associated with poor survival in lymph node-

positive patients, thus demonstrating clinical relevance.

Our previous studies in the 4T1 model showed knockdown of ephrin-A1 had no effect on 

tumor volume, but resulted in decreased tumor angiogenesis and lung metastasis (32). 

Consistent with our previous studies, orthotopic transplantation of wild-type 4T1 tumors into 

ephrin-A1-deficient hosts resulted in marked decrease of vWF staining in tumor sections 

(data not shown), suggesting that host ephrin-A1 deficiency affects tumor 

neovascularization. However, global knockout of ephrin-A1 in our MMTV-NeuT model 

displayed no significant changes in tumor vascular density. Lack of significant changes in 

tumor vessels in this model could be due to an inhibitory effect of ephrin-A1 on tumor cells 

that override the angiogenesis promoting effects.

Studies in this report unequivocally demonstrate a role of ephrin-A1 in regulating cell 

proliferation in the HER2/Neu model. The differential effects of ephrin-A1 deficiency on 

tumor growth between the 4T1 and the HER2/Neu models may at least be in part due to the 

differences in breast cancer subtype, as 4T1 cells are mesenchymal without normal cell-cell 

contacts. Thus, even if ephrin-A1 was expressed in these cells, it may not bind to EPHA2 on 

neighboring cells to inhibit its function, whereas ephrin-A1 in MMTV-Neu cells may 

interact with EPHA2 on adjacent tumor cells more effectively to exert its inhibitory role. It is 

currently unknown whether ephrin-A1 affects metastasis in this model. However, in view of 

the potential role of ephrin-A1 in angiogenesis and metastasis, inhibiting EPHA2 receptor, 

rather than focusing on overexpressing ephrin-A1, may improve future targeting strategies.

Metabolic reprogramming is a hallmark of cancer that confers growth and survival (33). 

While RTKs are known to regulate tumor metabolism through modulation of signaling 

pathways such as Akt and mTOR, the connection between Eph RTKs and tumor metabolism 

remained unexplored. The discovery that ephrin-A1 regulates lipid and glutamine 

metabolism suggests ephrin-A1 is capable of inhibiting tumor growth by modulation of key 

metabolic enzymes. One rate-limiting enzyme for neoplastic lipogenesis, FASN, has been 

shown to be induced by RTKs via the SREBP1 transcription factor and promotes 

proliferation in breast cancer cells (34, 35). Alternatively, both glucose and glutamine can be 

metabolized to provide citrate that supports acetyl-coA production for de novo lipid 

biosynthesis (36, 37). We did not observe significant changes in FASN or SREBP1 

expression in human breast cancer cells. Interestingly, our global metabolic study revealed 

glutaminolysis, but not glycolysis, is increased in ephrin-A1-null tumors compared to wild-

type tumors. These findings are consistent with recent reports that during hypoxia, 

glutaminolysis is the predominant pathway for de novo lipogenesis (15). Thus, our data 

support a model in which EPHA2 ligand-independent signaling through down-regulation of 

ligand levels, EPHA2 overexpression, and/or failed engagement of endogenous ligand-

receptor on adjacent cells, promotes tumor cell growth and progression by elevating 

glutaminolysis.

While most cancers depend on a high rate of aerobic glycolysis, some cancers also display 

glutamine addiction (11, 12), including breast (38). Glutamine metabolism has been shown 
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to be regulated by a number of signaling pathways including Rho family GTPases. 

Compound 968, a small molecular inhibitor of glutaminase, suppressed oncogenic 

transformation induced by Rho GTPases (23). We found that this pathway is repressed by 

ephrin-A1. First, EPHA2 RTK is known to regulate RhoA activity (3, 25). Second, RhoA-

GTP levels are substantially elevated in ephrin-A1 knockdown cells. Third, inhibition of 

Rho activity significantly decreased intracellular glutamate levels in ephrin-A1 knockdown 

cells. Finally, inhibition of Rho, GLS, or FASN suppressed proliferation induced by 

depletion of ephrin-A1. These results demonstrate that ephrin-A1 regulates glutaminolysis 

and support a model in which ephrin-A1 inhibition of glutaminase activity is, at least in part, 

through Eph receptor-dependent activation of RhoA GTPases (Figure 7F).

