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Abstract

The purpose of this review is to highlight recent developments in small molecules and peptides
that block the binding of coactivators to steroid receptors. These coactivator binding inhibitors
bind at the coregulator binding groove, also known as Activation Function-2, rather than at the
ligand-binding site of steroid receptors. Steroid receptors that have been targeted with coactivator
binding inhibitors include the androgen receptor, estrogen receptor and progesterone receptor.
Coactivator binding inhibitors may be useful in some case of resistance to currently prescribed
therapeutics. The scope of the review includes small-molecule and peptide coactivator binding
inhibitors for steroid receptors, with a particular focus on recent compounds that have been
assayed in cell-based models.
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Introduction

One of the most physiologically and pharmacologically important families of the nuclear
receptor superfamily of transcription factors is the steroid receptor family (Type NR3),
which comprises the androgen receptor (AR), estrogen receptors (ERS), progesterone
receptor (PR), mineral corticoid receptor (MR), and glucocorticoid receptor (GR) (Nuclear
Receptors Nomenclature Committee et al., 1999). Given their ability to bind small
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molecules, their importance in physiology, and their misregulation in many disease states,
steroid receptors are an important class of drug targets. Approximately 16% of drugs bind to
nuclear receptors, and steroid receptors comprise a major class of drug targets within the
nuclear receptor superfamily (Santos et al., 2016).

Although there are many endogenous, natural, and synthetic small molecules that modulate
the function of steroid receptors by binding to the ligand-binding pocket, there are problems
that arise with the use of some of these ligands in the clinic, most notably resistance to such
endocrine therapies. For instance, despite undeniable successes, one of the major unsolved
problems in ER+ breast cancer therapy is resistance to endocrine therapy (Musgrove and
Sutherland, 2009; Osborne and Schiff, 2010). One-third of breast cancer patients who are
given the selective estrogen receptor modulator (SERM) tamoxifen will develop recurrent
cancer within 15 years. (Musgrove and Sutherland, 2009) Likewise, even with the
development of third-generation antiandrogens like enzalutamide (XTANDI®), the
development of resistance to AR-directed therapies remains a significant medical problem in
prostate cancer (Crawford et al., 2018; Watson et al., 2015).

In such cases, it would be advantageous to target alternate regions on the surface of steroid
receptors. One of the first ideas proposed for alternative pharmacological regulation of
nuclear receptors was through inhibition of the interaction of coactivators with steroid
receptors, the details of which are described below. This approach was first described by
McDonnell and coworkers in 1999 (Norris et al., 1999). Throughout the years since these
initial reports, a great deal of work has been carried out to develop small-molecule and
peptide-based coactivator binding inhibitors. This area has been reviewed previously,
(Caboni and Lloyd, 2013; Moore et al., 2010; Shapiro et al., 2011; Tice and Zheng, 2016)
and the goal of this review is to provide an update on work that has been carried out since
2008, with a particular emphasis on those coactivator binding inhibitors that have shown
responses in cell-based assays of steroid receptor activation and function. Although the focus
of this review is on the steroid receptors, coactivator binding inhibitors have been described
for other nuclear receptors, including the vitamin D receptor (Mita et al., 2010;
Nandhikonda et al., 2012), pregnane x receptor (Kholodovych et al., 2008; Welsh et al.,
2007), thyroid hormone receptor, (Arnold et al., 2007; Hwang et al., 2009) peroxisome
proliferator-activated receptors (Mettu et al., 2007) and retinoid x receptors (Chen et al.,
2014; Hu et al., 2014). Many of these molecules have been reviewed in the current Special
Issue. (See contributions by Arnold and coworkers (Mutchie et al., 2019), and Staudinger
(Staudinger, 2019).)

The steroid receptors bind to coregulator proteins, including the Steroid Receptor
Coactivators (SRCs, also known as Nuclear Receptor Coactivators, or NCOAs) (Horowitz et
al., 1996). Many of the coactivators have an LXXLL motif displayed over two turns of an a-
helix. This motif, originally discovered for binding to the estrogen receptor, was initially
thought to be both necessary and sufficient for binding of coactivators to nuclear receptors,
but more recent data suggest that non-LXXLL motifs may also bind to the coactivator
binding groove, a region in the N-terminal F-domain of steroid receptors (Heery et al., 1997;
Savkur and Burris, 2004). Many of the coactivator binding grooves are hydrophobic in
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nature, complementary to the hydrophobic LXXLL motif. Additionally, androgen receptor is
capable of binding larger motifs, including FXXLF and WXXVW (Hur et al., 2004).

This coactivator binding groove is also known as Activation Function 2 (AF-2). Many
steroid receptors also have an N-terminal Activation Function-1, which may also bind to
coactivators and mediate gene transcription (Tora et al., 1989). Although the structural
details of AF-2 binding to coactivators are well-understood, including through numerous x-
ray crystal structures, the molecular level interaction of AF-1 with coactivators remains
shrouded. Relatively little work has been carried out to discover inhibitors of AF-1 activity,
although there are some papers that have described small-molecule inhibitors of AF-1
activity (De Mol et al., 2016; Sadar, 2011). In this review, we will focus on molecules that
inhibit binding of coactivators to steroid receptors and block AF-2 activity.

Strategies for discovering coactivator binding inhibitors generally fall into two categories:
design and screening. When designing inhibitors of a steroid receptor/coactivator
interaction, there are two options for designing the molecule: 1) mimic the features of the
coactivator and bind to the nuclear receptor, or 2) mimic the nuclear receptor and bind to the
coactivator. Because the interaction occurs when amino acid sidechains from the coactivator
bind to a hydrophaobic groove on the surface of the nuclear receptor, it is much easier to
design coactivator mimics that bind to the nuclear receptor, rather than to design a nuclear-
receptor-mimicking hydrophobic surface. All known coactivator binding inhibitors function
by binding to nuclear receptors rather than coactivators.

Designed inhibitors often use computational approaches, including docking or molecular
dynamics simulations, to design molecules that may bind to the AF-2 binding cleft. For
instance, native LXXLL-containing peptides have been used as a starting point to design
constrained peptides and peptide mimetics that bind to the surface of steroid receptors (see
below).

