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Triple-negative (TNBC) and inflammatory (IBC) breast cancer are the most aggressive
forms of breast cancer, accounting for 20% and 10% of cancer-related deaths, respectively.
Among IBC cases, 30% are additionally classified with TNBC molecular pathology, a diagnosis
that significantly worsens patient’s prognosis. The current lack of TNBC and IBC molecular
understanding prevents the development of effective therapeutic strategies. To identify effective
treatments, we explored aberrant apoptosis pathways and cell membrane fluidity as novel

therapeutic targets.

We first identified an effective therapeutic strategy against TNBC and IBC by pro-
apoptotic protein NOXA-mediated inhibition of the anti-apoptotic protein MCL1 following
inhibition of histone deacetylases (HDAC) in combination with inhibition of the oncogenic
MEK pathway. In breast cancer patients, low NOXA/high MCL1 tumor expression is indeed
associated to poor survival outcomes, supporting the induction of NOXA expression, and

subsequent inhibition of MCLL1, for the treatment against TNBC and IBC.

Secondly, we investigated the role of an anti-inflammatory and non-toxic
polyunsaturated fatty acid, eicosapentaenoic acid (EPA), for the development of a treatment
strategy against TNBC and IBC. Through a synthetic-lethal sSiRNA high-throughput screen we

identified inhibition of EPHAZ2, an oncogenic protein specifically associated to poor survival in

Vi



TNBC patients, to be the top candidate that enhanced EPA cytotoxicity against TNBC and IBC
cells. Though functional assays, we identified combination EPA and EPHAZ2-inhibition to be an
effective therapeutic strategy involving the induction of cell death via modulation of cell
membrane fluidity by ABCAL inhibition-mediated intracellular cholesterol accumulation in

triple-negative IBC cells.

In summary, here we provide robust preclinical evidence that supports the Phase |

clinical development of combination HDAC and MEK inhibitors, and of EPA and EPHA2-

inhibition, for the treatment of patients with TNBC and IBC.
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CHAPTER 1: INTRODUCTION

1.1 Breast cancer
1.1.1 Breast cancer epidemiology

In the United States, breast cancer is the most commonly diagnosed cancer in women,
accounting for 252,710 new cases in 2017 (1). Breast cancer is also the second most common
cause of cancer related death in women, with an estimated 40,610 deaths, or 15%, in 2017
(Figure 1) (1). While breast cancer death rates have decreased by 32% over the last 90 years,
thanks to the continued research and development of therapeutic strategies, its incidence has
seen a rise of about 20%, demonstrating an urgent need to continue exploring new therapeutic

approaches with increased efficacy against breast cancer.

Estimated new cases 2017 Estimated Cancer Deaths 2017
(x 1,000)
enass  [30% Breast Lung & bronchus —n
12% Lung & bronchus Breast -Iu
8% Colorectal Colorectum
7%  Uterine corpus e
5% Thyroid
° Y _ Ovary
4% Melanoma of skin
Uterine
Leukemia 0

Figure 1. Estimated breast cancer incidence and death rates for 2017.

1.1.2 Breast cancer molecular subtypes
Breast cancer is characterized by its heterogeneity among patients. Breast cancer

subtyping is often performed by the assessment of expression of three main proteins: estrogen

1



receptor (ER), progesterone receptor (PgR), and HER2/neu (receptor tyrosine-protein kinase
erbB-2, HER2). Gene expression-based techniques, in particular by the use of the PAM50 gene
set (2), are often used to identify breast cancer subtypes, although subtyping by use of protein
panels of immunohistochemical markers are still widely used in the clinic. Unfortunately,
discrepancies between these two subtyping methods exist (2), which leads to different treatment
decisions. There are four major intrinsic molecular subtypes of breast cancer, based on their
respective protein and gene signatures: Luminal A, Luminal B, HER2-enriched, and Triple-
negative (basal-like) (3, 4). Luminal A subtype is characterized by its hormone receptor (ER,
92% agreement between PAMS50 and IHC subtyping; and/or PgR, 94% agreement) positivity,
together with negativity of the HER2 growth receptor, and low levels of the proliferation marker
Ki67 (5). Luminal A breast cancers tend to have the best prognosis due to their inhibited growth
rate (6). Luminal B breast cancer subtype is similarly hormone receptor positive (ER, 92%
agreement; and/or PgR, 74% agreement), but could be either HER2 receptor positive or
negative, with high levels of Ki67 (7). Luminal B breast cancers tend to grow at a faster rate
compared to Luminal A, together with worse prognosis (6). HER2-enriched breast cancers are
positive for the HER2 receptor, but negative for hormone receptors (77% agreement) (8). This
subtype tends to grow at a faster rate compared to luminal subtypes, therefore having a
worsened prognosis (9), but HER2 targeted treatment strategies are often highly effective (10).
Triple-negative breast cancers are negative for all three growth receptors: hormone (ER and
PgR), and HER2 (5, 9), are mainly comprised of basal-like (57% agreement) and HER2 (30%
agreement) subtypes. Even with its lack of receptor expression, this subtype is characterized by
its high rate of growth, migration, and invasion compared to all other breast cancer subtypes

(11).



1.2 Triple-negative breast cancer

Triple-negative breast cancer (TNBC or TN), representing 10-17% of all breast
carcinomas, is diagnosed molecularly in terms of its negative ER, PgR, and HER2 receptor
status, and is associated with lower survival and a higher risk of local and regional relapse,
compared to hormone (ER/PgR)-positive and HER2-positive breast cancers (12, 13). TNBC
tumors are classified as basal-like subtypes, due to their expression profiles resembling those of
basal epithelial cells with a high expression of basal markers (e.g., keratins 5, 6, 14, 17, EGFR)
and proliferation-related genes (5). Approximately 60 to 90 % of basal tumors are triple-
negative cases, allowing for the association of basal and TNBC tumors as similar entities (14).
This subtype is common in younger women carrying BRCAL and TP53 gene mutations, being
even more common among African-American women and pre-menopausal individuals (3, 15).
TNBC is a highly heterogeneous disease characterized by its strong metastatic potential and
poor prognosis, which can be further sub-classified based by its canonical pathways among the
subtypes: basal-likel, basal-like 2, immunomodulatory, mesenchymal-like, mesenchymal stem-

like, and luminal androgen receptor (16).

1.3 Inflammatory breast cancer

Inflammatory breast cancer (IBC) is a rare clinical diagnosis representing 1-5% of all
breast carcinomas, but disproportionately associated with 10% of breast cancer related deaths
(17, 18). Instead of the appearance of a distinct lump, the IBC clinical onset consists of redness
(erythema), swelling (edema), pitted skin (peau d’orange), or inverted nipple of the breast,
caused by the buildup of lymph in the ducts and skin as a result of cancer cells blockage (tumor
emboli) of the lymph vessels, preventing normal lymph flow (Figure 2) (19). Similar to TNBC,

IBC is characterized by its strong metastatic potential and associated poor prognosis. Among all



breast cancer molecular subtypes, IBC has a worse prognosis when compared to non-
inflammatory forms of breast cancer (non-IBC) cases (20). TNBC accounts for about 30% of
IBCs molecular subtype, which is a significantly higher proportion when compared to non-
TNBCs (17, 21). There is a theory in the breast cancer field that this high percentage of TNBC
may be the reason that IBC has been associated with a more aggressive clinical course and

decreased breast cancer-specific and overall survival (22, 23).
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Figure 2. Clinical appearance of an Inflammatory
Breast Cancer patient.

1.4 Standard of care for triple negative and inflammatory breast cancer

Among the triple-negative status of TNBC, conventional targeted therapies are ineffective,
with the current standard care of cytotoxic chemotherapy followed by surgery displaying
moderate efficacy with a 5-year overall survival of approximately 80% (24). Although TNBC
has been observed to be sensitive to conventional chemotherapies, several studies have shown
that the poor prognosis for TNBC is mainly due to the lack of additional treatment options

available (10).



The standard treatment for IBC consists of chemotherapies known as anthracyclines, and
targeted therapies when applicable (HER2-positive cases), followed by surgery and radiation
therapy, in this specific order. As the most aggressive form of breast cancer, even after
multidisciplinary treatment, the 5-year overall survival of IBC is only 30% to 50% (25, 26). Due
to the lack of patient samples for this rare disease, molecular studies have failed to identify
specific molecular signatures that could predict treatment response, survival, or therapeutic
targets (27-29). Nevertheless, despite the relatively small sample sizes available, a gene
expression profile study of IBC patients in correlation with response to neoadjuvant
chemotherapy was able to show that response to neoadjuvant chemotherapy in IBC was linked
to immunity-related processes, providing evidence for a possible mechanism to predict
pathological complete response (30). There has been an improvement in IBC diagnosis and
staging due to significant advances in imaging, such as digital mammography, magnetic
resonance imaging, and positron emission tomography-computed tomography, among others,
increasing survival to approximately 40%, which is still a relatively low rate (31, 32). Continued
investigation into significant molecular characteristics as well as effective therapeutic strategies

remains a necessity.

1.4.1 Experimental therapeutic approaches for TNBC and IBC

Multiple experimental approaches are currently being explored for the treatment of these
aggressive types of breast cancer, triple-negative and inflammatory. In IBC, molecular targets in
vasculolymphatic processes (angiogenesis, lymphangiogenesis, and vasculogenesis) have
demonstrated greater potential than in non-1BC (33, 34). Although loss of E-cadherin is a
hallmark of epithelial-to-mesenchymal transition and may correlate with the promotion of

metastasis, paradoxically, E-cadherin is overexpressed in IBC through an unknown mechanism



(35, 36). Others are currently investigating whether targeting EGFR and HER2 (which are
overexpressed in about 60% of IBC tumors and associated with rapid tumor growth and
metastasis via activation of the AKT and ERK/MEK oncogenic pathways), may aid in the
development of effective targeted therapeutic strategies in IBC (37-39). In our research group,
inhibition of histone deacetylases (HDACSs) has additionally been explored for its effects on

HER2/EGFR inhibitors as a therapeutic approach against HER2-overexpressing IBC (40).

In TNBC, new approaches involving the use of antiangiogenic agents as neoadjuvants to
pre-operative chemotherapies have demonstrated improved patient prognosis and likelihood of
pathological complete response (pCR), compared to patients with other breast cancer subtypes
(41). Large biomarker programs are ongoing to identify TNBC subgroups that could have an
increased benefit from such therapies (42). Targeted therapies involving inhibition of HDACS,
mammalian target of rapamycin (MTOR), and growth factors such as fibroblast, epithelial and
vascular endothelial growth factor receptors are currently being clinically tested in TNBC,

showing insufficient improvement in patients’ outcomes (43-46).

1.5 Limitations with current strategies and gaps in knowledge

To date, IBC and TNBC are challenges for both patients and biomedical professionals due
to their poor prognoses and lack of significantly effective treatments or targeted therapy options,
contributing to high mortality rates compared to other breast cancer subtypes. The main
challenges with the current therapeutic strategies reside in the acquired resistance, recurrence,
and high level of invasion/metastasis at time of diagnosis on IBC and TNBC patients (47). To
address these issues, combination therapies, together with in-depth analysis of potential

biomarkers associated with disease aggressiveness or treatment response in patients, have been



in development, but these still have not provided evidence of complete effectiveness against
TNBC and IBC (29, 48). Therefore, it is essential to continue exploring potential combinational
treatment strategies as well as molecular and physiological cellular mechanisms that are
determinants of disease aggressiveness and response to treatments, potentially providing the

identification of therapeutic strategies that are effective for the treatment of IBC and TNBC.

1.6 Goal of the project
In this project, our goal is to discover new physiological and molecular mechanisms
contributing to TNBC and IBC aggressiveness and to identify novel combination therapy

strategies with enhanced efficacy (Figure 3). Therefore, we hypothesized that combination
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therapy strategies targeting tumor promoting factors would have enhanced efficacy against
TNBC and IBC compared to monotherapies. First, we evaluated molecular mechanisms
associated with the epigenetic modulation of Histone Deacetylases (HDACS), which are critical
regulators of gene expression commonly disrupted in cancer cells, including IBC and TNBC,
which are associated with cancer progression. We evaluated HDACs by use of an HDAC

inhibitor, entinostat, in association with apoptosis induction in TNBC and IBC.

Additionally, we investigated the use of an anti-inflammatory omega-3 polyunsaturated
fatty acid, eicosapentaenoic acid (EPA), as a potential strategy for the therapy of TNBC and
IBC. Inflammation plays an important role in tumor development and progression, representing
an important factor to target for effective cancer therapies. EPA has been linked to
modifications in cell membrane physiology as well as destabilization of intracellular pathways
associated with inflammation, which subsequently contributes to increased cytotoxic properties

in cancer cells and decreased tumor proliferation.

My in-depth evaluation of the association of HDACs and inflammation contributions to
IBC and TNBC cancer progression, as well as the efficacy of their targeting to apoptosis
induction, provided new knowledge for TNBC and IBC development. Additionally, the
evidence discovered through these studies served as a translational base supporting the

development of clinical trials against the two most aggressive types of breast cancer.



CHAPTER 2: MATERIALS AND METHODS

2.1 Breast cancer patient tumor expression analysis

We analyzed the World IBC Consortium dataset that contains Affymetrix GeneChip
(HGU133 series) RNA hybridization profiles of 389 breast cancer patient samples, which
include 137 IBC cases and 105 TNBC cases, as previously described (49). Briefly, the IBC
cases included locally advanced (American Joint Committee on Cancer [AJCC] stage I11) and
metastatic (AJCC stage 1V) cases. The non-IBC cases included both early-stage disease (AJCC
stages | and Il) and advanced-stage disease (locally advanced, AJCC stage I1I; and metastatic,
AJCC stage 1V). Information on data processing, normalization, and analyses has been
previously reported (30). Regression models were used to delineate changes in NOXA/PMAIP1
(204286 _s_at) and MCL1 (214056 _at) gene expression. P-values, corrected for multiple

comparisons, were considered significant only if the false discovery rate was smaller than 0.25.

We utilized the BreastMark algorithm to identify associations with disease progression
and EPHAZ2 expression. Developed by the Molecular Therapeutics for Cancer, Ireland (MTCI)
at Dublin University (Glasnevin, Dublin) (50), this algorithm integrates mMRNA gene expression
and survival data for evaluation of genes that are significantly associated with disease-free
survival (DFS) in breast cancer and its molecular subtypes. The algorithm contains gene
expression data from 26 datasets on 12 different microarray platforms corresponding to
approximately 17,000 genes in up to 4,738 samples, as well as detailed clinical data, allowing
for correlation of subject outcome with gene expression, as previously described (50). We
specifically evaluated the EPHA2 mRNA expression in basal (TNBC) tumor subtypes as

determined by the PAM50 molecular classifier (11).



