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Abstract

Introduction—Intrinsically disordered proteins (IDPs) and regions (IDRs) lack stable three-
dimensional structure making drug discovery challenging. A validated therapeutic target for
diseases such as prostate cancer is the androgen receptor (AR) which has a disordered amino-
terminal domain (NTD) that contains all of its transcriptional activity. Drug discovery against the
AR-NTD is of intense interest as a potential treatment for disease such as advanced prostate cancer
that is driven by truncated constitutively active splice variants of AR that lack the C-terminal
ligand-binding domain (LBD).

Areas covered—This article presents an overview of the relevance of AR and its intrinsically
disordered NTD as a drug target. AR structure and approaches to blocking AR transcriptional
activity are discussed. The discovery of small molecules, including the libraries used, proven
binders to the AR-NTD, and site of interaction of these small molecules in the AR-NTD are
presented along with discussion of the Phase | clinical trial.

Expert opinion—The lack of drugs in the clinic that directly bind IDPs/IDRs reflects the
difficulty of targeting these proteins and obtaining specificity. However, it may also point to an
inappropriateness of too closely borrowing concepts and resources from drug discovery to folded
proteins.
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Introduction

1.1. Androgens

Androgens such as testosterone and dihydrotestosterone (DHT) are abundantly produced in
the mature male predominantly in the testes with some contribution from the adrenal glands.
The biological activity of androgen is mediated by the androgen receptor (AR) which is

a ligand-activated transcription factor that belongs to the steroid receptor family. In the
male, androgens and functional AR are essential for sexual differentiation, maintenance of
spermatogenesis, and male gonadotropin regulation. Androgen-dependent tissue such as the
prostate relies on functional androgen signaling. When levels of androgen are reduced in a
mature male, the prostate will involute with apoptosis of prostate luminal epithelial cells. It
is this dependency of prostate tissue on androgens that underlies the rationale of androgen
deprivation therapy (ADT) as a systemic approach for advanced prostate cancer. ADT and
inhibition of AR transcriptional activity has been the focus of therapeutics for prostate
cancer for the past six decades. In addition to prostate cancer, the androgen axis plays a role
in other pathologies such as alopecia, polycystic ovarian syndrome, spinal bulbar muscular
atrophy (SBMA), androgen insensitivity syndrome, and some breast cancers.

1.2. Androgen receptor

Full-length AR (NR3C4) ranges in size due to polymorphic variation of several repeats
regions in its N-terminal domain (NTD) [1]. Most literature refers to a 910 or 919 amino
acid full-length AR that is comprised of an intrinsically disordered NTD (547 to 556
residues), a folded DNA-binding domain (DBD; 65 residues), a disordered hinge region (49
residues) and folded C-terminal ligand-binding domain (LBD; 249 residues) that contains
the ligand-binding pocket (Fig 1).

1.2.1 AR-DBD and Hinge Region—The AR is a transcription factor which interacts
with DNA through its structured DNA-binding domain (DBD) that has a resolved crystal
structure [2]. This region contains a P-box and a D-box in which two zinc fingers are
essential for AR transcriptional activity. Drug design against AR-DBD would be useful

to block the transcriptional activity of full-length AR and truncated AR splice variants
(AR-Vs) that lack AR-LBD as described below. Due to the high sequence similarity of this
domain (77-80%) with other members of the steroid receptor family, finding a drug with
specificity to AR-DBD may be difficult but efforts are underway [3]. AR-DBD is linked to
its LBD through an unstructured hinge region which plays a role in nuclear translocation
but other functions have also been noted and are regulated by phosphorylation, acetylation,
methylation and ubiquitination [4].

