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Abstract

Triple-negative breast cancer (TNBC), the most aggressive breast cancer subtype, currently lacks 

effective targeted therapy options. Eicosapentaenoic acid (EPA), an omega-3 fatty acid and 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms
*Corresponding authors (Denotes co-senior authors): Naoto T. Ueno, M.D., Ph.D., Morgan Welch Inflammatory Breast Cancer 
Research Program and Clinic, Department of Breast Medical Oncology, The University of Texas MD Anderson Cancer Center, 1515 
Holcombe Boulevard, Unit 1354, Houston, TX 77030; Tel: (713) 792-2817; Fax: (713) 794-4385; nueno@mdanderson.org., Bedrich 
L. Eckhardt, Ph.D., Morgan Welch Inflammatory Breast Cancer Research Program and Clinic, Department of Breast Medical 
Oncology, The University of Texas MD Anderson Cancer Center, 1515 Holcombe Boulevard, Unit 1354, Houston, TX 77030; Tel: 
(713) 745-4602; Fax: (713) 792-5293; beckhardt@mdanderson.org.
Author contributions: Conception and design (AMTA, BLE, NTU), development of methodology (AMTA, HV, PY, BLE, NTU), 
acquisition of data (AMTA, HV, YQ, LT, KRL, YYF, BLE), analysis and interpretation of data (AMTA, HV, YQ, LT, KRL, YYF, 
BLE, NTU), writing, review, and/or revision of the manuscript (AMTA, HV, YQ, LT, KRL, YYF, PY, RSC, BLE, NTU), 
administrative, technical, or material support (AMTA, HV, YQ, LT, KRL, YYF, BLE), study supervision (BLE, NTU).

Conflict of Interests: All authors declare no potential conflicts of interest.

Data availability: The siRNA synthetic lethal screen data have been deposited in Gene Expression Omnibus (GEO) with accession 
number: GSE102057.

Supplementary information is available at Oncogene’s website

HHS Public Access
Author manuscript
Oncogene. Author manuscript; available in PMC 2019 May 20.

Published in final edited form as:
Oncogene. 2019 March ; 38(12): 2135–2150. doi:10.1038/s41388-018-0569-5.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



constituent of fish oil, is a common supplement with anti-inflammatory properties. Although it is 

not a mainstream treatment, several preclinical studies have demonstrated that EPA exerts anti-

tumor activity in breast cancer. However, against solid tumors, EPA as a monotherapy is clinically 

ineffective; thus, we sought to develop a novel targeted drug combination to bolster its therapeutic 

action against TNBC. Using a high-throughput functional siRNA screen, we identified Ephrin 

type-A receptor 2 (EPHA2), an oncogenic cell-surface receptor tyrosine kinase, as a therapeutic 

target that sensitizes TNBC cells to EPA. EPHA2 expression was uniquely elevated in TNBC cell 

lines and patient tumors. In independent functional expression studies in TNBC models, EPHA2 

gene-silencing combined with EPA significantly reduced cell growth and enhanced apoptosis 

compared with monotherapies, both in vitro and in vivo. EPHA2 specific inhibitors similarly 

enhanced the therapeutic action of EPA. Finally, we identified that therapy-mediated apoptosis was 

attributed to a lethal increase in cancer cell membrane polarity due to ABCA1 inhibition and 

subsequent dysregulation of cholesterol homeostasis. This study provides new molecular and pre-

clinical evidence to support a clinical evaluation of EPA combined with EPHA2 inhibition in 

patients with TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is an aggressive disease that comprises 10–20% of all 

breast cancers. It is a heterogeneous disease that is often characterized by its strong 

metastatic potential and poor prognosis compared to estrogen receptor (ER)/progesterone 

receptor (PgR)-positive and HER2-positive breast cancers 1. While conventional 

chemotherapy is effective in the short term, TNBC often becomes refractory, and the lack of 

targeted therapy hampers a clinical solution for this disease 2.

Inflammation, a biological process designed to fight infections and heal wounds, can 

inadvertently support tumor formation and growth by supplying bioactive molecules that 

facilitate tumor progression and metastasis 3. Pathological assessment of TNBC has 

identified increased expression of molecular mediators of inflammation, such as 

prostaglandin G/H synthase 2 (COX2), and prostaglandin E2 (PGE2), representing potential 

therapeutic targets 4. Recent finding by our laboratory have observed that inhibition of 

inflammatory pathways through administration of celecoxib (a COX2 inhibitor) 5, or as 

observed by other using Lovaza (a highly purified, prescription-strength form of the 

omega-3 acid ethyl esters [O3AEE]: docosahexaenoic acid, DHA, and eicosapentaenoic 

acid, EPA) 6, can impair the growth of TNBC cells in vitro. Supporting our results, omega-3 

fatty acid supplementation has been shown to reduce the growth of rat sarcoma tumors and 

DMBA-induced mammary tumors in vivo 7–9. Collectively, these studies suggest that the 

anti-inflammatory action of O3AEE have therapeutic potential. However, the translation of 

these compounds has been hindered by: 1) inconsistencies in sources, routes of 

administration and O3AEE composition 9, 2) absence of an established biomarker for 
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therapeutic action, and 3) no definitive subpopulation of breast cancer patients that would 

benefit from therapy. As a result, there is a critical and unmet need to develop a rational, 

targeted-approach for the clinical testing of O3AEE in TNBC.

Towards greater clarity regarding the use of O3AEE as a therapeutic, we sought to 

investigate the anti-tumor effect of highly purified EPA (Vascepa, icosapent ethyl; Amarin 

Pharma Inc), which was recently approved by the U.S. Food and Drug Administration 

(FDA) for the treatment of hypertriglyceridemia 10. We demonstrate that EPA has potent 

tumor suppressive activity in preclinical models of TNBC. However, with no established 

therapeutic role for EPA in the TNBC patient population, translation of an EPA-based 

therapy through combination with conventional cancer therapy requires justification.

The main goal of this study was to identify a molecular target that could be targeted in 

combination with EPA for the effective clinical treatment of TNBC. To this end, we detail a 

functional genomics-based screen that identified the receptor tyrosine kinase EPHA2 as a 

therapeutically druggable target that enhances EPA-based therapy in TNBC, and present 

relevant preclinical studies that establish the rationale for a phase I clinical trial for patients 

with TNBC.