The other major strategy to discover coactivator binding inhibitors is screening. Blocking the
interaction of steroid receptors with coactivators is inherently mechanism-based; thus, many
of the assays that are used to screen and/or characterize these types of inhibitors are /n vitro
biochemical and biophysical assays where the readout is directly tied to inhibiting the
protein-protein interaction between steroid receptor and coactivator. An important
consideration in developing coactivator binding inhibitors is that the desired protein-protein
interaction inhibition leads to antagonism of the receptor; however, indirectly blocking the
receptor-coactivator interaction with a small molecule that binds in the steroid-binding
pocket also leads to receptor antagonism, but this indirect antagonism is mechanistically
undesirable. Receptor agonists that bind at the steroid-binding pocket are necessary to bias
toward receptor conformations that are favorable for coactivator binding. To address this
dilemma, coactivator binding inhibitor assays are often set up so that a high concentration of
receptor agonist is used, often orders of magnitude greater than the agonist dissociation
constant. Such high concentrations decrease the likelihood that a small molecule could
displace an agonist to induce unfavorable coactivator-binding conformations.
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In this review, we will review recent literature that has described small molecules and
peptides that block AF-2 activity of steroid receptors, including the estrogen, androgen, and
progesterone receptors. Particular emphasis has been placed on reviewing publications that
have shown activity in cell culture and/or animal models.

Estrogen Receptor

Estrogen receptor (ER) plays important roles in reproductive, brain, bone, liver and
cardiovascular tissues (Katzenellenbogen et al., 2000). Nuclear ER exists as two subtypes,
ERa and ERp, and the proportion and levels of each of these subtypes varies by tissue type.
The domain architecture of ER comprises domains A-F. This review will focus on the C-
terminal E/F domains, which contain the ligand binding domain and ligand-dependent
activation function-2 (AF-2), also described as the coactivator binding groove (see above)
(Kumar et al., 1987). Transcriptional activation in ER is dependent on the binding of an
agonist, which induces a conformational change, exposing the DNA-binding domain and
AF-2 leading to coactivator recruitment. Some reports have shown that the identity of the
agonist can have effects on the recruitment of coactivators to the ligand-binding domain.
(Aarts et al., 2013; Jeyakumar et al., 2011). Estrogen receptor agonists, selective estrogen
receptor modulators, and selective estrogen receptor degraders are currently used in the
clinic and form a mainstay of endocrine therapy. Selective estrogen receptor modulators
(e.g., tamoxifen, raloxifene and toremifene) and a selective estrogen receptor degrader
(fulvestrant) are currently used for the treatment of breast cancer (Howell et al., 2004).
Selective estrogen receptor modulators are also used for osteoporosis (lasofoxifene and
raloxifene) and/or hot flashes (bazedoxifene) (Pinkerton and Thomas, 2014). Although the
use of selective estrogen modulators (SERMs) has been highly successful for the treatment
of estrogen receptor-positive breast cancer, resistance to endocrine therapy is still a major
unmet medical need. Additionally, occurrence of mutations in the estrogen receptor after
treatment with endocrine therapy renders some endocrine therapies less effective (Fanning et
al., 2016; Lipson et al., 2014; Merenbakh-Lamin et al., 2013; Robinson et al., 2013; Toy et
al., 2013).

Coactivator binding inhibitors (CBIs) represent a potentially useful mechanism of ER
antagonism. The first CBIs reported for ER were peptides containing the NR box LXXLL
motif, common to most steroid-receptor coactivator proteins (Chang et al., 1999; Norris et
al., 1999). The sequences flanking the LXXLL motif were modified to target either the ER-a
or ER-b isoforms confirming that peptides can be specific and distinguish between isoforms.
The first reported small-molecule CBIs for inhibiting the ER-SRC interaction were
pyrimidine-based CBlIs that mimicked the LXXLL motif of the SRC (Rodriguez et al.,
2004). A variety of peptide, peptidomimetic and small-molecule CBIs have been developed
since the first ones were reported in 1999 (for reviews see (Caboni and Lloyd, 2013; Moore
et al., 2010; Shapiro et al., 2011) This review will describe more recent molecules which
have been tested in cells.

Williams et al. synthesized and characterized a set of compounds based on a bis-4,4’-
oxyphenyl scaffold (Williams et al., 2009). These compounds have a tertiary amine and a
carboxyl group on opposite ends to engage the ER “charge clamp” that surrounds the
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hydrophobic groove to which coactivators bind. A time-resolved fluorescence resonance
energy transfer (TR-FRET) assay shows that one of the compounds (3A, Fig. 3) with R=Me
blocks binding of an SRC fragment to ER with a K; of 33 uM in presence of ligand. A
radiometric competitive ligand-binding assay was used to ensure that the inhibitors were
competing with coactivators instead of binding at the estrogen-binding site. A reporter gene
assay was used to test these compounds in HEC-1 cells (which express nuclear receptor
coactivators but not endogenous ERa.)). Only compound 3A (R=sBu) exhibited inhibitory
activity, with an 1Cg of ~2 uM and limited efficacy.

Based on these promising data, Weiser et a/. designed a set of similar analogs. These
compounds were tested for their ability to block the activity of estrogen receptor and
androgen receptor using luciferase reporter genes. Inhibition of an ER reporter gene was
measured in HepG2 cells transfected with VP-ERa pM-GRIP1-LxxLL2, reporter gene
5xGal4-Luc3 and a normalization control pCMV-B-gal. (Weiser et al., 2012) Compound 3A
(Fig. 3; R=sBu), bearing the largest substituent, was the best antagonist and exhibited no
activity in the absence of 17p-estradiol (E;). A second assay employing MCF-7 (ER+)
breast cancer cells was utilized to evaluate the ability of these compounds to inhibit native
genes regulated by ER. RNA was harvested after a 14 h incubation period with compound
(20 uM) and either vehicle or estradiol and analyzed by quantitative-PCR. This group
analyzed the expression of known ERa genes SDF1, PR, and PS2, in addition to negative
control IDH3A. Three compounds exhibited a modest decrease in the expression of ERa
target genes, and no decrease in gene transcription was observed in the absence of estradiol.

