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Abstract

Breast cancer is the most prevalent malignancy and second leading cause of death in women
worldwide, with hormone receptor positive luminal breast cancers being the most widespread
subtype. While these tumors are generally amenable to endocrine therapy, cellular heterogeneity
and acquired ability of tumor cells to undergo cell state switching makes these populations
difficult to be fully targeted and eradicated through conventional methods. We have leveraged a
quality-by-design (QbD) approach that integrates biological responses with predictive
mathematical modeling to identify key combinations of commercially available drugs to induce
estrogen receptor expression for therapeutic targeting. This technology utilizes a high level of
automation through a custom-built platform to reduce bias as well as design-of-experiments
methodology to minimize the experimental iterations required. Utilizing this approach, we
identified a combination of clinical compounds, each at concentrations well below their efficacious
dose, able to induce the expression of estrogen receptor alpha (ESR1) in hormone positive breast
cancer cells. Induction of ESR1 in luminal cells leads to chemosensitization. These findings
provide proof of concept for the utility of the QbD strategy and identify a unique drug cocktail
able to sensitize breast cancer cells to tamoxifen.
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Introduction

The American Cancer Society estimates 252,710 women and 2,470 men will be diagnosed
with invasive breast cancer in the United States each year, with approximately 41,070
associated deaths. Approximately 80% of breast cancers are invasive or infiltrating, and as
such often metastasize to the lungs and brain (Society, 2017). Although breast cancer is
referred to as a single disease, there are up to 21 distinct histological subtypes and at least
four molecular subtypes that differ in terms of risk factors, presentation, response to
treatment, and outcomes (Dieci et al., 2014, Tamimi et al., 2012). Due to the complexity of
the disease, breast cancers are routinely classified by stage, pathology, grade, and expression
of estrogen receptor (ER), progesterone receptor (PR), or human epidermal growth factor
receptor (Her2/neu), and multiple therapies have been designed around these receptors (Dent
etal., 2007, Jemal et al., 2011).

The luminal A breast cancer subtype makes up around 70% of diagnosed cases in the United
States (Society, 2017). It is positive for estrogen receptor (ER) and progesterone receptor
(PR) expression, but negative for the human epidermal growth factor receptor 2 (Her2)
oncogene. Standard of care for patients with luminal types of breast cancer is endocrine
therapy, e.g. with tamoxifen. Since its introduction, tamoxifen has been widely used in both
pre- and post-menopausal ER-positive breast cancer patients (Normanno et al., 2005).
Tamoxifen and its active metabolite 4-OH tamoxifen, belong to the selective estrogen
receptor modulator (SERM) family and block estrogen receptor alpha (ESR1, ERa) in
breast tissue, consequently inhibiting cell growth. Although it has emerged as an efficacious
treatment, tamoxifen does not adequately target all luminal breast cancer cells. Due to
intrinsic heterogeneity of cancer cells, specifically in their expression of estrogen receptor,
ER-negative cells are able to escape and cause subsequent relapse (Lindstrom et al., 2018,
Weaver, 2014). The importance of this therapeutic evasion is further underscored by a recent
multivariable analysis which showed ER-positive breast cancer patients with high intra-
tumoral heterogeneity of ER had a two-time greater risk of long term fatal breast cancer
regardless of receiving tamoxifen treatment (Lindstrom et al., 2018).

Breast cancers, including the luminal subtype, evolve rapidly in situ and result in enhanced
cellular and molecular response mechanisms. These are a major barrier to the development
of durable therapies. Research throughout the field has characterized a landscape of genetic
and epigenetic alterations that are the basis in the development of next generation targeted
therapies (Alvarez et al., 2010, Baudino, 2015). Despite initial successes in the identification
of new therapeutic targets, these targets have limited clinical efficacy, offering little to no
survival or outcome benefit over conventional cytotoxic therapies.

To investigate multiple candidate chemotherapies simultaneously and to overcome the
limitations of single-pathway therapeutic strategies, we utilized a novel systems oncology-
based method using design-of-experiments (DoE) approach. DoE relies on Quality by
Design (QbD) fundamentals, a systemic method to product development that begins with
pre-defined objectives. It emphasizes product and process understanding, commonly utilized
by the FDA in guidance to the pharmaceutical industry (Yu et al., 2014). Through this
approach we identified a group of compounds which together are able to induce ESR1
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expression despite each being administered at sub pharmacologic effective doses. Following
pre-treatment with this cocktail of drugs, luminal breast cancer cells were sensitized to the
conventional endocrine therapy drug tamoxifen.