2.2 Cell lines

Human breast cancer cell lines BT-549, SUM185PE, MDA-MB-157, MDA-MB-453,
MDA-MB-231, HCC70, MDA-MB-468, MDA-MB-436, HCC1806, HCC1937, and Hs578T
were purchased in 2011 from American Type Culture Collection (ATCC, Manassas, VA);
SUM149PT, SUM159PT, and SUM190PT cells in 2011 from Asterand Bioscience, Inc.
(Detroit, MI); and HCC3153 in 2013 from UT Southwestern Medical Center (Dallas, TX).
KPL-4 cells were a kind gift in 2008 from Dr. Junichi Kurebayashi (Kawasaki Medical School,
Kawasaki, Japan), IBC-3 cells from Dr. Wendy Woodward, and BCX010 cells were generously
donated for this study by Dr. Funda Meric-Bernstam (The University of Texas MD Anderson
Cancer Center, Houston, TX). HCC1806, MDA-MB-231, MDA-MB-468, MDA-MB-436,
MDA-MB-157, MDA-MB-453, Hs578T, HCC70, and KPL-4 cells were maintained in
Dulbecco’s modified Eagle’s medium/F12 medium (GIBCO) supplemented with fetal bovine
serum (FBS; 10%) and penicillin-streptomycin (100 units/mL). SUM149PT, SUM190PT,
SUM185PE, SUM159PT, BCX010 and IBC-3 cells were maintained in F12 medium (GIBCO)
supplemented with FBS (5%), penicillin-streptomycin (100 units/mL), insulin (5 pg/mL), and
hydrocortisone (1 pg/mL). BT-549, HCC1937, and HCC3153 cells were maintained in RPMI
1640 medium (GIBCO) supplemented with FBS (10%) and penicillin-streptomycin (100
units/mL). SUM190PT, SUM149PT, IBC-3, BCX010 and KPL-4 are IBC cell lines (51, 52).
All cell lines were passaged for up to 20 times after thawing. Details about molecular receptor
status and TNBC subtype classification can be found in Table 1 (16). All used cell lines were
authenticated by genotyping through MD Anderson Cancer Center’s Characterized Cell Line
Core Facility, and routinely tested for mycoplasma contamination using MycoAlert™ (Lonza,

Allendale, NJ).
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Receptor status

Cell line ER PR HER2 Szgt?(ge
HCC1806 - - - BL
HCC1937 - - - BL
HCC3153 - - - BL
HCC70 - - - BL
MDA-MB-468 - - - BL
BCX010* - - - BL
SUM149PT * - - - BL
MDA-MB-453 - - - LAR
SUM185PT - - - LAR
BT-549 - - - M
Hs578T - - - M
MDA-MB-157 - - - M
MDA-MB-231 - - - M
MDA-MB-436 - - - M
SUM139PT - - - M
IBC-3 * - - + N/A
KPL-4 * - - + N/A
SUM190PT * - - + N/A

Table 1. Breast cancer cell lines’ molecular receptor status and TNBC subtype
classification. Sources for molecular receptor status, TNBC subtypes, and IBC classification:
Asterand Bioscience, Inc. ER: estrogen receptor; PR: progesterone receptor; HER2: Human
epidermal growth factor receptor 2; BL: basal-like; M: mesenchymal; LAR: luminal androgen
receptor; +, positive status; -, negative status; *, IBC diagnosis; N/A, not applicable.
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2.3 Reagents and antibodies

Entinostat (SNDX-275) was provided by Syndax Pharmaceuticals, Inc. Pimasertib
(AS703026) was provided by EMD Serono, Inc. We obtained anti-NOXA (EMD Millipore,
Billerica, MA), anti-MCL1 (R&D Systems, Minneapolis, MN, or Thermo Fisher Scientific,
Waltham, MA), anti-PUMA, anti-BIM, anti-BAK, anti-BAX, anti-cleaved caspase 3, anti-
cleaved caspase 9, and anti-Ki67 (Cell Signaling Technology, Beverly, MA), anti-a-tubulin
(clone B-5-1-2; Sigma-Aldrich), and anti-horseradish peroxidase-conjugated antibodies
(Thermo Scientific, Rockford, IL). The following small interfering RNAs (siRNAs) targeting
NOXA were purchased from Sigma-Aldrich (St Louis, MO) and used for depletion of NOXA:
SASI_Hs01_00136187, SASI_Hs01_00136188, SASI_Hs01 00136189, and
SASI_Hs01 00136192. Knockdown efficacy of pooled siRNAs was tested by immunoblotting.
Scrambled siRNA was purchased from Thermo Fisher Scientific (ON-TARGETplus non-
targeting control pool, catalog number D-001810). The following expression vectors were
purchased from GeneCopoeia (Rockville, MD): OmicsLink pReveiver-M77 expression clone

NOXA (EX-10491-M77), MCL1 (EX-G0192-M77), and Control (EX-EGFP-M77).

Eicosapentaenoic acid (EPA) 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). Dasatinib was purchased from Selleck
Chemicals (Houston, TX). Methyl-B-cyclodextrin (MBCD) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). All in vitro assays were performed after treatments for 24-48
hour with EPA (1C20: 50 uM), doxycycline (Dox, 1-3 pg/mL), dasatinib (IC2o: 0.3 uM),

cholesterol (1 mM), Methyl-B-cyclodextrin (4 mM), or rosuvastatin (2.5 puM).
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We obtained anti-EPHAZ2, anti-phosphorylated EPHAZ2, anti-SRC, anti-phosphorylated
SRC, anti-cleaved caspase 3, and anti-Ki67 (Cell Signaling Technology, Beverly, MA), anti-
IgG-PE, anti-EPHA2-PE, anti-lgG-APC, anti-EPHA2-APC, anti-ABCA1 (Novus Biologicals,
Littleton, CO), anti-SREBP2 (R&D Systems, Minneapolis, MN), anti-HMGCR (Thermo Fisher
Scientific, Waltham, MA), anti-LDLR (Abcam, Cambridge, MA), anti-a-tubulin, anti-p-actin
(Sigma-Aldrich), and anti-horseradish peroxidase-conjugated antibodies (Thermo Scientific,
Rockford, IL). The following small interfering RNAs (siRNAs) targeting EPHA2 and ABCA1
were purchased from Sigma-Aldrich (St Louis, MO) and used for depletion of EPHAZ2:
SASI_Hs01_00026514, SASI_Hs01_00026516, and SASI_Hs01_00026517; and ABCA1:
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 EPHA?2 and
control (pLOC-GFP) (GE Healthcare Biosciences, Pittsburgh, PA), pCMV3-untagged
expression clone ABCAL (HG11924-UT), and control ()CMV3-GFP) (Sino Biologicals Inc.,
North Wales, PA). These were transfected into TN-IBC cells following manufacturer’s

instructions.

2.4 Western blot analysis

Total protein extracts were prepared using cold lysis buffer (50 mM Tris-HCI, pH 7.4,
1% NP-40, 150 mM NacCl, 10% glycerol, 1.5 mM MgCl., 1 mM EDTA, and
phosphatase/protease inhibitors). Equal amounts of protein (15 to 20 pg for each sample) were

resolved by SDS-PAGE gel. Membranes were incubated with antibodies of interest overnight.
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Signals were detected using an Odyssey IR imaging system (LI-COR Biosciences, Lincoln, NE)

or chemiluminescent substrates (Thermo Scientific).

2.5 Quantitative real-time PCR

Total RNA was purified using the PureLink® RNA Mini Kit (Invitrogen), and real-time
gRT-PCR was performed using the iScript™ One-Step RT-PCR Kit with SYBR® Green (Bio-
Rad, Hercules, CA) according to the manufacturer’s instructions, after treatment with entinostat
(1 uM). Equal amounts of total RNA (15 ng for each sample) were mixed, and target genes
were amplified with a specific primer set using the CFX96Touch™ Real-Time PCR Detection
System (Bio-Rad). The following primers (Sigma-Aldrich) were used for detection of NOXA:
5’-CCAGCAGAGCTGGAAGTCGAGTG-’3 (forward), and 5°-
TGCAGTCAGGTTCCTGAGCAGAAG-’3 (reverse). 7SL scRNA (NR_002715.1) levels were
used as an endogenous control; the following primers were used: 5’-
ATCGGGTGTCCGCACTAAGTT-"3 (forward), and 5’-CAGCACGGGAGTTTTGACCT-’3
(reverse). The real-time PCR data were analyzed by comparative threshold cycle method using

the iCycler CFX96 analyzer software (Bio-Rad).

2.6 Annexin V apoptosis assays

Apoptosis was measured with PE or APC Annexin V supplemented with 7AAD (BD
Biosciences, San Jose, CA), or with Annexin V-green (Essen Bioscience, Ann Arbor, MI).
Briefly, after treatment for 48 hours, apoptosis induction was quantified by flow cytometry
analysis (after incubation with Annexin V-PE or -APC), or by IncuCyte® live cell analysis

system (after incubation with Annexin V-green), according to the manufacturer’s instructions.
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2.7 In vivo xenograft animal models

Animal studies were approved by the IACUC and MD Anderson Animal Care and Use
Committee. For the HDAC and MEK inhibitors studies, female athymic homozygous nu/nu
mice, age 4-6 weeks old, were purchased from MD Anderson’s Department of Experimental
Radiation Oncology for the SUM190PT, SUM149PT, and MDA-MB-231 xenograft
experiments. Mice were housed under pathogen-free conditions and treated in accordance with
NIH guidelines. To establish breast cancer xenografts, SUM190PT (2 x 10° cells/100 pL),
SUM149PT (5 x 106 cells/100 pL), or MDA-MB-231 (5 x 106 cells/100 pL) cell suspensions
were injected into one site in the abdominal mammary fat pad of each mouse. We observed
100% tumor incidence for all three cell lines. Drug treatments via daily oral gavage started
when the tumors were approximately 100-150 mm?®. We used 0.5% (w/v) methyl cellulose 400
solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan) plus 0.25% Tween 20 as drugs
vehicle. Tumor volume [V = 0.5 x (L x W?)] and body weight were measured twice weekly.
Drug treatment continued for 28 days (SUM190PT), 56 days (SUM149PT), or 42 days (MDA-
MB-231), and then mice were euthanized. Tumor tissues were collected, sectioned and

preserved both by flash freezing and paraffin block embedding for further analysis.

To study the antitumor efficacy of EPA therapy animal studies, female immunodeficient
NOD SCID gamma (NSG) mice (NOD.Cg-Prkdc® 112rg™"Wil/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 under
pathogen-free conditions and treated in accordance with NIH guidelines. To establish breast
cancer xenografts, SUM149PT (5 x 10° cells/100 pL), or BCX010 (5 x 10° cells/100 pL) cell

suspensions were injected into one site in the fourth inguinal mammary fat pad of each mouse.
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We observed 100% tumor incidence for all cell lines. Drug treatments started when the tumors
were approximately 100-150 mm?; at this point mice were randomized among experimental
treatment groups (N = 9 to 10 per group). EPA was administered ad libitum through customized
AIN-76A mice diets (Research Diets Inc., New Brunswick, NJ) containing the FDA-approved
Vascepa (purified EPA) at doses equivalent to the maximum (4 g) and half (2 g) human daily
recommended doses; equivalent to 6 g and 3 g of VVascepa per kg of mice diet verified by
chromatographic fatty acid analysis. These doses are equivalent to mice EPA daily intakes of
0.8 g/kg and 0.4 g/kg, considering an average daily food intake of 3.5 g, and average mice
weight of 25 g. Doxycycline (2 mg/mL) water containing 2% sucrose was provided ad libitum
to induce sShRNA expression in pTRIPZ-transduced tumor cell lines implanted in mice.
Dasatinib (2.5 mg/kg) treatment was provided via intraperitoneal injection six days a week. We
used sterilized water solution plus 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 W?)]
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 primary tumor
reached 1,500 mm? or mice morbidity. Mice were then euthanized and tissues harvested for

molecular analysis.

2.8 In vitro cell proliferation assay

For cell proliferation experiments in vitro, we utilized sulforhodamine B (SRB) (Sigma
Aldrich), or CellTiter-Blue (Promega, Madison, WI) colorimetric protein staining assays were
performed according to the manufacturer’s instructions. The percentages of surviving cells from

each group were estimated relative to the control culture, which was defined as 100% viability.
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2.9 Soft agar assay

Cells (2x102 cells/well) were resuspended in 2 mL of 0.4% agarose solution in
DMEM/F12 or F12 medium and overlaid onto the bottom agar layer (0.8%) in 6-well plates.
The plates were incubated for 21 days with drugs, and colonies were stained with 200 pL of
MTT solution (1 mg/ml) for 2 hours. The stained colonies greater than 80 um in diameter were
counted using the GelCount colony-counting system (Oxford Optronix, UK) according to the
manufacturer’s instructions. Means and standard deviations were calculated on the basis of the

colony counts from triplicate wells

2.10 Co-immunoprecipitation

Cultured SUM190PT and SUM149PT cells were collected after described treatments,
and were washed with pre-chilled PBS, followed by cell lysing with a cold non-denaturing lysis
buffer (50 mM Tris-HCI, pH 7.4, 1% NP-40, 150 mM NaCl, 10% glycerol, 1.5 mM MgCl,, 1
mM EDTA, and phosphatase and protease inhibitors). To immunoprecipitate MCL1 proteins,
lysate (500 pg) was mixed with 5 pg MCL1 antibody (R&D Systems) for 2 hours at 4°C with
rotation. Protein G Sepharose 4 Fast Flow beads (GE Healthcare, Marlborough, MA) were
added to the antigen—antibody complex and incubated for 1 hour at 4°C with rotation. Beads
were recovered by low-speed centrifugation and washed with lysis buffer. LDS sample buffer
and sample reducing agent (Novex Life Technologies, NuPAGE®) were added to each sample
and incubated at 70°C for 10 minutes, centrifuged, and subjected to SDS-PAGE. After
appropriate separation, gels were transferred and analyzed for co-immunoprecipitation using

standard immunoblotting techniques as described previously
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2.11 Immunohistochemistry (IHC)

Tumor tissues were fixed in neutral-buffered formalin and embedded in paraffin.
Sections (5 um each) were prepared using a microtome, mounted on slides, deparaffinized in
xylene, renydrated in graded alcohols, and washed in distilled water. Antigens were retrieved by
boiling the sections in 10 mM citric acid (pH 6.0) for 40 min. Endogenous peroxidases were
quenched by incubation in 3% H>O, for 10 min at room temperature. The slides were washed
three times with phosphate-buffered saline (PBS) and blocked for 30 min with 10% normal goat
serum in 1% bovine serum albumin/PBS. The slides were then exposed previously described
antibodies. Immunostained slides were scanned with a high definition microscope, and the
images were captured at a magnification of 50x and stored using ImageScope software
according to the manufacturer’s instructions. Immunostained slides were evaluated by

densitometry using the ImageJ software.

2.12 TUNEL staining

DNA fragmentation in mouse tissue samples was measured by in situ terminal
deoxynucleotidyl transferase—mediated dUTP nick end labeling (TUNEL) using the DeadEnd
TUNEL kit (Promega, Madison, WI). The mouse tumor xenografts’ TUNEL-positive cells were
evaluated in 3 randomized fields at 20x magnification, and the average was expressed as the

number of apoptotic cells for each sample.

2.13 Chromatin Immunoprecipitation
Acetylation levels of the NOXA gene promoter following entinostat treatment (1 UM, 48
hours) were measured by chromatin immunoprecipitation (ChlIP) assay using the Simple ChIP

Enzymatic Chromatin IP Kit (magnetic beads) following manufacturer’s protocol (Cell
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Signaling Technology, Beverly, MA). Briefly, untreated and entinostat treated SUM149PT and
SUMZ190PT cells (4x10° cells per sample) were nuclease digested and sonicated (3 cycles of 30
seconds) to shear DNA to approximately 150-900 bp in size. Sonicated chromatin samples were
incubated with antibodies against acetylated-lysine, Histone H3 as positive control, or normal
rabbit IgG as negative control (Cell Signaling Technology, Beverly, MA), overnight at 4°C with
rotation. Two percent was used of total genomic DNA from nuclear extracts as input. Purified
immunoprecipitation and input DNA were used as templates for RT-qPCR with the following
primers to amplify the NOXA promoter region (Forward: 5’-AGTAATTTCGGGGCCGAGC-3’
and Reverse: 5°’- GGCGTTATGGGAGCGGAC-3’). Quantification of DNA by RT-qPCR was

done following manufacturer’s protocol.

2.14 Synthetic-lethal sSiRNA screen

To identify a targetable candidate that would complement the antitumor effect of EPA, we
performed a high-throughput, synthetic lethal sSiRNA screen using a kinome library containing
939 druggable genes in the TN-IBC cell line SUM149PT, in combination with EPA treatment.
A reverse transfection method was performed in which 45 nM siRNA is initially allowed to
complex in an assay plate with DharmaFECT-2 transfection reagent (0.07 uL, GE Dharmacon,
Lafayette, CO) for 30 minutes, followed by addition of 30 pL of solution containing 750
cells/condition, after which the plates were incubated for 48 hours at 37°C in a 5% CO
atmosphere. After incubation, cells were treated with EPA (ICso: 50 uM) and incubated for an
additional 72 hours at 37°C in a 5% CO atmosphere. OTP3 and TOX were identified as optimal
negative and positive siRNA transfection controls, respectively. After treatment, assay plates
were imaged (IN-Cell Analyzer 6000, GE Healthcare Life Sciences) and cells were assessed for

viability as determined after incubation with CellTiter-Blue® (Promega Corporation, Madison,
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WI) and quantification of fluorescence intensity (PHERAstar FS Plate Reader, BMG Labtech
Inc., Cary, NC). Data were normalized to the values for untreated controls, and statistical
measures were applied to remove assay variability as previously described (53). The siRNA
screen data have been deposited in Gene Expression Omnibus (GEO) with accession number:

GSE102057.

