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ABSTRACT

The biologic effects of estrogens are transduced by two
estrogen receptors (ERs), ERa and ERB, which function in dimer
forms. The ERa/a homodimer promotes and the ERB/3 inhibits
estrogen-dependent growth of mammary epithelial cells; the
functions of ERa/B heterodimers remain elusive. Using com-
pounds that promote ERa/B heterodimerization, we have pre-
viously shown that ERa/B heterodimers appeared to inhibit
tumor cell growth and migration in vitro. Further dissection of
ERa/B heterodimer functions was hampered by the lack of ERa/B
heterodimer-specific ligands. Herein, we report a multistep
workflow to identify the selective ERa/B heterodimer-inducing
compound. Phytoestrogenic compounds were first screened for

ER transcriptional activity using reporter assays and ER
dimerization preference using a bioluminescence resonance
energy transfer assay. The top hits were subjected to in silico
modeling to identify the pharmacophore that confers ERa/B
heterodimer specificity. The pharmacophore encompassing
seven features that are potentially important for the formation of
the ERa/B heterodimer was retrieved and subsequently used for
virtual screening of large chemical libraries. Four chemical
compounds were identified that selectively induce ERa/B heter-
odimers over their respective homodimers. Such ligands will
become unique tools to reveal the functional insights of ERa/B
heterodimers.

Introduction

The biological effects of estrogenic compounds are mediated
by two estrogen receptors (ERs), namely ERa and ERB. These
receptors are expressed in a cell-type and tissue-specific
manner; however, they can also colocalize within the same
cell, and their presence varies based on different disease
states (Leygue et al., 1998; Lau et al., 1999; Weihua et al.,
2003; Powell et al., 2012; Nilsson and Gustafsson, 2013). Both
ERs share a conserved nuclear receptor domain structure that
encompasses a DNA binding domain, ligand-binding domain
(LBD), a central hinge region, and two activation functional
domains. The ligand binding to ERa or ERB induces a
conformational change that leads to receptor dimerization,
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where either homodimers (ERa/a or ERB/B) or heterodimers
(ERa/B) can be formed.

The existence of the ERa/B heterodimer was first de-
scribed 20 years ago using in vitro translated receptors and
an estrogen response element (ERE) in a gel shift assay.
Cowley et al. (1997) showed that ER heterodimers could bind
to a consensus ERE and recruit coactivators in vitro. Similar
observations were made by others (Pace et al., 1997; Tremblay
et al., 1999). Pettersson et al. (1997) showed direct interaction
between ERB and ERe in a glutathione S-transferase pull-
down assay and binding of the heterodimer to DNA. Two
dimerization domains were mapped to the DNA binding
domain and LBD (Brzozowski et al., 1997; Pace et al., 1997).
ER heterodimers were shown to form in a ligand-dependent
and -independent manner in vitro (Pace et al., 1997). Recent
technical advances confirmed the formation of the ERa/B
heterodimer in vivo. Our laboratory developed a biolumines-
cence resonance energy transfer (BRET) assay to monitor ER
dimerization in live cells (Powell and Xu, 2008). BRET assays
revealed that the types of ER dimer pair being formed depend
on the chemical characteristics of the ligand and its concen-
tration (Powell and Xu, 2008). Moreover, ERa/B heterodimers
have been detected in vivo using molecular imaging

ABBREVIATIONS: BRET, bioluminescence resonance energy transfer; ChlP, chromatin immunoprecipitation; DMSO, dimethylsulfoxide; 3D, three-
dimensional; E2, 17B-estradiol; ER, estrogen receptor; ERE, estrogen response element; FBS, fetal bovine serum; GALAHAD, genetic algorithm
with linear assignment of hypermolecular alignment of database; LBD, ligand-binding domain; RLuc, Renilla luciferase; YFP, yellow fluorescent

protein.
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techniques (Paulmurugan et al., 2011) and in breast cancer
tissues using proximity ligation assay (Iwabuchi et al., 2017).
Evidence also shows that the ERa/B heterodimer is transcrip-
tionally active and may regulate a distinct set of genes from
their respective homodimers (Tremblay et al., 1999).

In contrast to the established role that the ERa/a homo-
dimer is a driver of estrogen-mediated cellular proliferation
and ERB/B homodimers elicit an antiproliferative and proa-
poptotic effect, the function of ERa/B heterodimers in the
biologic processes is the least understood. Unlike the ERa/«
and ERB/B homodimers, where subtype-specific ligands for
ERa and ERB aided in elucidating their function (Lindberg
et al., 2003; Weihua et al., 2003), ligands that specifically
induce ERa/B heterodimers have not been identified, largely
due to the absence of a full-length crystal structure for the
ERa/B heterodimer.