Although our work emphasizes the role of ephrin-A1 in glutamine metabolism and lipid 

biogenesis, other glutamine metabolism pathways may also be important in ephrin-A1-

induced growth inhibition. For example, glutamine contributes to de novo synthesis of the 

major cellular antioxidant glutathione (GSH), nucleic acids, and certain amino acids. Indeed, 

we observed increases in GSH, nucleosides, and amino acid levels in ephrin-A1-null tumors 

relative to control wild-type tumors (Supplementary Figure 3). Accordingly, future 

investigations will reveal whether these branches of glutamine metabolism are also critical in 

ephrin-A1-mediated inhibition of cell proliferation.

The identification that ephrin-A1 and EPHA2 are linked to tumor metabolism opens up 

exciting new questions in tumor biology. Although ephrin-A1 inhibits both glutamine 

metabolism and accumulation of lipids, it is unclear whether increased lipids are due to 

augmented glutaminolysis in ephrin-A1 knockdown cells, or occur as an independent event. 

In addition to Rho GTPase, glutamine metabolism is also regulated by other signaling 

molecules relevant to breast cancer, such as c-Myc and PKC-delta (12). Future studies will 

focus on whether ephrin-A1/EPHA2 regulation of glutaminolysis is also modulated by c-

Myc or PKC and whether these molecules operate in the same linear pathway or in different, 

parallel pathways as Rho. Furthermore, the results presented in this study have significant 

translational potential. Ephrin-A1 may be used as a biomarker, as decreased ephrin-A1 

expression may predict poor clinical outcome in metastatic breast cancer. Finally, glutamine 

addiction in breast cancer is associated with elevated EPHA2 receptor levels in subtypes of 

disease that are refractory to current therapies, such as drug-resistant HER2-positive tumors. 

Since EPHA2 kinase activity is required for its regulation of glutamine metabolism, 

selective EPHA2 kinase inhibitors (39, 40) and/or inhibitors of key metabolic enzymes may 

provide more effective cancer therapeutics in these difficult to treat subtypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Financial Support: Department of Veterans Affairs through a VA Merit Award 5I01BX000134 (to J. Chen), NIH 
grants R01 CA177681, R01 CA95004 (J. Chen) and R01 CA148934 (D. Brantley-Sieders), T32 HL007751, F-31 
CA180407 (V. Youngblood) and T32 CA009592 (L. Kim and D. Edwards). This work was also supported in part by 
the NCI Cancer Center Support Grant # P30 CA068485 utilizing the Translational Pathology Shared Resources.

Youngblood et al. Page 10

Cancer Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We would like to thank Drs. Jay A. Berzofsky (NCI, Bethesda, MA) and Wenqiang Song (Vanderbilt University, 
Nashville, TN) for providing MMTV-NeuT breeder mice and mutant EPHA2 constructs, respectively. We also 
thank Drs. Rebecca Cook and Joshua Fessel (Vanderbilt University, Nashville, TN) for scientific discussion. This 
work was supported by Department of Veterans Affairs through a VA Merit Award 5I01BX000134 (to J. Chen), 
NIH grants R01 CA177681, R01 CA95004 (J. Chen) and R01 CA148934 (D. Brantley-Sieders), T32 HL007751 
and F-31 CA180407 (V. Youngblood), and T32 CA009592 (L. Kim and D. Edwards). This work was also supported 
in part by the NCI Cancer Center Support Grant # P30 CA068485 utilizing the Translational Pathology Shared 
Resources.

References

1. Pasquale EB. Eph receptors and ephrins in cancer: bidirectional signalling and beyond. Nat Rev 
Cancer. 2010; 10:165–180. [PubMed: 20179713] 

2. Brantley-Sieders DM, Jiang A, Sarma K, Badu-Nkansah A, Walter DL, Shyr Y, Chen J. Eph/ephrin 
profiling in human breast cancer reveals significant associations between expression level and 
clinical outcome. PLoS One. 2011; 6:e24426. [PubMed: 21935409] 

3. Brantley-Sieders DM, Zhuang G, Hicks D, Fang WB, Hwang Y, Cates JM, Coffman K, Jackson D, 
Bruckheimer E, Muraoka-Cook RS, 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. [PubMed: 18079969] 