2.15 Cell lines with doxycycline-inducible genes

We established doxycycline-inducible non-coding-shRNA or EPHA2-shRNA
SUM149PT and BCXO010 cell lines using the following inducible expression vectors: pTRIPZ
non-targeting (RHS4743) and pTRIPZ-human-EPHA2 (V3THS_322576) inducible lentiviral
shRNA vectors (GE Dharmacon), both containing a red fluorescent protein (RFP) tag. Briefly,
lentivirus was produced using manufacturer’s instructions, concentrated with PEG-it virus
precipitation solution (System Biosciences, Palo Alto, CA) and applied to cultures of
SUM149PT and BCX010 for 24 hours. Positive transductions were selected with puromycin (5
pg/mL), followed by flow cytometry to isolate RFP-positive cells upon doxycycline treatment.
EPHAZ2 knockdown was validated by western blot and flow cytometry following 24 hours

doxycycline treatment.

2.16 Xenograft tumor cell sorting

Tumors containing RFP-positive cells following Dox treatment were mechanically
homogenized prior to incubation in 3 mL collagenase A (1 mg/mL) for 10 minutes. The
digested solution was neutralized with an equal volume of 5% FBS in phosphate-buffered saline
solution (PBS), then filtered (40 pum) and centrifuged at 400 x g for 5 minutes. Following

centrifugation, the supernatant was discarded and the cell pellet was resuspended in 1 mL red
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blood cell lysis buffer (StemCell Technologies, Cambridge, MA), and subjected to
centrifugation again. After centrifugation, cells were resuspended in 2% FBS (500 uL) in PBS,
counted, and incubated with anti-IlgG-APC or anti-EPHA2-APC antibody (5 pL / 1 x 10° cells,
Novus Biologicals) for 20 minutes, followed by centrifugation and two washings with 2% FBS
(1 mL) in PBS wash. Cells were finally resuspended in 2% FBS (500 pL) in PBS, and SYTOX®
blue (1:500, Life Technologies, Carlsbad, CA) was added to stain dead cells before flow
cytometry analysis. EPHAZ2 protein expression was quantified in the RFP-induced tumor cell

population.

2.17 Membrane fluidity assay

Membrane fluidity was determined by using the lipophilic fluorescent probe Laurdan (6-
dodecanoyl-2-dimethylaminonaphthalene, Thermo Fisher Scientific). Briefly, following
treatment for 24 or 48 hours, the cell membranes were extracted by lysis with hypotonic buffer
(0.2 mM EDTA, 1 mM NaHCO:3) 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
TE temperature controller, the sample was held at a constant of 37°C and fluorescence

measurements (excitation 350 nm; emission wavelengths, 440 and 490 nm) were performed.
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Data were collected and analyzed using Felix 32 software. General polarization (GP, a measure

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

_ (IF440nm — [F490nm)

GP =
(IF440nm + [F490nm)

Where 1Fa40nm and 1F490nm 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 rigid, more fluid state.

2.18 Membrane fluidity imaging

Following 24 to 48 hours of treatment, cells were washed with PBS and fixed with 4%
formaldehyde for 20-30 minutes. Fixed cells were then incubated with 5 uM C-laurdan for 20
minutes at room temperature. Following incubation, the cells were washed 3x with PBS, and
mounted to a coverslip with Prolong Gold. Cell were imaged via confocal microscopy on a
Nikon A1R with spectral imaging at 100x with an excitation of 405 nm. The emission was
collected in two bands: 433-463 nm (IF440) and 473-503 nm (1F490). MatLab was used to
calculate the 2D GP map, where the GP for each pixel was calculated from a ratio of the two
fluorescence channels, as described (54). Briefly, each image was binned (2 x 2), background-
subtracted, and threshold applied to keep only pixels with intensities greater than three standard
deviations of the background value in both channels. The GP image was calculated for each

pixel using the equation above.

2.19 Fatty acid analysis
Total lipids from mouse diet pellets, tumor tissues and serum samples were extracted by

the method of Folch et al. (55, 56). Total phospholipids were separated by thin-layer
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chromatography on silica gel 60 plates using chloroform/methanol/acetic acid/water (90:8:1:0.8,
v/v) as the developing solvent. Isolated lipid fractions were methylated, and the resultant fatty
acid methyl esters were analyzed by gas chromatography/mass spectrometry as described

elsewhere (57).

2.20 Mass spectrometry EPA analysis

Phospholipids were extracted from membranes of treated cells for quantifications of
lipid profiles. Briefly, to extract membrane phospholipids, cell pellets were resuspended in
chilled PBS (50 pL), and cold 100% methanol (100 pL) was added into 20 pL aliquots of the
cell homogenates. After mixing by vortex, samples were subjected to centrifugation at 3,000
rpm for 5 minutes at 4°C. Each supernatant was transferred into a new tube, and analyzed by
liquid chromatography-mass spectrometry (LC-MS; 1290 LC System and 6460 Triple
Quadruple MS, Agilent, Santa Clara, CA). For the LC instrument, a C18 high-performance
liquid chromatography (HPLC) column (Phenomenex Kinetex, Torrance, CA) was utilized
using 0.1% formic acid in water as mobile phase A and 0.1% formic acid in acetonitrile as
mobile phase B. The MS instrument was utilized in positive-ion electrospray mode, and ion
scan mode was set at MS2=184 (phosphatidylcholine) and MS2=264 (ceramide). Output data

were processed using the MassHunter WorkStation Software (Agilent).

2.21 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 manufacturer’s
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instructions. Briefly, extracted membrane fraction (20 pg) was diluted in reaction buffer (50
uL; 0.1 M potassium phosphate, pH 7.4, 0.05 M NaCl, 5 mM cholic acid, 0.1% Triton® X-100
in deionized water), Amplex Red working solution (50 pL; 2 U/mL horseradish peroxidase, 2
U/mL cholesterol oxidase, 0.2 U/mL cholesterol esterase, 0.75 uL. Amplex Red reagent solution,
0.5 uL HRP solution, 0.5 puL cholesterol oxidase solution, and 0.05 pL 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 a fluorescence plate reader using excitation at

570 nm and emission detection at 590 nm.

2.22 Statistical analysis

For experimental outcomes, descriptive statistics (mean and standard error of the mean)
were summarized for each group. An analysis of variance (ANOVA) model was used to
compare the mean outcome values among the tested groups. 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. Synthetic-lethal siRNA screen data analysis was carried out using t-test followed by
Beta-Uniform mixture model to adjust p-values in statistical computing software R (version

3.0.1) (58).
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CHAPTER 3: IDENTIFICATION OF AN HDAC AND MEK INHIBITORS

COMBINATION STRATEGY AGAINST TNBC AND IBC

This chapter is based upon the manuscript by: A. M. Torres-Adorno, J. Lee, T. Kogawa,
P. Ordentlich, D. Tripathy, B. Lim, N. T. Ueno, Histone deacetylase inhibitor enhances the
efficacy of MEK inhibitor through NOXA-mediated MCL1 degradation in triple-negative and
inflammatory breast cancer. Clin Cancer Res, (2017) (59). According to the American
Association for Cancer Research, no permission is necessary for use of materials from this

publication by authors on doctoral dissertation work.

3.1 Introduction
3.1.1 Epigenetic modulation in cancer

Epigenetic modulation in malignancies often silences genes that regulate proliferation
and metastasis, thereby contributing to tumor aggressiveness. Histone deacetylases (HDACs)
are critical regulators of gene expression; they do so through enzymatic removal of acetyl
groups from histones that prevents DNA access to the transcriptional machinery that promotes
gene expression (Figure 4). Aberrant expression of HDACS, leading to tumorigenesis, is

®
Deacetylation ﬁ
(HDAC)

Mjémg’f otone

Figure 4. Diagram of histone deacetylases activity in the removal of
acetyl groups from histones and silencing of gene expression.
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3.1.2 Histone deacetylase inhibitors

In the last decade, multiple HDAC inhibitors have been developed as anti-cancer drugs
and have shown anti-tumor action (60). Entinostat (formerly MS-275, Syndax Pharmaceuticals,
Inc., Waltham, MA), a selective class | HDAC inhibitor with low toxicity to normal cells, is a
synthetic benzamide derivative that can reduce the proliferation of cancer cells and tumors
xenografts in a variety of human cancers (61). Entinostat also displayed preliminary therapeutic

efficacy in a randomized phase Il clinical trials for ER-positive breast cancer patients (62).

Although it is not known from available clinical trials whether entinostat can induce the
expression of pro-apoptotic proteins in IBC and TNBC tumors, recent preclinical evidence
demonstrated entinostat-induced expression of the pro-apoptotic BIM protein in IBC and TNBC

(40), suggesting the induction of apoptosis as a major mechanism of tumor suppression.

3.1.3 The BCL-2 family of proteins and apoptosis regulation

The Bcl-2 family of proteins are critical modulators of apoptosis, acting immediately
upstream of irreversible cellular damage, where anti-apoptotic and pro-apoptotic family
members control the release of apoptogenic factors from mitochondria (63). NOXA, a Bcl-2
homology domain 3 (BH3)-only pro-apoptotic protein, is epigenetically silenced by histone
acetylation in cancer (64, 65). Independently, NOXA displays weak pro-apoptotic activity,
however it is a crucial modulator of cell death thought its ability to interact with the pro-survival
Bcl-2 molecule MCL1 (induced myeloid leukemia cell differentiation protein 1). MCL1 is
commonly amplified in TNBC and has been shown to be an adverse prognostic factor for
survival (66). Degradation of MCLL1 during cell death is uniquely associated with the formation

of an MCL1/NOXA complex, while stabilization of MCL1 is associated with its ability to bind
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other BH3-only members (i.e. PUMA or BIM) (67-69). Alternatively, MCL1 protein can be
stabilized through the activation of the mitogen-activated protein kinase/extracellular signal-
regulated kinase (ERK) signaling pathway, which promotes survival and drug resistance in
cancer cells (70-72). Since MCL1 is crucial to cancer cell survival, drugs that target the ERK

pathway may have therapeutic value through their ability to reduce MCL1 expression.

3.1.4 Oncogenic MEK/ERK pathway and TNBC

ERK is an important therapeutic target in TNBC; high ERK expression correlates with
shorter patient overall survival (73). While ERK inhibitors have not been effective in clinical
testing, compounds that inhibit MEK (an upstream activator of ERK) including selumetinib
(formerly AZD6244) (74, 75), and the more potent compound pimasertib (formerly AS703026,
EMD Serono, Inc., Rockland, MA) (76, 77) have displayed clinical activity in phase Il trials for

melanoma and ovarian cancer (78, 79).

3.1.5 Gap in knowledge

While the effectiveness of these HDAC and MEK inhibiting compounds remains to be
clinically established in breast cancer, it have been previously shown their potential for
preventing metastasis in preclinical xenograft models of TNBC (80). As such, there is a need to
identify the efficacy of a combination therapy utilizing ERK and HDAC inhibitors, potentially

due to their parallel inhibitory effects on MCL1 protein levels in TNBC and IBC.
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3.2 Results
3.2.1 NOXA and MCL.1 expression are molecularly and clinically relevant to entinostat
and pimasertib treatment in IBC and TNBC.

Previous studies reported entinostat-induced expression of the pro-apoptotic protein BIM
in TNBC and IBC cell lines, suggesting the induction of apoptosis as a major mechanism of
tumor suppression (40). To identify apoptosis-related molecular changes induced by entinostat
in TNBC and IBC cells following treatment, we performed a quantitative PCR array with 28
apoptosis-related probes on two established cell lines: SUM190PT (IBC), and SUM149PT
(IBC-TNBC), chosen because of their IBC and TNBC status. We found that NOXA/PMAIP1
(also called phorbol-12-myristate-13-acetate-induced protein 1, or PMAIP1) was among the top
upregulated apoptosis-related mRNAs after 48 hours of entinostat treatment on both cell lines
(Table 2), consistent with previous observations in acute myeloid leukemia (81). Because
NOXA promotes intrinsic apoptosis through proteasomal degradation of the anti-apoptotic
protein MCL1, while the ERK pathway is known to support MCL1’s stabilization, we next
analyzed the effect of entinostat on the phosphorylation/activation of ERK (p-ERK) in IBC
(IBC3, KPL-4, SUM149PT, and SUM190PT) and non-1BC (BT-474, MDA-MD-231, MDA-
MB-468, and SKBR3) cell lines. After 48 hours of treatment, entinostat induced p-ERK
expression is IBC (3 out of 4) and TNBC (MDA-MB-468) while no inducing effect was
observed on another major cancer-related pathway, AKT, among the tested cell lines (Figure 5).
These results suggest p-ERK could act as a stabilizer for MCLL1 in IBC and TNBC, representing

a potential target that could enhance apoptosis in combination with entinostat treatment.

Based on this observation, we pursued further studies addressing how NOXA/MCL1

expression may contribute to the therapeutic efficacy of combining entinostat and an ERK

28



pathway inhibitor in IBC and TNBC. We first determined the clinical relevance of NOXA and
MCLL1 expression levels to breast cancer patient outcome. We analyzed a previously published
cDNA microarray dataset of breast cancer patient samples, which contains IBC (35%) and non-
IBC (65%; 27% TNBC) cases (49). Kaplan-Meier survival analysis revealed that low MCL1
MRNA expression levels within patient tumors significantly correlated with longer patient
overall survival (OS) and distant metastasis-free survival (DMFS) than high MCL1 mRNA
levels (P = 0.017 and 0.0041, respectively) (Figure 6A, D). Conversely, high NOXA expression
was associated with longer OS (a nearly significant difference, P = 0.052), but not DMFS
(nonsignificant, P = 0.64) in this cohort (Figure 6B, E). When stratified by both MCL1 and
NOXA tumor expression, significantly longer OS and DMFS were seen in patients with low
MCL1/high NOXA expression than in patients with high MCL1/low NOXA expression (P =

0.0008 and 0.02, respectively) (Figure 6C, F).