In more advanced work, Weiser et al. synthesized a series of biphenyl peptidomimetics
bearing different substitutions on each phenyl ring. These compounds were tested for their
ability to inhibit ERa activity in a cotransfection reporter gene assay. 3XERE-TATA-
luciferase and estrogen receptor (RST7-ERa)) were transfected into ER-negative SKBR3
breast cancer cells with a normalization control pPCMV-p -gal. Cells were then treated with
serial two-fold dilutions of the synthesized biphenyl compounds with and without 1 nM of
E, and incubated for 40 h prior to assaying. Three compounds were found to decrease
reporter gene activity at concentrations <20 pM, both in the presence and absence of E,,
suggesting that these compounds bind to the ligand-binding pocket and not the coactivator
binding-groove (Weiser et al., 2014). To confirm these results, compounds were subjected to
a mammalian two-hybrid competitive inhibition assay employing the estrogen receptor
(VP16-ERa)) and the coactivator peptide pM-GRIP1 LXXLL. Again, it was observed that
compounds that provided inhibition of reporter gene activity were active in the absence of
E,. To determine whether these compounds were binding in the ligand-binding pocket, the
reporter gene assay was repeated with increasing concentrations of Ej. If these compounds
were true CBIs, then the ECg of E5 should not be affected by the concentration of inhibitor
present. Although no compound was identified as solely a coactivator binding inhibitor,
compound 3B (Fig. 3) appeared to have mixed inhibition of the ligand-binding pocket and
the coactivator-binding groove. Further synthesis of analogous compounds would be
required to produce a true coactivator binding inhibitor for ER+.

Using a TR-FRET assay, Sun ef al. carried out a high-throughput screen to identify novel
coactivator binding inhibitors (CBIs) capable of disrupting the estrogen receptor/coactivator
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interaction in presence of estradiol. Two scaffolds—3C and 3D (Fig. 3)—exhibited desirable
inhibition activity (Sun et al., 2011). Follow-up medicinal chemistry, reporter gene assays,
and /n silico structural analysis led to the optimization of two new series of ER coactivator
binding inhibitors which were active in the low micromolar range. The authors noted,
however, that these CBls did not seem to span the entirety of the surface area of the SRC-
binding region. The authors concluded that CBI potency was thus entropically limited due to
reduced displacement of surface-bound water molecules. Based on this information, they
inferred that screening compound libraries containing larger molecules may lead to the
discovery of CBIs with greater potency, even if these molecules may have a higher-than-
normal molecular weight.

Singh et al. used a virtual screening approach to identify new small molecules that could
bind to the AF-2 site of ERa.. Two compounds that were identified in this work were 3E and
3F (Fig. 3), which both belonged to the carbohydrazide class of small molecules (Singh et
al., 2015). Using the ERa-positive cell line, T47D-KBluc, the authors showed that the /in
sifico hits reduced transcriptional activity of ERa at the luciferase reporter. Upon
confirmation of the small molecules’ binding to AF-2, and not the ligand-binding pocket, the
authors showed that the compounds could inhibit the growth of MCF-7 cells, as well as
tamoxifen-resistant TamR3 and TamR6 cells (3F and 3E had I1Csg values of 6.0 and 7.8 M,
respectively). To confirm the slowing of cell growth was through inhibition of ERa,, TamR3
and TamR6 cells were transfected with a luciferase reporter gene. Using MCF7 cells and
subsequent gRT-PCR analysis, the authors showed that 2E was able to reduce the expression
of genes controlled by ERa..

Singh et al. used molecular dynamics simulations on a series of benzothiophenone
derivatives to enhance target affinity and improve drug-like properties of a previously
reported coactivator binding inhibitor (3E, Fig. 3). The addition of a methyl group to the
benzothiophenone core of a lead compound led to a significantly more potent compound, 3G
(Singh et al., 2018). A two-hybrid assay showed that this compound inhibits ERa via the
inhibition of ERa-coactivator interaction. Luciferase assays highlighted the selectivity of the
compound for ERa.. No activity was observed for AR, GR and PR. The authors also
demonstrated the anti-proliferative effects of this non-cytotoxic compound in ERa+ cell
lines, along with a downregulation of ERE-driven genes by the compound. A major
advantage of this AF-2 inhibitor is its similar effectiveness against clinically important
mutant forms of ERa.

Using a peptidomimetic approach, Raj et al. have designed and optimized a well-
characterized ER-coregulator interaction inhibitor, ERX-11 (3H, Fig. 3). This compound has
been observed to be a potential therapeutic for wild-type and mutant ER-positive breast
cancers as it blocks proliferation and induces apoptosis (Raj et al., 2017). This molecule
contains a serine-mimicking hydroxyethyl group and has been shown to block estradiol-
induced proliferation in ER-positive breast cancer cell lines. Biotinylated 3H was used to
pull down endogenous ER in ZR-75 nuclear extracts, indicating that the molecule interacts
with purified ER /n vitro and within a cell. Using a NanoBIT assay, the authors showed that
the ER-PELP1 interaction could be blocked by treatment with ERX-11. RNA-seq analyses
indicated that ERX-11 altered the expression of 880 estradiol-regulated genes. Tumors

Mol Cell Endocrinol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Skowron et al.

Page 7

treated with ERX-11 were observed to be significantly smaller, exhibited less proliferation
and increased apoptosis, as compared to the vehicle control.

In addition to small molecules, peptides have also been designed to block the estrogen
receptor/coactivator interaction. It has been argued in the past that peptides make poor drugs
because they can be conformationally flexible, impermeable to cells, and unstable to
proteases, but several recent advances in peptide chemistry have addressed these
shortcomings (Henninot et al., 2018). One of the most successful approaches uses “stapled”
peptides. Briefly, hydrocarbon “stapled” peptides are unnatural peptides that are linked into
an a-helical conformation by linking two sidechains together with a robust, accessible
reaction called ring-closing metathesis. (Blackwell and Grubbs, 1998)(Schafmeister et al.,
2000) Stapled peptides specifically have been found to have improvements in pharmacology,
target affinity, proteolytic resistance, serum half-life, and cell penetration as compared to
non-stapled peptides. (\Verdine and Hilinski, 2012). The advantages of developing a peptide
coactivator binding inhibitor has led to the development of steroid receptor coactivator
mimics, which show inhibitory activity in the presence of estradiol.