4. Zhuang G, Brantley-Sieders DM, Vaught D, Yu J, Xie L, Wells S, Jackson D, Muraoka-Cook R, 
Arteaga C, Chen J. Elevation of receptor tyrosine kinase EphA2 mediates resistance to trastuzumab 
therapy. Cancer Res. 2010; 70:299–308. [PubMed: 20028874] 

5. Larsen AB, Pedersen MW, Stockhausen MT, Grandal MV, van Deurs B, Poulsen HS. Activation of 
the EGFR gene target EphA2 inhibits epidermal growth factor-induced cancer cell motility. Mol 
Cancer Res. 2007; 5:283–293. [PubMed: 17374733] 

6. Miao H, Li DQ, Mukherjee A, Guo H, Petty A, Cutter J, Basilion JP, Sedor J, Wu J, Danielpour D, 
et al. EphA2 mediates ligand-dependent inhibition and ligand-independent promotion of cell 
migration and invasion via a reciprocal regulatory loop with Akt. Cancer Cell. 2009; 16:9–20. 
[PubMed: 19573808] 

7. Vaught D, Brantley-Sieders DM, Chen J. Eph receptors in breast cancer: roles in tumor promotion 
and tumor suppression. Breast Cancer Res. 2008; 10:217. [PubMed: 19144211] 

8. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144:646–674. 
[PubMed: 21376230] 

9. Furuta E, Okuda H, Kobayashi A, Watabe K. Metabolic genes in cancer: their roles in tumor 
progression and clinical implications. Biochim Biophys Acta. 2010; 1805:141–152. [PubMed: 
20122995] 

10. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect: the metabolic 
requirements of cell proliferation. Science. 2009; 324:1029–1033. [PubMed: 19460998] 

11. Wise DR, Thompson CB. Glutamine addiction: a new therapeutic target in cancer. Trends Biochem 
Sci. 2010; 35:427–433. [PubMed: 20570523] 

12. Hensley CT, Wasti AT, DeBerardinis RJ. Glutamine and cancer: cell biology, physiology, and 
clinical opportunities. J Clin Invest. 2013; 123:3678–3684. [PubMed: 23999442] 

13. van den Heuvel AP, Jing J, Wooster RF, Bachman KE. Analysis of glutamine dependency in non-
small cell lung cancer: GLS1 splice variant GAC is essential for cancer cell growth. Cancer Biol 
Ther. 2012; 13:1185–1194. [PubMed: 22892846] 

14. Yang C, Sudderth J, Dang T, Bachoo RM, McDonald JG, DeBerardinis RJ. Glioblastoma cells 
require glutamate dehydrogenase to survive impairments of glucose metabolism or Akt signaling. 
Cancer Res. 2009; 69:7986–7993. [PubMed: 19826036] 

15. Metallo CM, Gameiro PA, Bell EL, Mattaini KR, Yang J, Hiller K, Jewell CM, Johnson ZR, Irvine 
DJ, Guarente L, et al. Reductive glutamine metabolism by IDH1 mediates lipogenesis under 
hypoxia. Nature. 2012; 481:380–384. [PubMed: 22101433] 

16. Gyorffy B, Lanczky A, Eklund AC, Denkert C, Budczies J, Li Q, Szallasi Z. An online survival 
analysis tool to rapidly assess the effect of 22,277 genes on breast cancer prognosis using 

Youngblood et al. Page 11

Cancer Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microarray data of 1,809 patients. Breast Cancer Res Treat. 2010; 123:725–731. [PubMed: 
20020197] 

17. Frieden LA, Townsend TA, Vaught DB, Delaughter DM, Hwang Y, Barnett JV, Chen J. Regulation 
of heart valve morphogenesis by Eph receptor ligand, ephrin-A1. Dev Dyn. 2010; 239:3226–3234. 
[PubMed: 20960543] 

18. Tawadros T, Brown MD, Hart CA, Clarke NW. Ligand-independent activation of EphA2 by 
arachidonic acid induces metastasis-like behaviour in prostate cancer cells. Br J Cancer. 2012; 
107:1737–1744. [PubMed: 23037715] 