Results

EPA inhibits the growth of TNBC tumor xenografts

While O3AEE demonstrate anti-tumor effects 8, EPA as a monotherapy in TNBC has not yet 

been tested. Thus, we initially assessed the anti-tumorigenic potential of EPA in a preclinical 

xenograft tumor model of TNBC (SUM149PT). EPA therapy was well tolerated at both 0.4 

g/kg and 0.8 g/kg doses (equivalent to the human FDA-approved EPA dose; Supplementary 

Figure S1), with no change in body weight noted (data not shown). EPA levels were readily 

detectable in the sera obtained from mice undergoing therapy (Figure 1A) and, importantly, 

were significantly elevated in the cell membrane (phospholipid) fraction of TNBC tumor 

xenografts (Figure 1B). EPA therapy dose-dependently inhibited the growth of SUM149PT 

xenografts (Figure 1C), which led to a significant extension in survival (designated as the 

time required to obtain a 1 500 mm3 tumor) (Figure 1D). These data suggest that EPA is 

therapeutically active in vivo and can reduce the growth of aggressive TNBC xenografts.

EPHA2, a rational target for EPA-based combination therapy in TNBC

As our goal is to incorporate EPA as part of a conventional targeted therapy strategy, we 

performed a functional genomic, synthetic-lethal siRNA screen in SUM149PT cells to 

identify potential gene candidates that enhance the sensitivity of TNBC cells to EPA. For 

this screen, we utilized a library of kinases with known targeting drugs, or ‘druggable’ 

kinases, to enhance the translational potential of the identified targets. Our screen, consisting 

of 939 druggable kinase genes, identified 36 targets able to modulate SUM149PT cells’ 

sensitivity to EPA. Of these 36 targets, 20 genes sensitized SUM149PT cells to EPA, with 

EPHA2, DUSP4, and EDG2 demonstrating superior therapeutic action in the presence of 

EPA (Figure 2A). We focused on EPHA2 (ephrin type-A receptor 2), a cell surface receptor 

tyrosine kinase, because of the known association of its increased expression with cancer 
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progression 11. Independent validation experiments, using three different pooled siRNA sets, 

confirmed that EPHA2 is a lead target for an EPA-based combination therapy in TNBC 

(Figure 2B).

To evaluate EPHA2 expression in TNBC, we analyzed the protein and mRNA expression of 

EPHA2 in breast cancer cell lines and in publicly available patient tumor datasets 12. We 

found that EPHA2 protein levels were significantly higher in TNBC cell lines than in 

hormone receptor-positive and HER2-positive breast cancer cell lines (Figure 2C and 

Supplementary Table S1). Similarly, in a previously published collection of 51 breast cancer 

cell lines, we found that EPHA2 mRNA expression was significantly higher in those with a 

triple-negative molecular subtype (Figure 2D). Finally, in a population of basal-like (PAM50 

molecular classifier) breast cancer patients (60 to 90% TNBC molecular subtype) 13, 14, we 

discovered that elevated EPHA2 mRNA expression (above the median value) within 

patients’ tumors was significantly associated with shorter disease-free survival (DFS) (P = 

0.01; Figure 2E; hazard ratio = 1.45 [1.08 – 1.94]), and shorter overall survival (OS) which, 

while approaching significance, is in line with our DFS findings (P = 0.06; Supplementary 

Figure S2; hazard ratio = 1.563 (0.9712 −2.515). EPHA2 expression did not stratify outcome 

in hormone receptor-positive or HER2-positive patient samples (data not shown). These 

results identify EPHA2 as a clinically relevant target in TNBC.

EPA therapy in combination with EPHA2 inhibition synergistically kills TNBC cells through 
induction of apoptosis

To demonstrate the importance of targeting EPHA2 in our EPA-based therapeutic strategy 

for TNBC, we utilized two approaches: 1) functional gene silencing and 2) drug-based 

inhibition studies. We genetically engineered two TNBC cell lines, SUM149PT and 

BCX010, to stably express a doxycycline (Dox)-inducible EPHA2-shRNA (shEPHA2) or 

non-targeting-shRNA (vector) cassettes using the pTRIPZ lentiviral system. Specific 

EPHA2 and p-EPHA2 silencing was observed in both cell lines compared to the non-

targeting shRNA construct (vector), while no effects were observed on SRC and p-SRC 

expression (Figure 3A). In both SUM149PT and BCX010 TNBC cell lines, EPA therapy 

was more effective when EPHA2 was silenced (P < 0.05) (Figure 3B), and the loss of cell 

viability was associated with a greater induction of apoptosis (~10% and ~20%, 

respectively) compared to monotherapies (Figure 3B and Supplementary Figure S3A).

In our second approach, we assessed drug-based EPHA2 inhibition in combination with 

EPA therapy. We selected two drugs: 1) ALW-II-41–27, an ATP-competitive EPHA2-

specific inhibitor 15, and 2) dasatinib, an FDA-approved small molecular inhibitor of 

EPHA2 and SRC. Both ALW-II-41–27 and dasatinib were able to inhibit phospho-EPHA2 

levels in SUM149PT and BCX010 cell lines, with dasatinib also inhibiting total EPHA2 and 

phospho-SRC expression (Figures 3C-D). In combination with EPA, both ALW-II-41–27 

and dasatinib displayed synergy against SUM149PT with combination index (CI) scores of 

0.8 and 0.2, respectively, and against BCX010 with CI scores of 0.7 and 0.6, respectively. 

Similar to the results seen with our gene-targeting approach (Figure 3B), the reduced 

viability of TNBC cells following combination therapy was due to a reduction of 

proliferative capacity and induction of apoptosis (Figures 3E-F). We observed similar 
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combination therapy synergy in BT549, an EPHA2-positive TNBC cell line. Collectively, 

these results provide evidence that high EPHA2 expression is required in TNBC cells, 

regardless of inflammatory breast cancer status, in order for our gene-specific silencing and 

drug studies to achieve synergistic cytotoxicity after combination therapy. Although ALW-

II-41–27 has high specificity to EPHA2, its translational potential is hindered as this drug 

will not be entering testing in human clinical trials. Thus, dasatinib was selected as our lead 

drug for translational development.