Next, we investigated NOXA and MCL1 in vitro. Using quantitative real-time PCR
analysis, and chromatin immunoprecipitation (ChIP), we confirmed increased NOXA mRNA
expression associated with NOXA gene promoter acetylation levels following entinostat
treatment (1 uM) in SUM190PT and, to a lesser degree, SUM149PT cells, compared to the
untreated control (Figure 7). To further confirm this finding, we screened other IBC (KPL-4
and IBC-3) and TNBC (SUM159PT, BT-549, SUM185PE, MDA-MB-157, MDA-MB-453,
MDA-MB-231, HCC70, MDA-MB-468, MDA-MB-436, HCC1806, HCC1937, HCC3153, and
Hs578T) cell lines (Figure 8). Compared to untreated cell lines, NOXA mRNA was induced by
entinostat treatment in 65% (11 of 17) of the IBC and TNBC cell lines tested. Immunoblotting
analysis was performed on all cell lines to identify relationships between protein expression

levels of NOXA and MCL.1 after entinostat treatment (data shown for 12 cell lines, Figure 9).
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Gene symbol

Description

SUM149PT

SUM190PT

Fold-change Fold-change

(log?) (log?)
BCL2A1 BCL2-related protein A1l 4.63 0.41
TNFRSF10B tumar necrosis factor receptor superfamily, member 10b 0.98 1.68
TNFRSF9 tumar necrosis factor receptor superfamily, member 9 3.28 1.30
BIRC3 baculoviral IAP repeat-containing 3 2.95 3.80
BCL2L2 BCL2-like 2 -0.78 -1.22
CASP4 caspase 4, apoptosis-related cysteine peptidase 1.41 0.91
PMAIP1 phorbol-12-myristate-13-acetate-induced protein 1 1.73 4.26
BRAF v-raf murine sarcoma viral oncogene homolog B1 0.80 0.59
SP1 Sp1 transcription factor -0.75 -0.48
NOL3 nucleolar protein 3 (apoptosis repressor with CARD domain) -1.55 -1.74
CFLAR CASP8 and FADD-like apoptosis regulator -0.63 -0.67
TP53BP2 tumar protein p53 binding protein, 2 0.82 1.00
TNFRSF10A tumar necrosis factor receptor superfamily, member 10a -0.81 -0.25
BCL10 B-cell CLL/lymphoma 10 0.77 0.40
TP53 tumar protein p53 -2.33 -0.67
RIPK2 receptor-interacting serine-threonine kinase 2 0.84 0.52
XIAP X-linked inhibitor of apoptosis -0.53 -0.31
LTBR lymphotoxin beta receptor (TNFR superfamily, member 3) -0.52 -0.86
TNFSF10 tumor necrosis factor (ligand) superfamily, member 10 0.83 -1.21
HDACA histone deacetylase 1 0.26 1.86
MAPK1 mitogen-activated protein kinase 1 017 0.29
BCL2L11 BCL2-like 11 (apoptosis facilitator) 0.67 1.08
CASP3 caspase 3, apoptosis-related cysteine peptidase -0.74 0.68
AKT1 v-akt murine thymoma viral oncogene homolog 1 -0.74 -1.30
IGF1R insulin-like growth factor 1 receptor 0.44 -0.33
BID BH3 interacting domain death agonist -0.74 -0.70
MCL1 myeloid cell leukemia sequence 1 (BCL2-related) 0.44 0.39
BAG1 BCLZ-associated athanogene -0.70 -0.66
Expression (log2)
| B
-2.33 0 4.63
= A

SEE3AIL. o8BS, ¢BQYRLT _C oo

otsEoRIFron s soraTPE i 0LLE00g

cm—l—cncnun.mwzol—t—m:—(xy.:}—IEmocrngm Gene symbol

LI SUM180

Table 2. Effect of entinostat on the expression of apoptosis-related gene pathways. The
expression profile of apoptosis-related genes for SUM149PT and SUMZ190PT cell lines after

entinostat treatment for 48 hours. Results are represented as the fold-change of the log2 values of

entinostat treated cells in comparison to the values observed in non-treated cells. GENE-E
software (The Broad Institute, Cambridge, MA) was utilized for heat map visualization of gene

expression data.
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Figure 5. Entinostat induces increased phosphorylation/activation of the pro-survival ERK
pathway in IBC cell lines. A, IBC and non-IBC cell lines were treated with various concentrations of
entinostat, and ERK, p-ERK, AKT, and p-AKT protein expression was determined by immunoblotting
analysis. B, SUM190PT and SUM149PT cells were treated with the ERK pathway inhibitor pimasertib
or the AKT pathway inhibitor MK-2206 to confirm increased activation of p-ERK after entinostat
treatment. Total AKT and ERK expression was used as a protein loading control.
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Figure 6. High MCL1/low NOXA co-expression is associated with poor outcome in breast cancer
patients. Kaplan-Meier survival curves for overall survival (OS) and distant metastasis-free survival
(DMFS) of breast cancer patients from the IBC World Consortium dataset, correlated to NOXA and
MCL1 tumor mRNA levels. The log-rank test was used to compare survival curves for high and low
MCL1 (A, D), high and low NOXA (B, E), and high or low MCL1 in correlation with low or high
NOXA (C, F). The initial numbers of patients at risk in each group are indicated in the key.
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Figure 7. Increased NOXA gene promoter acetylation levels following entinostat treatment.
SUM149PT and SUM190PT cell lines were treated with entinostat (1 uM) for 48 hours, and NOXA gene
promoter acetylation was assessed by ChlP assay with an acetylated-lysine antibody. H3 and IgG
antibodies were used as positive and negative ChIP controls, respectively. NOXA promoter DNA

expression was determined by RT-gPCR; Percent of NOXA-promoter DNA from input samples is
presented. *, P < 0.05.
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Figure 8. Entinostat treatment selectively increases expression of NOXA mRNA in TNBC and IBC
cell lines. NOXA mRNA levels were analyzed in multiple TNBC and IBC cell lines using quantitative
real-time PCR after 48 hours of treatment with entinostat (1 uM), compared to the untreated control.
Data were pooled from three independent experiments.
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Figure 9. Basal MCL.1 protein expression is present in most TNBC and IBC cell lines. NOXA and
MCL1 protein expression levels were determined in multiple TNBC and IBC cell lines by
immunoblotting analysis after 48 hours of treatment with entinostat (1 uM). Pixel density of proteins
was quantified for each condition, and ratios of protein/tubulin are shown above the blots. Detectable-
MCL1-expressing cell lines were defined as those with pixel density of MCL1/tubulin > 0.4, the

average density of MCL1 among all tested cell lines. Tubulin expression was used as a protein loading
control.
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NOXA protein expression did not positively correlate with increased NOXA mRNA expression
levels, possibly due to the short protein half-life of NOXA through proteasome-dependent
degradation (82). We also identified detectable levels of MCLL1 protein expression in 80% of
cell lines, as defined by MCL1/tubulin pixel density > 0.4 (the average MCLI1 pixel density
among all cell lines), and observed induction of MCLL1 protein expression in multiple cell lines
following entinostat treatment. Together with our preliminary data demonstrating that entinostat
mediated p-ERK expression (Figure 5), the changes in protein levels of MCL1 suggest the

stabilization of MCL1 through p-ERK pathway activation in TNBC and IBC cells.

3.2.2 Entinostat and pimasertib combination therapy synergize to inhibit the growth of
aggressive breast cancer cells that overexpress NOXA after entinostat treatment.

As a monotherapy for TNBC and IBC, the efficacy of entinostat may be hindered due to
the induction of MCL1 through p-ERK activation. Thus, we hypothesized that addition of the
MEK inhibitor pimasertib may potentiate cellular cytotoxicity of entinostat by simultaneously
blocking ERK activation. Synergistic killing by the combination therapy was observed in 12 of
17 1BC and TNBC cell lines tested (representative data shown for three cell lines, Figure 10A),
with response predominantly correlated to each cell line’s level of NOXA mRNA induction after
entinostat treatment (representative data for combination index (CI) shown for eight cell lines,
Figure 11). Sixty percent of cell lines responding to combination therapy had high basal MCL1
protein levels (MCL1/tubulin pixel density > average, 0.4), while the other 40% of responding
cell lines displayed synergistic cell killing despite low MCLL1 expression, which may be
associated with the induced levels of NOXA, as observed in previously. Therefore, the

effectiveness of combination treatment was correlated to NOXA-mRNA-inducible cell lines,
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potentially inducing apoptosis by enhanced targeting of MCL1, providing a mechanism that

could circumvent the problems associated with monotherapy.

To determine cell death induction levels after treatment, we next analyzed the effect of
entinostat and pimasertib on apoptosis after dose response experiments of clinically achievable
(£ 1 umol/L) doses. The SUM190PT and SUM149PT cell lines were selected for further
analysis based on their TNBC and/or IBC status, as well as their significant induction of
NOXA-mRNA following entinostat treatment. The HCC1806 TNBC cell line was selected as a
negative control based on its lack of entinostat-mediated NOXA-mRNA induction and apparent
resistance to treatment. As shown in Figure 10B, single entinostat or pimasertib treatment
induced apoptosis by 10% and 9%, respectively, in SUM190PT cells and by 16% and 6% in
SUM149PT cells, compared with the control (untreated cells). However, combination treatment
significantly increased the proportion of apoptotic cells by 30% in SUM190PT and SUM149PT
cells compared with the control. The TNBC cell line HCC1806 did not respond to single or
combination treatment, which correlates to its inability to express NOXA following entinostat
treatment. Collectively, these data suggest that the combination of entinostat and pimasertib is

most effective in TNBC and IBC cell lines in which NOXA can be induced.
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Figure 10. Entinostat and pimasertib combination treatment enhanced cell death in IBC and
TNBC cell lines that overexpressed NOXA after entinostat treatment. SUM190PT, SUM149PT, and
HCC1806 cells were treated with clinically achievable (< 1 umol/L) doses, representative data shown for
entinostat (1 uM) and pimasertib (1 uM) for 48-72 hours. The IC% values of entinostat were determined
for SUM190PT, SUM149PT, and HCC1806 cell lines to be 0.6 uM, 0.3 pM, and 0.9 pM, respectively;
the 1Cso values of pimasertib were 1.9 uM, 0.6 uM, and 2.5 pM, respectively. Cell proliferation and
apoptosis were measured by SRB staining (A) and Annexin V-PE staining (B), respectively. Data were
pooled from three independent experiments and presented as mean £ SEM. *, P < 0.05; **, P < 0.001;
*** P <0.0001.
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Figure 11. TNBC and IBC cell lines overexpressing NOXA after entinostat treatment exhibit
synergy of combination treatment with pimasertib. The entinostat and pimasertib dose—effect for
combination treatment (1 M, 1:1 ratio) synergism was calculated using CalcuSyn software (Biosoft,
Cambridge, UK). A fractional index (Fa), or the fraction of cells affected by the dose, of 1.0 indicates
100% growth inhibition. Combination index (CI) is a quantitative measure of the degree of drug
interaction: <0.9 = synergy, 0.9 - 1.1 = additive effect, > 1.1 = no synergy.
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As the efficacy of the combination therapy correlated with the induction of pro-apoptotic
NOXA, we next assessed the broader spectrum of proteins involved during apoptosis. We
initially assessed the effect of single and combination therapy on the expression of downstream
pathway members BIM, BAK, BAX, PUMA and caspase-9 (Figure 12). After 48 hours of
treatment, we found that the anti-apoptotic MCL1 protein was reduced, while the NOXA-
regulated, pro-apoptotic BCL-2 proteins BIM, BAX and BAK were elevated in two IBC cell
lines. As expected, we detected increased levels of cleaved caspase-9, which indicates the
induction of apoptosis in these cell lines. As a negative control, we did not observed alterations
in MCL1, NOXA or cleaved caspase-9 in the therapeutically insensitive HCC1806 cells (Figure
13), consistent with this cell line’s observed lack of apoptosis induction following combination
treatment (Figure 10B). PUMA expression was not consistently altered after single or
combination treatments, suggesting that it may not play a main role in MCL1 degradation.
These data suggest that NOXA-based regulation of apoptosis may be responsible for therapeutic

efficacy in TNBC and IBC.

Because NOXA can bind to and enhance the degradation of MCL1 protein (69), and we
had observed induction of NOXA expression and increased apoptosis in cell lines sensitive to
combination therapy, we hypothesized that NOXA-MCLL1 binding may contribute to cell death
with our therapy. To confirm whether NOXA bound MCL1 in our system, we performed an
MCL1 immunoprecipitation assay on cell lines following treatment. Following MCL1
precipitation, we were able to detect elevated NOXA protein by immunoblotting analysis in two
cell lines treated with both entinostat and pimasertib (Figure 14). These results suggest that our
combination therapy leads to enhanced apoptosis in TNBC and IBC cells by reducing MCL1

expression potentially through NOXA-mediated degradation of MCL1.
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Figure 12. Mitochondrial apoptosis activated following combination therapy. MCL1, NOXA,
PUMA, and mitochondrial apoptosis-related proteins BIM, BAX, BAK, and cleaved caspase-9 were
examined through immunoblotting analysis. Pixel density of proteins was quantified for each
condition, and the ratios of protein/tubulin or treatment/control are shown next to the blots; tubulin
expression was used as a protein loading control.
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Figure 13. Low-NOXA-inducible HCC1806 cell line did activated mitochondrial
apoptosis after entinostat and pimasertib single or combination treatments. Expression
levels of NOXA, MCL1, and apoptosis-related protein cleaved caspase-9 were determined
through immunoblotting analysis in the low-NOXA-inducible HCC1806 cell line after 48
hours of treatment with entinostat (1 uM) and pimasertib (1 uM). Tubulin expression was
used as a protein loading control.
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Figure 14. NOXA binds to MCL1 following combination entinostat and pimasertib treatment.
NOXA/MCL1 binding on SUM190PT and SUM149PT cells was determined after entinostat (1 uM)
and pimasertib (1 uM) individual and combination treatment by immunoprecipitation (IP) using anti-
MCL1 antibody and immunoblotting with anti-NOXA antibody. After-IP samples were also blotted
with NOXA antibody as an IP control. Pixel density of proteins was quantified for each condition,
and the ratios of protein/tubulin or treatment/control are shown next to the blots; tubulin expression
was used as a protein loading control.
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3.2.3 NOXA and MCL1 play important roles in regulation of sensitization of IBC and
TNBC cells to entinostat and pimasertib treatment.

To determine whether NOXA is a critical component in defining the therapeutic efficacy
of entinostat and pimasertib, we functionally silenced NOXA mRNA expression and assessed
the response of SUM190PT and SUM149PT cells to treatment (Figure 15A). When treated with
entinostat, NOXA-silenced SUM190PT and SUM149PT cells did not display altered activation
of caspase-3, however the loss of NOXA expression hindered the cytotoxic effects of entinostat
compared to scrambled siRNA control (P < 0.05, and P < 0.005, respectively) (Figure 15A-B).
The unaltered induction of cleaved caspase-3 upon siNOXA inhibition is probably due to the
high levels of NOXA mRNA that are still induced after entinostat treatment of SINOXA-
transfected SUM190PT and SUM149PT cells (5- and 3-fold increase, Figure 15A), permitting
apoptosis. These results suggest a role for NOXA in enabling cytotoxicity after entinostat

treatment.

In a reverse-complementary approach, we assessed whether transient over-expression of
NOXA could modulate cells’ response in combination with pimasertib in the treatment-sensitive
SUM190PT and SUM149PT cells, or the treatment-resistant HCC1806 cells, which lack
entinostat-mediated NOXA mRNA induction (Figure 15C). Following overexpression of
NOXA and pimasertib treatment, SUM190PT and SUM149PT cells had significant inhibition of
cell proliferation compared to untreated cells (P < 0.0001, and P < 0.005, respectively) (Figure
15D), further supporting the significance of NOXA mediating MCL1 degradation and
enhancing pimasertib treatment. In contrast, HCC1806 cells had increased resistance to
pimasertib treatment after NOXA overexpression. These findings suggest that the HCC1806

resistant cell line could have an alternative mechanism by which it is able to override NOXA
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activity, possibly due to expression of other anti-apoptotic proteins, or activation of cell survival

pathways, avoiding NOXA-mediated apoptosis.

As we have demonstrated that NOXA can affect overall protein levels of MCL1 leading
to altered drug sensitivity in IBC and TNBC cells, we next assessed whether alteration of MCL1
could similarly modulate the therapeutic action of our rationalized combination treatment.
Following transient MCL1 expression, entinostat and pimasertib single and combination
treatments were tested in SUM190PT and SUM149PT cells (Figure 16A, B). Overexpression of
MCL1 significantly reversed the sensitivity of SUM190PT and SUM149PT cells to entinostat
single (P < 0.05) and combination treatments (P < 0.0001). Conversely, when we treated
SUM190PT and SUM149PT cells with a highly selective MCLL1 inhibitor, UMI-77, in
combination with pimasertib, we observed synergistic growth inhibition (Cl values < 0.6 and
0.9, respectively; data not shown), accompanied by a significant induction of apoptosis
compared to untreated control cells (P < 0.05) (Figure 16C, D). These data indicate that MCL1
is critical for the resistance of IBC and TNBC cells to treatment, and suggests a synergistic anti-
proliferative combination of pimasertib with inhibitors of MCL1 expression, such as through

entinostat-mediated NOXA degradation of MCL1.
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Figure 15. NOXA expression plays an important role in the regulation of sensitization of TNBC
and IBC cells to treatment. SUM190PT and SUM149PT cells were transfected with NOXA (SiNOXA)
or Scrambled (siSCR) siRNA through electroporation. Knockdown of NOXA mRNA and induction of
apoptosis as measured by cleaved caspase-3 after siRNA inhibition were confirmed by quantitative RT-
PCR and immunoblotting analysis (A), respectively, after entinostat treatment for 24 and 72 hours. Cell
proliferation after SiRNA and entinostat treatment was measured by SRB staining after 72 hours (B).
SUM190PT, SUM149PT, and HCC1806 cells were transfected with either a NOXA-expressing vector or
empty control vector by electroporation. Expression of NOXA, as well as MCL1, was analyzed by
immunoblotting analysis 72 hours after transfection (C). Pixel density of MCL1 was quantified for each
condition, and the ratios of MCL1/tubulin are shown above the blots; tubulin expression was used as a
protein loading control. Proliferation of cells with NOXA overexpression in response to treatment with
pimasertib (2.5 uM) was determined by SRB staining after 72 hours (D). Data were pooled from three
independent experiments and presented as mean + SEM. *, P < 0.05; **, P < 0.005; *** P < (0.0001.
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Figure 16. MCL1 protein expression and activity have a significant role in the sensitivity of TNBC
and IBC cells to pimasertib and entinostat combination treatment. SUM190PT and SUM149PT cells
were transfected with either MCL1-expressing or empty control vectors by electroporation (A, B).
Induced expression of MCL1 protein was confirmed by immunoblotting analysis. The ability of MCL1
overexpression to induce cell proliferation after entinostat (5 uM) and pimasertib (5 uM) single and
combination treatments was measured by SRB staining after 72 hours. Cell proliferation (C) and
apoptosis (D) were determined by SRB staining and Annexin V-PE staining, respectively, in SUM190PT
and SUM149PT cells after inhibition of MCL1 by the small molecule inhibitor UMI-77 (0.3 pM and 5
UM, respectively) in combination with pimasertib (1 uM). Data were pooled from three independent
experiments and presented as mean + SEM. Tubulin expression was used as a protein loading control. *,
P <0.05; ** P <0.001; ***, P < 0.0001.
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3.2.4 Entinostat and pimasertib combination treatment suppresses tumorigenic potential
in vitro and in vivo tumor growth in xenograft models of aggressive breast cancer.