19. Muller WJ, Sinn E, Pattengale PK, Wallace R, Leder P. Single-step induction of mammary 
adenocarcinoma in transgenic mice bearing the activated c-neu oncogene. Cell. 1988; 54:105–115. 
[PubMed: 2898299] 

20. Kridel SJ, Axelrod F, Rozenkrantz N, Smith JW. Orlistat is a novel inhibitor of fatty acid synthase 
with antitumor activity. Cancer Res. 2004; 64:2070–2075. [PubMed: 15026345] 

21. Pemble, CWt; Johnson, LC.; Kridel, SJ.; Lowther, WT. Crystal structure of the thioesterase domain 
of human fatty acid synthase inhibited by Orlistat. Nat Struct Mol Biol. 2007; 14:704–709. 
[PubMed: 17618296] 

22. Aledo JC, Gomez-Fabre PM, Olalla L, Marquez J. Identification of two human glutaminase loci 
and tissue-specific expression of the two related genes. Mamm Genome. 2000; 11:1107–1110. 
[PubMed: 11130979] 

23. Wang JB, Erickson JW, Fuji R, Ramachandran S, Gao P, Dinavahi R, Wilson KF, Ambrosio AL, 
Dias SM, Dang CV, et al. Targeting mitochondrial glutaminase activity inhibits oncogenic 
transformation. Cancer Cell. 2010; 18:207–219. [PubMed: 20832749] 

24. Thornburg JM, Nelson KK, Clem BF, Lane AN, Arumugam S, Simmons A, Eaton JW, Telang S, 
Chesney J. Targeting aspartate aminotransferase in breast cancer. Breast Cancer Res. 2008; 
10:R84. [PubMed: 18922152] 

25. Fang WB, Ireton RC, Zhuang G, Takahashi T, Reynolds A, Chen J. Overexpression of EPHA2 
receptor destabilizes adherens junctions via a RhoA-dependent mechanism. J Cell Sci. 2008; 
121:358–368. [PubMed: 18198190] 

26. Parri M, Taddei ML, Bianchini F, Calorini L, Chiarugi P. EphA2 reexpression prompts invasion of 
melanoma cells shifting from mesenchymal to amoeboid-like motility style. Cancer Res. 2009; 
69:2072–2081. [PubMed: 19244130] 

27. Miao H, Wang B. EphA receptor signaling--complexity and emerging themes. Semin Cell Dev 
Biol. 2012; 23:16–25. [PubMed: 22040915] 

28. Zelinski DP, Zantek ND, Stewart JC, Irizarry AR, Kinch MS. EphA2 overexpression causes 
tumorigenesis of mammary epithelial cells. Cancer Res. 2001; 61:2301–2306. [PubMed: 
11280802] 

29. Lu M, Miller KD, Gokmen-Polar Y, Jeng MH, Kinch MS. EphA2 overexpression decreases 
estrogen dependence and tamoxifen sensitivity. Cancer Res. 2003; 63:3425–3429. [PubMed: 
12810680] 

30. Gokmen-Polar Y, Toroni RA, Hocevar BA, Badve S, Zhao Q, Shen C, Bruckheimer E, Kinch MS, 
Miller KD. Dual targeting of EphA2 and ER restores tamoxifen sensitivity in ER/EphA2-positive 
breast cancer. Breast Cancer Res Treat. 2011; 127:375–384. [PubMed: 20602165] 

31. Noblitt LW, Bangari DS, Shukla S, Knapp DW, Mohammed S, Kinch MS, Mittal SK. Decreased 
tumorigenic potential of EphA2-overexpressing breast cancer cells following treatment with 
adenoviral vectors that express EphrinA1. Cancer Gene Ther. 2004; 11:757–766. [PubMed: 
15359289] 

32. Brantley-Sieders DM, Fang WB, Hwang Y, Hicks D, Chen J. Ephrin-A1 facilitates mammary 
tumor metastasis through an angiogenesis-dependent mechanism mediated by EphA receptor and 
vascular endothelial growth factor in mice. Cancer Res. 2006; 66:10315–10324. [PubMed: 
17079451] 

33. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144:646–674. 
[PubMed: 21376230] 