To determine whether EPHA2 inhibition is critical to combination therapy sensitivity, we 

performed gain-of-expression studies to assess the response of SUM149PT and BCX010 

cells to EPA in combination with Dox-inducible shEPHA2 or dasatinib (Figure 3G-H and 

Supplementary Figure S3B). Overexpression of EPHA2 significantly blocked sensitivity of 

cells to EPA in combination with Dox-induced shEPHA2 (Figure 3G) or dasatinib therapy 

(Figure 3H), reversing cell viability when compared to controls (P < 0.05). Additionally, we 

tested whether SRC-expression rescue plays a role reversing TNBC cells’ sensitivity to EPA 

and dasatinib combination therapy (Figure 3H). Following induced SRC expression, we 

didn’t observe any significant changes in cell viability, suggesting that the observed 

sensitivity to combination EPA and dasatinib therapy is EPHA2-specific, and does not 

incorporate EPHA2 signaling associated with SRC. Altogether, these results provide 

functional evidence that EPA-based combination therapies induce apoptosis in TNBC cells 

in an EPHA2-inhibition dependent manner.

Combination therapy modifies cell membrane rigidity and cholesterol composition in 
TNBC cells

Highly lipophilic EPA is known to be incorporated into the plasma membrane of cells, 

where it can alter membrane structure and protein localization 16. As we demonstrated that 

1) EPA could be integrated into the lipid bilayer of tumor xenografts (Figure 1B) and 2) the 

list of candidate genes identified in our siRNA screen was enriched with those associated 

with cell membrane biology (as indicated by gene ontology terms GO:0044853, plasma 

membrane raft; GO:0045121, membrane raft; and GO:0031234, extrinsic component of 

cytoplasmic side of plasma membrane; P < 0.05), we hypothesized that the effectiveness of 

the EPA plus EPHA2-inhibition combination therapy was due to alterations within the cell 

membrane.

Alterations in cellular membrane fluidity, or polarity, can affect the localization of protein 

receptors, leading to altered signaling pathways, biological processes, and cell viability 
16, 17. Following EPA treatment, through mass spectrometry-based content analysis of cell 

membrane fractions, we observed that EPA was incorporated into the cell membrane 

(Supplementary Figure S4A). Further, while EPA treatment did not alter total EPHA2 

expression within whole-cell lysates, it did reduce the localization of the protein on the cell 

surface (Supplementary Figure S4B), which may have implications for canonical EPHA2 

signaling and suggests a probable change in membrane dynamics. To assess these changes, 

we measured the general polarization (GP; a surrogate measure of membrane fluidity) index 

following treatment with EPA and genetic/drug-based inhibition of EPHA2. Strikingly, EPA 

treatment in combination with either EPHA2 gene silencing or dasatinib treatment led to 
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significant increase in the GP of TNBC cell membranes (P < 0.05) compared to untreated 

cells or monotherapies (Figure 4A-B), while no significant changes were observed in the 

membrane polarity of non-targeting vector TNBC cells (Supplementary Figure S3C). This 

increase in GP, suggesting increased membrane polarity, or rigidity, after treatment with EPA 

in conjunction with EPHA2 inhibition directly correlates with the synergistic action of our 

combination therapy in inducing cell death in TNBC cells. Collectively, these results imply 

that our EPA-based combination therapy may induce cell death in TNBC via modifications 

of cell membrane polarity.

Cholesterol is a major regulator of polarity in cell membranes 17. As such, we hypothesized 

that our EPA-based combination therapy modified cell membrane GP through modulation of 

cholesterol levels. Indeed, cholesterol accumulated in the membranes of SUM149PT and 

BCX010 cells following combination therapy, when compared to either monotherapy (P < 

0.05) or untreated controls (P < 0.001) (Figure 4C). Collectively, these results suggest that 

combination EPA and EPHA2-inhibition treatment significantly increased the polarity of 

TNBC cell membranes through an associated increase in membrane cholesterol content.

Detection of elevated cholesterol levels within TNBC cell membranes prompted us to 

investigate whether cholesterol homeostasis is a fundamental biological aspect that dictates 

the efficacy of our EPA-based combination therapy. Initially, we assessed changes in GP in 

TNBC cells with modulated plasma membrane cholesterol levels through exogenous 

cholesterol supplementation or cyclodextrin-based cholesterol depletion (Supplementary 

Figure S5). As expected, cholesterol supplementation elevated the GP of TNBC cells, while 

depletion of cholesterol using methyl-β-cyclodextrin (MβCD) lowered the GP of TNBC 

cells treated with the combination of EPA with Dox or dasatinib (Figure 4D and 

Supplementary Figure S6A). Further, addition of exogenous cholesterol to TNBC cells 

exacerbated the cytotoxicity of our EPA-based combination therapies (Figure 4E and 

Supplementary Figure S6B). Conversely, decreased cholesterol content through the use of 

rosuvastatin (a cholesterol biosynthesis inhibitor) partially blocked the effectiveness of our 

EPA-based combination therapies (Figure 4E and Supplementary Figure S6B). These data 

lead us to conclude that EPHA2 inhibition in conjunction with EPA can modify membrane 

rigidity, and subsequently induce apoptosis, through the accumulation of cholesterol in the 

plasma membranes of TNBC cells.

Cholesterol exporter protein ABCA1 is a critical mediator of therapeutic action

Cholesterol levels within the cell can be modulated through increased import, reduced 

export, and/or increased biosynthesis 18, 19. To unravel the molecular events triggered by our 

combination therapy, we performed a candidate expression screen on four major proteins 

involved in cholesterol regulation. Compared to single treatment and untreated controls, 

combination therapy diminished the expression of ABCA1 (ATP-binding cassette sub-

family A member 1) and mature SREBP2 (sterol regulatory element-binding protein 2; 55–

65 kDa), while LDLR (low-density lipoprotein receptor) and HMGCR (3-hydroxy-3-

methylglutaryl-coenzyme A reductase) expression was not altered in TNBC cells (Figure 

4F). The reduced levels of ABCA1 (a major cholesterol-exporting protein) would suggest 

that cholesterol may accumulate within cells, preventing the molecular activation of 
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SREBP2 20, which could subsequently result in an increase in cell membrane polarity and 

cell death.