Prior to the in vivo drug testing, we first assessed whether the combination of entinostat
and pimasertib could affect the ability of TNBC and IBC cells to form anchorage-independent
tumor spheroids in vitro. Preliminary studies indicated that the 1Cso doses for both drugs were
too toxic in this experimental setting to allow any colony growth (data not shown). Therefore,
we selected lower doses than the ICsp for both entinostat and pimasertib. Combination treatment
significantly reduced the number of colonies formed by SUM190PT and SUM149PT cells
compared to single-drug treatments (P < 0.05), whereas in the treatment-resistant HCC1806
cells entinostat did not affected tumorigenicity, and pimasertib and combination treatment only

mildly inhibited colony formation (Figure 17).

After confirming reduced cell proliferation and anchorage-independent growth following
entinostat and pimasertib combination treatment in vitro, we next determined whether these two
drugs could inhibit tumor growth in preclinical xenograft animal models of TNBC and IBC.
Mice (n = 10 to 12 per group) were treated with optimized doses of entinostat (20 mg/kg/day for
SUM190PT, 5 mg/kg/day for SUM149PT), pimasertib (30 mg/kg/day for SUM190PT, 0.5
mg/kg/day for SUM149PT), or a combination of both drugs. When compared to mice treated
with vehicle control, combination-treatment mice displayed a significant reduction in tumor
growth rate by 79% (P<0.0001) and 65% (P<0.001) in SUM190PT and SUM149PT cells,
respectively (Figure 18). Of importance, while high dose single treatment of entinostat
(20mg/kg) or pimasertib (30mg/kg) significantly inhibited tumor growth (Figure 18 and Figure
19A), at lower doses the combination treatment out performed single treatment in SUM149PT

(Figure 18) and MDA-MB-231 xenografts (Figure 19B). Mice tolerated all treatments with no
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significant change in body weight noted (Figure 20). Immunostaining for markers of
proliferation and cell death in SUM190PT, SUM149PT, and MDA-MB-231 primary tumors
identified, as expected, a reduction of Ki67-positivity and an increase in TUNEL or cleaved
caspase-3 staining in tumors receiving combination treatment (Figure 21 and Figure 19B).
Lastly, after entinostat and pimasertib combination treatment protein lysate expression of tumor
samples from SUM190PT and SUM149PT xenograft models revealed higher protein expression
of NOXA and its downstream marker of mitochondrial cell death, cleaved caspase-9, together
with decreased expression of MCL1 (average protein expression quantified relative to tubulin
loading control, n = 5 tumors per treatment group, Figure 22 A, B). Together, these results
suggest increased apoptosis consistent with TUNEL staining following entinostat and
pimasertib combination treatment through mediation of NOXA expression and subsequent

degradation of MCL1 enhanced by pimasertib in TNBC and IBC.
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Figure 17. Entinostat and pimasertib combination treatment inhibits colony formation in vitro.
SUM190PT, SUM149PT and HCC1806 cell lines were treated with entinostat (0.01 and 0.05 uM,
respectively) and/or pimasertib (0.01 and 0.05 pM, respectively) and allowed to grow in an anchorage-
independent environment for 2-3 weeks; clonal growth was measured at the treatment endpoint by
colony formation (A). Data were pooled from three independent experiments and presented as mean *
SEM. *, P <0.05; **, P <0.001; ***, P < 0.0001.
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Figure 18. Entinostat and pimasertib combination treatment inhibits tumor growth in vivo.
Tumor volume measurements for SUM190PT and SUM149PT tumor xenograft-bearing mice
(n=12/group and 10/group, respectively) treated via oral gavage daily for up to 2 months with vehicle,
entinostat (20 or 5 mg/kg), and/or pimasertib (30 or 0.5 mg/kg). *, P < 0.05; **, P < 0.001; ***, P <
0.0001.
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Figure 19. Higher and lower doses of entinostat and pimasertib combination treatment induce
tumor regression in IBC and TNBC xenograft models. A, SUM149PT tumor-bearing mice
(n=12/group) were treated with high doses of entinostat (20 mg/kg/day) and/or pimasertib (30
mg/kg/day), similarly to the experiments in SUM190PT xenografts (Figure 6C), via oral gavage daily for
6 weeks. B, Low doses of entinostat (2.5 mg/kg/day) and pimasertib (2 mg/kg/day) were tested on a third
TNBC xenograft model, MDA-MB-231 (n=9/group) via oral gavage daily for 6 weeks.
Paraformaldehyde-fixed paraffin tumor sections from MDA-MB-231 tumor-bearing mice from each
treatment group were immunostained with anti-Ki-67 or anti-cleaved caspase-3 antibodies (bottom bar
graphs). Images from IHC staining were converted by ImageJ software to accomplish quantification of
Ki-67 and cleaved caspase-3 expression. Quantification of IHC staining is represented as mean = SEM.
*, P<0.05; **, P<0.001; ***, P<0.0001.
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Figure 20. No toxicity was observed after entinostat and pimasertib single and
combination treatments in vivo. Evaluation of average mice body weights during
animal experiments. Measurements were taken twice a week for each treatment group in
SUM190PT (A) and SUM149PT (B) tumor-bearing mice.
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Figure 21. Combination entinostat and pimasertib therapy inhibits proliferation, and promotes
apoptosis, in vivo. Immunohistochemistry (IHC) staining from SUM190PT and SUM149PT tumor
xenografts treated with vehicle or the indicated drugs. Paraformaldehyde-fixed paraffin sections
were incubated with (A) anti-Ki-67 antibody, and (B) TUNEL staining was performed.
Representative images of 5 IHC staining experiments are illustrated. Magnification, 20x. The images
were converted by ImageJ software to accomplish quantification of Ki-67 and TUNEL expression.
Quantification of IHC staining is represented as mean + SEM. *, P < 0.05; **, P < 0.001; ***, P <
0.0001.
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Figure 22. Entinostat and pimasertib combination treatment promotes NOXA.-
mediated apoptosis and decreased expression of MCL1. Protein expression (represented
as mean + SEM) relative to loading control after immunoblotting analysis of NOXA, MCL1,
and cleaved caspase-9 expression in protein lysates of five representative tumor samples
from each treatment group of mice bearing SUM190PT or SUM149PT tumors. Tubulin
expression was used as a protein loading control. Pixel density of protein bands was
guantified for each condition using ImageJ software. *, P < 0.05; **, P < 0.001; ***, P <
0.0001.
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3.3 Discussion

Our study has revealed that combination of entinostat and pimasertib synergistically act
to reduce tumorigenic potential, proliferation, and in vivo growth of tumor using preclinical
models of TNBC and IBC. The effectiveness of this treatment was significantly associated to
the ability of tumors to induce mRNA expression of NOXA, a member of the Bcl-2 family of
apoptosis-regulating proteins, in 65% of TNBC and IBC cell lines following entinostat
treatment, leading to enhanced degradation of the anti-apoptotic protein MCL1 in IBC and
TNBC. Further, in our retrospective genomic analyses on an extensive clinical cohort of breast
cancer patients, we were able to associate high-MCL1/low-NOXA tumor expression in breast
tumors with worse OS and DMFS outcomes when compared with low-MCL1/high-NOXA-
expressing tumors, which supports the translational potential for targeting these molecules in the

clinical setting.

Several studies have demonstrated that entinostat induces apoptosis by expression of
death receptor tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and
transcriptional upregulation of pro-apoptotic Bcl-2 proteins BIM and NOXA in acute myeloid
leukemia (81) and in HER2-overexpressing breast cancers (40), supporting chemosensitization
(83). Here, we identified selective induction of NOXA mRNA expression after entinostat
treatment in a subset of IBC and TNBC cell lines, which often correlated with increased protein
expression of MCL1 as well as p-ERK, a known stabilizer of MCLL1. Thus, our data suggest that
besides the induction of NOXA after single entinostat treatment, additional p-ERK induction
could play a role in the stabilization of anti-apoptotic MCL1, supporting our strategy of testing

an ERK pathway inhibitor, pimasertib, as a synergistic partner.
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The interaction between MCL1 and NOXA contributing to apoptosis has been
previously demonstrated, whereby MCL1 is recruited from the cytosol into the mitochondria by
NOXA promoting BIM release from MCL1 sequestration, which initiates MCL1
phosphorylation and subsequent ubiquitination triggering proteasome-mediated degradation (68,
84). Here, we demonstrate that NOXA bound to MCL1 leading to its degradation following
entinostat and pimasertib treatment. This was associated with activation of
mitochondrial/proteasome-mediated apoptosis in SUM190PT and SUM149PT cell lines as
measured through BIM, BAX, BAK, and caspase-3 and -9 cleavages in vitro and in vivo,
whereas single or combination treatments failed to reduce tumorigenic potential and induce
apoptosis in the treatment-resistant HCC1806 cells, which lack entinostat-mediated NOXA
mMRNA induction. We suggest that the minimal treatment effects inducing apoptosis on
HCC1806 cells may be attributed to entinostat ability to inhibit cell proliferation by inducing
p21-mediated G1 cell cycle arrest following low doses of entinostat treatment, as reported by
others (85). Therefore, the clinically relevant entinostat doses tested in our study may not be
effective at inducing apoptosis in the HCC1806 cell line. Further investigation is necessary to

fully understand the potential mechanisms of inducing treatment resistance.

We recognize that there are slightly different treatment sensitivity levels observed
between the SUM190PT and SUM149PT cell lines, which may be due to diverse NOXA/MCL1
binding abilities, NOXA mRNA induction levels, or SUM190PT HER2-positivity possibly
affecting NOXA expression via TP53. There is evidence that HER2 signaling negatively
regulates the function of TP53, a known positive regulator of NOXA expression, making it
possible for HER2 to have an indirect inhibitory role on NOXA via TP53 (86). Additionally, we

have previously identified that entinostat can sensitize trastuzumab/lapatinib-resistant HER2-
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positive cells to treatment by induction of apoptosis via FOX03-mediated Bim1 expression
(40). Therefore, future studies into the potential role of HER2 positivity in relation to NOXA, as
well as a potential rationale for an entinostat-trastuzumab-pimasertib triple-combination therapy
for instance, needs to be further explored as a possible therapeutic approach in HER2-positive

breast cancer.

Inhibition of pro-apoptotic NOXA through siRNA, as well as vector-induced expression
of anti-apoptotic MCL1, significantly induced resistance of SUM190PT and SUM149PT cells
to entinostat and pimasertib separately, as well as to combination treatment, when compared to
control transfections. Our findings confirmed the important role NOXA plays in sensitivity of
TNBC and IBC cell lines to combination treatment, in that transient transfection of a NOXA-
expressing vector reduced MCLL1 protein levels, as well as sensitized the cells in combination
with pimasertib. Further experiments should be done to provide more evidence supporting the
direct role of NOXA and MCL1 driving combination treatment sensitivity, such as by
developing NOXA and MCL1 protein inducible expression/suppression models, as well as
constructs with mutated functional domains to determine their individual roles affecting

combination treatment synergy.

IBC and TNBC remain diseases without an effective targeted therapy that can
significantly affect patients’ morbidity and/or survival. Our study provides preclinical evidence
for the translational potential of a combined entinostat and pimasertib therapy for patients with
the most aggressive molecular and clinical diagnoses of breast cancer, TNBC and IBC,
especially for those with tumors expressing high levels of MCL1 and p-ERK, or increased levels

following initial entinostat treatment. Although p-ERK has been reported to be a biomarker of
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poor prognosis in breast cancer (87), a potential challenge for the clinical application of our
therapeutic strategy is that there are no treatment-predictive biomarkers established for the
selection of patients who could benefit from MCL1-inhibition treatment. With the goal of
discovering such a biomarker, a chemical genomic study identified that tumors with low
expression of BCL-XL, an anti-apoptotic BCL2 family member, were associated with sensitivity
of breast and non-small cell lung cancer tumors in vivo to compounds that inhibit MCL1,
representing a potential strategy that may be established in the clinic for the selection of patients
who could benefit from MCL1-inhibition treatments (88). More importantly, the genomic and
proteomic analyses performed in our current study are translatable to the clinical trial setting,
allowing the study of baseline and treatment-induced MCL1 and NOXA expression levels in
patient tumors. As supported by the results of our in vivo studies, the inclusion of MCL1 and
NOXA expression measurement could provide robust predictive biomarkers of treatment

response to entinostat and pimasertib combination therapy.

58



CHAPTER 4: IDENTIFICATION OF A COMBINATIONAL THERAPY STRATEGY

OF EICOSAPENTAENOIC ACID AND EPHA2-TARGETING AGAINST TN-IBC

4.1 Introduction

4.1.1 Inflammation in cancer

Inflammation is a biological process designed to fight infections and heal wounds.
Inadvertently, inflammation can support tumor formation, growth and angiogenesis by
supplying bioactive molecules that facilitate progression and metastasis in multiple types of
cancer, including that of the breast (89-91). Large-scale studies of genetic variations of
inflammation across cancer sites has indeed revealed an association with increased risk of
cancer development, suggesting inflammation as an initiator or promoter of cancer (92). There
are two distinct types of inflammation associated to tumor formation: tumor-extrinsic, and
tumor-intrinsic. Tumor-extrinsic inflammation can involve multiple factors, such as obesity,
autoimmune diseases, bacterial/viral infections, tobacco exposure, and alcohol consumption,
which can increase the risk of cancer occurrence and promote its progression (93). Cancer-
intrinsic inflammation on the other hand, is triggered by the aberrant expression of cancer-
associated genes within a cell, contributing to tumor progression by recruiting and activating
inflammatory cells to its microenvironment (93). Both the extrinsic and the intrinsic types of
inflammations can subsequently result in immunosuppression of the surrounding of a malignant

cell providing an ideal microenvironment for the development of a tumor.

4.1.2 Inflammation in TN-IBC
Pathological assessment of triple-negative IBC (TN-IBC) has identified increased

expression of molecular mediators of inflammation, such as COX2 (prostaglandin G/H synthase
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2), and prostaglandin E2 (PGE>), representing potential therapeutic targets (94). Therefore, this
suggests the potential to investigate compounds that can target these inflammatory molecules

for the treatment of TN-IBC.

4.1.3 Anti-inflammatory compounds against TN-IBC

The majority of cells involved in cancer —associated inflammation are genetically stable
and not subject to the emergence of drug resistance, therefore targeting inflammation represents
a viable strategy for cancer therapy. In clinical trials, the consumption of non-steroidal anti-
inflammatory drugs, such as aspirins, naproxen and ibuprofen, has been associated to a reduced
cancer risk, and long-term reduction in the incidence and mortality for several cancer types
including breast cancer (95). Therefore, those findings suggests the use of anti-inflammatory
compounds and specific inhibitors of inflammatory pathways for the treatment and prevention

of cancer.

Recent findings from our laboratory have demonstrated that inhibition of inflammatory
pathways such as through the use of celecoxib, a COX2 inhibitor, or lovaza which contains
omega-3 fatty acids with anti-inflammatory properties, can inhibit the growth of TN-IBC cells

in vitro and of tumors xenografts in vivo.