Youngblood et al. Page 12

Cancer Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



34. Furuta E, Pai SK, Zhan R, Bandyopadhyay S, Watabe M, Mo YY, Hirota S, Hosobe S, Tsukada T, 
Miura K, et al. Fatty acid synthase gene is up-regulated by hypoxia via activation of Akt and sterol 
regulatory element binding protein-1. Cancer Res. 2008; 68:1003–1011. [PubMed: 18281474] 

35. Yang Y, Morin PJ, Han WF, Chen T, Bornman DM, Gabrielson EW, Pizer ES. Regulation of fatty 
acid synthase expression in breast cancer by sterol regulatory element binding protein-1c. Exp Cell 
Res. 2003; 282:132–137. [PubMed: 12531699] 

36. Hatzivassiliou G, Zhao F, Bauer DE, Andreadis C, Shaw AN, Dhanak D, Hingorani SR, Tuveson 
DA, Thompson CB. ATP citrate lyase inhibition can suppress tumor cell growth. Cancer Cell. 
2005; 8:311–321. [PubMed: 16226706] 

37. DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudkoff M, Wehrli S, Thompson CB. Beyond 
aerobic glycolysis: transformed cells can engage in glutamine metabolism that exceeds the 
requirement for protein and nucleotide synthesis. Proc Natl Acad Sci U S A. 2007; 104:19345–
19350. [PubMed: 18032601] 

38. Kung HN, Marks JR, Chi JT. Glutamine synthetase is a genetic determinant of cell type-specific 
glutamine independence in breast epithelia. PLoS Genet. 2011; 7:e1002229. [PubMed: 21852960] 

39. Amato KR, Wang S, Hastings AK, Youngblood VM, Santapuram PR, Chen H, Cates JM, Colvin 
DC, Ye F, Brantley-Sieders DM, et al. Genetic and pharmacologic inhibition of EPHA2 promotes 
apoptosis in NSCLC. J Clin Invest. 2014; 124:2037–2049. [PubMed: 24713656] 

40. Choi Y, Syeda F, Walker JR, Finerty PJ Jr, Cuerrier D, Wojciechowski A, Liu Q, Dhe-Paganon S, 
Gray NS. Discovery and structural analysis of Eph receptor tyrosine kinase inhibitors. Bioorg Med 
Chem Lett. 2009; 19:4467–4470. [PubMed: 19553108] 

Youngblood et al. Page 13

Cancer Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Loss of ephrin-A1 enhances breast cancer growth
(A) Tumor volume from 22-week old MMTV-NeuT/Efna1+/+ and MMTV-NeuT/Efna1−/− 

mice. *P<0.05, Student’s t-test. (B) Immunohistochemistry of ephrin-A1 and PCNA in 

MMTV-NeuT tumors. Arrowhead indicates PCNA+ nuclei. *P<0.05, Student’s t-test. Scale 

bar 200μm. (C) 3D-spheroids expressing shRNAs targeting ephrin-A1 or pLKO.1 vector 

control at day 8. Average spheroid area is presented as arbitrary units (au) ± SEM. *P<0.05, 

one-way ANOVA. Arrowheads indicate protrusions in the spheroids. Scale bars (top) 

500μm; (bottom) 100μm. (D) BrdU incorporation assay in MCF-10A-HER2 cells 

transfected with control siNT or ephrin-A1 siRNA. Data expressed as mean ± SEM. 

*P<0.05, one-way ANOVA. (E) BrdU incorporation assay in MCF-10A-HER2 cells 

transfected with control (siNT), siRNA targeting ephrin-A1 (siA1) or ephrin-A1 and EPHA2 

(siA1/A2). Data expressed as mean ± SEM. *P<0.05, one-way ANOVA. (F) 3D-spheroids 
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expressing vector control, wild-type EPHA2, EPHA2S897A, or EPHA2D739N (kinase dead) 

at day 8. Average spheroid area is presented as arbitrary units (au) ± SEM. *P<0.05, one-

way ANOVA, Scale bar 100μm. In vitro data are representative of 2–5 biological replicates.
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Figure 2. Overexpression of ephrin-A1 inhibits breast cancer growth
(A) MMTV-Neu cells (106) expressing LacZ or ephrin-A1 were injected into mammary fat 

pads of mice. Tumor volume was recorded over a time course. Data are presented as average 

tumor volume ± SEM; n=6 per group. *P <0.05, two-way ANOVA repeated measures. (B) 