Indirect evidence suggesting that ERa/B heterodimers
might have an antiproliferative role in breast cancer cells
have previously been reported (Hall and McDonnell, 1999;
Powell et al., 2012). Endoxifen, the primary metabolite of
tamoxifen with growth inhibitory effects, stabilizes ERB and
induces the formation of ERa/B heterodimers in cells express-
ing both ERs (Wu et al., 2011). Furthermore, high-throughput
BRET assays identified a phytoestrogen (i.e., cosmosiin) that
favors ERa/B heterodimer formation (Powell et al., 2012). This
ERa/B heterodimer-inducing compound elicited antiprolifer-
ative effects in prostate and breast cancer cells. Although
cosmosiin induces the formation of ERa/B heterodimers but
not the pro-proliferative ERa/a homodimers, it is only effec-
tive at high concentrations (e.g., 10 uM) and also slightly
induces ERB/B homodimers (Powell et al., 2012). More potent
and selective ERa/B heterodimer-inducing ligands are needed
to elucidate the biologic functions of heterodimers.

Herein, we describe a multistep screening strategy (i.e., cell-
based assays and in silico modeling) to identify ERa/B
heterodimer-selective ligands. Reporter assays and BRET
assays were employed to screen a small library of flavonoid-
type phytoestrogenic compounds, from which a pharmaco-
phore model was generated using the SYBYL GALAHAD (.e.,
genetic algorithm with linear assignment of hypermolecular
alignment of database) program (Tripos, St. Louis, MO). The
pharmacophore model was subsequently used in a three-
dimensional (3D) search query of two commercial chemical
databases to identify new active structures. Four compounds
were identified from the in silico screen that selectively induce
ERa/B heterodimers. We showed that the representative
compounds induce expression of putative ERa/B target genes
by corecruiting ERe and ERB to the target gene promoter.
Such ERa/B-selective compounds will be exploited to deter-
mine the biologic functions of ERa/B8 heterodimers, their
downstream effectors, and target genes.

Materials and Methods

Cell Culture and Chemicals. Cell culture media were obtained
from Invitrogen (Carlsbad, CA). HEK293 cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% Gibco
fetal bovine serum (FBS) (Invitrogen) at 37°C and 5% CO,. T47D-
KBLuc cells were routinely maintained in RPMI 1640 medium
supplemented with 10% FBS and 100 U/ml (1%) penicillin/strepto-
mycin. Experiments were conducted in phenol-free media and dextran
charcoal stripped FBS purchased from Hyclone (Logan, UT).

Compounds were dissolved in 100% dimethylsulfoxide (DMSO) and
finally diluted in culture medium prior to the assay. 17B-estradiol (E2) and
ICI 182,780 were purchased from Sigma-Aldrich (St. Louis, MO). Thirty-
one compounds used in our initial screening were a gift from the Lim
Laboratory and have been previously described (Hyun et al., 2010; Hwang
etal., 2011; Shin et al., 2011). They were chosen for screening based on their
structural similarity to the lead compound cosmosiin, which was previously
identified to induce ERa/B heterodimerization (Powell et al., 2012). Test
compounds were purchased from ChemBridge (http:/www.chembridge.
com) and Maybridge (http:/www.maybridge.com).

BRET Assays. Dimerization of ERs was measured by BRET assays
as previously described in Powell and Xu (2008). Briefly, HEK293 cells
were transfected with either a single BRET fusion plasmid (pCMX-ERa-
RLuc or pPCMX-RLuc-ERB) or cotransfected with Renilla luciferase (RLuc)
and yellow fluorescent protein (YFP) BRET fusions (pCMX-ERa-RLuc+
pCMX-YFP-ERB for ERa/ERB heterodimers; pCMX-ERa-RLuc+
pCMX-ERa-YFP for ERa homodimers; or pCMX-RLuc-ERB-+pCMX-
YFP-ERB for ERB homodimers). Twenty-four hours post-transfection,
cells were trypsinized and plated in a 96-well white-bottom microplate
and incubated with ligands for 1 hour. Coelenterazine h (Promega,
Madison, WI) was added in phosphate-buffered saline at a final
concentration of 5 uM, and 460 and 530 nm emission detection
measurements were immediately taken at 0.1 second/wavelength read/-
well on a PerkinElmer Victor 3-V plate reader (Akron, OH). Similar
assays were done using E2-binding defective mutants of the LBDs of ER«
and ERB, ERaG521R-RLuc, and YFP-ERBG491R. Each compound was
an independent experiment tested in a dose response with three biologic
replicates per dose. For each condition (ERa/e, ERB/B, and ERa/B), two-
way analysis of variance with random effect was conducted to obtain P
values for each comparison of the individual compounds with DMSO
controls. Then, these P values were adjusted by multiple comparisons
analysis to control false discovery rate less than 0.05.

