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Abstract

Nearly 75% of breast tumors express estrogen receptor (ER) and will be treated with endocrine
therapy, such as selective estrogen receptor modulator (SERM), tamoxifen, or aromatase
inhibitors. Despite their proven success, as many as 40-50% of ER+ tumors fail to respond to
endocrine therapy and eventually recur as aggressive, metastatic cancers. Therefore, preventing
and/or overcoming endocrine resistance in ER+ tumors remains a major clinical challenge.
Deregulation or activation of the nuclear factor xB (NFxB) pathway has been implicated in
endocrine resistance and poor patient outcome in ER+ tumors. As a consequence, one option to
improve on existing anti-cancer treatment regimens may be to introduce additional anti-NFxB
activity to endocrine therapy drugs. Our approach was to design and test SERM-fumarate co-
targeting hybrid drugs capable of simultaneously inhibiting both ER, via the SERM, raloxifene,
and the NFxB pathway, via fumarate, in breast cancer cells. We find that the hybrid drugs display
improved anti-NFxB pathway inhibition compared to either raloxifene or fumarate. Despite some
loss in potency against the ER pathway, these hybrid drugs maintain anti-proliferative activity in
ER+ breast cancer cells. Furthermore, these drugs prevent clonogenic growth and mammosphere
formation of ER+ breast cancer cells. As a proof-of-principle, the simultaneous inhibition of ER
and NFxB via a single bifunctional hybrid drug may represent a viable approach to improve the
anti-inflammatory activity and prevent therapy resistance of ER-targeted anti-cancer drugs.
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Introduction

Breast cancer is the most commonly diagnosed cancer among American women and claims
over 40,000 lives each year. About 75% of breast tumors express estrogen receptor a
(ERa), and ER remains the single most important driver and prognostic factor in breast
cancer. Patients with ER+ tumors are typically treated with endocrine therapy to prevent
activation of ER, such as aromatase inhibitors, or direct ER antagonism using the selective
ER modulator (SERM) tamoxifen and the selective ER down-regulator (SERD) fulvestrant
(1C1182780). Although the 5-year survival rates are generally good, it is estimated that up to
50% of ER+ tumors fail on endocrine therapy and recur as aggressive, therapy resistant, or
metastatic tumors. As a result, more women die each year of ER+ breast cancer than ER-
negative breast cancers (1,2).

Although multiple pathways and factors contribute to endocrine resistance, increasing
evidence points to the inflammatory nuclear factor xB (NFxB) pathway as a key player. In
ER+ tumors, numerous studies have shown that a deregulated, or constitutively active NFxB
pathway is associated with hormone-independence, both chemo and endocrine therapy
failure, and an elevated risk of early relapse (3-7). Furthermore, chemical inhibition of
NF«xB activity can restore sensitivity to ER antagonists in cell-based models of resistance
(8,9). Together, these findings suggest that simultaneous inhibition of both ER and the
inflammatory NFxB pathway would be beneficial against aggressive ER+ breast cancer
disease (Fig 2A). While multiple advancements have been made towards therapeutic
targeting of the NFxB pathway (e.g. proteasome inhibitors and upstream kinase inhibitors),
most have failed in the clinic due to inhibition of other non-NF«xB targets and adverse toxic
side effects (10). Thus, safe and effective targeting of the NFxB pathway, especially in solid
tumors, remains a major challenge. We have previously established that the anti-
inflammatory drug, dimethyl fumarate (DMF), effectively inhibits the NFxB pathway in
breast cancer cells and exhibits promising anti-cancer activities (11). Furthermore, the
fumarate functional group is required and sufficient to confer anti-NFxB activity when
conjugated to other drugs as we have previously demonstrated with aspirin (12). Therefore,
we hypothesized that adding a fumarate moiety to current ER antagonists may confer similar
anti-NFxB properties.