Phillips et al. designed and tested stapled peptide inhibitors of the ER-SRC interaction.
Because the interaction between ER and SRC is mediated by an a-helical LXXLL motif, the
authors used this motif as a starting point for development. Phillips ef al. used the strategy of
hydrocarbon stapling to stabilize the peptides into a helical conformation. They determined
that an optimal inhibitor of the protein-protein interaction was 4A, (Fig. 4) with a Kp of 75
and 155 nM for ERa and ER, respectively (Phillips et al., 2011).. Although 4A was not
tested in more advanced assays, this work provided the basis for further developments of
stapled peptide inhibitors of the ER-SRC interaction.

Building on this work, Speltz et al. showed that the stapled peptides produced in the Phillips
work were not active in cell culture. To address this, the authors made an alteration to one of
the previously reported stapled peptides. Based on molecular dynamics simulations, four
arginine residues were added to the N-terminus to create stapled peptide 4B, (Fig. 4) (Speltz
et al., 2018a). This positively charged peptide showed an even better ICgq value of 5.0 nM.
Using MCF-7 cells and the fluorescein isothiocyanate (FITC)-labeled versions of the
peptides, the authors showed that there was greater cell permeation with 4B, compared to the
original stapled peptide. 4B reduced the transcription of several genes regulated by the ER,
and it reduced proliferation of estradiol-stimulated MCF-7 cells. An RNA-seq experiment
showed that the peptide modestly reversed the expression of ER-regulated genes, although it
was not as efficacious as 4-hydroxytamoxifen.

Demizu et al. designed and synthesized several LXXLL motif-containing stabilized helical
peptides. Peptidomimetic estrogen receptor modulators (PERMS) 4C and 4D (Fig. 4), which
contain disulfide bridges that stabilize their a-helical structures, were first described by
Spatola et a/ (Galande et al., 2005; Leduc et al., 2003). Demizu et a/. found that 4C and 4D
exhibited strong inhibitory activity, with ICgq values of 35 and 13 nM, respectively,
suggesting that a-helicity was important for peptides’ inhibitory activity. To observe ER-
mediated transcriptional inhibition by PERM at the cellular level, the authors also
synthesized R7-conjugated peptides. Heptaarginine fragments have been shown to be cell-
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penetrant, so their inclusion in peptide sequences may improve peptide membrane
permeability (Schmidt et al., 2010; Yang and Hinner, 2015). The conjugation of PERM to a
heptaarginine (R7) fragment was effective at promoting cellular uptake of PERM and
inhibiting ER transcription (Demizu et al., 2015). These peptides were able to efficiently
penetrate ER-positive T47D cells, and the inhibitory activity of R7 fragment-containing
PERM molecules was shown to be higher with the R7 fragment in the C-terminus rather
than the N-terminus.

In one of the stapled peptides designed to fit the coactivator binding pocket, reported by
Phillips et al., it was noted that the crosslinked sidechains could replace interacting residues
11689 and Leu 693. Speltz et al. synthesized a stapled peptide, designed to fit the
coactivator binding pocket, that replaced 11e689 with an S-y-methylated stapling amino acid.
This molecule, 4E (Fig. 4), had an I1Csq of 89 nM J/n vitro vs. 390 nM for the peptide that had
no methyl group (Speltz et al., 2016). 4E also had high helicity. X-ray crystallography and
molecular dynamics studies indicated that minimization of syr+pentane strain between two
methyl groups at the a.- and -y-positions was responsible for increased helicity.

Zhao et al. have developed a thioether-tethered helical peptide. This 11-mer peptide mimics
the native SRC protein with a cysteine in the 7 position and an unnatural amino acid (mSs) in
the /+4 position (Zhao et al., 2016). The binding affinity of peptide 4F was tested using a
fluorescence polarization assay with the stapled peptide having a binding affinity of 91 nM,
and the unstapled an affinity of 188 nM. In comparison to the binding affinity of the native
SRC sequence (2500 nM), these peptides bound to the receptor with much higher affinity.

Further developments by Zhao et a/. have included the development and synthesis of a thiol-
yne tethered helical peptide (Tian et al., 2016). A fluorescence polarization assay indicated a
Kg of 100 nM for ERy and 177 nM for ERp. In an effort to determine the permeability and
cellular uptake of peptide 4G, the authors used flow cytometry analysis using HEK293T
cells. The constrained peptide had five-fold higher uptake as compared to the unconstrained
peptide. Serum stability was enhanced significantly, almost 18-fold, as compared to the
unconstrained peptide, with the authors concluding that the presence of the tether enhanced
protease resistance. The authors completed an MTT assay to determine the effect on cell
viability that these peptides may have. The stapled peptide lacked cytotoxicity towards ER-
negative MDA-MB-231 cells and exhibited cytotoxicity towards ER-positive MCF-7 cells.
Hydrocarbon-stapled peptides may cause non-optimal levels of membrane lysis; therefore,
Zhao et al. used a lactate dehydrogenase (LDH) release assay to determine the membrane
lysis capability of these thiol-yne peptides in HeLa cells. The thiol-yne peptides had a
smaller effect on the disruption of membranes as compared to the all-hydrocarbon peptides,
providing these thiol-yne peptides with a potential advantage.

Xie et al. developed N-terminal isoaspartic acid-tethered helical peptides 4H that target the
ER-SRC interaction (Fig. 4). The authors determined the effect of the tethered helical
peptide in MCF-7 cells after exposure to 20 uM peptide for 24 hours with the following
results: the constrained peptide showed 64.5% cell viability after exposure, while the linear
peptide showed 98.5% cell viability after exposure. The stabilized peptide had dose-
dependent inhibition of MCF7 cell viability (12 uM). A fluorescence polarization assay
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indicated specificity for ERa as compared to ERB (4.4:1), progesterone receptor (3.7:1) and
vitamin D receptor (30:1)

Speltz et al. prepared orthogonally stapled peptides and studied their effects on helicity,
stability, and affinity (Speltz et al., 2018b). Computational analysis of a previously described
peptide, (Fig. 41) bearing an olefin-staple, demonstrated that an Arg692-Asp696 salt-bridge
increased its helicity. Using this orthogonal stapling approach, the authors designed and
prepared the bicyclic peptide 4J using solid phase peptide synthesis. 4] was “cross-stitched”,
replacing the Arg692-Asp696 salt-bridge in 41 with an amide-based covalent linkage to
provide an additional lactam staple and potentially increase a-helicity. Using a TR-FRET
assay to measure the peptides’ ability to inhibit coactivator recruitment to estrogen receptor,
the authors concluded that, while the added hydrocarbon staple enhanced proteolytic and
helical stability, affinity was lowered, possibly due to less optimal hydrophobic interactions
between the staple and estrogen receptor surface. Thus, the non-interacting lactam in 4K
best enhanced binding affinity.