Immunohistochemistry of PCNA in tumor sections. Arrowhead indicates PCNA+ nuclei. *P 
<0.05, Student’s t-test. Scale bar 200μm. (C) BrdU incorporation in BT474 cells expressing 

GFP or ephrin-A1. Data expressed as mean ± SEM. *P<0.05, t-test. (D) 3D-spheroids with 

BT474 cells expressing GFP control or ephrin-A1 at day 8. Average spheroid area is 

presented as arbitrary units (au) ± SEM. *P<0.05, Student’s t-test. Scale bar 500μm (E) 3D-

spheroids with BT474 cells expressing inducible GFP or EFNA1 in the presence of PBS or 1 

μg/mL doxycycline (DOX) at day 12. Average spheroid area is presented as arbitrary units 

(au) ± SEM. *P<0.05, one-way ANOVA. Scale bar 500μm. In vitro experiments represent 2–

4 biological replicates.
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Figure 3. Low ephrin-A1 expression is linked to poor prognosis in lymph node positive breast 
cancer patients
(A) Immunohistochemistry of human breast cancer tissue microarrays for ephrin-A1 and 

EPHA2 phospho-S897 (pS897). (B) The percentage of tumors staining positive for EPHA2-

phospho-S897 in ephrin-A1-positive and ephrin-A1 negative samples are summarized (n= 

20 and n=27 for primary and metastatic tumors). *P<0.05, Chi Square test. (C,D) Kaplan-

Meier analysis from NCBI GEO datasets of recurrence-free survival for 936-patients with 

lymph node-positive breast cancers. Tumors were ranked according to gene expression 

values of EPHA2 and EFNA1 scored as high (red) or low (black). Hazard ratios with a 95% 

confidence interval are displayed and statistical significance (P<0.05) was determined by log 

rank test (16).
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Figure 4. Ephrin-A1 regulates lipid accumulation in breast cancer cells
(A) Phase contrast microscopy images of MCF-10A-HER2 cells transfected with non-

targeting or ephrin-A1 siRNAs. Scale bar 50μm. Arrows (red) show vacuole-like structures. 

(B) Oil-Red-O staining in control and ephrin-A1 shRNA knockdown cells. Data are 

presented as average Oil-Red-O area in arbitrary units (au). *P<0.05, one-way ANOVA. 

Scale bar 100μm. (C) Oil-Red-O staining in siNon-Targeting (siNT) and siEphrin-A1 

MCF-10A-HER2 cells treated with DMSO or Orlistat (20μM) for 24 hrs. *P<0.05, one-way 

ANOVA. (D) BrdU incorporation in siNT and siEphrin-A1 MCF-10A-HER2 cells treated 

with DMSO or Orlistat (20μM) for 18 hrs. Data normalized to siNT control. *P<0.05, one-

way ANOVA. (E) Oil-Red-O staining in cells overexpressing EPHA2 or control GFP. 

*P<0.05, Student’s t-test. Scale bar 100μm. (F) Oil-Red-O staining in BT474 cells 

expressing GFP or ephrin-A1. *P<0.05, Student’s t-test. Scale bar 200μm. (G) BrdU 

incorporation in BT474 cells treated with Control (DMSO) or Orlistat (20μM). Data 

normalized to the siNT control. *P<0.05 by Student’s t-test. (H) Oil-red-O staining in 

BT474 cells treated with Control (DMSO) or Orlistat (20μM) for 24 hrs or transfected with 

non-targeting siRNA or EPHA2 siRNA. *P<0.05, one-way ANOVA. Scale bar 100μm. All 

experiments represent 2–5 biological replicates. Error bars represent SEM. NS, not 

significant.
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Figure 5. Loss of ephrin-A1 augments glutamine metabolism
(A) A schematic diagram of glutamine metabolism pathway. (B) LC/GC-MS derived relative 

metabolites abundance from MMTV-NeuT/Efna1+/+ and MMTV-NeuT/Efna1−/− tumors. 