Simultaneous targeting of ER and NFxB can be achieved by combination therapies that
independently inhibit those pathways. Alternatively, a hybrid drug strategy can be utilized.
By definition, a hybrid drug is a chemical entity capable of interacting simultaneously with
multiple targets. We reasoned that a single-agent hybrid may be superior based on purported
advantages such as: i) enhanced affinity and efficacy over parent drugs, ii) improved
pharmacokinetic profile, iii) reduced side effects, and v) improved patient compliance (13).
In this paper, several SERMs and SERDs were screened for their anti-NFxB activity, which
was found to be either absent or modest. The potent, clinically relevant SERM, raloxifene,
was selected as the scaffold for development of hybrid drugs containing a fumarate
functionality. Unsurprisingly, after incorporating the fumarate functionality, potency on ER
was lowered. However, both fumarate hybrids studied inhibited NFxB signaling equally.
Importantly, the raloxifene-fumarate hybrid drugs remained capable of blocking estrogen-
induced proliferation, clonogenic growth and mammosphere formation of ER+ breast cancer
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cells. This anti-proliferative activity in breast cancer combined with inhibition of NFxB
signaling indicates a viable, novel strategy to treat aggressive ER+ breast cancers.

Materials and Methods

Reagents and Drug Synthesis

ARN-810 was purchased from MedChem Express. Estrogen (17p-estradiol, E2), 4-hydroxy-
tamoxifen, raloxifene, IC1182780 and DMF were purchased from Sigma. TNFa was
purchased from R&D Systems. Raloxifene-fumarate hybrids, Ral-Fum 1 and Ral-Fum 2,
and raloxifene-succinate (Ral-Succ) were synthesized according to the schemes shown in
Supplemental Fig 1. Ral-Fum 1 (5) and Ral-Succ (3) were obtained by the acylation of (4-
(2-aminoethoxy)phenyl)(6-methoxy-2-(4-methoxyphenyl)benzo[b]thiophen-3yl) methanone
(1) with ethyl fumaroyl or succinoyl chloride, followed by O-demethylation with BF3 *
SMe; in CHCI3 at low temperatures. The use of boron tribromide for O-deprotection led to
the complete loss of the ester group. Non-aqueous click chemistry was chosen for the
generation of Ral-Fum 2, an analog retaining the piperidine ring of raloxifene. This was
accomplished by starting from raloxifene substituted with an azidoethyl group on the
piperidine ring (6) and attaching the fumarate using click chemistry, with Cul * PPh3 as the
catalyst. The reaction could be carried out in THF to avoid ester hydrolysis. The structures
and purity were confirmed by LC-MS/MS and NMR spectroscopy.

Cell Lines, Culture Conditions and Drug Treatments

The human estrogen receptor (ER) positive breast cancer cell lines, MCF-7 and T47D, were
obtained from Dr. Debra Tonetti (University of Illinois at Chicago) and authenticated. These
cells were routinely maintained in RPMI 1640 media (Invitrogen Life Technologies) with
phenol red supplemented with 10% FBS, 1% non-essential amino acids, 2mmol/L L-
glutamine, 1% antibiotics penicillin-streptomycin, and 6ng/mL insulin. The ER- breast
cancer cell line, MDA-MB-231, was obtained from Dr. Clodia Osipo (Loyola University
Chicago) and routinely maintained in IMEM media (Corning) supplemented with 5% FBS,
1% non-essential amino acids, 2mM L-glutamine, and 1% antibiotics penicillin-
streptomycin. Prior to measuring ER activity, cells were seeded for 72hrs in phenol red-free
media with reduced 5% charcoal-dextran stripped FBS. For dual-luciferase assays, cells
were pre-treated with drugs for 1hr, followed by induction with E2 (10nM) or TNFa
(10ng/mL) for 4hrs. For gene expression studies, cells were pre-treated with drugs for 1hrs,
followed by induction with E2 (10nM) or TNFa (10ng/mL) for 2hrs.

Luciferase Reporter Assay

MCEF-7 cells were transiently co-transfected with an NFxB-RE or ERE luciferase construct
(Clontech) along with the renilla luciferase construct, pGL4.70 (Promega), and dual
luciferase assays were carried out as previously described (14).

RT-Quantitative PCR (QPCR)

Total RNA was isolated using the Trizol method, then reverse transcribed (RT), and
analyzed by QPCR performed as previously described (15). Fold change was calculated
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using the AACt method with 36B4 serving as the internal control. QPCR primer sequences
are available upon request.

Proliferation Assay

MCEF-7 cells were seeded in phenol red-free media at 5,000 cells per well in 24-well plates.
After 48hrs, media was replaced and varying concentrations of drugs along with E2 (10nM)
were added. After 72hrs of treatment, cells were washed twice with PBS, followed by fixing
and staining in 1% crystal violet in methanol and water (1:4). Stained cells are solubilized in
1% SDS and colorimetric density was measured at 570nm via a plate reader.