1.2.2. AR-LBD and Antiandrogens—The C-terminus LBD is comprised of 11 a-
helices which encompass a ligand-binding pocket. When androgen binds, there is a shift

in conformation to reposition helix 12 over the ligand-binding pocket to create the AF-2
surface for interaction with coactivators [5,6]. In addition to binding androgen, the AR-LBD
is the direct or indirect target for all currently FDA-approved drugs against the androgen
axis. Drugs indirectly targeting the AR to reduce the levels of androgen that bind to

the AR-LBD include LHRH analogues and CYP17 inhibitors (abiraterone) that blocks

Expert Opin Drug Discov. Author manuscript; available in PMC 2021 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sadar

Page 3

steroidogenesis. Due to the three-dimensional structure of AR-LBD and resolved crystal
structure [7], structure-based drug discovery is possible and thus there are an abundance

of drugs that have been developed that directly bind to this domain. These drugs include
both agonists (selective AR modifiers or SARMSs) as well as antagonists that are called,
“antiandrogens”. There are steroidal and non-steroidal antiandrogens. For prostate cancer,
the non-steroidal antiandrogens (stem name “lutamide”) are the most frequently used and
include flutamide, nilutamide, bicalutamide, enzalutamide, apalutamide, and darolutamide.
The mechanism of action for antiandrogens is to compete with androgens for the AR-LBD
and induce an AR conformation that is not transcriptionally active. DHT is the most relevant
androgen for prostate cancer and also the most potent with a binding affinity in the low

nM range. This means that for an antiandrogen to be efficacious it must have very strong
affinity to be able to compete with DHT for the ligand-binding pocket in AR-LBD. For these
reasons, ADT to reduce levels of androgen (DHT) is continued while patients receive newer
and more potent second generation non-steroidal antiandrogens. Unfortunately, resistance to
these therapies will develop by mechanisms that predominantly involve: 1) gain-of-function
mutations in the AR-LBD that result in promiscuous transactivation by other steroids

or yielding a receptor where the antiandrogen behaves as an agonist; or 2) expression

of truncated constitutively active AR-Vs such as AR-V7 that lack the AR-LBD. Hence
antiandrogens have lost their binding site on AR-Vs and thereby have no effect. AR is
unique from other steroid hormone receptors in that no transcriptional activity is attributed
to its LBD {activation function-2 (AF-2) has no identified transactivation unit-2 (tau-2)}, but
rather all transcriptional activity resides in it NTD [8-12].

1.2.3. Intrinsically disordered AR-NTD—AR-NTD is largely unstructured and
described as having limited stable secondary structure which can be induced by interactions
with binding partners to increase a-helical content and thereby conforms to a molten-
globule-like conformation referred to as ‘collapsed disordered’ [13-15] (Fig 2 A). This
domain is the most abundantly post-translationally modified of the AR and acts as a hub
for interactions with many other proteins (Fig 2B). Most importantly is interaction of this
domain with the basal transcriptional machinery that is necessary for its transcriptional
activity. Within AR-NTD is AF-1 which is estimated to have 13% helical secondary
structure but this can increase upon interaction with a binding partner [13,14]. AF-1 is
comprised of two transactivation units 1 and 5 (Tau-1 and Tau-5). Tau-1 is comprised of
amino acid residues 101-370 of which a large number are acidic amino acids. Tau-5 is
comprised amino acid residues 360-485 and is not acidic. Interestingly AR-NTD harbors
several repeat regions for glutamine (polyglutamine tract or polyQ), proline, alanine, and
glycine.

The variable length polyQ tract is the most studied of these repeat regions. Its length
impacts AR solubility and transcriptional activity. ARs with short polyQ tracts tend to have
increased transcriptional activity whereas a longer repeat region has less activity. PolyQ
tracts longer than 37 residues tend to form cytotoxic fibrillar aggregates associated with
SBMA. Helicity of the polyQtract is stabilized by H-bonds between the side chains of
glutamine and the main carbonyl groups and helical structure of the tract correlates with its
length [16]. Changes in conformation would presumably impact AR-NTD interactions with
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other proteins and thereby modulate its transcriptional activity in addition to its solubility
and propensity to form fibrils. Androgens cause release of chaperone proteins Hsp40 and
Hsp70 from the AR NTD to enable transcriptional activity but unfortunately also increase
the propensity of aggregation. These chaperones bind to the ,3FQNLF,7 motif within the
NTD with uM affinity [17]. In the absence of androgen or ligand, the apo-receptor is in a
complex with chaperone proteins that facilitate AR’s solubility and ability to readily bind
ligands [18]. Upon binding androgen, the ,3FQNLF,7 motif interacts as an a-helix with its
AR C-terminal LBD (called N/C interaction) to mediate transcriptional activity [19]. The
shift in conformation that occurs upon binding of androgen in AR-LBD results in dynamic
changes in interactions with chaperones that reduce its solubility and improve its affinity