4.1.3.1 Eicosapentaenoic acid (EPA)

Eicosapentaenoic acid (EPA), a polyunsaturated omega-3 fatty acid which has been
approved for the treatment of hypertriglyceridemia, is additionally known to inhibit
inflammatory pathways, and has been observed to inhibit tumor initiation, progression, and

growth in vivo by exerting anti-inflammatory effects in cancer cells (96, 97). Evaluation of an
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U.S. Food and Drug Administration (FDA)-approved EPA-purified form, VVascepa, has been
observed to have a safer toxicological profile than other available omega-3 fatty acids, such as
docosahexaenoic acid (DHA), providing an ideal anti-inflammatory compound to be
investigated as a therapeutic agent against TN-IBC (98, 99). Omega-3 fatty acids such as EPA
can also modulate cancer cells motility by incorporating into the plasma membrane in where
they modify lipid rafts increasing membrane compaction, modification of intracellular signaling,

and inhibition of invasiveness of cancer cells (Figure 23) (100-102).

EPA integratesinto cell
membrane phospholipid bi-layer
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119D

Modifies membrane/ \ Modifies lipid raft

lipids: Compaction composition
and fluidity Alters protein /
localization and

intracellular signaling

AL
' , \
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Figure 23. Diagram of EPA activity in cell membrane and intracellular pathways.
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4.1.4 Ephrin family of receptor tyrosine kinases

The Ephrin molecules comprise the largest family of receptor tyrosine kinases in the
mammalian genome, and are expressed at variant levels in most cell types (103). Ephrins are
known to be associated to inflammatory diseases, as well as increasingly recognized as
important players in carcinogenesis (104). Ephrin receptors (EPHSs) and their receptor
interacting proteins (Ephrin) ligands, can be classified based on their sequence homology,
receptor-ligand binding preferences, and ephrin membrane anchorage (105). An important
signature of EPHs/ephrins are their bidirectional signaling by which they control multiple
biological functions associated to cellular homeostasis (106). Alteration in EPHs/ephrins
signaling in humans, and particularly EPH receptor ligand-independent functions, have been

associated to aberrant cell functions and oncogenic features (107).

4.1.4.1 Ephrin type-A receptor 2 (EPHA2)

Among EPHs, emerging evidence on the ligand independent functions of the EPH
receptor EPHA2, continue to accumulate in association to cancer progression. EPHAZ2, a cell-
surface receptor tyrosine kinase associated to proto-oncogene tyrosine-protein kinase Src (SRC)
signaling, is aberrantly expressed in multiple cancer types in where it plays an important ligand-
independent role in tumor growth and metastasis (108-110). As a cell surface receptor, EPHA2
localization has been implicated in the modulation of gap junctions and cell plasma membrane
fluidity attributing to increased cell motility in tumor invasion (111-113). Therefore, EPHAZ2 is

an emerging molecule of interest for therapeutic targeting in cancer.
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4.1.5 Gap in Knowledge

Even though the efficacy of anti-inflammatory compounds have been demonstrated to
improve cancer patients outcome, the translation of anti-inflammatories as a monotherapy,
including omega-3 fatty acids, has been largely ineffective in solid tumors (114, 115).
Additionally, the regulation of EPA in cancer cell plasma membrane fluidity status have been
implicated to the modulation of invasive and metastatic potential (116-118). However, there has
not been evidence of increased membrane rigidity as a mechanism of apoptosis induction
following combination therapy against TN-IBC. Therefore, the ability of EPA to kill cancer
cells at concentrations well tolerated in humans, as well as its anti-inflammatory and membrane
fluidity regulatory properties, support development of a novel EPA-based combinational

treatment that enhances its efficacy for the treatment of TN-IBC patients.
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4.2 Results
4.2.1 Eicosapentaenoic acid reduces tumor growth in a TN-IBC xenograft model
Polyunsaturated omega-3 fatty acids (PUFAS), such as EPA, have been observed to
inhibit tumor initiation, progression and growth in vivo by exerting anti-inflammatory effects in
cancer cells (96, 97). In particular, compared to other PUFAs supplements, EPA has additional
health benefits making it the safest option (98). To assess EPA effects inhibiting tumor growth
and prolonging survival in a pre-clinical xenograft model of TN-IBC, SUM149PT, we evaluated
the mice treated with EPA at the dose equivalent to the human FDA-approved (0.8 g/kg), as
well as half-dose (0.4 g/kg) (Figure 24). After treatment with EPA-diets (n = 10 per group)
tumor and blood serum samples were collected when mice reached study endpoint (morbidity,
or tumor burden of 1,500 mm?) for further analysis, including EPA lipid content. We validated
the incorporation of EPA in serum total lipids (Figure 25A), as well as within the tumor
phospholipid fraction (Figure 25B), in a dose-dependent manner. Moreover, we observed a
significant inhibition of tumor growth (Figure 25C), and prolonged survival to endpoint
(Figure 25D), on mice receiving 0.8 g/kg EPA when compared to half dose and control (P <
0.05). These data validates a potential role for EPA inhibiting TN-IBC tumor growth, and
prolonging survival, but also provides evidence for the potential lack of efficacy for EPA as a
monotherapy for cancer. Therefore, there is a need to identify a potential combination strategy

that could enhance the therapeutic efficacy of EPA in treating TN-IBC.

4.2.2 ldentification of EPHAZ as a clinically relevant target that can enhance EPA therapy
against TN-IBC
To identify a potential candidate that enhances the sensitivity of TN-IBC cells to EPA,

we performed a functional genomic, synthetic-lethal sSiRNA screen in SUM149PT cells.
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Figure 24. EPA (Vascepa) formulated diet equivalent to daily human dose. Customized AIN-
76A mice diets containing the FDA-approved EPA purified form, Vascepa, were validated by
chromatographic fatty acid analysis to contain doses equivalent to the human full (4 g) and half (2 g)
daily doses: 6 and 3 g of VVascepa per kg of mice diet. These diets EPA concentrations are equivalent
to mice EPA daily intakes of 0.8 and 0.4 g/kg, respectively, considering an average daily food intake
of 3.5 g, and average mice weight of 25 g.
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Figure 25. Eicosapentaenoic acid reduced tumor growth in a preclinical model of TN-IBC. EPA
dose dependently inhibited tumor growth, and prolonged mice survival. Following EPA treatments
(0.4 and 0.8 g/kg), the mol percentage of EPA in serum total fatty acids (FA) was analyzed by gas
chromatography/mass spectrometry (A), and the tumor phospholipid fraction (B). (C) Tumor growth
(volume), and (D) survival (endpoint = 1,500 mm? tumor) were measured for SUM149PT tumor-
bearing mice treated with EPA. Unpaired T-test: *, P < 0.05; **, P < 0.001; ***, P < 0.0001. Log-
rank: §, P <0.05 compared to EPA 0.4 g/kg and control.
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Figure 26. Diagram of functional high-throughput siRNA screen identifies candidate genes

sensitizing TN-IBC cells to EPA therapy.
We employed a siRNA library directed against kinase genes for which FDA-approved drugs are
currently available (Figure 26). To identify top candidates, we applied two selection criteria,
namely: 1) absence of toxicity when the target is inhibited without EPA treatment, and 2)
significantly enhancing the efficacy of EPA upon combination treatment. Using these criteria,
we identified a total of 20 genes sensitizing SUM149PT cells to EPA, with EPHA2, DUSP4 and
EDG2 among the top three candidates (Table 3 and Figure 27A). Secondary validation using
the specific inhibition of EPHA2, DUSP4 and EDG2 by multiple individual siRNAs, provided
evidence for the candidates’ potential enhancing the sensitivity of SUM149PT cells to EPA
treatment (Figure 27B). Among top three candidates, we decided to focus on EPHAZ2, a cell

surface receptor tyrosine kinase, because of the known association of its increased expression
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with cancer progression (119). These results identify EPHAZ2 as a lead target for an EPA-based

combination therapy in TN-IBC.

We pursued further studies to determine the clinical significance of EPHAZ2 expression
among breast cancer patients. To achieve this, we analyzed the relevance of EPHA2 expression
in breast cancer cell lines among published MRNA expression datasets (120), as well as in-
house protein assessment. TNBC cell lines were significantly associated to higher EPHA2
protein (Figure 28A-B), and mMRNA (Figure 29), expression when compared to cell lines from
the other breast cancer subtypes HER2 positive, or hormone receptor (HR) positive. We further
investigated EPHA2 expression in association with disease-free survival (DFS) using the
BreastMark web-based mRNA dataset of breast cancer patient samples (50). Consistent with our
findings in breast cancer cell lines, Kaplan-Meier survival curves revealed high EPHA2
expression to be specifically correlated with poor TNBC (basal-like) patient DFS, while not to
HER2- or HR-positive patients (Figure 30). Together, these results strongly suggest the clinical
significance of EPHAZ2 targeting, with specific clinical implications for the treatment of TN-

IBC.

4.2.3 EPHAZ2 therapy in combination with EPHAZ2 inhibition synergistically Kills cells
through induction of apoptosis

To define the role of EPHAZ2 enhancing an EPA-based combination therapy in TN-IBC,
we utilized functional gene silencing and drug-based inhibition studies. We genetically-
engineered two TN-IBC cell lines, SUM149PT and BCXO010, to express a doxycycline (dox)-
inducible EPHA2-shRNA cassette using the pTRIPZ lentiviral system (Figure 31). We

established two TN-IBC cell lines, SUM149PT and BCX010, transduced with doxycycline
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Enhance cytotoxicity

Inhibit cytotoxicity

Gene Fold increase P-value Gene Fold increase Pvalue
Symbol cytotoxicity Symbol cytotoxicity '
PFKL 2.9 < 0.0001 ADRA2ZB -1.5 < 0.0001
EPHA2 2.7 < 0.0001 CSNK1E -1.6 < 0.0001
DUSP4 2.6 < 0.0001 GNAT1 -1.8 < 0.0001
EDG2 2.6 < 0.0001 HSMDPKIN -1.8 = 0.0001
FZD8 25 < 0.0001 GNAS -1.8 < 0.0001
CDC42BPB 25 0.001 STK31 -1.9 =< 0.0001
MOS 2.4 < 0.0001 PIPSKLA -1.9 = 0.0001
CSNK1G3 2.3 < 0.0001 EPHB1 -1.9 < 0.0001
DAPK2 2.0 < 0.0001 ADORAZA -1.9 =< 0.0001
ADCYAP1RA1 1.9 < 0.0001 BMPR1A -2.1 =< 0.0001
LMTK2 1.9 0.003 NAGK 2.2 < 0.0001
SRC 1.7 0.003 CX3CR1 2.2 =< 0.0001
CELSR1 1.7 < 0.0001 TAF1L 2.3 < 0.0001
GNAI 1.7 0.001 RET -2.4 < 0.0001
TGFBR2 1.7 0.002 MAPKA1 2.5 0.001
MVK 1.6 0.003 AXL 2.5 < 0.0001
GUCY2C 1.5 0.001

ABL2 1.5 0.003

FZD4 1.5 0.001

GSK3B 1.4 0.001

Table 3. Candidate genes significantly affecting SUM149 TN-IBC cells sensitivity to EPA.
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Figure 27. Top significant targeting candidates enhance TN-IBC cells sensitivity to EPA. EPHA2,
DUSP4 and EDG2 were validated as a top candidates sensitizing TN-IBC cells to EPA therapy. (A)
Viability readout of the top 12 significant gene siRNAs from high-throughput siRNA synthetic-lethal
functional screening sensitizing SUM149PT cells to EPA. TOX and OTP3 were used as positive and
negative transfection controls, respectively. (B) EPHA2, DUSP4 and EDG2 inhibition was validated by
immunoblotting analysis with anti-EPHA2, -DUSP4, and ~-EDG2 antibodies (top), and viability assays
(bottom), after transfection with EPHA2, DUSP4, and EDG2-siRNAs in combination with EPA
treatment, compared to untreated, parental and scrambled control (siSCR) transfections. Data were
pooled from three independent experiments and presented as mean + SD. Unpaired T-test: *, P < 0.05;
** P <0.0001.
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Figure 28. Basal EPHAZ2 protein expression is present in most TN and TN-IBC cell lines. (A)
EPHAZ protein expression levels were determined in multiple human and mouse breast cancer cell lines
by immunoblotting analysis. Breast cancer cell lines are grouped by hormone receptor positive (HR+),
HER-2 positive (HER2+), or triple-receptor negative (TNBC) status. (B) The pixel density ratios of
EPHAZ2/actin for each cell line was used to generate the graph; p-actin expression was used as a protein
loading control. Unpaired T-test: *, P < 0.0001.
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Figure 29. EPHA2 mRNA expression is predominantly higher in TNBC cell lines. EPHA2 mRNA
expression levels were determined between TNBC and non-TNBC cell lines using a previously
published dataset of breast cancer cell lines. Unpaired T-test: *, P < 0.0001.
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Figure 30. EPHAZ2 is a clinically significant target that enhances TN-IBC cells sensitivity to
EPA. Kaplan-Meier survival curve for disease-free survival (DFS) of TNBC/basal-like breast cancer
patients using the BreastMark mRNA dataset was used to determine correlation to EPHA2 tumor
MRNA levels. The log-rank test was used to compare survival curves for high versus low EPHAZ2.
The initial numbers of patients at risk in each group are indicated in the key.
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Figure 31. Diagram of gene-silencing, and drug targeted, inhibition of EPHA2 strategies to be
tested in combination with EPA treatment.
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Figure 32. Gene silencing and targeted EPHA2 inhibition acts synergistically with EPA against
TN-IBC in vitro. EPHAZ2 inhibition decreased proliferation and enhanced apoptosis induction
following combination treatments with EPA. (A), EPHA2 gene silencing in SUM149PT and BCX010
doxycycline-inducible shRNA cell lines confirmed by immunoblotting analysis of EPHA2 protein
expression. (B), Proliferation (top), and apoptosis (bottom), levels were determined EPHA2
knockdown TN-IBC cell lines using cell proliferation and Annexin V staining, respectively, following
doxycycline (Dox) induction in combination with EPA. (C), Inhibition of EPHAZ2 activity was
confirmed following EPA and dox-inducible ShEPHA2 treatments by immunoblotting analysis. (D)
Effects of dasatinib treatment on EPHA2 and SRC was assessed by immunoblotting. Expression of a-
tubulin and B-actin were used as a protein loading control. (E), Proliferation (top), and apoptosis
(bottom), levels were similarly assessed in SUM149 and BCX010 cell lines following dasatinib in
combination with EPA. Data were pooled from three independent experiments and presented as mean
+ SD. Unpaired T-test: *, P < 0.05; **, P < 0.001; ***, P < 0.0001.
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(dox)-inducible EPHA2-shRNA (Figure 32A). Treating with doxycycline in combination with
EPA, we observed synergistic cell growth inhibition and induction of apoptosis (P < 0.05)
(Figure 32B). Silencing of EPHAZ2 protein activity following treatments was confirmed by
immunoblotting analysis (Figure 32C). In a second complimentary approach, we assessed the
efficacy of 1Cso concentrations of dasatinib (Table 4), a small molecule inhibitor that targets
EPHAZ2 and SRC, to successfully target EPHA2 and SRC protein activity (Figure 32D). Upon
dasatinib treatment in combination with EPA, we observed a significant inhibition of cell
growth (P < 0.001), as well as induction of apoptosis (P < 0.05), in SUM149PT and BCX010
cell lines when compared to monotherapy and untreated controls (Figure 32E). These data
supports the efficacy of EPHA2-targeting as a partner that enhances the cytotoxicity of EPA

against TN-1BC.

EPA Dasatinib Combination

Cell line MM Fa pM Fa Fa Cl
SUM149 50 0.52 0.31 0.634 0.95
BCX010 55 0.76 0.63 0.53 0.91
BT549 55 0.41 0.63 0.44 0.59
SUM159 100 0.56 5 0.45 0.80

Table 4. ICs values of breast cancer cell lines following EPA and dasatinib single and combination
treatments.
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4.2.4 Combination treatment of EPA and EPHAZ2 inhibition modifies the cell membrane
rigidity status and lipid structure of TN-IBC cell lines.

Highly lipophilic EPA is known to incorporate in the plasma membrane of cells in where
it can alter membrane structure and protein localization (101). In order to determine the
incorporation of EPA in TN-IBC cells membrane, we evaluated EPA content on SUM149PT
cell plasma membrane fraction by mass spectrometry following in vitro supplementation with
EPA (Figure 33A). After confirming the incorporation of EPA in cell membranes, we
proceeded to determine if EPA plays a direct role modulating EPHA2 protein expression and
cell surface localization. Using immunoblotting and flow cytometry analysis, we were able to
determine that even though EPA treatment does not significantly affect whole cell EPHA2
expression, it does plays a role inducing the internalization of EPHAZ2 receptor from the cell
surface (Figure 33B). These results suggest that while EPA may not affect EPHA2 protein
expression, it could be directly affecting EPHA2 signaling by inducing its internalization from

TN-IBC cells surface.