Fuchs et al. have used ribosome display to discover and optimize the binding motif of
LXXLL and discovered a PXLXXLLXXP binding motif (Fuchs et al., 2013). Molecular
modeling and x-ray crystallography were used to analyze this optimized binding motif. The
prolines were determined to be helix primers, optimizing the helix dipole and allowing for
better recognition of the peptide. The presence of prolines also aids in inducing
conformational constraints, and stabilizing hydrogen bonding. X-ray crystallography
confirms the presence of the prolines above the charge clamp residues, confirming the initial
hypothesis. Circular dichroism measurements in the presence of trifluoroethanol were
observed to have strong helicity. A fluorescence polarization assay provided K; values of
0.025-75 uM, with the proline-containing peptides being more selective or equally selective
for ERB.

Receptor

Androgen receptor (AR) plays important roles in reproductive, neural, bone, immune,
hemopoietic and cardiovascular tissues (Davey, 2016; Zhao et al., 2016). Unlike the ER,
there is only one AR isoform (Narayanan et al., 2018). The domain architecture of AR
comprises domains A-F. This review will focus on the C-terminal E/F domains, which
contain the ligand binding domain and ligand-dependent activation function-2 (AF-2), also
described as the coactivator binding groove (see above) (Brinkmann et al., 1989). Particular
to the androgen receptor is binding function (BF)-3, a regulatory surface located near AF-2.
Recently, during the screening of compounds for inhibition of coactivator binding,
compounds have been discovered which bind to BF-3 and allosterically modulate AR
function (Estebanez-Perpina et al., 2007). Other examples of BF-3 inhibitors (Ban et al.,
2014; Lack et al., 2011) will not be discussed in this review, but allosteric inhibitors have
been reviewed in this Special Issue by Brunsveld and coworkers (Meijer et al., 2019).

A unique feature of the androgen receptor is the so-called “N/C interaction.” In its N-
terminal region, AR contains a phenyalanine-rich motif (23FQNLF27) which seems to
interact with the C-terminal AF-2 (He et al., 2000). This N/C interaction may compete with
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coregulators for binding to the AR AF-2 region (Chang and McDonnell, 2005). An outcome
of this observation is that AR is able to accommodate larger hydrophobic motifs than other
members of the nuclear receptor family. Indeed, several groups have shown that peptides
that contains (F/W)XXLF motifs bind to the androgen receptor (He et al., 2004; Hur et al.,
2004), and some of these motifs are expressed in coregulators that are unique to AR (He et
al., 2002). AR can bind larger motifs selectively, and this size-exclusion principle may be
used to develop AR-selective CBIs (Chang and McDonnell, 2005).

Similarly to SERMs, selective androgen receptor modulators (SARMS) were developed in an
effort to exhibit tissue-selectivity. The initial development of SARMs was for a treatment for
muscle-wasting conditions (Crawford et al., 2016; Dalton et al., 2011; Gao et al., 2005).
Further potential clinical uses of SARMs include the treatment of osteoporosis (Gao et al.,
2005; Kearbey et al., 2007; Mohler et al., 2005) and breast cancer (Coss et al., 2014;
Schwartzberg et al., 2017). AR has been successfully targeted for the development of
treatments for prostate cancer, with the development of anti-androgens like flutamide,
bicalutamide, and, most recently, enzalutamide (TANDI®); however, as with ER-directed
therapies, the development of resistance to therapies targeting AR is a significant problem in
the effective treatment of prostate cancer (Nakazawa et al., 2017). Coactivator binding
inhibitors (CBIs) represent a potentially useful mechanism of AR antagonism. The first
CBIs reported for AR were peptides containing a modified NR box motif (F/W)XXL(F/W)
mimicking the LXXLL motif, common to most steroid-receptor coactivator proteins (He et
al., 2002; Hsu et al., 2003).The first reported small-molecule CBIs for inhibiting the AR-
SRC interaction were peptidomimetic pyrimidine-based CBIs that mimicked the modified
NR box motif (F/W)XXL(F/W) (Gunther et al., 2009). This review will describe more
recent molecules which have been assayed in cell culture.

Compounds prepared by Weiser et al. to block the ER/coactivator interaction (see above)
were also analyzed for their ability to inhibit the interaction of androgen receptor and
coactivator in a MMTV-luc reporter gene assay in CV-1 cell line transfected with exogenous
AR (Weiser et al., 2014). Bicalutamide, a nonsteroidal antiandrogen was used as an
antagonist control, and R1881, a potent anabolic steroid was used to activate AR. Only
amino-ester analogs exhibited inhibitory action in the luciferase reporter gene assay;
however, toxicity at higher doses was observed in all but one active compound. This study
shows that these peptidomimetics are capable of inhibiting nuclear receptor-coactivator and
can be tuned for selective inhibition.

Axerio-Cilies et al. virtually screened ~4 million compounds and discovered six potential
candidates that were hypothesized to inhibit AR AF-2 (Axerio-Cilies et al., 2011). These
compounds were tested using FP and cell-based eGFP AR transcription assays, and all
showed ICsq values in the 4-36 UM range in both assays. Biolayer interferometry showed
that 2,3-dihydro-1H-sperimidine 5C and 1H-pyrazol-5-(4H)-one 5D (Fig. 5) directly and
reversibly interact with AF-2 in AR. An androgen displacement assay ensured that
compounds did not bind to the hormone-binding site of AR.

Crystallography of 2,3-dihydro-1H-spermidine 5C showed a very similar binding
arrangement to the one predicted by the Glide program. Structural changes occurred at AF-2
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when compound 5C was bound: repositioning of Lys720 to engage in a cation-r interaction
and Met734 pushed away from the site, likely caused by repulsion with compound 5C.