Methods

Cell Culture

MDA-MB-231, MCF7, and T47D breast cancer cells (American Type Culture Collection,
Manassas, VA, USA) were cultured in log-growth phase in Dulbecco’s modified Eagle’s
medium (DMEM/mammary epithelial cell growth medium; Lonza, Basel, Switzerland) with
10% heat-inactivated fetal bovine serum (unless otherwise noted) at 37 °C in a humidified
atmosphere (5% CO,).

Cell Proliferation

Cells were plated following 48 hour incubation with phenol red free media, as phenol red
has weak estrogen activity, containing 10% heat inactivated charcoal/dextran treated fetal
bovine serum (HyClone) to remove estrogen from the serum. Cells were plated in 96-well
plates at 1000 cells/well and pre-treated for 3 days with either media containing the BEPP
combination consisting of 27nM belinostat, 2nM everolimus, 1pM paclitaxel, and 10nM
pictilisib (GDC-0941) or containing 1% DMSO vehicle control. On day 3, cells were treated
with 1pM or 5uM 4-hyrdroxytamoxifen (4-OH tamoxifen, Sigma Aldrich) for an additional
7 days. Cells were lysed with CellTiter-Glo® Luminescent Cell Viability Assay reagent
(Promega) and luminescence was recorded at day 0, 3, 7, and 10 of the study and percent
cell viability was calculated relative to vehicle treated cells and normalized to the day 0
reading.

Estradiol Studies

Cells were plated following 48 hour incubation with phenol red free media containing 10%
heat inactivated charcoal/dextran treated fetal bovine serum (HyClone) in 96-well plates at
1000 cells/well and pre-treated for 3 days with either media containing BEPP or containing
1% DMSO vehicle control. On day 3, cells were treated with 100nM 17-Beta estradiol
(Sigma Aldrich) alone or 17-Beta estradiol and 1uM or 5uM 4-OH tamoxifen for 72 hours.
Cells were subsequently lysed with CellTiter-Glo® and analyzed as above. Percent cell
viability was calculated relative to vehicle treated cells.

Flow Cytometry Analysis

Following 3 days pre-treatment with BEPP or vehicle, MCF7, T47D, and MDA-MB-231
cells were treated with 1uM and 5uM 4-OH tamoxifen (Sigma Aldrich) for an additional 7
days, lifted with Accutase (Corning) and counted. Cells were stained for 30 minutes at room
temperature (RT) with a fixable UV-Live/Dead dye (Thermo Scientific), washed twice with
2% BSA in PBS, and stained using the FITC Annexin V/Dead Cell Apoptosis Kit with FITC
Annexin V and PI for flow cytometry (Invitrogen) following the manufacturer’s protocol as
written. Appropriate isotype control antibodies and live/dead dyes were used to set gates.
Data analysis was performed using the FlowJo software v10.
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Immunofluorescence Staining

MCF7 and MDA-MB-231 cells were seeded onto coverslips and following 3 days treatment
with vehicle or BEPP, were fixed in 4% paraformaldehyde (PFA) in PBS (VWR). Cells were
incubated for 10 minutes at room temperature (RT) washed and permeabilized with blocking
buffer containing 3% goat serum and 0.3% Triton X-100 (Fisher Scientific) for an additional
15 minutes at RT. Cells were washed 3 times with PBS and incubated overnight at 4C with
anti-Estrogen Receptor antibody (ab16660, 1:1000). Following 3 washes, cell were
incubated at RT for 1 hour with FITC labeled secondary antibody (1:2000, Thermo
Scientific), washed and stained with DAPI dye (1:1000, Thermo scientific) for 10 min at
room temperature in the dark, and mounted in FluorSave Reagent (CalBiochem). Slides
were imaged at 20x and analyzed using high-throughput automated single-cell imaging
analysis (HASCIA), which was described previously (Chumakova et al., 2019). HASCIA
image processing script and ImageJ v1.52k were used to obtain single-cell measurements of
marker intensity. Using the HASCIA web-app, the expression was normalized to DNA
intensity, and relative expression difference between groups was assessed using t-test.