for DNA thereby enabling nuclear translocation and transactivation. Application of a small
molecule that binds Hsp70, JG-98, stabilizes interaction of AR-NTD with Hsp70 to promote
AR degradation and reduce aggregation [17]. Thus the AR-NTD is a drug-target for multiple
indications including SBMA as well as prostate cancer and other pathologies driven by AR.

Drugs Targeting Intrinsically Disordered Proteins and Regions

2.1. Characteristics of Intrinsically Disordered Proteins/Regions for Drug Development

Intrinsically disordered proteins (IDPs) or regions (IDRs) lack stable structure in isolation.
This property of structural plasticity permits an IDP/R to exist as multiple and changing
conformations that vary depending upon its interacting binding partners and or the
protein’s environment. The lack of a stable binding site together with presumed flat

large protein-protein interaction areas reflect the challenges in developing drugs to these
targets and contrast with the long-term success of drug development to folded proteins
with three-dimensional structures that is set in the “lock-and-key” model. Uncertainties
to the feasibility of achieving specificity with small molecule inhibitors or activators and
the laborious drug discovery approaches needed are probably the main reasons that only
two drugs that directly bind to an IDP/IDR have reached clinical trials (ClinicalTrials.gov
Identifiers: NCT02606123 and NCT00509132).

The disordered states and structures of IDP/Rs are dictated by the protein sequence and
thus “intrinsic” to the encoding sequence. Amino acids that are predominantly found in
these regions include those with charged groups and a low content of hydrophobic amino
acid residues. Hence IDRs tend to have a high net charge and low hydrophobicity [20-22].
Cysteines form covalent bonds as sulfide bridges to stabilize protein structure when the
environment is oxidizing, but under reducing conditions the bridges are broken and usually
the protein will be disordered and inactivated [23,24]. Prolines also disrupt protein structure.
The presence of aromatic residues within IDRs may reveal a molecular recognition region
(MoRF). MoRF are defined as “short, interaction-prone segments of protein disorder that
undergo disorder-to-order transitions upon specific binding, representing a specific class of
intrinsically disordered regions that exhibit molecular recognition and binding functions”
[25]. MoRF regions are of substantial interest in drug development due to their potential for
intervention [26].
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2.2. Targeting a folded binding partner versus direct binding to IDR

Proteins that are transcription factors such AR are enriched with IDRs. The ability for

AR to regulate gene expression depends on reversible interactions with other proteins.
Compared to folded/structured regions, IDRs have the advantage of high-specificity,
poor-affinity interactions (micromolar to millimolar binding strength) which facilitate
reversibility required for signaling [27]. Interaction of IDRs and their partners may shift

the ensemble to a different conformation which may yield secondary structure. The most
well-known example is the interaction of the disordered IDR of p53 with its ordered partner
MDM2. Upon interaction, p53 becomes folded [28]. Drug development to p53 has been
predominantly directed to the ordered binding partner MDM2’s site of interaction with p53.
There are very few small molecules reported that directly interact with an IDR or IDP [29].
The IDR of c-Myc interacts with the IDR of its binding partner Max to form a folded
complex that binds to target genes to regulate their expression. Because c-Myc is implied