ER Luciferase Reporter Assays Using T47D-KBLuc Cells.
T47D-KBluc is a well-characterized cell line for the screening of estrogenic
compounds (Wilson et al., 2004). These cells express both ERa and ERSB
and have been stably transfected with pGL2.TATA.Inrluc.neo, which
contains three estrogen responsive elements upstream of a luciferase
reporter gene. Cells were seeded in 96-well plates at an initial concentra-
tion of 1 x 10* cells/well in RPMI 1640 phenol-free medium supplemented
with 10% charcoal stripped FBS for 24 hours in 5% COg atmosphere at
37°C. Cells were allowed to attach overnight and media were removed and
replaced with media containing 10 uM compound. Then, 10 nM E2 and 1%
DMSO were used as positive and negative controls, respectively. The
potent ER antagonist ICI 182,780 was used for counter-screen to determine
ER specificity. Cells were incubated with compound for 18-24 hours at
37°C in 5% CO,. Following incubation with compounds, luciferase was
measured using the Bright-Glo Luciferase Assay System (Promega) on a
PerkinElmer Victor 3-V plate reader. Luciferase activity was normalized
according to protein concentration. Values were expressed as fold change
over DMSO (mean value of induction as a multiple of the value of vehicle
controls) and error bars represent S.D.

Quantitative Real-Time Polymerase Chain Reaction. Total
RNA was extracted from the cells using Trizol reagent (Invitrogen). The
first-strand ¢cDNA was synthesized using the RevertAid First Strand
c¢DNA Synthesis Kit (Thermo, Waltham, MA) according to the manufac-
turer’s instructions. Quantitative polymerase chain reaction was con-
ducted using SYBR Green dye (Roche Scientific, Basel, Switzerland) and
a CFX96 instrument (BioRad, Hercules, CA). The following primer
sequences (IDT, Coralville, IA) were used in this study:

BAG1-qRT-F: GCCCAAGGATTTGCAAGCTG and
BAG1-qRT-R: CTGTGTCACACTCGGCTAGG;
ATP6VOE1-qRT-F: CCTCACTGTGCCTCTCATTGT and
ATP6VOE1-qRT-R: AGCAAACTGAACAGGTCACCA;
BAG-ChIP-F: AGGAAGCTCTGATAGAAGGCAGA and
BAG-ChIP-R: AGAACAGTCCACAGGAAGAGGT; and
ATP6VOE1-ChIP-F: CCCCTGGCAGTTTCGTCAC and
ATP6VOE1-ChIP-R: TCTTGTTCATAATTTGACTTTGGAG.
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Chromatin Immunoprecipitation (ChIP). Flag-tagged ERB
was stably expressed in MCF7 cells by retroviral induction. MCF7-
ERp cells were cultured in a 10-cm dish and crosslinked with 1%
formaldehyde for 10 minutes at room temperature. Crosslink was
quenched for 5 minutes at room temperature by the addition of glycine
to a final concentration of 0.125 M. Anti-Flag antibody (Sigma-
Aldrich) and anti-ERa (HC-20; Santa Cruz, Dallas, TX) were used
for ChIP assays. ChIP assays were performed as described previously
(Zeng and Xu, 2015; Zeng et al., 2016). The experiment was done in
triplicate samples of biologic replicates. Statistical testing was
performed using unpaired two-tailed Student’s ¢ test analysis. Exper-
iments were repeated at least twice. A value of P < 0.05 was
considered statistically significant.

Fluorescence Polarization Competition Ligand-Binding
Assays. The binding affinity of ligands for ERa and ERB were
measured using the PolarScreen ER Competitive Binding Assay Kit
(Invitrogen). Purified ERe and ERB (30 and 20 nM), were incubated
with serial dilutions of test compounds (1 mM to 10 nM) and
fluorescein-labeled E2. Fluorescence polarization was measured using
a Victor x5 microplate reader (PerkinElmer). Approximate ICsq
values were determined by GraphPad Prism Software (GraphPad
Software Inc., La Jolla, CA) from competitive binding curves.

Preparation of the Initial Ligands. All computational studies
were done using the SYBYL molecular modeling package (Tripos) in a
Stereo 3D Dell T5500 molecular graphics computer (Intel dual quad,
Nvidia FX 4800 graphics). All of the structures used were built using
the sketch module, energy minimized and prepared using SYBYL’s
ligand preparation module. The quick 3D parameter was used where
3D coordinates were generated and charges were neutralized.