Protein Extraction and Western Blot Analysis

Cell lysates (20ug total protein) were resolved by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and semi-dry transferred to PVDF membrane. After
blocking, membranes were incubated overnight at 4 °C with primary antibodies against
estrogen receptor alpha (AbCam, 1:1000) and Cyclophillin B (Cell Signaling, 1:5,000),
followed by incubation with secondary anti-mouse or anti-rabbit immunoglobulin G (1gG)
antibodies conjugated to horseradish peroxidase (Jackson ImmunoResearch, after incubating
with Pierce ECL plus (Thermo Scientific).

RNA Extraction and PCR Analysis

Total cell nRNA was extracted using the Nucleospin RNA Plus kit according to
manufacturer instructions (Takara). Nanodrop was used to measure the absorption at
260/280 nm to assess the quality and quantity of the collected RNA. Subsequently, the RNA
was transcribed to first strand cDNA using the First Strand cDNA Synthesis Kit (Primscript
TakaraBio) for gene expression analysis. Primers were designed for selected transcripts
(GAPDH-forward: TGCACCACCAACTGCTTAGC, GAPDH-reverse:
GGCATGGACTGTGGTCATGAG, ESR1-forward: 5’ACTACCTGGAGAACGAGCCC 3,
ESR1-reverse: 5’CCTTGGCAGACTCCATGATC 3°) and real time polymerase chain
reaction (QPCR) was performed with SYBR® Green | master mix (Applied Biosystems).
The relative expression of the transcripts was calculated using the 222 CT method.

Statistical analysis

All the experiments presented were run in triplicate, unless otherwise indicated. The values
reported in the results are mean values + standard deviation. One-way analysis of variance
was used to calculate the statistical significance, pvalues are detailed in the text and figure
legends.
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Drug Matrix and DoE Design

Results

A series of complex multidimensional experiments were conducted by Trailhead
Biosystems. A perturbation matrix was generated using robotic liquid handling system for
96 conditions, each condition representing different combinations of 12 drugs/effectors
tested 0-10nM pictilisib/GDC-0941, 0-2nM everolimus, 0-27nM belinostat, 0-1pM
paclitaxel, 0-6nM PF03084014, 0-5nM ABT888, 0-50nM PD173074, 0-3nM jakafi, 0—
20uM zoledronate, 0-0.3uM CBL0137, 0-0.4uM WWL 123, and 0-0.1nM SB743921.
Following 72 hours of matrix treatment, luminal MCF7 breast cancer cells were analyzed by
quantitative polymerase chain reaction (QPCR) using the QuantStudio flex open array
containing the following 53 candidate target genes: ABCB1, ABCG2, AXIN2, BCL2L11,
BIRC5, BMI1, BRCAL, CASP3, CCNB2, CD24, CD44, CHEK1, CTNNB1, HSPAS5, ID1,
ITGAG, ITGBL, ITGB3, MDM2, MK167, MUC1, NANOG, NFE2L2, NFKB1, NOTCHS,
PCNA, POU5F1, PTCH1, PYGOL1, DUSP6, ELF5, EPCAM, ERBB2, ESR1, ESR2, ETV4,
FGF2, FGF4, FGFR1, FGFR2, FGFR4, FOXAL, GATA3, HES1, HIF1A, RBBP5, SOD1,
SOX2, STAT3, STAT5A, TNFSF10, TP53, XBP1. This generated >5000 data points (96
samples x 56 genes). Data were analyzed by the MODDE software package (Sartorius).
Each response was fitted to a PLS statistical regression model for analyzing effectors and
multifactor interactions for each gene using MVDA-maximizing Q2 and R2 values. We then
extracted conditions for maximizing expression of ESR1 (Figure 1).

DoE Factors and ESR1 response global model fitting

Twelve commercially available standard-of-care chemotherapeutics and inhibitory
compounds against known pathways were selected to test their efficacy in MCF7 cells
(Figure 2A). These inhibitors were used at 0.1x of the reported half maximal inhibitory
concentrations (IC50) in breast cancer cell lines. As a readout, we chose 53 target gene
candidates based on their published involvement in self-renewal and therapeutic resistance
pathways in breast cancer cell. Each gene response model contained between 12 and 23
mathematical terms (primary terms and pathway interaction terms) and each effector’s
relative contribution on the gene set was assessed, leading to an impact-table for each breast
cancer cell line, which could be used to build a model to assess individual and combinatorial
effects of each inhibitor compound on gene expression. Although multiple gene expression
profiles became candidates for exploration through this approach (Supplemental Figure 1),
we focused on estrogen receptor alpha (ESR1) as the best clinical target for our study
(Figure 2B).