in so many cancers, there is substantial interest in developing drugs against this protein
[30]. Some drug development approaches are directed to blocking binding of the folded
c-Myc/Max complex to DNA as this avenue may be easier than directly targeting c-Myc
IDR. For example, Omomyc miniprotein was designed to act as a dominant negative of Myc
with mutated residues that are similar to the residues in the bHLH domain of Max [31].
Omomyec inhibits Myc transcriptional activity by multiple mechanisms including binding E
boxes on DNA to inhibit binding of Myc/Max heterodimers and decreasing levels of Myc
protein [32,33]. Cellular penetration and in vivo efficacy of Omomyc have been recently
shown in preclinical models thereby supporting the potential of this approach for clinical
development [34]. The small molecules that directly bind to c-Myc IDR that have been
discovered bind to a short linear region of amino acids residues and these compounds can
bind multiple sites independently [35]. An example is 10074-A4 that binds to multiple
conformations of c-Myc on a short amino acid segment of approximately 10 residues [35].
None of these small molecules that directly bind to c-Myc IDR have reached clinical testing
presumably due to lack of specificity inherent with the mechanism of binding. There are
several recent excellent reviews on drug discovery to IDR/Ps [36-39], here we focus on
AR-NTD. The first small molecule that directly binds to an IDR to be tested in clinical trials
is the prodrug of ralaniten (EP1-002), called ralaniten-acetate (EP1-506), that directly binds
AR-NTD [40-43].

3. Discovery of drugs that directly bind to AR-NTD IDR
3.1 AR-NTD

Interest in developing drugs to the AR-NTD predominantly comes from the discovery of
constitutively active AR-Vs that lack LBD that are associated with resistance mechanisms

in lethal castration-resistance prostate cancer (CRPC) [44-47]. Also, unlike its related
steroid hormone receptors with transcriptional activity within AF-2 in their LBDs, all

of the transcriptional activity of AR resides in its NTD [48]. Thus an inhibitor to the
AR-NTD should block the transcriptional activities of all AR species. AR-NTD has little
sequence similarity (<15%) to its most closely related steroid hormone receptors and thereby
considered a drug target that could be highly specific.
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AR is a hub for interactions with more than 170 different proteins with many

of these interactions occurring with AR-NTD [49]. One of the most critical protein-

protein interactions with AR-NTD required for transcriptional activity is with the basal
transcriptional machinery that includes RAP74, the subunit of TFIIF that aids in recruitment
of the initiation complex and binds to RNA polymerase 11 [50-52]. The region of AR-NTD
(residues 423-446) essential for interaction with RAP74 lies within Tau-5 [53,54] and

may contain a MoRF with aromatic residues W433, Y445 and F437. The affinity for
interaction between this region of the AR-NTD and RAP74 is improved from the millimolar
to micromolar range (Kp=1749 uM to Kp=702 pM) with phosphorylation of serine 424 of
AR-NTD [54]. These data stress the importance of post-translational modifications within
this region [54,55] and are consistent with the general observation for high specificity and
poor affinity for protein-protein interactions with IDRs. An inhibitor with an IC50 in the
higher uM range may have therapeutic value to block this weak interaction with RAP74 and
AR-NTD unlike the antiandrogens that compete with DHT in the low nM range.

3.2.  Small molecule libraries that generated “hits” to the AR-NTD

Starting in 2003, several available small molecule libraries were tested empirically over
the next 17 years by the Sadar lab against a series of assays developed to discover

small molecules that specifically inhibited the AR NTD. These libraries included the

NCI Diversity set (2,100 compounds), the 50k microformat Diverset from Chembridge
(50,000 compounds), and natural compounds libraries of marine sponge and invertebrates
extracts (Professor RJ Andersen, Vancouver, BC). Over 52,000 compounds from the

NCI or Chembridge libraries were tested with little to no hits. Fortunately the natural
compounds libraries provided approximately 30 hits from unique extracts which were
further fractionated to purification and isolation of the active compounds. Three of these
compounds (niphatenones, sintokamides, and ralaniten) that directly interact with the AR-
NTD have been published. The remaining active scaffolds and extracts continue to be
optimized and characterized.