Generation of Ligand-Based Pharmacophore Hypothesis
and Virtual Screening. Pharmacophore hypothesis was generated
using the GALAHAD module of the SYBYL software suite. There were
seven compounds in the training set to generate the pharmacophore
hypothesis. The GALAHAD module was run for 100 generations with
a population size of 45, at least five molecules were required to hit for
the program to consider it a pharmacophoric feature. Default values
were used for all other settings. Between all of the models, the one
with the best energy, sterics, and pharmacoric similarity values based
on Pareto ranking was selected as the best model. For 3D virtual
screening, the generated pharmacophore hypothesis model was
converted into a 3D search query using the UNITY-3D module.

3D Virtual Screening of Two Commercial Databases. The
selected pharmacophore model was validated and converted into a
UNITY query for pharmacophore-guided virtual screening studies.
The query was then used for screening two commercial chemical
databases, Maybridge (http:/www.maybridge.com) and Chembrige
(http://chembridge.com), which were obtained from the ZINC public
database. A flexible 3D search was executed and no filters or
restrictions were applied. The UNITY module uses a conformationally
flexible 3D-searching algorithm to result in rapid identification of
molecules that match with the given pharmacophore. Compounds that
had their chemical groups spatially overlap with the features of the
pharmacophore model were captured as hits. Subsequent hits were
then confirmed to match all seven key pharmacophoric features by
visual analysis. Hits were then ranked by Qfit and by the integrated
ranking features in SYBYL.

Results

Identification of ER Agonists Using the T47D-KBluc
Reporter Cell Line. The T47D-KBluc breast cancer cell line
is a well-characterized cell line that has an ERE-driven
luciferase reporter stably integrated. It is considered a
versatile cell system for screening estrogenic compounds
because it expresses both ERa and ERB (Wilson et al., 2004).
Using this cell line, 37 flavonoids in the subclass chemical
compound library (Table 1) were screened due to their
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structural similarity to cosmosiin, a previously identified
ERa/B heterodimer—inducing compound (Powell et al., 2012).
All compounds were tested at one final concentration of 10 uM,
because at this concentration even weak estrogenic com-
pounds are able to activate ER transcriptional activity in
T47D-KBLuc (Powell et al., 2012). With a 2-fold cutoff, 13 out
of 37 compounds from three out of the four subclasses were
identified as hits (Fig. 1; Supplemental Fig. 1). Seven com-
pounds in the flavone subset were identified as hits. Com-
pared with the DMSO control, compounds 3, 5, 6, and 7
showed moderate activation, compounds 15 and 16 elicited
almost 10-fold induction, and compound 17 elicited nearly
20-fold induction of ERE reporter. Three compounds (18, 23,
and 24) in the flavanone subset and two compounds (26 and
29) in the isoflavone subset were retained as hits. Compound
28 is genistein, an isoflavone known to be an ER agonist that
has been shown to induce all three ER dimer pairs (Powell and
Xu, 2008). The 12 compounds were then subjected to a
counter-screen in the presence of ER antagonist ICI
182,780. Cotreatment of ICI 182,780 completely ablated
ERE-luciferase activation, demonstrating that their tran-
scriptional response is ER dependent (Supplemental Fig. 2).

In vitro fluorescence polarization assays were used to
determine the relative binding affinities of the phytochemicals
that activated the ER in reporter assays. Fluorescence
polarization assays are a competitive ligand-binding assay
that measures the replacement of a fluorescein-labeled E2 by
unliganded compounds from the LBDs of ERa and ERB. The
dose-response curves for representative ligands and the
relative binding affinities are shown in Fig. 1B with half-
maximal inhibitory concentration (IC5q) ranging from 1.45 to
721 pM.

Ligand-Induced ER Dimerization Measured by
BRET Assay. The 12 compounds were subsequently tested
for their ability to induce ERa/a, ERB/B, and ERa/B ER dimers
in the BRET assay (Fig. 2, A—C). Of the flavones, compounds 3,
5, 6, and 7 induced dimerization of ERa/a homodimers and
ERa/B heterodimers at 10 uM. Compound 15 induced all three
dimer pairs at 1 uM. Compound 16 induced ERa/a and ERB/B
at 1 uM and all dimer pairs at 10 uM. Compound 17 induced
ERB/B and ERa/B dimerization while restricting the induction
of ERa/a homodimers at 1 uM, but only induced the formation
of ERa/B at 10 uM (Fig. 2, A—C). From the flavanones, ERa/B
heterodimers were selectively induced by compounds 23 and
24 at 10 uM, whereas compound 18 induced ERB/B and ER«a/
dimerization at 1 uM Fig. 2, A—C). Of the isoflavone subclass
(Fig. 2, A—C), compound 26 induced ERa/8 and ERB/B di-
merization at 10 uM, whereas compound 29 induced ERa/B
and ERB/B dimerization at 1 uM.