To explore the role of EPA treatment in combination with EPHAZ2 inhibition in TN-IBC
cells plasma membrane, we evaluated the general polarization status following combination
treatments. After treatments, we identified an increase in cell membrane general rigidity
following combination therapy in SUM149PT and BCX010 cells (P < 0.001 and 0.05,
respectively), when compared to monotherapy and untreated control (Figure 34A-B). These
results indicate that specific inhibition of EPHAZ2 in combination with EPA treatment

significantly increase cell membrane rigidity.
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Following our findings on the increased cell membrane rigidity status after EPA and
EPHAZ2-inhibition combination treatments, we proceeded to confirm this phenomenon by
evaluating the lipid profile of a main membrane phospholipid group, the phosphatidylcholine
(PC) family, by mass spectrometry (Figure 35). Following single and combination EPA and
EPHA2-shRNA doxycycline-inducible inhibition in SUM149PT cells, we observed a trend
towards higher abundance of longer carbon structure PC family members in cell membrane
following EPA monotherapy, and even more so when combined with EPHA2-shRNA inhibition
(Figure 36A). This is also evidenced by abundance of each carbon and unsaturation number
subfamilies, which also significantly trend towards higher carbon and unsaturation number
structures (Figure 36B). These data suggest that upon combination of EPA and EPHA2
inhibition, the PC lipid family is slightly modified in the direction of longer-carbon family

members, which is consistent with increased membrane rigidity, or polarization, status.

Because cholesterol is a main regulator of membrane rigidity in cells, we evaluated cell
plasma membrane cholesterol content in association to increased membrane rigidity after EPA
and EPHAZ2-inhibition combination therapy. After EPA treatment in combination with EPHA2
inhibition, we identified a significant accumulation of cholesterol incorporated in the plasma
membrane of SUM149 and BCX010 cells after combination treatments, when compared to
monotherapies (P < 0.05) and untreated control (P < 0.001) (Figure 37). Collectively, these
results suggest that combination EPA and EPHA-inhibition treatment significantly increase cell
membrane rigidity by increasing cholesterol accumulation in the plasma membrane of TN-IBC

cells.
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Figure 33. EPA in combination incorporates in the plasma membrane, and induces the
internalization of EPHA2. (A), Detection of EPA within TN-IBC cells membrane following
treatment. (B), Total (top), and cell surface (bottom), EPHAZ2 protein expression after EPA
treatment in TN-IBC cell lines, as determined by immunoblotting and flow cytometry,
respectively. Actin was used as a protein loading control; IgG was used as a negative control for
flow cytometric analysis. *, P < 0.05; **, P < 0.001; *** P < 0.0001
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Figure 34. Combination treatment of EPA and EPHAZ2-inhibtion increases plasma cell membrane
rigidity on TN-IBC cell lines. Imaging (A) and quantification (B) of cell membrane general
polarization (GP, rigidity) after treatments with EPA in combination with doxycycline inducible EPHA2-
shRNA (Dox), or dasatinib, in SUM149PT and BCX010 cells. Higher GP values indicate increased cell
membrane compaction/rigidity. Data were pooled from three independent experiments and presented as
mean + SD. T-test: *, P < 0.05; **, P < 0.001; *** P < 0.0001.
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Figure 35. Phosphatidylcholine plasma membrane lipid profiling of SUM149PT cells after
EPA and EPHA2-targeting treatments. Complete Phosphatidylcholine (PC) lipid species
relative abundance profile quantified by mass spectrometry analysis. PC species are grouped by
smaller (A), and larger (B), carbon structure in the membrane of SUM149PT-shEPHA?2 inducible
cells after treatments with EPA (55 pM) in combination with EPHA2-shRNA (Doxycycline, 1
pg/mL). Data were pooled from at three independent experiments and presented as mean + SD.
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Figure 36. Combination treatment of EPA and EPHAZ2-inhibtion modifies plasma cell membrane
lipid composition of TN-IBC cell lines. (A), Heat map for the relative abundance profile of
Phosphatidylcholine (PC) phospholipid family members quantified by mass spectrometry analysis after
EPA and EPHA2-shRNA (Dox, 1 pug/mL) in doxycycline inducible SUM149PT cells, sorted from
lower to higher family member carbon and unsaturation (carbon:unsaturation) number. (B), Summary
of PC lipid profile grouped by carbon (top) and unsaturation (bottom) number. Data were pooled from
three independent experiments and presented as mean + SD.
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Figure 37. Cholesterol accumulates in plasma membrane fraction following EPA and EPHAZ2-
inhibition treatment. Quantification of cholesterol concentration in the membrane fraction of
SUM149PT and BCXO010 cells after treatments with EPA in combination with EPHA2-shRNA
(Dox), or dasatinib. Data were pooled from three independent experiments and presented as mean +
SD. 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 doxycycline.
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4.2.5 The cholesterol exporter protein, ABCAL, is a critical mediator of apoptosis in TN-
IBC cells response to EPA and EPHAZ2-inhibition therapy.

Our findings on the increased membrane rigidity by the accumulation of cholesterol in
the plasma membrane prompted us to investigate a role of cholesterol directly regulating TN-
IBC cell membrane fluidity and treatment sensitivity. We first assessed the effect of cholesterol
in cell membrane rigidity following EPA-based treatments in TN-IBC cells. Following
treatments in addition to cholesterol supplementation, or starvation of cholesterol using methyl-
B-cyclodextrin (MBCD) (Figure 38 and Figure 39), we observed enhancement (P < 0.05) and
reversal (P < 0.0001), respectively, of cell membrane rigidity compared to combination EPA
and EPHAZ2 inhibition treatments (Figure 40A). We further determined the role of cholesterol
modulation and cell membrane fluidity affecting TN-IBC cells apoptosis. We identified a direct
correlation between increased membrane rigidity following combination treatment in addition to
cholesterol supplementation and apoptosis induction, when compared to combination treatments
alone, and in combination to rosuvastatin, a cholesterol biosynthesis inhibitor, significantly
reversing cell death induction (Figure 40B). These data suggests that cholesterol may be
responsible for enhancing membrane rigidity and apoptosis induction, potentially suggesting

that cholesterol regulation pathways may be subsequently leading to induction of apoptosis in

.
2
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Figure 38. Diagram for cholesterol modulation techniques used to modify cell membrane fluidity.
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Figure 39. Modulation of cholesterol concentration in the membrane fraction of TN-1BC cells.
Cholesterol concentration in the membrane fraction of SUM149PT and BCXO010 cells was
determined using Amplex Red Cholesterol assay after cholesterol removal using Methyl-f-
cyclodextrin (MBCD: 4 mM), or supplementation (Cholesterol: 1 mM). Data were pooled from five
independent experiments, and represented as mean + SD. Unpaired T-test: *, P < 0.001.
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Figure 40. Accumulation of intracellular cholesterol plays a role in the induction of apoptosis
following combination EPA and EPHA2-targeting therapy in TN-IBC cells. ABCAL plays an
important role in the regulation of membrane rigidity by accumulation of intracellular cholesterol in TN-
IBC cells after combination EPA and EPHAZ2-inhibition treatment. Quantification of cell membrane
general polarization (rigidity) (A), or fold-induction of apoptosis relative to untreated control (B), after
cellular cholesterol removal (Methyl-B-cyclodextrin, MBCD; or rosuvastatin), or supplementation
(Cholesterol), in TN-IBC cells treated with EPA in combination with Doxycycline-inducible EPHA2-
shRNA (Dox), or dasatinib. Higher GP values indicate increased cell membrane compaction/rigidity.
Data were pooled from at least three independent experiments and presented as mean of fold-change
compared to untreated control + SD. Unpaired T-test: *, P < 0.05; **, P < 0.001; *** P < 0.0001; #, P <
0.05 compared to untreated control.
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Cholesterol homeostasis is a key determinant of cell viability (121, 122). To evaluate

potential cholesterol modulating mechanisms associated to combination treatment, we

determined the expression of main cholesterol exporting (ATP-binding cassette sub-family A

member 1, ABCA1), importing (low-density lipoprotein receptor, LDLR), and biosynthesis

inducer (sterol regulatory element-binding protein2, SREBP-2; and 3-hydroxy-3-

methylglutaryl-coenzyme A reductase, HMGCR) proteins (Figure 41). Following combination

treatments, we identified significant inhibition of ABCAL and SREBP-2 when compared to

single treatment and untreated controls (Figure 42). The inhibition of ABCAL would suggest

that cholesterol may accumulate within cells preventing the molecular activation of the SREBP-

2 matured form, and leading to an increase in cell membrane rigidity, and subsequently cell

death. To determine whether ABCAL1 is a critical component of cell membrane rigidity, we
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Figure 41. Diagram of main regulators of cellular cholesterol homeostasis.
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performed gain/loss-of-expression studies to assess the response of SUM149PT and BCX010
cells to combination treatment (Figure 43A-B). Over-expression of ABCAL reversed cell
membrane rigidity following EPA therapy, as well as cell death induction, when compared to
controls (Figure 43C-D). In a reverse-complimentary approach, ABCA1-silenced TN-IBC cells
displayed increased cell membrane rigidity, and cell death, when compared to controls (Figure
43C-D). These results provide direct evidence for the requirement of ABCAL inhibition for
effective EPA combination therapy synergism in TN-IBC by increased membrane rigidity and
apoptosis induction. Lastly, we evaluated whether we could further confirm the relevance of
cholesterol accumulation as a crucial factor that promotes TN-IBC cells cytotoxicity following
ABCA1 mRNA silencing. After inhibition of cholesterol biosynthesis by rosuvastatin, we
observed a significant inhibition of apoptosis induction in ABCAL-silenced SUM149PT and
BCX010 cells compared to single rosuvastatin or ABCA1-siRNA conditions (Figure 44).
Altogether, this data confirms a role for ABCAL inhibition and cholesterol accumulation as
important factors that regulate treatment synergism of combination EPA and EPHA2 inhibition

against TN-1BC.
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Figure 42. ABCA1 and SREBP-2 are inhibited following combination therapy of EPA and
EPHAZ2-inhibtion in TN-1BC cells. Immunoblotting assay of main cholesterol homeostasis regulating
proteins: ABCAL, matured SREBP-2, HMG CoA Reductase (HMGCR), and LDL-Receptor (LDLR)
matured (M) and precursor (P) forms after EPA in combination with EPHA2-shRNA (Dox), or
dasatinib. Pixel density of proteins were quantified for each condition, and the ratios of protein/p-actin
or treatment/control are shown next to the blots; p-actin expression was used as a protein loading
control.
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Figure 43. ABCA1 modulation is responsible for the induction of apoptosis following
combination EPA and EPHA2-targeting therapy in TN-IBC cells. SUM149PT and BCX010 cells
were transfected with either an ABCAl-expressing vector or empty control vector (A), or pooled
ABCAL (siABCAL) or Scrambled (SCR) siRNA (B). Pixel density of proteins were quantified for
each condition, and the ratios of protein/p-actin or treatment/control are shown next to the blots; -
actin expression was used as a protein loading control. ABCAL expression vector or SiRNA
transfection role in membrane general polarization (rigidity) (C), and fold-induction of apoptosis
relative to untreated control (D), in TN-IBC cells after combination of EPA with EPHA2-shRNA
(Dox), or dasatinib. Data were pooled from at least three independent experiments and presented as
mean of fold-change compared to untreated control £ SD. Unpaired T-test: *, P < 0.05; **, P < 0.001;
*** P < 0.0001; #, P <0.05 compared to untreated control.
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Figure 44. Cholesterol accumulation induces apoptosis following ABCA1-siRNA inhibition. TN-
IBC cells were transfected with ABCAL siRNA, alone or in combination with rosuvastatin, for analysis

of apoptosis using annexin V-green. Data were pooled from at least three independent experiments and
presented as mean of fold-change compared to untreated control £ SD. Unpaired T-test: *, P < 0.05.
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4.2.6 Inhibition of EPHA2 enhances the therapeutic action of EPA in TN-IBC xenograft
models

Our in vitro data infers that EPA therapy combined with EPHAZ2 inhibition would be an
effective therapy. We proceeded to determine whether inhibition of EPHAZ2, both by gene
silencing and targeting drug dasatinib, could enhance EPA efficacy inhibiting tumor growth in
preclinical xenograft models of TN-IBC. Mice bearing established (Figure 45A-B) SUM149PT-
shEPHA2 or BCX010-shEPHA doxycycline-inducible tumor xenografts received ad libitum
administration of EPA containing diets alone or in combination with doxycycline water. When
compared to mice treated with control diets or single treatments, combination treated mice
displayed a significant reduction in TN-IBC tumor growth (P < 0.001) (Figure 46A), and
prolonged survival (P < 0.001) (Figure 46B). Immunostaining for markers of proliferation and
apoptosis in tumors after combination treatment confirmed a significant reduction of Ki67, and
an increase in cleaved caspase-3 (P < 0.05) (Figure 46C-D). As expected, our combination
therapy inhibited EPHA2 leading to modified expression of cholesterol regulator ABCA1
compared to single and control groups (P < 0.05) (Figure 47A-B). These findings confirm the
efficacy of specific EPHA2-inhibition sensitizing TN-IBC tumors to EPA treatment via

inhibition of ABCAL as a potential therapeutic approach for further preclinical development.

Supported by our findings on the efficacy of EPHA2 gene silencing enhancing EPA
therapy in vivo, we proceeded to assess the ability of dasatinib sensitizing TN-IBC tumors to
EPA. Similar to our previous animal study, mice bearing TN-IBC tumor xenografts received
EPA alone or in combination with dasatinib. Combination treatment displayed inhibition of
tumor growth (P < 0.05) (Figure 48A), as well as prolonged survival (P < 0.001) (Figure 48B),

when compared to single treatment and untreated mice groups. Immunostaining of tumor tissues
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following treatments confirmed a reduction in Ki67 proliferation marker, and increase in
cleaved caspase-3 apoptosis marker following combination treatments in comparison to single
and untreated controls (P < 0.05) (Figure 49A-B). Confirming our in vitro molecular studies, we
identified a reduction of tumor EPHA2 protein expression following dasatinib treatment.
Moreover, we identified inhibition of ABCA1 protein expression after combination treatment (P
< 0.05) (Figure 49C-D). Together, these results provide evidence supporting the clinical
development of an EPHA2-targeting therapy in combination with EPA against TN-IBC through

a mechanism involving increased cell membrane rigidity mediated by ABCAL inhibition.
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Figure 45. Establishment of inducible shRNA-RPHA2 TN-IBC cell lines in xenograft models.
Doxycycline-inducible sShRNA-EPHA2-GFP SUM149PT and BCXO010 cell lines induction efficacy
was assessed in tumor xenografts in mice. (A), Tumor volume measurements of non-coding ShRNA
SUM149PT and BCX010 tumor xenografts following treatment with doxycycline (Dox) in water (2
mg/mL; ad libitum). (B), Flow cytometry analysis using anti-EPHA2 APC-labeled antibody in Red
Fluorescent Protein (RFP) positive cells derived from Dox treated mice bearing non-coding-, and
EPHA-targeting, ShRNA-RFP inducible SUM149PT tumor xenografts. EPHA2 expression was
quantified from five mice per treatment group. Data is presented as mean = maximum/minimum
values. T-test: *, P < 0.001.
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Figure 46. Gene silencing inhibition of EPHA2 acts synergistically with EPA against TN-IBC
tumor xenografts. ShRNA-inducible EPHAZ2 inhibition enhances EPA efficacy in TN-IBC cell lines.
Tumor volume measurements (A), and Kaplan-Meier survival curves to endpoint (tumor volume =
1,500 mm?3) (B) for shEPHA2 inducible TN-IBC tumor xenograft-bearing mice following treatment
with control diet, EPA diet (0.8 g/kg), and/or doxycycline (Dox) in water (2 mg/mL).
Paraformaldehyde-fixed paraffin sections were quantified for proliferation (Ki67) (C), and apoptosis
(Cleaved Caspase-3) (D), protein expression markers by immunohistochemistry (IHC) staining of
three representative tumor samples from each treatment group of mice bearing tumor xenografts
treated with control or treatments as indicated above. Images were converted using ImageJ software to
accomplish the quantifications of Ki-67 and Cleaved Caspase-3 antibody staining. Data is represented
as mean + SD. T-test or Log-Rank: *, P <0.05; {, P <0.001 combination treatment survival
proportion compared to single treatment and untreated control groups.
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Figure 47. Inhibition of EPHAZ2 following gene silencing and EPA treatment inhibits ABCAL in
TN-1BC tumor xenografts. IHC staining and expression quantifications from shEPHAZ inducible
TN-IBC tumor xenograft-bearing mice following treatment with control diet, EPA diet (0.8 g/kg),
and/or doxycycline (Dox) in water (2 mg/mL), using anti-phospho-EPHA2 (p-EPHAZ2) (A), and anti-
ABCAI1 (B) antibodies. Representative images of three IHC staining experiments per treatment group
are illustrated. Magnification, 20x. Images were converted using ImageJ software to accomplish the
quantifications of p-EPHA2, and ABCA1 antibody staining. Data is represented as mean = SD. T-test:
* P <0.05.
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Figure 48. Dasatinib EPHA2-targeted inhibition enhances EPA therapy against TN-IBC tumor
xenografts. EPHA2 inhibition by dasatinib is synergistic in combination with EPA therapy inhibiting