Caboni, et al. discovered and characterized a series of diarylhydrazides that blocked binding
of coactivators to AR, which may be useful in developing non-ligandbinding pocket
interventions for prostate cancer (Caboni et al., 2012). Compound 5E, identified using a
virtual screen, was found to have antagonistic activity in a TR-FRET coactivator
displacement assay. Fluorescence polarization assays showed no androgen displacement at
the ligand-binding pocket. Further, TR-FRET assays suggested that the diarylhydrazides are
AR antagonists and PR partial agonists, but that they do not displace coactivators from
glucocorticoid receptor (GR), ERa, or ERB. Compound 5C also showed low cytotoxicity,
reduction in DHT-dependent cell proliferation and DHT- and CPA-stimulated PSA
expression in prostate cancer cell lines. Caboni et al. further investigated the structure-
activity relationship of the diarylhydrazide antiandrogens and discovered eight novel
compounds which interact with AF-2 (Caboni et al., 2013).

Caboni et al. used molecular topology in the discovery of a novel coactivatorbinding
inhibitor, 5F (Fig.5) (Caboni et al., 2014). A TR-FRET assay was conducted to confirm
inhibition of coactivator binding, and a fluorescence polarization assay confirmed that the
compound did not bind in the ligand binding pocket. The 1Csq for this compound was 24
UM, similar to that of other known coactivator binding inhibitors. Molecular docking studies
suggested that this compound binds to AF-2 with higher affinity than to BF-3.

Raj and coworkers designed a peptidomimetic compound mimicking the LXXLL motif
common to the interaction of nuclear receptors and coactivators (Ravindranathan et al.,
2013). Using the rigid structure of a bis-benzamide scaffold, Raj and coworkers designed
molecule 5G (Fig.5). To determine whether 5G successfully blocked the interaction of
androgen receptor with coregulators, co-immunoprecipitation studies were completed.
LNCaP cells preincubated with 5G were shown to block the AR-coactivator interaction with
an ICgg of 40 nM, even in the presence of dihydrotestosterone. The peptidomimetic was also
selective for the androgen receptor as it had no effect on the interaction of estrogen receptor
B and coactivator. An ARE-luciferase model was used to determine the effect on
transcriptional activity, with the compound decreasing dihydrotestosterone-induced activity
to basal levels. An MTT assay illustrated that 5G inhibits DHT-induced proliferation. 5G
was also observed to inhibit growth of xenograft tumors /7 vivo and to inhibit AR expression
of human tumors ex vivo.

Hsu et al. used phage display to develop small-molecule peptidomimetic inhibitors of
androgen receptor. Phage display indicated enrichment of the FXXFY motif in mutated
androgen receptor (bicalutamide-induced W741L point mutation) (Hsu et al., 2017). The use
of peptidomimetic molecules has had some success for other nuclear receptors; therefore,
Hsu et al. developed oxadiazole-containing peptidomimetics containing two hydrophobic
rings to mimic the FXXFY motif discovered by phage display. AR transcriptional reporter
assay was completed in PC-3 cells with most of the molecules having 1Cgq values of about 1
UM. 5H and 5I, the most effective inhibitors, were further tested in /n vitro prostate cancer
cell line growth assay with 1Csq values of 110 uM. These two molecules were also observed
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to suppress prostate cancer cell xenografts in mouse models. The molecules were confirmed
to target the AF-2 site of androgen receptor by determining the effect on AR-cofactor
interactions within 0.1-1 pM.

Using an AR/TIF2 biosensor assay in a PC3 cell line, Fancher ef a/. identified nonsteroidal
hit 5J that could inhibit the interaction between AR/TIF2 (Fancher et al., 2016). The ICsq
values of the hit compounds were in the range of 0.9 to 2.4 pM. The authors showed that
these hits did not compete with binding for the hormone site with dihydrotestosterone. Using
LnCaP, C4-2, and 22-Rv1 (all AR-positive cell lines), the authors showed general growth
inhibition of these cells lines with the non-steroidal hits.

To address the knowledge gap surrounding the specific requirements for AR N-terminal
domain (NTD)/coactivator interactions, Dubbink et a/. performed computer modelling, cell-
based studies, and mutation-based analysis to investigate the interaction of the AR ligand
binding domain (LBD) with the AR FXXLF motif and the transcriptional intermediary
factor 2 (TIF2) LXXLL motif (Dubbink et al., 2004). The authors reported that AR-LBD did
not interact with FXXLF and LXXLL motifs according to the classic charge clamp model of
binding, with hydrogen bonding on one side of the charge clamp and significant
hydrophobic interaction within the deep coactivator binding site being seemingly required
for high peptide-binding affinity. They found that optimal peptide binding requires either
two L residues for TIF2, or two F residues for TIF2 or AR at the +1 and +5 positions. The
FXXLF motif was observed to bind preferentially to AR due to the presence of the
phenylalanine residues, which interact with the deep hydrophobic coactivator groove, with
which the LXXLL motif will also interact. Additionally, through comparison of binding
experiments involving peptide interaction with AR and ERa LBDs, the authors determined
that the shape of a NR coactivator binding groove can be critical to selective peptide
interaction, with the FXXLF motif being specific for AR rather than ERa due to the AR’s
deeper hydrophobic coactivator binding groove.

In order to study the specificity of androgen receptor ligand-binding domain (AR LBD)
interactions with the known FXXLF motif, the authors used pairwise systematic analysis,
swapping F and L residues in three FXXLF and nine LXXLL matifs. At positions +1 and
+5, bulky F residues were found to be major contributors to strong interaction with AR LBD
and to block binding to most other nuclear receptor (NR) LBDs (Dubbink et al., 2006).
These residues dominated over flanking sequences in determining AR LBD specificity. For
F and L substitutions at +1 and +5, yeast two-hybrid assays were carried out to directly
compare peptide binding to different NR LBDs and to screen for AR LBD-interacting
peptides. Four charged residues, K720, K717, R726, and E897, were found to modulate
peptide binding independent of whether F or L was at the +1 or +5 positions. Structural
studies of AR LBD demonstrated that FXXLF motifs hydrogen-bond with both K720 and
E897, while LXXLL motifs only hydrogen-bond with K720. The authors carried out a
mammalian one-hybrid assay using F23L/F27L-AR with alanine substitutions at K717,
K720, R726, and E897. Binding capacity of AR-interacting peptides was reduced with
E897A substitution, and although individual K720A, R726A, or K717A substitutions had no
effect, double mutations strongly reduced AR LBD interaction and triple mutations
completely abolished AR LBD peptide interaction. Using random mutagenesis at positions
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+2 and +3 of the FXXLF motif, the authors found that many different amino acid
combinations gave strong interactions; all amino acid residues were detected, apart from M
at the +2 position and F and Y at the +3 position. The authors carried out a yeast two-hybrid
screen using a randomized AR FXXLF peptide expression library for the solvent-exposed
positions 2 and 3 and assessed AR LBD interaction with a liquid p-galactosidase assay. A
preference was shown for E at +2 and K or R at +3, although the reason for this preference
was not clear. The authors presumed that charged residues at these positions increase
stability of the peptide conformation.