TCA schematic depicts relative changes (increase, bolded; decrease, shaded) from tumors. 

*P<0.05, Welsh’s two sample t-test. (C,G) Glutaminase activity was measured by 

intracellular glutamate concentrations upon 2mM glutamine and 5 ng/ml EGF stimulation in 

MMTV-Neu cells over a time course. *P<0.05, two-way ANOVA repeated measures/

randomized block. (D,H) Intracellular glutamate was measured upon addition of 2mM 

glutamine and 5ng/ml EGF. Cells were treated with 968 (10μM) or BPTES (10μM) and were 

normalized to baseline. *P<0.05, one-way ANOVA. (E,I) BrdU incorporation in MMTV-

Neu cells treated with vehicle Control, 968 (10μM) or BPTES (10μM). *P<0.05, one-way 

ANOVA. (F) shControl or shEphrin-A1 MMTV-Neu cells were transplanted into mammary 

fat pads of mice. BPTES (10mg/kg) or vehicle (VEH) was delivered by IP injection every 

other day starting on day 3 (arrow). n=8 per group. *P <0.05, two-way ANOVA repeated 

measures. (J) MMTV-Neu cells overexpressing GFP or EPHA2 were transplanted into 

mammary fat pads of mice. BPTES (10mg/kg) or VEH was delivered by IP injection every 

other day starting on day 3 (arrow). n=5 per group. *P <0.05, two-way ANOVA repeated 

measures. All in vitro experiments represent 2–4 biological replicates. Data are expressed as 

mean ± SEM.
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Figure 6. Knockdown of either GSL1 or GSL2 restored glutaminase activity in ephrin-A1-
difficient cells
(A) Glutaminase activity was measured by intracellular glutamate concentrations upon 2 

mM glutamine and 5 ng/ml EGF stimulation in MCF-10A-HER2 cells over a time course; 

expressed as fold change ± SEM. *P<0.05, two-way ANOVA repeated measures/

randomized block. (B) BrdU incorporation in MCF-10A-HER2 cells after 968 or 

968+DMαKG treatment. *P<0.05, one-way ANOVA. (C) Intracellular glutamate in siNon-

target, siEphrin-A1, siEphrin-A1+siGLS1, siEphrin-A1-siGLS2 and siEphrin-

A1+siGLS1+siGLS2 MCF-10A-HER2 cells upon 2 mM glutamine and 5 ng/ml EGF 

stimulation. *P<0.05, two-way ANOVA repeated measures/randomized block. (D,E) 

Relative mRNA levels of GLS1 and GLS2 were measured by real-time qRT-PCR to confirm 

knockdown. *P<0.05, one-way ANOVA. All experiments represent 2–5 biological 

replicates. Error bars represent SEM. NS, not significant.
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Figure 7. Ephrin-A1 regulates glutamine metabolism in a Rho-dependent manner
(A) Rhotekin-GST effector pull-down activity assay in MCF-10A-HER2 cells. (B) 

Glutaminase activity assay in the presence or absence of Rho inhibitor CT04 (1μg/mL) for 

18 hours. Data expressed as the fold change normalized to siNT control ± SEM. *P<0.05, 

one-way ANOVA. (C) Rho-GTP levels were measured by Rhotekin-GST effector pull-down 

assay. Shown are representative western blots with indicated antibodies. (D) Oil-red-O 

staining in MCF-10A-HER2 cells with treatments of Rho inhibitor CT04 (1μg/mL), 

glutaminase inhibitor 968 (10uM), FASN inhibitor Orlistat (20uM), or glutamine (glut) 

withdrawal for 24 hours. Data presented as average Oil-Red-O area and expressed in 

arbitrary units (au). *P<0.05, one-way ANOVA. (E) BrdU incorporation in MCF-10A-HER2 

cells after treatment with CT04 Rho inhibitor (1μg/mL), 968 (10uM), or Orlistat (20uM) for 

18 hours. Data are normalized to the siNT control; error bars represent SEM. *P<0.05, one-

way ANOVA. NS, not significant. (F) A working model of ephrin-A1 regulation of tumor 

metabolism in breast cancer cells.
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