3.3. Niphatenones

Niphatenones were isolated from extracts of the marine sponge Niphates digitalis collected
in Dominica [56]. Synthetic analogues of niphatenone were compared to the natural
products for activity against AR activity and found to be more potent and that the

Michael acceptor enone functionality is not required for activity [56]. An 1C50 value of
approximately 6 uM was measured for inhibiting transcriptional activity of full-length AR
[57]. Niphatenone binds covalently to activation function-1 (AF1) region of the AR-NTD
and inhibits the transcriptional activity of AR-Vs without affecting the transcriptional
activity of the closely related progesterone receptor [57]. Unfortunately, niphatenone
decreased glucocorticoid receptor (GR) transcriptional activity by a mechanism involving
covalent binding to GR AF-1 [57]. Further development of these compounds was halted
upon discovery of alkylation with glutathione [57].

3.4. Sintokamides

In 2008, the first of a series of reports was published that chlorinated peptides, sintokamides
A to E, isolated from the marine sponge Dysidea sp. collected in Indonesia were potent
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inhibitors of AR-NTD [58]. Evidence that sintokamide A (SINT1) binds AR AF-1 region

to specifically inhibit transactivation of AR NTD was provided [59]. Transcriptional
activities of both full-length AR and AR-Vs were blocked. In vivo studies using human
prostate cancer xenografts grown in castrated male mice revealed regression of tumors

and reduced expression of an AR-regulated gene, prostate-specific antigen (PSA) [59].
Combination experiments of SINT1 with ralaniten (described below) had additive effects
on AR transcriptional activities which implies that SINT1 binds to a site on AF-1 that is
unique from ralaniten [59]. Based upon differences between the two compounds in blocking
AR-NTD interaction with STAT3, it was proposed that SINT1 interacts possibly with Tau-1
rather than Tau-5 [59].

EPI-067 and Ralaniten analogues

3.5.1. Discovery and structure—The original EPI compound isolated from the marine
sponge Geodia lindgreni collected in Papau New Guinea was EPI-067 [60,61]. This is not a
natural compound and most likely of industrial origin based upon its structural resemblance
to Bisphenol A Diglycidic £ther (BADGE). BADGE is a harmless metabolite of bisphenol
A with no estrogenic or androgenic effects [62—65] and it cannot be converted by biological
systems back to the estrogenic bisphenol A [63]. BADGE and its chlorohydrins are not
carcinogenic nor genotoxic at high daily doses [66]. Structure activity relationship studies
yielded EP1-002, as single stereoisomer of the mixture called EP1-001. These compounds
were demonstrated to not be generally reactive as shown at physiological pH in vitro [59], in
vivo using an radioactive imaging agent [67], and from patient clinical samples [43,68].

3.5.2. Mechanism of action—EPI analogues inhibit the transcriptional activities of
full-length AR in response to androgen and AR-Vs. Inhibition of AR transcriptional activity
by EPI is specific and it has no effect on the activities of related human steroid receptors.
EPI analogues do not bind to the AR-LBD and consistent with this they do not compete with
androgen in a competitive ligand-binding assay [40]. Upon binding androgen, the full-length
AR translocates to the nucleus. Similarly, in the absence of androgens, some antiandrogens
also cause the full-length AR to translocate to the nucleus and bind to DNA binding sites

of target genes. EPI analogues do not induce AR nuclear translocation in the absence of
androgen [40]. EPI blocks AR binding to its binding sites (androgen response elements)

in the promoters and enhancers of target genes to decrease expression of these genes in
response to androgens [40,41]. N/C interaction of AR is required for androgen-dependent
transactivation of AR and is inhibited by EPI. CREB-binding protein (CBP) interacts with
AR-NTD and is essential for AR transcriptional activity. EPI blocks this interaction with
CBP as well as interaction with RAP74 [40]. Efficacy of EPI as a therapeutic for prostate
cancer was provided using prostate cancer cells maintained in vitro as well as cell line and
patient-derived xenografts, and the Herschberger assay [40].