van de Wijngaart surveyed the amino-acid requirements at the +4 (Leu) position of FXXLF
motifs in either partner (AR vs. cofactors ARA54, ARAT70) using a yeast two-hybrid read-
out (van de Wijngaart et al., 2006. They found Leu — Phe or Met substitutions were the
only ones that conserved interaction specificity and function. These substitutions served to
enhance AR selectivity over progesterone receptor (PR) in ARA70. The subsequent search
for FXXFF and FXXMF motif-bearing peptides turned up PAK6 (FXXMF) and gelsolin
(FXXFF) as strong AR interactors. The interactions were confirmed by /n vivo FRET assay
using Hep3B cultures (normalized FRET efficiency > 0.1), site-directed mutagenesis (which
abolished these PPIs) and a mammalian one-hybrid read out. Two additional FXXFF/
FXXMF-bearing peptides (supervillin and cdc37) did, however, show weak AR LBD
interaction. While this work did not develop an inhibitor directly, the approach potentially
functions to uncover new foundations on which to develop peptide inhibitors.

To develop AR/coactivator binding inhibitors, Nakka et a/. utilized two SRC-1 peptides,
P100 and P200, that interact with the AR and not the PR (Nakka et al., 2013). In a
mammalian two-hybrid assays, these peptides inhibited the SRC-1/AR interaction (a
reduction in SRC-2/AR interaction was also noted). Even though the two peptides disrupted
the transcriptional activity of AR (and its variant ARV7) and repressed all the AR-induced
genes tested, they showed no similar activity for the VDR. The peptides were also tested for
PSA inhibition using a double immunofluorescence technique and were found to reduce
PSA expression in LNCaP cells. The peptides did not alter PC-3 cell proliferation.
Unsurprisingly, the peptides did not affect the proliferation of PC-3 cells as these cells lack
the AR).

To study the loss of specificity of androgen receptors (AR) in prostate cancer patients who
develop Anti-androgen Withdrawal Syndrome (AWS), the authors compared the interactions
of mutated AR and wild-type AR with certain peptides. Because anti-androgens/mutant AR
complex has a similar binary structure as 5a.-dihydrotestosterone (DHT)-bound wild-type-
AR, the authors hypothesized that when bound to a ligand (i.e. DHT/wt-AR,
hydroxyflutamide/T877A-AR, and bicalutamide (CDX)/W741L-AR), AR may recognize
common AR-associated peptide motifs. The authors used bacterially expressed DHT/wt-AR
DBD-LBD and hydroxyflutamide/T877A-AR DBD-LBD proteins as baits to screen
potential peptides using phage display (Hsu et al., 2014). AR bound to similar peptides that
contained an FXX(F/H/L/W/Y)Y motif cluster, with an extra hydrogen bond between the
Tyr residue in the +5 position and AR greatly increasing binding affinity. BUD31 peptide
motif was demonstrated to be the best inhibitor of LNCaP cell growth, suppressing both
DHT-mediated AR and hydroxyflutamide-mediated T877A-AR transactivation. Cell work
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was completed with BUD31-transfected LNCaP cells in co-immunoprecipitation (Co-IP)
and chromatin immunoprecipitation (ChlP) assays. Additionally, the PC-3 cell line was used
in mammalian two-hybrid assays and reporter gene assays to confirm the screened peptides
did in fact interact with ARs.

Li et al. explored the interaction of semenogelin I (Sgl) as a coactivator of androgen receptor
(Li etal., 2018). Sgl contains multiple iterations of the LXXLL motif, so the authors
attempted to elucidate their role in the interactions with AR. In the presence of zinc, Sgl
induced proliferation. A mutant Sgl, with a modified LXXLL motif (to LXXAA), did not
induce proliferation or migration as illustrated by the results of a MTT assay. Luciferase and
co-immunoprecipitation assays confirmed that the mutated Sgl is unable to interact with AR.
The mutant Sgl also failed to induce AR transactivation, confirming that the LXXLL motif
is essential for interaction of Sgl with AR. Finally, the effect of a Sgl peptide with or
without the LXXLL motif on prostate cancer cell lines LNCaP and C4-2 was observed using
an MTT assay. Proliferation of both cell lines in the presence of zinc was inhibited by the
wild-type peptide but not the peptide lacking the LXXLL motif; however, in the absence of
zinc, neither peptide had an inhibitory effect on proliferation. Li ef a/speculate that the
inhibition of the LXXLL motif interaction with AR could be a potential target for decreasing
AR activity and tumor growth.

Progesterone Receptor

Progesterone receptor (PR) plays an important role in the development and differentiation of
female reproductive tissue (Li and O’Malley, 2003). PR exists as two subtypes, PR-A and
PR-B, which have different transactivation properties and the proportion and levels of each
of these subtypes varies by tissue type (Kastner et al., 1990). Similarly to ER and AR, the
domain architecture of PR comprises domains A-F. This review will focus on the C-terminal
E/F domains, which contain the ligand binding domain and ligand-dependent activation
function-2 (AF-2), also described as the coactivator binding groove (see above) (Hill et al.,
2012). Progesterone receptor agonists have been used for menopausal hormone therapy,
birth control and other gynecological disorders (Erkkola and Landgren, 2005).
Antiprogestins, including Mifeprestone (Mifeprex®), are used clinically for termination of
pregnancy. Selective nonsteroidal progesterone receptor modulators have been developed
and have been shown to have mixed agonist-antagonist activity in /n vitrotranscription
assays (Tabata et al., 2003). Coactivator binding inhibitors (CBIs) represent a potentially
useful mechanism of PR antagonism. Similarly to ER and AR, the progesterone receptor
interacts with steroid-receptor coactivators through the NR box motif LXXLL common to
most steroid-receptor coactivator proteins (Rowan and O’Malley, 2000). The first reported
CBIs for inhibiting the PR-SRC interaction were recently developed and are described
below.