To determine whether ABCA1 is critical to maintain cell membrane polarity, we performed 

gain/loss-of-expression studies to assess the response of SUM149PT and BCX010 cells to 

combination treatment (Figure 4G-H). Overexpression of ABCA1 significantly blocked EPA 

and Dox therapy-induced cell membrane polarization (P < 0.001), and subsequently 

prevented apoptosis (P < 0.05), when compared to controls (Figure 4I and Supplementary 

Figure S6C). In a reverse-complementary approach, transient knockdown of the ABCA1 
gene in TNBC cells further enhanced cell polarization (P < 0.05) and subsequent apoptosis 

(P < 0.05) following EPA combination therapy (Figure 4I and Supplementary Figure S6C). 

Altogether, these results provide functional evidence that EPA-based combination therapy 

induces apoptosis in TNBC cells by impairing cholesterol export from the cell membrane in 

an ABCA1-dependent manner (Figure 4J-K).

Inhibition of EPHA2 enhances the therapeutic action of EPA in TNBC xenograft models

Our in vitro data suggests that EPA therapy combined with EPHA2 inhibition constitutes a 

novel and effective therapy preventing TNBC tumor growth. To establish it as a viable 

combination therapy, we next evaluated whether inhibition of EPHA2, via gene silencing or 

administration of dasatinib, could enhance the therapeutic effect of EPA in xenograft models 

of TNBC.

Using a functional genomics approach, mice bearing established SUM149PT-shEPHA2 or 

BCX010-shEPHA2 Dox-inducible tumor xenografts (Supplementary Figure S7A-B) were 

size matched and split into four arms to receive: 1) regular diet (control), 2) EPA diet, 3) 

Dox, or 4) EPA diet and Dox. In mice bearing SUM149PT-and BCX010-non-silencing 

shRNA (vector) tumors, doxycycline treatment was not associated with significant changes 

in tumor growth rate (Supplementary Figure S7C). Meanwhile, in both TNBC shEPHA2-

inducible model systems monotherapy mildly reduced tumor growth, while the combination 

of EPHA2 silencing and EPA therapy drastically blocked tumor growth, leading to a 

significant extension in survival (Figure 5A-B). Reflecting the reduced growth rate, 

immunohistochemical staining of xenograft tumors revealed reduced levels of Ki67 

(proliferation maker) and increased levels of cleaved caspase-3 (apoptosis marker) (Figure 

5C-D and Supplementary Figure S8A-B). As expected, our combination therapy inhibited 

EPHA2 activity (p-EPHA2), leading to decreased expression of cholesterol regulator 

ABCA1 compared to single treatment and control groups (Figure 5E-F).

On the basis of our successful preliminary in vivo study, we next tested our rationally 

developed EPA/dasatinib combination therapy in mice bearing TNBC tumor xenografts. 

Mice were split into four arms, receiving either; 1) regular diet (control), 2) EPA diet, 3) 

dasatinib, or 4) EPA and dasatinib. Similar to the results of our gene-silencing approach, the 

monotherapies produced modest effects in both SUM149PT and BCX010 tumor model 

systems, while combination therapy severely prevented TNBC xenograft growth and 

extended survival (Figure 6A-B). Predictably, TNBC xenografts had a reduction in Ki67 

proliferation marker and increase in cleaved caspase-3 apoptosis marker expression 

following combination therapy (Figure 6C-D). Moreover, we confirmed that dasatinib-
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containing therapies were able to reduce phospho-EPHA2 levels and that combination 

therapy reduced the expression of ABCA1 in cancer cells in vivo (Figure 6E-F). 

Collectively, our in vivo studies confirm that inhibition of EPHA2 sensitizes TNBC tumors 

to EPA therapy, via an ABCA1-associated mechanism, and has potential for future 

translational development.

Discussion

TNBC remains a disease for which effective therapeutic strategies that can significantly 

improve patients’ outcomes or survival do not exist. We have successfully demonstrated 

EPHA2 as a novel and clinically significant therapeutic target against TNBC when 

combined with EPA therapy. Suppression of EPHA2 through various approaches enhanced 

the anti-tumor effect of EPA, reducing cancer cell proliferation, and induction of apoptosis 

in two xenograft models of TNBC. This is the first study to clearly demonstrate that EPA 

can improve the efficacy of targeted therapy for TNBC.

EPA has been widely tested for its benefits as a dietary supplement or as neoadjuvant 

therapy in cancer because of its anti-inflammatory qualities and safe toxicity profile 21–23. 

However, it has never been considered a mainstream approach in cancer treatment. Towards 

its clinical development, we performed an unbiased and high-throughput functional 

genomics screen to identify EPHA2, a cell surface tyrosine kinase receptor protein whose 

inhibition heightens the therapeutic action of EPA towards TNBC.

EPHA2 is an emerging clinical target in aggressive cancers 11. Overexpression of EPHA2 

has been associated with poor prognosis in multiple cancers, including colorectal, lung, 

ovarian, endometrial, and pancreatic cancers 24–29, and has been demonstrated to have a 

biological role in controlling tumor growth and metastasis 11, 30, 31. We demonstrated that 

EPHA2 was highly expressed in breast cancer cell lines with a triple-negative molecular 

subtype. Further, in retrospective analysis of breast cancer patients, we identified specific 

associations between high EPHA2 expression in tumors and shorter DFS outcomes in 

patients with the TNBC/basal-like subtype, highlighting the clinical relevance of targeting 

EPHA2 in TNBC.

Our strategy of targeting EPHA2 in conjunction with EPA therapy was shown to be effective 

through a novel, membrane-based mechanism that controls cell viability. Cell-surface-

localized EPHA2 has been implicated in the control of gap junctions and cell plasma 

membrane polarity, subsequently contributing to tumor migration and invasion 32, 33. 

Further, EPA, when incorporated into the plasma membrane, can modify lipid rafts, increase 

membrane compaction, modify intracellular signaling, and inhibit invasive potential 
16, 34, 35. Our findings suggest that EPA combined with EPHA2 inhibition drastically 

increases the polarity, or rigidity, of the plasma membrane through an ABCA1-dependent 

accumulation of cholesterol and subsequently activates programmed cell death (Figure 4J-

K).