A key aspect in global model fitting is the Q2/R? ratio. Q2 estimates the predictive ability of
the model (significance is defined as a value from 0-1), and R? is the fraction of variance of
the response explained by the model (a value of 1 shows an exact fit). Using the data
collected from the DoE approach, less important interacting partners are excluded until an
optimal Q2/R2 ratio is achieved, resulting in a model that can be utilized to predict effects of
specific compound combinations on specific target genes. The model that is generated
through iterative optimization can be significantly different depending on the target gene
selected. The final model for ESR1 included all inhibitor compounds individually, as well as
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statistically significant combinations thereof (Figure 2B), each with their effects on overall
ESR1 expression levels.

The optimal inhibitor combination for maximal ESR1 expression is identified through
MODDE software dynamic profile analysis

The overall impact of individual factors was determined by the collective coefficient
magnitude on ESR1 expression levels in MCF7 cells. The higher the value, the more
contribution the individual factor has on overall ESR1 expression (Figure 3A). We
determined the most effective contributors to ESR1 expression of the compounds tested in
MCFT7 cells were zoledronate, pictilisib, everolimus, paclitaxel, SB743921, belinostat,
WWL123, and CBL0137. Although these compounds are all key contributors, some
(zoledronate, SB743921, WWL123, and CBL0137) are predicted repressors resulting in a
decrease of ESR1 expression therefore are required to be absent. Other compounds
(belinostat, everolimus, paclitaxel, and pictilisib) are predicted enhancers and therefore are
required to be present for maximal ESR1 expression in MCF7 cells. Thus, to achieve the
maximum level of ESR1 in MCF7 cells, the optimal drug cocktail includes belinostat,
everolimus, paclitaxel, and pictilisib. Interaction analysis revealed that the effects of these
compounds on ESR1 expression are additive, not cooperative, which is demonstrated in the
contour plot (Figure 3B). These findings suggest that all four drugs must be added to MCF7
cells at specific concentrations to achieve the maximum ESR1 expression (red). The contour
plot also suggests that when treating with these drugs individually or in a two- or three-part
combination, maximum ESR1 expression is not achieved. The optimal four drug cocktail,
referred to as BEPP in rest of manuscript, consisted of 27nM belinostat, 2nM everolimus,
1pM paclitaxel and 10nM pictilisib (Figure 3C). Importantly, the optimal concentrations for
induction of ESR1 expression were well below or at their respective inhibitory
concentrations (IC50) (Jordan et al., 2014, Junttila et al., 2009, Reshkin et al., 2003).

Validation of the DoE defined drug cocktail, BEPP, in vitro

ESR1 mRNA levels were increased following BEPP treatment in MCF7 cells but were not
increased in MDA-MB-231 TNBC cells based on real-time qPCR analysis (Figure 4A). As
TNBC do not express ESR1, BEPP was not able to increase estrogen receptor in these cells.
Additionally, MCF7 and MDA-MB-231 cells treated with each individual component of
BEPP showed no significant difference in ESR1 expression when compared to vehicle
controls, further validating the prediction that all BEPP components are needed to achieve
maximal ESR1 expression. To validate whether BEPP treatment resulted in a difference at
the protein level, we incubated MCF7 and MDA-MB-231 cells with either vehicle or BEPP
for 3 days followed by ESR1 Western blot (Figure 4B) and immunofluorescence analysis
(Figure 4C, D) for ESR1 expression. BEPP induced a significant increase in ESR1
expression in the luminal MCF7 by both Western blot of total cell lysate and intracellular
immunofluorescence staining. As expected, the TNBC cell line MDA-MB-231 did not show
a significant change when compared to vehicle control samples.
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BEPP pre-treatment enhances estradiol-induced proliferation and the effect of 4-OH
tamoxifen treatment