Mammosphere (MS) Assay

Breast cancer cells were seeded at single cell density on low attachment plates in media
described by Dontu et al., supplemented with 1% methyl cellulose to prevent cellular
aggregation (16). Inhibitors were added the next day. After 7 days in culture, the diameter of
MS was measured and the number of MS =75um in diameter was counted.

Clonogenic Assay

MCEF-7 cells were seeded at clonogenic density of 1,000 cells per well in 6-well plates in
estrogenized phenol red media. After overnight attachment, cells were treated as indicated.
Media was changed every 3-4 days and cells were re-treated for 2 weeks. After 2 weeks,
colonies were stained with 1% crystal violet in methanol and water (1:4) and imaged via
ImageJ software. Colony area was estimated automatically via the ColonyArea ImageJ
plugin (17).

Statistical Analysis

Data are presented as mean £ SEM from at least three independent determinations.
Statistical analysis consisted of 1- or 2-way ANOVA followed by Tukey posttest, or t test, as
appropriate. I1Cgqs are calculated with GraphPad Prism software.

Results

Profiling SERMs and SERDs for anti-NFxB activity in ER+ breast cancer cells

Fumarate esters provide clinical anti-inflammatory and immunomodulatory activity through
multiple pathways (18). We view fumarate as the chemical moiety of choice to antagonize
the NFxB pathway, based on its proven anti-NFxB activity in breast cancer cells (11) and its
acceptable clinical safety profile (19). To block ER activity, several FDA approved drugs are
available. Interestingly, extensive crosstalk has been reported between ER and the NFxB
pathway that ranges from a classical mutual-transrepression mechanism to a synergistic
cooperativity between the two (15,20). As a consequence, ER ligands from agonists such as
estrogen, to tissue selective SERMs, to SERDs display a wide spectrum of activity on the
NFxB pathway. To prioritize among ER antagonists for breast cancer therapy, we first
investigated whether clinically relevant SERMs and SERDs are capable of inhibiting NFxB
signaling in ER+ MCF-7 human breast cancer cells. NFxB activity was measured via a dual
luciferase reporter assay of the NFxB-response element (NFxB-RE) as indicated in Fig 1.
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The pro-inflammatory cytokine, tumor necrosis factor (TNFa), was used to activate the
NFxB pathway. Two SERMs, the classical endocrine therapy drug, tamoxifen (active
metabolite 4-hydroxy-tamoxifen, 40HT) and raloxifene, an approved drug for post-
menopausal osteoporosis and for breast cancer prevention in high risk patients, were tested.
Two SERDs, IC1182780 (ICI), and the orally bioavailable SERD, ARN-810, were also
tested. We find these drugs to be rather ineffective at doses relevant to ER modulation used
in breast cancer cells. However, there are notable differences among these two classes of ER
antagonists. The SERMs (Fig 1A) are more potent inhibitors of NFxB signaling. The
SERDs (Fig 1B) showed no inhibitory activity, except for the modest inhibition by ICI at
5uM (<25% inhibition). Our survey indicates that the benzothiophene SERM, raloxifene, is
slightly more potent at inhibiting NFxB activity even compared to 40HT (39% vs 32% at
5uM respectively). Raloxifene’s anti-NFxB activity was also corroborated on a classical
NFxB-target gene, intercellular adhesion molecule 1 (ICAM1) (Supplemental Fig 2A), and
in a second ER+ breast cancer cell line, T47D (Supplemental Fig 2B). The calculated
inhibitory concentration at 50% (ICsgq) is ~40uM. Therefore, raloxifene was used as the anti-
ER drug of choice in our hybrid drug design.