Major regulators of cholesterol homeostasis in cells include the cholesterol exporter 

ABCA1, the cholesterol importer LDLR, and the cholesterol biosynthesis regulators 
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SREBP2 and HMGCR 18, 20, 36, 37. High cholesterol levels prevent SREBP2 activation, 

inhibiting the subsequent induction of HMGCR and maturation of LDLR (Figure 4J) 19. 

Studies in human macrophages have observed that incorporation of EPA into the plasma 

membrane impairs ABCA1-dependent cholesterol efflux 38, 39, but our study is the first to 

report this phenomenon in cancer xenograft models. Here, we demonstrated that suppression 

of ABCA1 activity by the combination of EPA with EPHA2 inhibition induced the 

accumulation of cellular cholesterol, contributing to increased membrane polarity, inhibition 

of SREBP2, disruption of cellular lipid homeostasis, and apoptosis (Figure 4K). Supporting 

our conclusions are recent studies that suggest that inhibition of either ABCA1 or EPHA2 

can alter cell membrane polarity, leading to decreased metastatic potential 32, 40, 41. Further, 

ABCA1 overexpression was associated with poor prognosis in breast, ovarian, and 

hepatocellular carcinomas 40, 42, 43, which suggests that an EPA-based combination therapy 

may be effective in other EPHA2-positive cancers which broadens the impact of this study.

Despite the therapeutic benefit of our combination therapy against TNBC in our preclinical 

testing, a potential challenge for the clinical application of our strategy is the high 

percentage (49%) of adults in the U.S. population who are currently receiving or are 

recommended to receive cholesterol biosynthesis inhibitors (i.e. statins) 44, 45. However, due 

to their pleiotropic effects, statins have been reported to have both tumorigenic and anti-

tumorigenic roles 46. Therefore, it is critical for clinical development that our combination 

therapy be tested in patients who also receive a statin. Due to their functional requirement, 

our study suggests that future clinical testing should include analysis of ABCA1 and EPHA2 

expression and phosphorylation-status as predictive biomarkers of therapeutic response.

In summary, we have identified a novel combination of EPA with EPHA2 inhibition that 

displays therapeutic efficacy in TNBC. Our study establishes the rationale for clinical testing 

of a novel EPA/dasatinib combination therapy in EPHA2-positive TNBC and identifies 

potential markers of therapeutic response. Excitingly, our EPA-based combination therapy 

may be applicable to other EphA2-positive cancers that include: aggressive lung cancer, 

invasive ovarian cancer and metastatic melanoma 47, and warrants further exploration.

Materials and Methods

Detailed information regarding the synthetic-lethal siRNA screen, capillary-based 

immunoassay, breast cancer patient tumor expression analysis, Annexin V apoptosis assays, 

doxycycline-inducible cell lines, xenograft tumor cell sorting, membrane polarity imaging, 

fatty acid analysis, and mass spectrometry are included in the online supplementary 

methods. Detailed information about in vitro cell proliferation assays, transfections, co-

immunoprecipitation, and immunohistochemistry (IHC) have been previously described 
48, 49.

Cell lines

Human TNBC cell line SUM149PT was purchased from Asterand Bioscience, Inc. (Detroit, 

MI); human TNBC cell line BCX010 was derived from a patient with TNBC receptor status 

and inflammatory breast cancer pathological diagnosis, and developed and generously 

donated for this study by Dr. Funda Meric-Bernstam (MD Anderson Cancer Center) 50. 
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SUM149PT and BCX010 cells were maintained in F12 medium (GIBCO) supplemented 

with fetal bovine serum (FBS, 5%), penicillin-streptomycin (100 units/mL), insulin (5 μg/

mL), and hydrocortisone (1 μg/mL). Both cell lines are negative for estrogen receptor, 

androgen receptor, and HER2. All cell lines were authenticated by genotyping through MD 

Anderson Cancer Center’s Characterized Cell Line Core Facility and were routinely tested 

for mycoplasma contamination using MycoAlert™ (Lonza, Allendale, NJ).

Reagents and antibodies

EPA sodium salt and cholesterol powder bio-reagent suitable for cell culture were purchased 

from Sigma-Aldrich (St Louis, MO). Doxycycline was purchased from Research Products 

International (Mount Prospect, IL). ALW-II-41–27 was generously donated for this study by 

Dr. Nathanael S. Gray (Dana-Farber Cancer Institute). Dasatinib was purchased from 

Selleck Chemicals (Houston, TX). Methyl-β-cyclodextrin (MβCD) was purchased from 

Santa Cruz Biotechnology (Santa Cruz, CA). All in vitro assays were performed after 

treatments for 24–48 hours with EPA (IC20: 50 µM), doxycycline (Dox, 1–3 µg/mL), ALW-

II-41–27 (1 µM), dasatinib (IC20: 0.3 µM), cholesterol (1 mM), MβCD (4 mM), or 

rosuvastatin (2.5 µM).Combination treatment synergism was calculated by CalcuSyn 

software (Biosoft, Cambridge, UK). Combination index (CI) was used as a quantitative 

measure of the degree of drug interaction: < 0.9 = synergy, 0.9 −1.1 = additive effect, > 1.1 = 

no synergy. We obtained anti-EPHA2 (Cat#: 6997), anti-phosphorylated EPHA2 (Tyr588; 

Cat#: 12677), anti-SRC (Cat#: 2109), anti-phosphorylated SRC (Cat#: 2105), and anti-

cleaved caspase 3 (Cat#: 9661) from Cell Signaling Technology, Beverly, MA; anti-IgG2b-

PE (Cat#: 402203), and anti-EPHA2-PE (Cat#: 356803) from BioLegend, San Diego, CA; 

anti-ABCA1 (Cat#: NB400–105) from Novus Biologicals, Littleton, CO; anti-IgG-APC 

(Cat#: IC003A), anti-EPHA2-APC (Cat#: FAB3035A), and anti-SREBP2 (Cat#: MAB7119) 

from R&D Systems, Minneapolis, MN; anti-HMGCR (Cat#: PA5–37367) from Thermo 

Fisher Scientific, Waltham, MA; anti-Ki67 (Cat#: ab15580) and anti-LDLR (Cat#: ab30532) 

from Abcam, Cambridge, MA; anti-α-tubulin (Cat#: T5168), and anti-β-actin (Cat#: A5316) 

from Sigma-Aldrich, St. Louis, MO; and anti-horseradish peroxidase-conjugated antibodies 

(Thermo Scientific, Rockford, IL).