Colucci and Ortlund presented a high-resolution crystal structure of the ancestral 3-
ketosteroid receptor liganded with progesterone that shows the weak agonist mifepristone
bound at the coactivator binding groove (Colucci and Ortlund, 2013). This surprising
observation may lead to the development of a possible scaffold for coactivator binding
inhibitors. The authors originally set out to observe ligand exchange at significantly high
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excess of mifepristone /n vitro for ancSR2. Because ligand exchange is possible with other
ancestral SRs, this lack of ligand exchangeability was unique to ancSR2.

Kobayashi et al. aimed understand how agonist and/or antagonist-activated progesterone
receptor interferes with NF-B signaling in breast cancer cells (Kobayashi et al., 2010). Two
types of responsive genes were identified that reflect at least two different mechanisms by
which PR can interface with NF-,B. The authors hypothesized that a functional AF-2
distinguishes the mechanism of inhibition of the type | and type Il responsive genes
(Kobayashi et al., 2010). To determine the role of AF-2 in PR gene expression, a coactivator
binding inhibitor was required. A screen of CBIs from a library of LXXLL-containing
peptides identified peptide 6 (Fig. 6) which interacted well with agonist-activated hPR-A
and hPR-B. LX23 also inhibited progesterone-dependent activation of transfected 2XPRE-
tk-Luc reporter. To determine the effect AF-2 had in PR-mediated inhibition of
inflammatory cytokines, Gal4-DBD-LX23 or control Gal4-DBD-LXAA was overexpressed
in T47D-A18 cells using an adenovirus-based expression vector. The impact of these
peptides on endogenous target genes was analyzed, and it was found that R5020-mediated
repression of both CCL2 and CCL20 expression was reversed by peptide 7, but no effect
was observed on IL-8 and CCL4 expression. This indicated that the two types of gene
responses from the PR were AF-2 dependent (Type 1) or AF-2 independent (Type I1). This
work is interesting and important due to the finding of two distinct mechanisms the PR
employs to inhibit NF- B target gene transcription.

Conclusion

Since McDonnell and coworkers developed the first coactivator binding inhibitors, (Norris et
al., 1999) there have been a number of advances, and in this review we have cataloged recent
advances in small-molecule and peptide coactivator binding inhibitors that target steroid
receptors. The most highly developed CBIs are those that target the ER and AR. Indeed, two
of the most well-characterized CBIls, ERX-11 and 5G, are targeted to the ER and AR,
respectively (Raj et al., 2017) (Ravindranathan et al., 2013). ERX-11 and 5G are some of the
only CBIs that have robust activity in animal models.

A number of opportunities remain for the development of CBIs as both chemical probes and
as viable therapeutic strategies. Several groups have defined the effects of CBIs on the
expression of a small number of genes, but few groups have compared CBls to appropriate
selective nuclear receptor modulators (SNRMs) using genome- and transcriptome-wide
approaches (Raj et al., 2017; Speltz et al., 2018a).

Similarly, the development of CBIs has been somewhat hampered by the lack of available
crystal structures. Although crystal structures of AF-2-targeting peptides are rather common,
there are few crystal structures of small molecules that bind at the AF-2 site (Wang et al.,
2006), and there is a possibility that these structures are artifacts of the crystallization
conditions.

Because coactivators are shared among other transcription factors, selectivity for one
particular steroid receptor/coactivator pair has not been demonstrated. Selectivity for a
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particular nuclear receptor seems achievable, given slight differences in the coactivator
binding grooves (Geistlinger and Guy, 2003), but it is unclear whether selectivity for one
particular receptor/coactivator pair will ever be achievable or whether such activity is
necessary or desirable. This point is important because a lack of selectivity may manifest
itself as toxicity, and, as the field of coactivator binding inhibitors progresses, care must be
taken to monitor for off-target toxicity.

Lastly, while this review has focused on molecules that directly block the protein-protein
interaction between coactivators and receptors, there is a growing literature on molecules
that block the enzymatic activity of coactivators (Song et al., 2016; Wang et al., 2014, 2011).
Although these molecules require further optimization, they provide a useful starting point
for creating new chemical probes of coactivator function and activity, and they may one day
lead to exciting new therapeutics.

Overall, the future for coactivator binding inhibitors is bright. The history of CBlIs, outlined
here, coupled with opportunities mentioned in the previous paragraphs will continue to
create a fertile ground of exploration for molecular endocrinologists, chemical biologists,
and drug discovery scientists alike.
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Highlights

. Small molecules and peptides block binding of coactivators to steroid
receptors.

. Coactivator binding inhibitors have been discovered through screening and
design.

. The most advanced coactivator binding inhibitors have been tested in animal
models.

. Further optimization and characterization are needed to enable clinical trials.
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Figure 1.
A surface representation of a nuclear receptor. Shown are the ligand-binding domains of

three steroid receptors, ligand binding pocket (green), binding function-3 (teal), activation
function 2 (beige), and coactivator peptide (brown). (A) The estrogen receptor ligand
binding domain (PDB: 5WGD; lilac). (B) The androgen receptor ligand binding domain
(PDB: 5JJM; yellow). (C) The progesterone receptor ligand binding domain (PDB: 40AR,;
red).
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Figure 2.
A schematic representation of a nuclear receptor. Shown are nuclear receptor ligand binding

domain (yellow), ligand binding pocket (green), binding function-3 (blue), activation
function 2 (beige), coactivator peptide (brown), and coactivator binding inhibitor (CBI-
purple). (A) The coactivator interacts with the nuclear receptor and leads to transcription.
(B) The coactivator binding inhibitor prevents coactivator from interacting with nuclear
receptor and leads to inhibition of transcription.
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Small-molecule inhibitors of the estrogen receptor - steroid receptor coactivator interaction.
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Figure 4.
Peptide inhibitors of the estrogen receptor - steroid receptor coactivator interaction.
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Figure 5.
Small-molecule inhibitors of the androgen receptor - steroid receptor coactivator interaction.
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Figure 6.
Peptide inhibitor of the progesterone receptor-steroid receptor coactivator
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