Raloxifene-fumarates have anti-NFxB and anti-ER activity

One approach to enhance the inhibitory activity of raloxifene on the NFxB pathway is by
designing hybrid agents consisting of the parent SERM linked to additional functional
groups or moieties with known anti-NFxB activity (Fig 2). One such functionality is the
fumarate, which we have previously shown to inhibit the NFxB pathway (11). In Fig 2, the
co-targeting strategy and the chemical structures of Ral-Fum hybrids are shown. The first
generation of raloxifene-fumarate hybrid (Ral-Fum 1) consisted of a benzothiophene-based
synthetic intermediate conjugated to fumarate via an amide bond (Fig 2B). The second
generation, Ral-Fum 2, consisted of the full raloxifene structure conjugated to fumarate via
an amine linker. The anti-NFxB activity was profiled in ER+ human breast cancer cells,
MCF-7, by a dual luciferase reporter assay of the NFxB-RE shown in Fig 3A, and by the
expression of a bona-fide NFxB-target gene, Intercellular Adhesion Molecule 1 (ICAM1),
shown in Fig 3B. We find that both co-targeting agents Ral-Fum 1 and Ral-Fum 2 inhibit the
NFxB pathway on both assays with similar potency 1C5p=4-5uM. Ral-Fum 2 displays again
similar potency against the NFxB pathway in a second ER+ breast cancer cell line, T47D, as
well as in an ER- cell line, MDA-MB-231 (Supplemental Fig 3). This shows an
improvement over the parent drug, dimethyl fumarate (DMF), which has an 1C5p=20uM (Fig
3). Overall, we conclude that Ral-Fum hybrids have improved inhibitory potency on NFxB,
and it is likely independent of ER given their equal activity in either ER+ or ER- breast
cancer cell lines.

We have previously shown that DMF’s anti-NF«xB activity is attributed to its electrophilic
nature, and its mechanism of action is via covalent protein modification (11). To determine
whether this chemical reactivity is required in the co-targeting hybrids, we tested raloxifene-
succinate (Ral-Succ), the saturated analog of Ral-Fum devoid of the fumarate’s double bond,
hence unable to form covalent protein adducts. We find that Ral-Succ is unable to inhibit the
NFxB pathway illustrated in Supplemental Fig 4. This suggests that Ral-Fum hybrids,
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similar to DMF, require fumarate’s chemical reactivity to inhibit the NFxB pathway in
breast cancer cells.

Next, we profiled the anti-ER activity of Ral-Fum co-targeting agents. As mentioned above,
first generation versus second generation of raloxifene-fumarate hybrids differ in their
SERM portion and linkage to fumarate (Fig 2B). While Ral-Fum 1 consists of a
benzothiophene-based synthetic intermediate conjugated to fumarate via an amide bond,
Ral-Fum 2 consists of the full raloxifene structure, including its piperidine arm. The
fumarate was then conjugated by click chemistry while the piperidine nitrogen remained
intact as a tertiary amine, hence an amine linker (Fig 2B). ER antagonism was measured in
ER+ human breast cancer cells, MCF-7, by a dual luciferase reporter assay of the ER-
response element (ERE) shown in Fig 4A, and by the expression of a bona-fide ER-target
gene, progesterone receptor, PR, shown in Fig 4B, in the presence of estrogen (E2). We find
that both Ral-Fum hybrids show significant loss of potency compared to the parent drug
raloxifene, which exhibits 1C5os of 8nM and 3nM on ERE-luciferase and PR gene
expression respectively. Ral-Fum 1 is the weakest ER antagonist IC5y=6uM, while Ral-Fum
2 is an order of magnitude more potent: IC5g=500nM. Since the benzothiophene core is
identical in both hybrids, the difference in potency is attributed to the piperidine ring of the
side arm present in Ral-Fum 2 that is critical for helix 12 placement in an antagonist ER
conformation (21). Instead, the fumarate moiety is predicted to have no effect on ER.
Indeed, DMF by itself has no inhibitory activity against ER, as illustrated in Supplemental
Fig 5 on both ER-induced target genes, Trefoil Factor 1 (TFF1) and Early Growth Response
3 (EGR3), or on ERE luciferase activity.

More recently, the classical paradigm of antagonistic crosstalk between ER and the NFxB
pathway in breast cancer has been challenged. We have shown that ER and NFxB can also
act together in a positive manner to synergistically increase transcription of a subset of genes
that correlates with poor patient outcome following endocrine treatment (15). The Ral-Fum
2 hybrid showed enhanced potency at inhibiting ER and NFxB crosstalk genes such as,
Baculoviral IAP Repeat Containing 3 (BIRC3) and Prostaglandin E Synthase (PTGES) (Fig
5), further supporting its purported benefit of the dual targeting nature.