SiRNAs targeting EPHA2 and ABCA1 were purchased from Sigma-Aldrich (St Louis, MO). 

For depletion of EPHA2, we used SASI_Hs01_00026514, SASI_Hs01_00026516, and 

SASI_Hs01_00026517; and for depletion of ABCA1, we used SASI_Hs01_00129036, 

SASI_Hs01_00129036, and SASI_Hs01_00129038. Knockdown efficacy of pooled siRNAs 

was tested by immunoblotting. Scrambled siRNA control was purchased from Thermo 

Fisher Scientific (ON-TARGETplus non-targeting control pool, catalog number D-001810). 

The following expression vectors were purchased: Human EPHA2 and control (pLOC-GFP) 

(GE Healthcare Biosciences, Pittsburgh, PA), pCMV3-untagged expression clone ABCA1 

(HG11924-UT), and control (pCMV3-GFP) (Sino Biologicals Inc., North Wales, PA). These 

were transfected into TNBC cells by following the manufacturers’ instructions.

Membrane polarity assay

Membrane polarity, or fluidity, was determined by using the lipophilic fluorescent probe 

Laurdan (6-dodecanoyl-2-dimethylaminonaphthalene, Thermo Fisher Scientific). Briefly, 

Torres-Adorno et al. Page 10

Oncogene. Author manuscript; available in PMC 2019 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



following treatment for 24 or 48 hours, the cell membranes were extracted by lysis with 

hypotonic buffer (0.2 mM EDTA, 1 mM NaHCO3) containing protease/phosphatase 

inhibitors, and cells were allowed to swell for 30 minutes, followed by brief sonication. 

Remaining intact cells were removed by centrifugation at 800 x g for 10 minutes. The 

supernatant was collected and subjected to ultra-centrifugation at 100 000 x g for 45 

minutes, yielding a crude total membrane pellet; this pellet was re-suspended in buffer (10 

mM TRIS and anti-protease cocktail, in PBS) before addition of the Laurdan fluorescent 

probe and incubation for 1 hour at 37°C. After incubation, the fluorescence measurements 

were performed using a Quanta-Master model QM3-SS (Photon Technology International) 

cuvette-based fluorescence spectrometer. Using a Peltier thermoelectric temperature 

controller, the sample was held at a constant of 37°C and fluorescence measurements 

(excitation wavelength, 350 nm; emission wavelengths, 440 and 490 nm) were performed. 

Data were collected from three independent experiments, each containing at least 5 technical 

replicates, and analyzed using Felix 32 software. General polarization (GP, a measure of 

polarity) of the membrane was determined by the following equation:

GP =   IF440nm   −   IF490nm
IF440nm   +   IF490nm

where IF440nm and IF490nm represent the fluorescence intensity detected at the 440 nm and 

490 nm wavelengths, respectively. Higher GP values are indicative of increased polarization, 

or rigidity. Conversely, lower GP values represent a less polarized, more fluid state.

Cholesterol quantification

Total cellular membrane fractions were extracted from treated cells using the Subcellular 

Protein Fractionation assay (Thermo Scientific) according to the manufacturer’s instructions. 

After the cell membrane fraction was extracted, cholesterol concentration was quantified by 

Amplex® Red Cholesterol Assay (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. Briefly, the extracted membrane fraction (20 µg) was diluted in reaction buffer 

(50 µL; 0.1 M potassium phosphate, pH 7.4, 0.05 M NaCl, 5 mM cholic acid, 0.1% Triton® 

X-100 in deionized water), and then Amplex Red working solution (50 µL; 2 U/mL 

horseradish peroxidase, 2 U/mL cholesterol oxidase, 0.2 U/mL cholesterol esterase, 0.75 μL 

Amplex Red reagent solution, 0.5 μL horseradish peroxidase (HRP) solution, 0.5 μL 

cholesterol oxidase solution, and 0.05 μL cholesterol esterase solution in reaction buffer) 

was added and the tubes were incubated at 37°C for 30 minutes. After incubation, 

fluorescence was measured in at least three independent experiments in a fluorescence plate 

reader using excitation at 570 nm and emission detection at 590 nm.

In vivo xenograft animal models

Animal studies were in compliance with ethical regulations approved by the MD Anderson 

Animal Care and Use Committee. Female immunodeficient NOD SCID gamma (NSG) mice 

(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, Jackson Laboratory, Bar Harbor, ME), aged 4–6 weeks, 

were purchased from MD Anderson’s Department of Experimental Radiation Oncology for 

xenograft experiments. Mice were housed in pathogen-free conditions and treated in 

accordance with NIH guidelines. To establish breast cancer xenografts, each mouse was 
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injected with a suspension of SUM149PT (5 × 105 cells/100 µL) or BCX010 (5 × 105 

cells/100 µL) into one site in the fourth inguinal mammary fat pad. Tumor incidence rates 

were 100% for all cell lines. Drug treatments started when the tumors were approximately 

100–150 mm3; at this point, mice were randomized among experimental treatment groups (n 

= 9 or 10 per group) which resulted with each group having a similar average tumor size at 

beginning of treatments. Investigators were not blinded to group allocation during the 

experiment. EPA therapy was administered ad libitum through customized AIN-76A mice 

diets (Research Diets Inc., New Brunswick, NJ) containing Vascepa (FDA-approved purified 

EPA) at doses equivalent to the maximum (4 g) and half-maximum (2 g) daily recommended 

doses for humans and equivalent to 6 g and 3 g of Vascepa per kg of food, verified by 

chromatographic fatty acid analysis (Supplementary Figure S1). These doses are equivalent 

to EPA daily intakes of 0.8 and 0.4 g/kg for mice, considering an average daily food intake 

of 3.5 g and average mouse weight of 25 g. Diets were stored at −20°C. Water containing 

doxycycline (2 mg/mL) and 2% sucrose was provided ad libitum to induce shRNA 

expression in pTRIPZ-transduced tumor cell lines implanted in mice. Dasatinib (2.5 mg/kg) 

was administered to mice via intraperitoneal injection 6 days per week. Dasatinib was 

administered in a solution of 30% PEG 400 (Thermo Fisher Scientific), 1% Tween 80, and 

4% dimethyl sulfoxide (Sigma-Aldrich) as drug vehicle. Tumor volume [V = 0.5 x (L x 

W2)] and body weight were measured twice weekly. Mice tolerated all treatments with no 

significant adverse events or change in body weight noted. Drug treatments continued until 

the primary tumor reached 1 500 mm3 or the mouse’s condition reached morbidity. The 

mice were then euthanized and their tissues harvested for molecular analysis.