To ensure that BEPP pre-treatment results in an increase in functional estrogen receptor
expression, and to determine the effect of tamoxifen treatment in the presence of the
estrogen receptor ligand 17- B Estradiol (E2), MCF7, T47D, and MDA-MB-231 cells were
incubated with 0-3 uM E2 for 72 hours following BEPP or vehicle pre-treatment alone or in
the presence of 1uM or 5uM 4-OH tamoxifen. In MCF7 cells, response to E2 treatment was
enhanced by BEPP as evidenced by a decreased EC50 (30 nM in BEPP group as compared
to 60nM in the vehicle) and increased overall proliferation levels (~2-fold change in the
BEPP group as compared to vehicle) (Figure 5A). Furthermore, when MCF7 cells were co-
treated with E2 and either 1uM or 5uM 4-OH tamoxifen, proliferation levels were attenuated
in the BEPP group compared to vehicle (Figure 5B, C). As expected, MDA-MB-231 cells
did not exhibit an increase in proliferation when treated with E2 in BEPP or vehicle pre-
treatment conditions (Figure 5D), and no significant changes were observed with the
addition of either 1uM or 5uM 4-OH tamoxifen co-treatment (Figure 5D, E). In further
support of this effect of BEPP pre-treatment on ER positive breast cancer, similar results
were observed in another luminal A breast cancer cell line, T47D (Supplemental Figure 2).

Luminal breast cancer cells are sensitized to tamoxifen following BEPP pre-treatment.

We next sought to test the hypothesis that increased expression of ESR1 would sensitize the
cells to 4-OH tamoxifen and whether these findings are translatable to additional luminal
and TNBC breast cancer cell lines. Following three days of co-culture with BEPP or vehicle,
MCF7, T47D, and MDA-MB-231 cells were treated with 1uM or 5uM 4-OH tamoxifen for
an additional 7 days (Figure 6A). A luminescence assay measuring the number of viable
cells was used to follow changes in cell proliferation throughout the course of the
experiment, while apoptosis was measured by Annexin V flow cytometry analysis. Luminal
breast cancer MCF7 (Figure 6B) and T47D (Supplemental Figure 3) cells pre-treated with
BEPP exhibited attenuated cell proliferation after 1uM and 5uM 4-OH tamoxifen treatment
when compared to vehicle pre-treatment. By day 10, MCF7 cells had an overall 50%
decrease in survival (Figure 6C) and a significant increase in Annexin V expression, (Figure
6D) in both 1 pM and 5 uM 4-OH tamoxifen treatment groups when compared to vehicle
controls. Additionally, MCF7 and T47D cells receiving BEPP alone throughout in the
absence of 4-OH tamoxifen treated were not significantly affected when compared to
vehicle controls. As expected, TNBC cell line MDA-MB-231 did not show any change in
sensitization to 4-OH tamoxifen upon BEPP pre-treatment (Figure 6E-G).

Discussion

While computational-aided multi-drug therapeutic strategies have been described in the
literature, previously reported methods are resource-consuming and only analyze a small
subset of compound combinations. Furthermore, these studies only analyze a single
pathway, reporting combinatorial drug effects on one or two targets such as overall
proliferation or cell survival (Brandl et al., 2014, Ji et al., 2017, Sima et al., 2018). In this
study, we introduce the use of a novel systems oncology-based QbD approach in targeting
hormone-positive breast cancer cells that overcomes the limitations of single-pathway
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therapeutic strategies. Instead of identifying new drugs with novel cancer targeting
properties, we investigated a pool of known drugs and sought to find a combination that
would minimize cellular heterogeneity in order to drive cancer cells to a state more
amenable to conventional cytotoxic therapy, ultimately reducing resistance and recurrence.
We demonstrate the ability of a novel drug cocktail, BEPP, consisting of belinostat,
everolimus, paclitaxel, and pictilisib, to increase ESR1 expression leading to enhanced 4-OH
tamoxifen sensitivity in hormone receptor-positive breast cancer cell lines.