tumor growth, and prolonging mice survival. Tumor volume measurements (A), and Kaplan-Meier
survival curves to endpoint (tumor volume = 1,500 mm?) (B) for SUM149PT and BCX010 tumor
xenograft-bearing mice following treatment with control diet, EPA diet (0.8 g/kg; ad libitum), and/or
dasatinib (2.5 mg/mL; IP injection). Data is represented as mean + SD. T-test or Log-Rank: *, P <
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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Figure 49. Inhibition of EPHA2 following dasatinib and EPA treatment inhibits ABCAL and
promotes apoptosis in TN-1BC tumor xenografts. Paraformaldehyde-fixed paraffin sections for
SUM149PT and BCX010 tumor xenograft-bearing mice following treatment with control diet, EPA diet
(0.8 g/kg; ad libitum), and/or dasatinib (2.5 mg/mL; IP injection), were quantified for proliferation (Ki67)
(A), and apoptosis (Cleaved Caspase-3) (B) protein markers, as well as for mechanistic proteins: p-
EPHAZ2 (C), and ABCAL (D), by immunohistochemistry (IHC) staining of three representative tumor
samples from each treatment group. Images were converted using ImageJ software to accomplish the
quantifications of Ki-67, Cleaved Caspase-3, p-EPHA2, and ABCAL antibodies staining. Data is
represented as mean + SD. T-test or Log-Rank: *, P < 0.05; **, P < 0.001.

98



4.3 Discussion

The need to identify new biological therapeutic targets for TN-IBC is undisputed.
Through this study, we have successfully unveiled a novel and clinically significant therapeutic
approach against TN-IBC. Our screen for candidate genes that have synergistic antitumor
activity with EPA in TN-IBC identified EPHAZ as a target that, when ablated, sensitized TN-
IBC cells to EPA therapy. Suppression of EPHA2 through various approaches enhanced the
antitumor effect of EPA, reducing TN-IBC cell growth and proliferation and promoting
apoptosis. Similarly, combinations of EPA with EPHA2-inhibiting therapy reduced tumor

growth in two in vivo xenograft models of TN-IBC.

EPHAZ2, a cell-surface receptor tyrosine kinase associated with proto-oncogene tyrosine-
protein kinase Src (SRC) signaling, is aberrantly expressed in multiple cancer types, playing an
important ligand-independent role in tumor growth and metastasis (108-110). The localization
of cell surface receptor EPHA2 has been implicated in the modulation of gap junctions and cell
plasma membrane fluidity, contributing to tumor invasion via increased cell motility (111-113).
Modulating cancer cell motility is also one of the functions of omega-3 fatty acids such as EPA,
which incorporate into the plasma membrane, where they modify lipid rafts, increase membrane
compaction, modify intracellular signaling, and inhibit invasive features (100-102). Regulation
of cancer cell plasma membrane fluidity has been implicated in the modulation of invasive and
metastatic potential (116-118). Until now, however, there has been no evidence of increased
membrane rigidity as a mechanism of apoptosis induction following combination therapy
against TN-IBC. Furthermore, the inhibition of the cholesterol-exporting channel protein

ABCA1, followed by accumulation of intracellular cholesterol, and increased membrane rigidity
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preceding TN-IBC cell death in response to the EPA and EPHA2-inhibiting combinations is a

previously unknown mode of action.

Our study has identified EPHAZ as a significant synergistic partner whose loss enhances
EPA therapy, synergistically reducing tumorigenic potential by inducing apoptosis in preclinical
models of TN-IBC. Further, in a retrospective analysis of breast cancer patients, we identified a
significant and specific association between high-EPHA2 expression in tumors and shorter DFS
outcomes in patients with TNBC/basal-like subtype, highlighting the clinical relevance of
targeting EPHAZ2. Using proteomic and cellular biology assays, we demonstrated that the
combination of EPHA2-inhibition and EPA was significantly associated with a previously
unknown activity that precedes and induces TN-IBC cell death through inhibition of the
cholesterol-exporting channel protein ABCA1 and subsequent increase of membrane cholesterol

levels and membrane rigidity.

Other studies have demonstrated independent roles for EPA and EPHA2 in the
modification of cell membrane fluidity (101, 111). Here, we have identified a direct connection
whereby EPA induces the internalization of EPHA2 from the cell surface and, in concert with
targeted inhibition of EPHAZ2, enhances cell membrane rigidity. Phospholipid profiling of
cellular membranes provided evidence that membrane rigidity correlated with a significant
increase in expression of longer phosphatidylcholine species (e.g. those with more carbons in
the acyl chains) (data not shown). Cholesterol concentrations also were increased in cell
membranes following combination treatments. Increased cholesterol concentration has been
associated with greater cell membrane rigidity (123, 124). Major regulators of cholesterol

homeostasis in cells include the cholesterol exporter ABCAL, the cholesterol importer LDLR,

100



and the cholesterol biosynthesis regulators SREBP2 and HMGCR (125-128). High cholesterol
levels prevent SREBP2 activation, inhibiting the subsequent induction of HMGCR and
maturation of LDLR (Figure 50A) (129, 130). Studies in human macrophages have observed
that incorporation of EPA into the plasma membrane impairs ABCAL1-dependent cholesterol
efflux (131, 132), but our study is the first to report this phenomenon in cancer xenograft
models. Here, we demonstrated that suppression of ABCAL activity by the combination of EPA
and EPHAZ2-inhibition induced the accumulation of cellular cholesterol contributing to
increased membrane rigidity, inhibition of SREBP2, disruption of cellular lipid homeostasis,

and apoptosis (Figure 50B).

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 (133-136).
This is the first report of its use in a synergistic therapeutic strategy in cancer, providing a safe
and non-toxic approach for treating the highly aggressive breast cancer TN-IBC. These results
provide a rationale for administering EPA in combination with FDA-approved EPHA2-targeting
drugs such as dasatinib, as well as in combination with other specific targeted agents currently
been tested in pre-clinical studies and in humans (e.g., NCT01591356) (137, 138), facilitating

its clinical translation.

TN and IBC remain diseases without effective therapeutic strategies that can
significantly improve patients’ outcomes or survival. Our study is important as we report for the
first time preclinical evidence of combined EPA and EPHA2-targeted therapy effectiveness
against TN-IBC through a mechanism involving the induction of apoptosis by ABCA1

inhibition and subsequent regulation of cell membrane rigidity. Other studies have evaluated the
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potential of ABCAL inhibition and increased membrane rigidity in association to decreased
metastatic potential, and enhanced efficacy of multiple anti-metastatic drugs (124). This would
suggest that besides induction of apoptosis following ABCA1 inhibition, our combination
therapy strategy could additionally have significant implications preventing metastasis of TN-
IBC.
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Figure 50. Summary of mechanistic action of EPA in combination with EPHA2-targeting via ABCA1
inhibition in TN-IBC cells. Proposed mechanism of action for increased cholesterol concentration and
membrane rigidity mediated by ABCAL inhibition following combination therapy. (A), Cellular cholesterol
homeostasis is normally maintained by the balancing effects of the cholesterol efflux channel protein
ABCAL, and cholesterol biosynthesis inducer SREBP-2. Their activity promote the maintained fluidity of
the plasma cell membrane and cellular survival. (B), Following combination treatment of EPA and
inhibition of EPHA2 from cells membrane, the plasma membrane structure is altered inhibiting the
cholesterol exporting functions of ABCAL, this resulting in the accumulation of intracellular cholesterol
and subsequent increase in plasma membrane rigidity status. This aberrant accumulation of
intracellular/membrane cholesterol prevents the activity of cholesterol biosynthesis inducer proteins (e.g.
SREPB-2), and disrupts cellular cholesterol homeostasis resulting in apoptosis.
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Major findings

Through these projects, | have demonstrated the efficacy of combined HDAC inhibitor
entinostat and MEK inhibitor pimasertib treatments blocking the progression of preclinical
models of TNBC and IBC (Figure 51A). The effectiveness of this therapy has been
significantly associated with the induction of tumor apoptosis regulated by NOXA-mediated
MCL1 degradation. Also, | established the rationale for a novel EPA and EPHA2-targeting
based combination therapy that displays efficacy in EPHAZ2 positive TN-IBC (Figure 51B). The

ABCAL
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B ) .
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Figure 51. Diagram of major mechanisms of synergy involved in our newly discovered
combinational therapies against TNBC and IBC: (A) entinostat and pimasertib, and (B) EPA
with EPHA2-inhibition.
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mechanism of action for EPA/EPHAZ2-inhibition based therapy relied on the induction of

changes in the membrane of TN-IBC cells as a prelude to induction of cell death.

5.2 Significance

TNBC and IBC are the two most aggressive breast cancers, which still lack effective
targeted therapy options that significantly inhibit tumor burden, or improve patient outcome.
Therefore, the studies presented in this dissertation provide compelling evidence for the efficacy
of novel combination therapies consisting of HDAC and MEK inhibitors, or EPA and EPHA2
inhibition, promoting TNBC and IBC cell death in translational xenograft models. The evidence
developed in these projects additionally provide a strong rationale for the clinical testing of two
novel therapeutic strategies against TNBC and IBC, as well as a basis for the development of

predictive biomarkers for patient stratification and therapeutic response.

Besides breast cancer (139), overexpression of MCL1 has been associated with survival
pathways, resistance, and poor prognosis in multiple cancers, such as melanoma (71), small-cell
lung cancer (140), colorectal cancer (141), oral cancers (142), endometrial cancer (143), as well
as multiple hematological malignancies (72, 144). Therefore, combination treatment of HDAC
and MEK inhibitors may be effective in other cancers, increasing the significance of this study.
However, further validation in clinically relevant models for each disease is needed. Others have
reported data supporting the potential for the combination treatment of MCL1 inhibitors and
inducers of NOXA, providing further evidence of the likely applicability of our combination
treatment (145, 146). Furthermore, we observed sensitivity of IBC and TNBC cells to entinostat
and pimasertib treatment within clinically relevant concentrations, providing a preclinical

rationale for translation into a clinically appropriate dose.
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Overexpression of EPHA2 has been associated with poor prognosis in multiple cancers,
such as colorectal, lung, ovarian, endometrial, and pancreatic, among others (147-152).
Moreover, ABCA1 overexpression was identified to be associated with poor prognosis in breast,
ovarian, and hepatocellular carcinomas (124, 153-155). Therefore, our combination treatment

may be effective in other cancers, thus broadening the importance of this study.

5.3 Future directions

To evaluate the clinical efficacy of the combinational treatment strategies proposed here,
as well as to determine the validity of proposed biomarkers for treatment response and patient
selection, we will translate our results into the development of clinical trials for therapeutic
testing in humans following the reporting recommendations for tumor marker prognostic studies
(REMARK) guidelines (156). The REMARK guidelines provide a standardized method for
study design, development of hypotheses, patient and specimen characteristics, assay methods,
and statistical analysis methods in addition to suggestions for data presentation and discussions.
Complying with these guidelines, we have proposed a Phase 1b clinical trial protocol for the
testing in humans of the HDAC inhibitor entinostat, and a MEK pathway inhibitor selumetinib,
in metastatic breast cancer patients with tumors expressing high MCL1, and low NOXA protein
levels. Detailed information on study design, as well as on specimen characteristic and assay
methods for tumor biomarker studies, are illustrated in detail in Figure 52. This study, expected
to start in late 2017 to early 2018, will be supported by the Cancer Therapy Evaluation Program
(CTEP) of the National Cancer Institute at the National Institutes of Health, and conducted at
The University of Texas MD Anderson Cancer Center in Houston, Texas, by Dr. Naoto T. Ueno
and Dr. Bora Lim from the Department of Breast Medical Oncology and the Morgan Welsh

Inflammatory Breast Cancer Research Program and Clinic.
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Figure 52. Schema of clinical trial for entinostat in combination with selumetinib including
details of biological sample collection for biomarker analysis.

Remaining unclear are the specific reasons why select IBC and TNBC cell lines have
increased NOXA mRNA expression, and NOXA promoter acetylation, in response to entinostat.
Here we noted a tendency for TP53- and BRCA1-mutant cell lines to be unresponsive to
treatment. BRCAL is a co-activator of TP53 which subsequently induces apoptosis via NOXA,
suggesting a possible escape mechanism when BRCA1 and TP53 are mutated (65). Additionally,
we cannot rule out as possible contributing factors the potential differences in the intracellular
metabolism of entinostat across cell lines, as well as other possible mechanisms by which
entinostat could be modulating NOXA gene expression. Future investigation into the role of
TP53 and BRCA1 mutation status and entinostat intracellular metabolism in association with
NOXA expression and treatment response would be crucial, potentially enabling additional

criteria for patient selection.
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We will also initiate a Phase 1b study to evaluate the clinical efficacy of combination
EPA and EPHA2-targeting therapy in human cancers. Through this second clinical trial,
combination therapy will be tested in breast cancer patients with metastatic disease that have an
elevated tumor expression of EPHA2, and ABCAL1, proteins. We will submit this clinical trial
protocol for support by the CTEP in early 2018, to be carried out at The University of Texas
MD Anderson Cancer Center and Morgan Welsh Inflammatory Breast Cancer Research

Program and Clinic in Houston, Texas, by Dr. Naoto T. Ueno and Dr. Bedrich Eckhardt.

Because cell sensitivity to EPA in combination with EPHA2-inhibition seems to be
dependent on cell membrane accumulation of cholesterol, a potential challenge for the clinical
application of our therapeutic strategy is the high percentage (49%) of adults in the U.S.
population currently receiving therapy with cholesterol biosynthesis inhibitors (i.e., statins),
which could reduce the efficacy of EPA and EPHA2-targeting therapy (157-159). However,
statins have been reported to have both tumorigenic and anti-tumorigenic roles, probably due to
their pleiotropic effects. Therefore, the efficacy of the EPA and EPHA2-inhibiting combinations
in patients receiving a statin should be evaluated, together with ABCA1 and EPHAZ2 protein
expression measurements; such investigations have the potential to provide robust predictive

biomarkers of treatment response to EPA and EPHA2-targeted combination therapy.

The results from these clinical trials would further support the initiation of a Phase Il and
I11 trials for testing the efficacy of these combination treatment strategies in patients with TNBC
and IBC, but also potentially on patients with cancer types that overexpress MCL1, or EPHA2
and ABCAL1, respectively (Figure 53). Additionally, the clinically relevant doses tested in our

preclinical models would potentially allow for a significantly decreased toxicity to patients,

107



compared to that of cytotoxic chemotherapy and other non-targeting approaches with higher

toxicities.
[Phase I clinical trial]
development
'
Entinostat and EPA and
Pimasertib Dasatinib
MCL1- EPHA2-
overexpressing positive
tumors tumors
Biomarker assessment Biomarker assessment
NOXA EPHA2
and and
MCLA1 ABCA1

Figure 53. Summarized overview of clinical trials and biomarker development for proposed
combination therapy strategies in patients with invasive breast cancers.
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