Statistical analysis

For experimental outcomes, descriptive statistics (mean and standard deviation) were 

summarized for each group. An analysis of variance (ANOVA) model was used to compare 

the mean outcome values among the tested groups. Kaplan-Meier survival curves were 

generated for disease free survival (DFS) and overall survival (OS) of patients based on 

EPHA2 mRNA tumor levels (median cut-off), and the log-rank test was used to compare 

survival curves. Statistical analyses were performed using an unpaired t-test with Prism 

version 5 (GraphPad Software, La Jolla, CA). P values of < 0.05 were considered 

statistically significant. Data met normal distribution assumptions. Statistical significance 

variance is included in the caption of each figure. Synthetic-lethal siRNA screen data 

analysis was carried out on gene-normalized data using a t-test followed by a beta-uniform 

mixture model to adjust P values using R statistical computing software (version 3.0.1) 51.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Eicosapentaenoic acid (EPA) reduced tumor growth and prolonged mouse survival in a 
preclinical xenograft model of TNBC.
SUM149PT tumor-bearing mice (n = 5) were treated with EPA (0.4 and 0.8 g/kg) or vehicle 

(control). Gas chromatography-mass spectrometry was used to analyze the fatty acid (FA) 

mol percentage of EPA in regard to serum total lipids (A) and the tumor phospholipid 

fraction (B). Mice treated with EPA or control were monitored for (C) tumor growth 

(volume) and (D) survival (endpoint = 1 500 mm3 tumor size). A-C, Differences between 

groups were compared by unpaired t-test: *, P < 0.05; **, P < 0.001; ***, P < 0.0001. D, 
Differences between groups were compared by log-rank test: ‡, P < 0.05 compared to 

control and EPA (4 g/kg).
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Figure 2. EPHA2 is a clinically significant target that enhances TNBC cell sensitivity to EPA.
(A) Cell viability readout for the 12 most significant gene siRNAs for sensitizing 

SUM149PT cells to EPA, identified by high-throughput siRNA synthetic-lethal functional 

screen. TOX and OTP3 were used as positive and negative transfection controls, 

respectively. EPHA2 was identified as a top candidate for sensitizing TNBC cells to EPA 

therapy. (B) EPHA2 inhibition was validated in the cells by immunoblotting analysis with 

anti-EPHA2 antibody (top) after transfection with three different EPHA2 siRNAs (#1–3) or 

scrambled control siRNA (siSCR). The effects of EPHA2 inhibition in these cells and in 

parental (untransfected) cells, alone or in combination with EPA treatment, were confirmed 

by viability assays (bottom). Data were pooled from three independent experiments and are 

presented as mean ± SD. (C) EPHA2 protein expression levels were compared in TNBC and 

non-TNBC cell lines by a capillary-based immunoassay (Simple Western™). The 

chemiluminescent signal for EPHA2 protein expression was normalized with the signal for 
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tubulin protein expression for each cell line, and these ratios were used to generate the 

graph; tubulin expression was used as a protein loading control. The mean ± SEM is 

indicated. (D) EPHA2 mRNA expression levels extracted from a previously published 

dataset of breast cancer cell lines 12 were compared for TNBC and non-TNBC cell lines. 

The mean ± SD is indicated. Differences between groups were compared by unpaired t-test: 

*, P < 0.001; **, P < 0.0001. (E) Kaplan-Meier survival curves were generated for disease-

free survival (DFS) of patients with TNBC/basal-like breast cancer classified by EPHA2 
mRNA levels in tumors. Data were extracted from the BreastMark mRNA dataset. The log-

rank test was used to compare survival curves for high (above median) versus low EPHA2 

expression. The initial numbers of patients at risk in each group are indicated in the key.
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Figure 3. EPHA2 gene silencing or targeted EPHA2 inhibition acts synergistically with EPA 
against TNBC in vitro in decreasing proliferation and enhancing apoptosis.
(A) EPHA2 gene silencing in doxycycline (Dox)-inducible SUM149PT-shEPHA2 and 

BCX010-shEPHA2 knockdown cells not treated (control) or treated with Dox was 

confirmed by immunoblotting analysis of EPHA2 and phospho-EPHA2 protein expression. 

SRC and phospho-SRC protein expression were additionally assessed by immunoblotting 

assay. Expression of α-tubulin was used as a protein loading control. (B) Viability (top) and 

apoptosis (bottom) were quantified by cell proliferation and Annexin V staining, 
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respectively, in Dox-inducible SUM149PT-shEPHA2 and BCX010-shEPHA2 cells 

following Dox induction in combination with EPA. (C-D) Effects of EPHA2 inhibitor ALW-

II-41–27 (C) and dasatinib (D) on EPHA2, p-EPHA1, SRC and/or p-SRC expression levels 

in parental SUM149PT and BCX010 TNBC cells were assessed by immunoblotting. 

Expression of β-actin was used as a protein loading control. (E-F) Viability (top) and 

apoptosis (bottom) were quantified in SUM149 and BCX010 cells treated with EPA in 

combination with ALW-II-41–27 (E) or dasatinib (F). (G-H) Viability was quantified by cell 

proliferation following (G) EPHA2-expression rescue experiments in shEPHA2-inducible 

TNBC cells, as well as following (H) EPHA2 and SRC-expression rescue in parental TNBC 

cells that were treated with EPA and/or Dox/dasatinib. For all graphs, data were pooled from 

three independent experiments and are presented as mean ± SD. Differences between groups 

were compared by unpaired t-test: *, P < 0.05; **, P < 0.001; ***, P < 0.0001.
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Figure 4. Combination of EPA with EPHA2 inhibition modifies plasma cell membrane lipid 
composition, polarity and apoptosis induction via ABCA1 inhibition in TNBC cell lines.
The effects of EPA in combination with EPHA2 inhibition on TNBC cell membranes were 

determined. (A-B) Cell membrane general polarization (GP, an indicator of polarity or 

rigidity) was determined in doxycycline (Dox)-inducible SUM149PT-shEPHA2 and 

BCX010-shEPHA2 cells treated with the indicated combinations of Dox, EPHA2 inhibitor 

dasatinib, and/or EPA. GP was determined by imaging (A) and quantification (B). Higher 