3.5.3. Tau-5 Binding site for EPI—Direct interaction of the EPI analogues with

the AF-1 region of AR was first shown with recombinant protein in a cell-free assay

by fluorescence emission spectroscopy [40] and then later using Click-chemistry probes
[41]. Due to the sensitivity of IDR conformations on their environment and protein-protein
interactions, proof that EP1 bound endogenous AR in living cells was important to ensure
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that studies with the recombinant protein in cell-free assays were not artifactual. To do

this, the first demonstration of direct binding of a small molecule to an endogenous

IDR in cells using both Click-chemistry probes and radiolabelled analogues was reported
[41,67]. In vivo, a radiolabelled EPI analogue was injected into mice carrying both an
AR-positive xenograft and an AR-negative xenograft. Only AR-positive tumors accumulated
the radioactive compound thereby reaffirming the specificity of EPI to AR as well as
providing proof-of-concept of the potential to image tumors using EPl compounds that bind
to the AR-NTD [67]. While these studies provided evidence of EPI specifically binding to
AF-1, it is the elegant NMR data from Dr. Salvatella’s group that revealed the amino acid
residues required for this interaction [42]. EPI-001 and its sterecisomers were shown by
NMR to directly bind to three regions within Tau-5 of AF-1 (Fig 2C). This is the region
where RAP74 interacts [54] thereby supporting earlier studies showing EPI blocked this
interaction [40]. EPI did not bind linear amino acid sequence as seen with small molecules
discovered for c-Myc but rather EPI binding required all three regions to bind and did

not bind independently to the individual regions [42]. All three regions within residues
354-448 must simultaneously be present for binding to occur. This suggests that EPI binds
to a conformation that had a pocket, or that it induced formation of a conformation that
created a pocket (Fig 3). The result however, is that binding of EPI to Tau-5 of AR-NTD
yields a transcriptionally dead conformation that cannot interact with either RAP74 of the
basal transcriptional machinery, or CBP [40] which are necessary for transcriptional activity
[53,69]. Binding was specific and EPI did not interact with other regions of AR AF-1. It

is suggested that EPI-001 interacts with an ensemble of conformations of AF-1 where the
regions of sequence adopt a partially folded structure [42].

The single stereoisomer of EP1-001, EPI-002, was assigned the generic name Ralaniten by
the USAN council and a new stem class “-aniten” created based upon its novel mechanism
of action that distinguishes it from the C-terminal LBD nonsteroidal antiandrogens with

the stem name “lutamide”. Since the original discovery of EPI1-067, approximately 500
analogues of this compound have been tested by the Sadar Lab for potential clinical
development as a therapeutic and also as an imaging agent. In 2015, the prodrug of ralaniten,
ralaniten-acetate also known as EP1-506, entered first-in-human clinical trials, thereby being
the first drug that directly binds to an IDR to ever be tested in clinical trials. Trodusquemine/
MSI-1436 has also been tested in clinical trials but it first binds to a folded region and then
to an IDR of PTP1B [70]. Trodusquemine originated from a natural compound isolated from
the dogfish shark, Squalus acanthias [71].

3.6. First-in-human clinical trials for ralaniten/EPI-002 that directly binds to an IDR

EPI-002, ralaniten, is a first-in-class drug and the first drug to be tested in the clinic that
directly binds an IDR (Clinical trial information: NCT02606123). November 2015, the first
of 28 heavily pretreated CRPC patients was dosed with ralaniten acetate. These patients
had previously failed abiraterone (a CYP17 inhibitor) and/or the nonsteroidal antiandrogen
enzalutamide. This Phase 1 clinical trial showed signs of efficacy evidenced by reduction
of serum PSA and stable disease in some patients receiving higher doses in spite of

not achieving steady-state Cmin concentrations of what would be required for optimal
therapeutic concentrations based upon in vitro data (10ug/mL or 25uM). The highest dosed
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patients that received 3,600 mg/daily had trough levels of approximately 200ng/mL (0.5uM)
which is 50X lower than the 25uM required for optimal activity of ralaniten in vitro and