Raloxifene-fumarates block proliferation, clonogenic growth and mammosphere formation
of ER+ breast cancer cells

To determine the therapeutic value of the Ral-Fum hybrids in breast cancer, we measured the
anti-proliferative (Fig 6A), anti-clonogenic (Fig 6B), and anti-mammosphere formation (Fig
6C) activity of these drugs. Ral-Fum 2 (IC55=500nM) is more potent than Ral-Fum 1
(IC50=3uM) at blocking estrogen induced proliferation of ER+ breast cancer cells. Given
that ER fueled by estrogen is the main driver of proliferation in ER+ breast cancer cells, we
find as expected that the anti-proliferative activity of Ral-Fum hybrids mimics the ER-
antagonism observed in Fig 4. We find that anti-clonogenic activity of Ral-Fum 1
(IC5p=2uM) versus Ral-Fum 2 (IC5p=16nM) also follows the same trend given that this
assay relies on both cell proliferation in estrogenized growth media and cell survival under
clonogenic cell density. In both of these assays, raloxifene alone shows an efficacy
consistent with its ER 1Csgq in the low nM range. Other important breast cancer phenotypes
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are anchorage-independent growth and self-renewal, which can be measured in the
mammosphere (MS) assay. MS culture also enriches for breast cancer stem cells (CSCs);
these are a subset of cells within the tumor endowed with tumorigenic potential, are
refractory to therapy, and contribute to recurrence and metastasis (22-27). We have shown
that DMF inhibits MS formation of breast cancer cells by inhibiting the NFxB pathway (11).
Ral-Fum 2 inhibits MS formation more potently compared to either raloxifene or DMF at
their respective ER or NFxB pathway 1Csqs (Fig 6C). Together these data support the
feasibility of a dual-targeting approach to improve on existing endocrine therapy drugs.

Discussion

In breast cancer, development of resistance in ER+ tumors remains a major clinical problem
that limits the usefulness of endocrine therapy. Therefore, a substantial number of breast
cancer patients would benefit from an alternative approach to address endocrine resistance.
Increasing evidence supports an important role for aberrant NFxB activity in endocrine
resistance (Reviewed in (20,28)), thus addition of an agent that can inhibit NFxB activity
may improve patient outcome. We find that bifunctional hybrid drugs consisting of clinically
relevant moieties aimed at inhibiting both ER and the NFxB pathway, as demonstrated
herein, represent a new and viable strategy for treating ER+ breast cancers.

The classical paradigm for ER and the NFxB pathway interaction is described as mutually
antagonistic. This was first noted by the clinical observation that pregnancy, which is
characterized by excess estrogens, ameliorates inflammatory diseases such as rheumatoid
arthritis, inflammatory bowel disease (Crohn’s disease and ulcerative colitis), and multiple
sclerosis (29). Additional molecular approaches further supported this antagonistic crosstalk
by demonstrating the ability of estrogen-activated ER to quell NFxB signaling (30). This led
to the quest for ER ligands with agonist or non-classical activity at ER as a new class of anti-
inflammatory agents (31-34). However, for therapeutic applications in ER+ breast cancer
therapy, a ligand is preferred with antagonist activity at ER. The effects of the clinically
relevant SERMs and SERDs on NFxB activity in breast cancer cells have yet to be fully
characterized. We showed that a SERM like raloxifene is a weak NFxB pathway inhibitor,
yet more potent than SERDs, such as fulvestrant (ICI) and ARN-810.

To enhance raloxifene’s anti-NFxB activity, we synthesized raloxifene-fumarate hybrid
drugs. These bifunctional hybrids show similar potency against the NFxB pathway, but
differences in ER antagonism. We find that maintaining an intact tertiary amine in
raloxifene’s piperidine arm is important for ER antagonistic activity. The cationic tertiary
amine is a component of the side chains of most SERMs including tamoxifen, baxedoxifene,
and raloxifene, and is implicated in displacement of helix 12 to yield an antagonist ER
conformation (21). Regarding NFxB inhibition, similar to our prior findings (12), we
conclude that the fumarate moiety is sufficient and required to bestow anti-NFxB activity in
breast cancer cells, and is independent of ER affinity. This conclusion is based on similar
NFxB IC5gs for Ral-Fum 2 on either ER+ or ER- breast cancer cells. Furthermore, fumarate
(DMF) on its own has no activity on ER. We do observe an improved potency for raloxifene-
fumarate hybrids compared to DMF, which we speculate results from increased cell
permeability conferred by the raloxifene moiety.
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DMF is a clinical anti-inflammatory drug functioning via activation of nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) and other immunomodulatory pathways (18). We have
previously shown that DMF, as an electrophilic small molecule, inhibits NFxB signaling in
breast cancer cells by covalent modification of a key NFxB transcription factor p65 (RelA)
(11). Similarly, Ral-Fum hybrids rely on fumarate’s chemical reactivity to inhibit the NFxB
pathway. Covalent inhibitors, by reacting irreversibly with protein targets, can produce more
complete and sustained pharmacological effects (35). More recently, Cravatt and colleagues
demonstrated that a hybrid fumarate ester of Bruton’s tyrosine kinase (BTK) inhibitor,
Ibrutinib, undergoes enzymatic cleavage on a time scale that preserves rapid and sustained
BTK inhibition, while thwarting more off-target reactivity in cell and animal models (36).
We still have to determine the hybrid’s cleavage rate within the cells due to the labile nature
of that conjugation, but we envision that fumarate may endow similar kinetic selectivity
against the NFxB pathway specifically in ER+ breast cancer cells. Overall, the SERM-
fumarate strategy shown here provides the first attempt and proof-of-principle that this is a
viable approach to improve the anti-inflammatory activity of ER-targeted anti-cancer drugs
for breast cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. NFkB-RE Luciferase Activity of SERMs
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The effect of ER-antagonists, SERMs (A) and SERDs (B), on NFxB activity in ER+ breast
cancer cells. MCF-7 cells were transfected with NFxB-RE and renilla reporter plasmids.
Cells were then pretreated with various concentrations of drugs for 1hr, followed by TNFa
(10ng/mL) for 4hrs to activate the NFxB pathway. Each drug’s inhibitory activity was
calculated as % of TNFa alone, which is set to 100%. Data are presented as mean + SEM.
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Figure 2.
Hybrid drug co-targeting strategy and chemical structures are indicated. (A) Schematic