GP values indicate greater cell membrane polarization/rigidity. (C) Cholesterol 

concentrations in the membrane fractions of Dox-inducible SUM149PT-shEPHA2 and 

BCX010-shEPHA2 cells treated with indicated combinations of Dox, dasatinib, and/or EPA 

were determined by cholesterol quantification assay. (D-E) Dox-inducible SUM149PT-

shEPHA2 and BCX010-shEPHA2 cells were treated with combination Dox and EPA as 

indicated, with or without cellular cholesterol removal (by methyl-β-cyclodextrin [MβCD] 

or rosuvastatin [Rosu]) or supplementation (Chol), and general polarization (D) and 
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apoptosis (E) were quantified. Higher general polarization values indicate greater cell 

membrane polarization/rigidity. (F) Dox-inducible shEPHA2 cells were treated with EPA, 

Dox, dasatinib, or combinations and subjected to immunoblotting analysis of key cholesterol 

homeostasis-regulating proteins: ABCA1, mature SREBP2 (55–65 kDa), HMG CoA 

reductase (HMGCR), and LDL-receptor (LDLR) mature (M) and precursor (P) forms. (G-
H) Inducible shEPHA2 cells were transfected with either an ABCA1-expressing (+) or 

empty control vector (−) (G) or pooled ABCA1 (+) or scrambled (SCR) control siRNA (H) 

and confirmed by immunoblotting assay. Pixel densities of individual proteins were 

quantified for each condition, and ratios of protein/β-actin normalized to control, or treated/

untreated-control, are shown below the blots. β-actin expression was used as a protein 

loading control. Act, β-actin; Cntrl, control. (I) Dox-inducible shEPHA2 SUM149PT cells 

treated with combination EPA and Dox were transfected with ABCA1 expression vector or 

ABCA1 siRNA (siABCA1). General polarization of the cell membranes (top) and apoptosis 

(bottom) were quantified relative to untreated controls. Data were pooled from three 

independent experiments and are presented as mean ± SD, or mean of fold-change (fold-Δ) 

compared to untreated control ± SD. For all graphs, differences between groups were 

compared by unpaired t-test: *, P < 0.05; **, P < 0.001; *** P < 0.0001; ‡, P < 0.05 

compared to EPA; §, P < 0.0001, compared to dasatinib or Dox; #, P < 0.05 compared to 

untreated control. (J-K) These schematics show the proposed mechanism of action for 

apoptosis induced by the combination of EPA and EPHA2-inhibiting therapy, involving 

increased cholesterol concentration and membrane polarization mediated by ABCA1 

inhibition. (J) Cellular cholesterol homeostasis is normally maintained by the balancing 

effects of the cholesterol efflux channel protein ABCA1 and cholesterol biosynthesis inducer 

SREBP2. Their activity promotes maintenance of plasma cell membrane polarity and 

cellular survival. (K) Treatment with combination of EPA with EPHA2 inhibition 

(shEPHA2 or dasatinib) alters the cell membrane structure, inhibiting the cholesterol-

exporting functions of ABCA1. This results in the cellular accumulation of cholesterol and 

subsequent increase in cell membrane polarity. This aberrant accumulation of intracellular/

membrane cholesterol prevents the activity of cholesterol biosynthesis inducer proteins (e.g., 

SREPB2) and disrupts cellular cholesterol homeostasis, resulting in apoptosis.
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Figure 5. Inhibition of EPHA2 acts synergistically with EPA against TNBC tumor xenografts by 
inhibiting ABCA1.
Mouse models of doxycycline (Dox)-inducible SUM149PT-shEPHA2 and BCX010-

shEPHA2 TNBC were established, and mice were treated with EPA (0.8 g/kg in diet), Dox 

(2 mg/mL in water), or both (n = 10 per group). Tumor volumes were monitored over time 

(A), and Kaplan-Meier survival curves were generated for the endpoint (tumor volume = 1 

500 mm3) (B). Levels of proliferation marker Ki67 (C) and apoptosis marker cleaved 

caspase-3 (D) were determined by immunohistochemical (IHC) staining of 

paraformaldehyde-fixed, paraffin-embedded sections from three representative tumor 

samples from each treatment group. Levels of p-EPHA2 (E) and ABCA1 (F) in tumors were 

determined by IHC staining. Representative images for each treatment group from three 

independent experiments are shown. Scale bars = 50 µM. Images were analyzed by ImageJ 

software to quantify Ki-67, cleaved caspase-3, p-EPHA2, and ABCA1. Data are represented 

as mean ± SD. Differences between groups were compared by unpaired t-test (bar graphs) or 
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log-rank test (survival curves): *, P < 0.05; **, P < 0.001; ***, P < 0.0001; ‡, P < 0.001 

combination treatment survival proportion compared to single treatment and untreated 

control groups.
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Figure 6. EPHA2 inhibition by dasatinib enhances the efficacy of EPA against TNBC tumor 
xenografts.
SUM149PT and BCX010 tumor xenograft-bearing mice were fed an EPA diet (0.8 g/kg; ad 
libitum), treated with dasatinib (2.5 mg/mL intraperitoneal injection), or both (n = 10 per 

group). Tumor volumes were monitored over time (A) and Kaplan-Meier survival curves to 

endpoint (tumor volume = 1 500 mm3) were generated (B). Paraformaldehyde-fixed, 

paraffin-embedded sections from each treatment group were analyzed for proliferation 

marker Ki67 (C), apoptosis marker cleaved caspase-3 (D), and mechanistic proteins p-

EPHA2 (E) and ABCA1 (F) by immunohistochemical (IHC) staining. Three representative 

tumor samples from each treatment group were analyzed. Images were analyzed by ImageJ 

software to quantify the individual proteins. Data represent mean ± SD. Differences between 

groups were compared by unpaired t-test (bar graphs) or log-rank test (survival curves): *, P 
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< 0.05; **, P < 0.001; ***, P < 0.0001; ‡, P < 0.0001 combination treatment survival 

proportion compared to single treatment and untreated control groups.
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