To determine if newly identified compounds from the
reporter and BRET assays indeed activate ER target gene
expression, we measured mRNA levels of two ER target genes,
BAG1 and ATP6VOE1, after compound 29 treatment, using
compound 28 (genistein) as a positive control. These com-
pounds were selected since they exhibited the highest activ-
ities in the reporter assay (Fig. 1A). Because most breast
cancer cell lines do not express ERB, we constructed MCF7
cells that stably express Flag-tagged ERB (Fig. 2D). Treat-
ment of Flag-ERB MCF7 cells with compounds 28 and 29
significantly increased the mRNA levels of BAG1 and
ATP6VOE1 compared with the DMSO control (Fig. 2, E and
F). BAG1 has been implicated to be an ERB/B-specific target
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Fig. 1. Transcriptional and ligand-binding assays of 37 flavonoid compounds. (A) T47D-KBLuc transcriptional assays showing ERE-luciferase reporter
activity of 13 out of 37 flavonoid compounds from four different subclasses, revealed 13 phytoestrogenic compounds able to transcriptionally activate ER
in a dose-dependent manner. The red line represents a 2-fold cutoff for positive hits. RLU, relative luciferase unit, normalized to B-gal control. Data are
shown as mean * S.D. (B) Relative ligand-binding affinity of 12 compounds to ERa or ERB.

gene and ATP6VOE1 has been implicated to be an ERa/
B-specific target gene (Grober et al., 2011). Because compound
29 was found to induce ERa/B and ERB/B dimerization but
not ERa/a homodimers at 1 uM, we went on to examine if
compound 29 differentially recruited ERa and ERB to the
target gene promoters at a dose (1 uM) that elicits dimer
specificity. Chromatin immunoprecipitation (ChIP) and quan-
titative polymerase chain reaction analysis showed that
compound 29 treatment increased ERB association at the
promoters of both BAG1 and ATP6VOE1 genes compared with
the DMSO control. In contrast, compound 29 was only able to
increase ERa recruitment to ATP6VOE1 but not to the BAG1
promoter. This result is consistent with the classification of
compound 29 as an ERB/B and ER«/B dimer inducer by BRET
assay and that ATP6VOE1 is likely regulated by ERa/SB

heterodimer versus BAG1, which is likely regulated by ERB/
B homodimer (Fig. 2, G and H).

Of the tested compounds, only three selectively induced
ERa/B heterodimerization at select concentrations (com-
pounds 17, 23, and 24); however, three other compounds 18,
26, and 29 preferentially induced ERa/B and ERB/B dimers
over ERa/a homodimers. Interestingly, compounds 17, 18, 23,
24, 26, and 29, which induced ERa/B and ERB/B dimers,
showed higher binding affinity for ERB than for ER« (Fig. 1B).
These six compounds, together with the ERa/B heterodimer—
inducing compound cosmosiin, constitute a lead heterodimer-
selective compound library for pharmacophore development.

Pharmacophore Development Using the GALAHAD
Module in SYBYL. The structures of 37 compounds from the
initial data set (Table 1) were built into the SYBYL software
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platform using the sketch module, where hydrogens were
added to every structure and energy minimized, and saved as
Mol2 files. All structures were then converted into a 3D
conformation for each input structure.

Compounds 17, 18, 23, 24, 26, and 29 plus cosmosiin were
used as the training set (Fig. 3) to build a pharmacophore
model in the GALAHAD module. Ligands were flexibly
aligned to each other completely independent of a template.
This generates a molecular alignment based on the pharma-
cophoric features of the final conformations of the training set.
Twenty pharmacophore models were generated by GALA-
HAD; each of the models represents a different trade-off
among competing criteria (Supplemental Table 1). These
models contained the same number of features and specificity.
The most significant pharmacophore hypothesis models are
characterized by assessing the relation between maximizing
pharmacophore consensus, maximizing steric consensus, and
minimizing conformer potential energy (Caballero, 2010).
Within each set of hypotheses, models were first ranked by
Pareto surface score (sterics vs. energy), of where the best
model has the lowest energy and the highest steric score, as
illustrated in the upper left-hand corner of Fig. 3B. Concern-
ing the energy and pharmacophoric similarity criteria, the
best model with low energy and high hydrogen-bond score lies

in the upper left-hand corner of the graph in Fig. 3B. Finally,
the best model judged by the pharmacophoric similarity and
sterics scores lies at the upper-right corner of Fig. 3B (bottom).
In Fig. 3B, the ideal model in each ranking is depicted by an
open circle. Taking all models into consideration, Model 6
(represented by a red diamond in Fig. 3) had a balanced
consensus ranking in all three criteria, and thus was chosen as
the best GALAHAD model (Fig. 3C).