This type of study is practically achievable through the power of a DoE approach. DoE is a
fundamental part of QbD and is used in the engineering and manufacturing industries to
study the complex relationships between the output of a process and the input factors and
how this impacts the manufacturing process. In biologic systems, which are inherently more
complex than any manufactured device, the biologic inputs and outputs are interconnected in
complex ways by diverse second messengers and signaling molecules. Yet, the traditional
paradigm for assessing cellular response is mainly based on single pathway interrogation. As
biologic systems, specifically the multiple compensatory mechanisms available to a cancer
cell, are not governed by single pathways but rather complex interacting networks, it is not
surprising that single drug therapies are often inadequate for effectively eradicating cancer
cells in a given patient. Compounding the challenge of multiple pathways is the multiplicity
of cell states in cancer populations and the ability of cells to freely change states. Yet,
defining specific, targeted, efficacious therapies represents the goal of precision medicine in
cancer care.

QbD offers a next-generation approach in how new cancer drug therapies can be discovered.
This study provides a proof of principle of this approach. DoE allows us to rapidly identify
individual cell states while providing a highly predictive assessment of conditions that
control such states. This approach facilitates the systematic determination of relationships
between the output of a process (transcriptome signatures reflecting the cell state) and the
input factors impacting the process. This allows us to develop a therapeutic strategy based
on cell state control to achieve increased tumor cell homogeneity that can be targeted with
standard-of-care chemotherapy. Using a cellular model of breast cancer, our study reveals a
novel combination of four FDA approved drugs that are able to enhance ESR1 expression
greater than any one drug alone.

Combination therapies are one strategy to increase treatment efficacy, as they act on multiple
interconnected and independent signaling pathways concurrently. The success in treatment
of HIV/AIDS was obtained from a combinatorial solution rather than a single compound,
and this is likely to be applicable to many advanced cancers where single-agent targeted
therapies have not been clinically impactful. In addition, combination therapy can enable
greater treatment efficacy without the need to find new drugs. While the pipeline from
discovery of a novel compound to the establishment of human safety to its prescribing is
time-consuming and expensive, a combination therapy of well-studied compounds may
allow for expedited study. In our drug cocktail BEPP, all of the FDA-approved compounds
are well-studied and characterized in the literature for use in breast cancer treatment
individually. At therapeutic doses, belinostat is a HDAC inhibitor being explored to target
specific steps in the estrogen receptor signaling pathway; everolimus has been shown to
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inhibit the mTOR pathway, a key pathway in breast cancer tumorigenesis; paclitaxel targets
fast dividing cells by interfering with the normal breakdown of microtubules during cell
division; Pictilisib, or GDC-0941, is an inhibitor of the PI3K pathway, which in concert with
mMTOR and Akt plays a critical role in endocrine therapy resistance in breast cancer (Renoir
etal., 2013, Royce and Osman, 2015, Sarker et al., 2015, Thomas et al., 2013).

Combination therapy also has the great advantage of allowing clinically significant low
doses for each of the drugs, reducing individual side effects and the risk of drug-drug
interactions. In our study, the concentration required for maximal ESR1 expression is
significantly below the IC50 reported for each of the drugs. Since the side effects of these
drugs is generally dose-dependent, it is reasonable to assume that such low doses of each of
the compounds would have a lower rate of adverse side effects overall. Further, 95% cell
death was observed when cells utilized throughout this study were treated with the IC50
reported for each compound (data not shown).

In conclusion, we provide a proof-of-principle of how a QbD approach can be used to
discover a novel combinatorial strategy for cancer chemo sensitization, and we report one
such novel combination therapy, BEPP, which enhances 4-OH tamoxifen treatment
specifically of a hormone receptor positive breast cancer cell line (Figure 7). This approach
represents a paradigm shift in experimental design with the ultimate goal of rapid translation
of low-dose drug combinations that are safe and efficacious in sensitizing cancer cells in a
multi-phase approach to treating luminal breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design-of-Experiment approachesto identify points of fragility for breast cancer

targeting.

Schematic depicting the proposed QbD workflow. This experimental paradigm has been
previously developed by Trailhead Biosystems to assess cell-type specific differentiation

from pluripotent stem cells.
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Figure 2. DoE Factorsand ESR1 response global model fitting.
Using the defined factors at the indicated concentration ranges (A) and ESR1 as the response

target, global model fitting was performed to optimize the R%/Q? ratio. (B) The graph depicts
individual factor contribution and key interacting partners and their effects on ESR1
expression allowing for optimal predictive model fitting.
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Figure 3. The M ODDE software dynamic profile of tested clinically relevant inhibitors.
Following treatment with the perturbation matrix PCR data was analyzed through MODDE