representation of a hybrid drug capable of targeting simultaneously both ER and NFxB and
its potential benefit in breast cancer. (B) Chemical structures of the parent drugs, raloxifene
and dimethyl fumarate (DMF), along with the co-targeting drugs are shown. The fumarate
moiety of Ral-Fum hybrids is highlighted.
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Co-targeting Ral-Fum hybrids have anti-NFxB activity in breast cancer cells. (A) MCF-7

cells were transfected with NFxB-RE and renilla reporter plasmids. Cells were then

pretreated with various concentrations of drugs for 1hr, followed by TNFa (10ng/mL) for
4hrs to activate the NFxB pathway. Each drug’s inhibitory activity was calculated as % of
TNFa alone, which is set to 100%. (B) MCF-7 cells were pretreated with various
concentrations of drugs for 1hr, followed by TNFa (10ng/mL) for 2hrs to activate the NFxB
pathway. mRNA expression of ICAM1 was measured by RT-QPCR. Each drug’s inhibitory

activity was calculated as % of TNFa alone, which is set to 100%. ICgqs are calculated with

GraphPad Prism software.
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Figure 4.
Co-targeting Ral-Fum hybrids have anti-ER activity in breast cancer cells. (A) MCF-7 cells

were transfected with ERE and renilla reporter plasmids. Cells were then treated with
various concentrations of drugs for 1hr, followed by E2 (10nM) for 4hrs to activate ER.
Each drug’s inhibitory activity was calculated as % of E2 alone, which is set to 100%. (B)
MCEF-7 cells were treated with various concentrations of drugs for 1hr, followed by E2
(10nM) for 2hrs. mMRNA expression of PR was measured by RT-QPCR. Each drug’s
inhibitory activity was calculated as % of E2 alone, which is set to 100%.
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B. PTGES mRNA
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Ral-Fum 2 inhibits ER and NFxB crosstalk genes. MCF-7 cells were treated with 10uM
Ral-Fum 2 or 10uM DMF for 1hr, followed by E2+TNFa for 2hrs. mRNA expression of
crosstalk genes, BIRC3 and PTGES, was measured by RT-QPCR.
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C. Mammosphere Assay
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Co-targeting Ral-Fum hybrids block proliferation, clonogenic growth and mammaosphere
formation of breast cancer cells. (A) MCF-7 cells were treated with various drug
concentrations in the presence of E2 (10nM) for 72hrs. Each drug’s inhibitory activity was
calculated as % of E2 alone, which is set to 100%. (B) MCF-7 cells are seeded as single
cells in estrogenized growth media (GM), then treated with the indicated concentration every
3-4 days for 2 weeks. Colonies were stained and quantified with ImagelJ. Each drug’s
inhibitory activity was calculated as % of GM alone, which is set to 100%. (C) MCF-7 cells
were seeded as single cells on low attachment plates in MS media. DMSO (Veh) or drugs
were added next day, and 7 days later the number of MS (MS>75um in diameter) was

quantified. ** P<0.01.
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