Model 6 is comprised of one conformer for each molecule in
the training set. All conformers aligned represent low-energy
conformations of the molecules, and the final alignment shows a
satisfactory superimposition of the pharmacophoric points.
Model 6 contains seven key features, including three hydro-
phobes, three acceptor atoms, and one donor atom. The phar-
macophore model clearly shows the importance of the
hydrophobic center that is essential in the ER pharmacophores
for ERe and ERpB-selective ligands (Anstead et al., 1997;
Brzozowski et al., 1997). The pharmacophore model was vali-
dated for its ability to identify ERa/B heterodimer-selective
compounds from the full data set (Supplemental Table 2).

3D Virtual Screening of the ChemBridge and May-
bridge Databases Identified 167 Compounds as Poten-
tial Hits. The pharmacophore model was converted into a 3D
search query using SYBYL’s UNITY-3D module. The search


http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.117.108696/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.117.108696/-/DC1

203

Identification of ERa/B8 Heterodimer Selective Ligands

Sterics vs Energy

o]
625+ : ¥
e
600 ®
MODEL 14
575 MODEL 15 e ODEL S
» MODEL 16g
Biochanin A Demethyltexasin E MODEL 4@ ® MODEL 13
(5,7-dihydroxy-4'-methoxyisoflavone) (6,7,4-trihydroxyisoflavone) % 550 ® @ MODEL7
5254 o0
HO. i HO :.
= @ MODEL 10
o o OH O o 500-1
| O o o) OH 475+ _® MODEL 2
” T T T
oH O J 7 5 i
O HO HO 5 ENERGY
Seametn e 4-Hydroxyflavanone

(Apigenin 7-glucoside)
Identified by Powell et al

7-Hydroxyflavanone

HO
O o . OH
O HO

Naringenin
(4',5,7-trihydroxyflavanone)

Pharmacophoric Similarity vs Energy

o]

2 2054

£ @ MODEL 2

s

E - . MODEL 7

[ MODEL 6

S 2004 ®® % iooeL a*

5 ® MODEL 15

£

o

)

o

©

E 1951 MODEL 13

E ® MODEL 14

[ MODEL 16 e ee o
T T T T
6 8 10 12

ENERGY

Pharmacophoric Similarity vs Sterics

o

> 205
b= ® MODEL 2
o
E . MODEL 7
n e = ®ee & MODELE
=3 . MODEL 4
5 200 ® MODEL 15
=
[-%
o
o
©
E 1954 MODEL 13
= ® MODEL 14
o MODEL 168 @ ®

T T T 1

450 500 550 600 650
STERICS

Fig. 3. Generation and selection of a pharmacophore hypothesis model of ERa/B8 heterodimer-inducing ligands. A ligand-based pharmacophore
hypothesis was generated using GALAHAD. (A) Structures and bioactivity values of the training set chemicals used to generate ligand-based
pharmacophore. The structures of the six lead compounds (cosmosiin, two isoflavones, four flavanones, and a flavone) identified from the cell-based
assays. (B) Plot of the different criteria used to select the best model. Plot of the energy, sterics, Mol_QRY and H_Bond values for GALAHAD models with
selected four ligands that contribute to the consensus feature. (A) Sterics vs. energy (B) Pharmacophore similarity vs. energy (C) Pharmacophore
similarity vs. sterics. The open circle represents the ideal best scoring for each condition. The red diamond represents model 6. (C) Selected
pharmacophore hypothesis GALAHAD model. GALAHAD assumes pharmacophore/shape and alignments from sets of ligand molecules, to generate a
pharmacophore hypothesis that can be used for a 3D search query. GALAHAD models were derived by using the ligands in the training set, which
contains seven features identified by GALAHAD represented by blue, green, and purple spheres. The three hydrophobes are centered in the benzopyran
and phenyl rings. The three acceptor atoms are in green and a donor atom is in purple.

query was then used to screen the commercial chemical
databases from ChemBridge and Maybridge. Both chemical
libraries were retrieved from the Zinc Database (http:/zinc.
docking.org/), a free database of commercially available libraries
for virtual screening. Flexible 3D screening with no restrictions
of both databases was performed using the UNITY tool (Fig. 4A).
A total number of 900 initial molecules were identified as hits,
many of which contained different chemical scaffolds.