software. (A) Multiple compounds had key factor contributions to ESR1 expression such as
zoledronate, pictilisib, everolimus, SB743921, belinostat, WWL123, and CBL0137.
Compounds that decreases ESR1 expression are shown as negative and those that increase
ESR1 expression are shown as positive. (B) The four compounds predicted to increase ESR1
expression were analyzed using a 4D contour plot to assess their individual and combined
effects over the concentrations tested. This plot shows that for the maximal ESR1 response
(red) all 4 compounds must be used together. (C) The specific MODDE predicted drug
cocktail BEPP is outlined showing specific pathway targets, each concentration needed to
achieve maximal ESR1 expression and the reported IC50.
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Figure 4. Validation of the DoE-defined M ODDE drug cocktail, BEPP.
(A) MDA-MB-231 and MCF7 cells were treated with vehicle, BEPP, or each component

individually. gPCR results confirm that the highest ESR1 expression was achieved with
BEPP treatment in MCF7 cells. Following treatment with BEPP or vehicle, MDA-MB-231
and MCF7 cells were analyzed by western blot (B) and immunofluorescence staining (C and
D) for estrogen receptor alpha (ERa) expression. MCF7 cells exhibited an increase in ERa
expression following BEPP treatment (green) compared to vehicle (black), whereas ERa
expression in MDA-MB-231 cells did not change in both western blot and
immunofluorescence staining analysis. *** p<0.001 **p<0.01 *p<0.05 n.s-not significant
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Figure5. MCF7 and T47D Cell Proliferation isincreased following 17-p Estradiol treatment and
isattenuated by 4-OH tamoxifen addition following BEPP pre-treatment.

Following pre-treatment with either BEPP (BEPP) or vehicle (VEH), MCF7 cells were
incubated in phenol-red free media with 17-p Estradiol Alone (E2), E2 and 1uM 4-OH
tamoxifen (1T), or E2 and 5uM 4-OH tamoxifen (5T). (A) BEPP pre-treated MCF7 cells
exhibit increased proliferation when treated with E2 compared to vehicle pre-treated cells.
Proliferation is attenuated in BEPP pretreated cells (B) and to a lesser extent in vehicle
pretreated cells (C) upon E2 and 1uM or 5uM tamoxifen co-treatment compared to E2
treatment alone. (D) BEPP pre-treated MDA-MB-231 cells exhibit no significant difference
in proliferation when treated with E2 compared to vehicle pre-treated cells. Proliferation is
also not changed in BEPP pretreated cells (E) or vehicle pretreated cells (F) upon E2 and
1uM or 5uM tamoxifen co-treatment compared to E2 treatment alone.
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Figure 6. Luminal breast cancer cellsare sensitized to tamoxifen following BEPP pre-treatment.
(A) Following 3 days of pretreatment with BEPP or vehicle, MCF7 and MDA-MB-231 cells

were treated with 1 or 5 uM 4-OH tamoxifen for an additional 7 days and analyzed at
predetermined time points by CellTiter-Glo®. (B) MCF7 cells exhibited decreased
proliferation following treatment with 1uM (left) or 5uM (right) 4-OH tamoxifen after pre-
treatment with BEPP (green) when compared to cells pre-treated with vehicle before 4-OH
tamoxifen (red), or cells treated with vehicle (black) or BEPP (blue) alone throughout. At
day 10, overall survival (C) was decreased in BEPP pretreated cells and Annexin V
expression levels (D) were increased in BEPP pretreated cells when compared to the other
three groups. (E) MDA-MB-231 cells exhibited no significant differences in proliferation
following treatment with 1uM (left) or 5uM (right) 4-OH tamoxifen after pre-treatment with
BEPP (green), pre-treated with vehicle before 4-OH tamoxifen (red), or cells treated with
vehicle (black) or BEPP (blue) alone throughout. At day 10, overall survival (F) and
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Annexin V expression (G) were not significantly altered in BEPP pretreated cells when
compared to the other three groups. *** p<0.001 **p<0.01 *p<0.05 n.s-not significant
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Figure 7. Model of strategy to reduce cell states for increased targeting efficiency.
Heterogeneous populations of cancer cells are treated with varying doses of clinically

relevant small molecule inhibitors. The optimal combination of therapeutic drugs is obtained
to promote cell differentiation to a homogeneous state that can be targeted for cell killing.
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