The hits were manually inspected to ensure all chemical
groups from the compounds spatially overlapped with the
corresponding features of the pharmacophore model. After
visual inspection, 81% of the hits failed to match all seven
pharmacophoric features, and thus were discarded. The
167 remaining hits contained 19 different core scaffolds that
matched the spatial arrangements of our pharmacophore
hypothesis. Subsequently, the hits were ranked using SYB-
YL’s integrated ranking features (Supplemental Tables 3 and
4), among which the top 22 hits were purchased and further
characterized (Supplemental Table 5).

Validation and Characterization of Hits. The hits
were confirmed to activate ER transcription in T47D-
KBLuc reporter assay at 10 uM final concentration (Sup-
plemental Fig. 3) and to induce dimerization in BRET
assays (Supplemental Table 6). The ability of compounds
to induce all three ER dimer pairs were tested at increasing
doses between 1 and 20 uM in BRET assays (data not
shown). Four compounds selectively induced the ERa/B
heterodimer but not the ERa/a or ERB/B homodimer at
specific concentrations (Fig. 4B). The lowest concentration
at which these four compounds selectively induce ERa/B
heterodimer is 1 uM.

The binding affinity of compounds 4, 6, 9, and 10 to ERa
and ERB were measured by in vitro fluorescence polarization
assay (Fig. 4C). The relative binding affinities are calculated
as ICs¢ values. Compounds 9 and 10 elicit the highest
binding affinity. The IC5¢ values for compound 9 to ER«a
and ERB were 1.4 and 2.0 uM, respectively. The IC5, values
for compound 10 to ERa and ERB were 1.9 and 3.2 uM,
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respectively. Although like compound 29, which was used to
build the pharmacophore model, compounds 9 and 10 in-
duced ERa/B heterodimer at 1 uM, but they elicited improved
binding affinity to ERe and ERB (Fig. 4C), suggesting that

in silico modeling expedites identification of stronger ER
agonists with similar heterodimer specificity. Thus, com-
pounds 9 and 10 would be better compounds to pursue for
probing ERa/B heterodimer functions.



ERa Is the Dominant Heterodimeric Partner in the
Presence of Selective ERa/f8 Heterodimer Compounds.
We previously reported that E2 induces heterodimer forma-
tion by binding to ERa (Powell and Xu, 2008). To examine
whether the selective heterodimer-inducing compounds also
induce heterodimer via binding to ERa, BRET assays were
performed with a combination of wild-type and mutant ER«
and ERB constructs (Powell and Xu, 2008). The expressed
mutant proteins contained a single mutation in the LBD
(ERaG521R and ERBG491R) of receptors that ablate ligand
binding (Tremblay et al., 1999; Powell and Xu, 2008). A
combination of wild-type and mutant ERe and ERB fusion
proteins were used: ERaG521R-RLuc with wild-type YFP-
ERB, YFP-ERBG491R with wild-type ERa-RLuc, wild-type
YFP-ERB with wild-type ERa-RLuc, and ERaG521R-RLuc
with YFP-ERBG491R. As has been previously reported for E2
(Powell and Xu, 2008), ligand-binding competent ERa LBD
but not ERB LBD is required for heterodimerization in the
presence of compounds, reinforcing that ER« is the dominant
partner for heterodimerization (Fig. 5).

Discussion

Current ER-positive breast cancer therapies target ERq,
either using selective ER modulators to inhibit ERa tran-
scriptional activity or selective ER degraders to reduce ERa
protein levels. However, the therapeutic potential of ERB in
breast cancer has been poorly investigated. Our previous
studies using ERa/B heterodimer-selective ligands show that
ERpB, via heterodimerization with ERe, can antagonize the
pro-proliferative effects of ER«, rendering the heterodimer as
a novel preventive or therapeutic target for hormone-dependent
diseases. However, few ERa/B heterodimer-inducing selective
compounds have been discovered and they generally elicit only
weak binding affinities to ERs. Therefore, the goal of this study
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was to combine computational and experimental approaches to
identify compounds with improved binding affinity and dimer-
ization specificity.

Emerging biochemical evidence supports the formation of
ERa/B heterodimers when two receptors are coexpressed
(Cowley et al., 1997; Pettersson et al., 1997); in particular,
ERa/B heterodimers were recently detected in breast tissue
using proximity ligation assay (Iwabuchi et al., 2017). How-
ever, the functions of ERa/B heterodimers remain elusive due
to the lack of a crystal structure and heterodimer-specific
compounds. Uncovering the biologic function of the ERa/B
heterodimer is important for understanding ER signaling and
designing ER-targeted therapeutics based on receptor dimer-
ization status. The main distinction of heterodimer-inducing
compounds from the existing selective ER modulators and
degraders is that they target different steps in ER activation.
ER heterodimer compounds target ER dimerization, a step
between the ligand binding and the receptor association with
chromatin. In our previously published report, we have shown
that selective ER modulators such as tamoxifen, raloxifene,
and the full ER antagonist ICI 182,780 do not interfere with
the formation of all three dimer pairs (Powell and Xu, 2008).
Although more studies are needed to demonstrate that the
ERa/B heterodimer indeed serves as a therapeutic target, the
concept of inducing ERB to pair with ERe, thus antagonizing
ERca’s proliferative function, is distinct from the existing
breast cancer therapies to target ERa alone.

We reason that identifying and improving chemical probes
would be an essential step toward understanding the biologic
role of ERa/B heterodimers. Natural phytoestrogens often
elicit higher binding affinity to ERB than to ER«a (Kuiper et al.,
1997, 1998). Several phytoestrogens showing slight selectivity
for ERa/B heterodimers were found to be antiproliferative in
cancer cell lines coexpressing ERa and ERB (Powell and Xu,
2008; Powell et al., 2010, 2012). However, the slight selectivity

ERa-Rluc + YFP-ERBG491R

*

Fig. 5. Mutant ERae and ERB LBDs re-
veal ERa as the dominant heterodimeric
partner in the presence of selective ERa/
heterodimer compounds. (A) Heterodime-
rization of the wild-type ER« and ERB. (B)
Mutation in the ERB LBD does not affect
heterodimerization with ERa. (C) Hetero-
dimerization of mutant ERa with mutant
ERB. (D) No dimerization is observed
between mutant ERa and wild-type ERB.
Data are shown as mean + S.D. * Indicates
statistically significant <0.05.
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and low potency of these compounds prevent definitive
elucidation of the functions of ERa/8 heterodimers.
Pharmacophore-based techniques and virtual screening have
successfully been employed for the discovery of ER subtype—
selective ligands (Huang et al., 2015). Herein, using a
combination of cell-based assays (i.e., reporter and BRET),
pharmacophore modeling, and virtual screening, we identified
four ERa/B heterodimer-selective ligands (Table 2) with
improved efficacy compared with cosmosiin, a previously
identified compound with slight preference for the ERa/B
heterodimer. The main hurdle in identifying ERa/B
heterodimer-selective ligands lies in the lack of a crystal
structure. Ligand binding is necessary but insufficient for
the formation of ERa/B heterodimers. Previous studies sug-
gest that ligand binding is essential to induce a conforma-
tional change of ER to accommodate helix 12 in functional
dimers. In this process, ERa and ERB appear to play separate
roles such that ligand-bound ERe is the dominant partner in
heterodimer formation. We have shown that ERB subtype—
specific ligands promote the formation of ERB/B homodimers
but ERa subtype—specific ligands could induce both ERa/«
homodimers and ERa/B heterodimers (Powell and Xu, 2008).
Because of the lack of protein crystal structures needed to
build a structure-based pharmacophore model for a virtual
ligand screen, we combined a multistep screening strategy
with a ligand-based pharmacophore model to identify ERa/B

TABLE 2

The structural arrangement of 5 ERa/B heterodimer-selective
compounds

C&Txgl?ofrld Structure BRET
HO. 0 CHa
" \‘%;‘: ol at 10 1M
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(o)
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HiC o i
6 \H/ = a/B at 1 uM
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o
HO. o
9 a/B at 1 uM
o CH,
o/
CHa
10 - o/ at 1 uM

heterodimer-selective ligands. We confirmed that ligand
binding is necessary but insufficient for inducing ER dimer-
ization. Furthermore, the formation of ER homo- versus
heterodimers appears to be ligand concentration dependent
(Figs. 2 and 4). Our results also showed that a ligand must
induce a conformational change in ERa in a manner such that
it preferentially selects the other ER subtype as a partner (Fig.
5). Finally, we characterized the estrogenic activity and
dimerization ability of 59 compounds, leading to the identifi-
cation of four ERa/B heterodimer-selective ligands. To our
knowledge, building a pharmacophore model to identify the
chemical features responsible for induction of ERa/B hetero-
dimers is unprecedented. Thus, the more selective and potent
compounds identified in this study will serve as useful probes
to elucidate ERa/B heterodimer functions in vitro and in vivo.
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