48 to 58-fold lower than steady-state Cmin for enzalutamide and its active metabolite
respectively [72]. Several patients remained on ralaniten for more than one year with stable
disease. The drug was considered “well-tolerated” but due to poor pharmacokinetics (PK)
there was excessive pill burden. Analysis of the metabolism of ralaniten acetate using

the plasma obtained from these patients showed that ralaniten was both oxidized and
glucuronidated [43]. The next generation analogue of ralaniten, EP1-7386, has improved

PK and better metabolic stability. It is expected to enter Phase I clinical trials in 2020 (73).

4.0. Conclusion

Drug discovery has focused upon folded proteins with pockets or clefts that can be targeted
with drugs to modulate the protein’s function and downstream pathway. Unfortunately
many proteins involved in diseases are IDPs or have IDRs that act as hubs to interact

with many binding partners. These disordered structures can have multiple and changing
conformations thereby creating a challenge to discover drugs that would be specific with
durable therapeutic effects. Full-length AR has been a validated drug target for pathologies
involving the androgen axis for more than 50 years. All FDA-approved drugs to AR target
the folded AR-LBD. The major resistance mechanism to these drugs in advanced prostate
cancer is the expression of constitutively active AR-Vs that lack the folded LBD and

are thought to continue to drive tumor growth. Theoretically the intrinsically disordered
AR-NTD provides an attractive new target since a drug that binds to specific regions in this
domain should be efficacious against all AR species including full-length AR, AR-Vs and
any AR with gain-of-function mutations in the LBD. To date, most approaches have been
exploring drugs that target interacting binding partners of AR-NTD, but now there has been
success with finding drugs that directly bind to AF-1 and Tau-5 that have reached clinical
trials with promising results.

5.0. Expert Opinion

IDPs and IDRs have the ability to change conformation to interact with many different
binding partners and tend to be enriched in proteins with molecular functions in transcription
and cell cycle that are dependent on reversible interactions with other proteins. These
qualities of multiple and changing conformations of IDPs/IDRs along with the presumed
large flat interaction binding sites for protein-protein interactions have been viewed by
established drug developers as being insurmountable hurdles to achieve specificity with
small molecules. An approach that improves the success rate in finding specific drugs has
been to target a folded binding protein rather than the IDR itself.

The AR-NTD is an IDR and essential for the transcriptional activities of full-length AR
and truncated constitutively active AR-Vs. The discovery of AR-Vs that lack the folded
LBD as a resistance mechanism that drives lethal CRPC has emphasized the need to find
drugs that target this domain. A number of approaches have been proposed and have shown
some success in preclinical studies but none have moved towards clinical testing with the
exception of ralaniten. Most studies have been targeting proteins that interact with the

Expert Opin Drug Discov. Author manuscript; available in PMC 2021 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sadar

Page 10

AR-NTD. The first in vivo proof-of-concept that sequestering AR-NTD interacting proteins
yields a therapeutic response for CRPC was provided in preclinical studies using decoys
[74,75]. Since then targeting individual interacting binding partners of AR-NTD are now
being examined such as: hsp40/70 to induce degradation of AR-Vs and reduce aggregation
of full-length AR with extended polyQ tracts [7,76-78]; BRD4 [79]; BAGLL [80,81]; and
steroid receptor coactivators-1 and 3 [82]. The shortfalls of drugs that do not directly bind
the AR-NTD, but rather an interacting protein, are predominantly a lack of specificity to
blocking AR function since these interacting partners are not unique for AR and interact
with many other proteins. Thus the quest to find drugs that directly bind to AR-NTD are of
substantial interest.

Small molecule inhibitors proven to directly bind to the AR-NTD have all been isolated
from natural compounds libraries and are: sintokamides that bind AF-1 possibly within
Tau-1 [59], naphatenones that bind within AF-1 [57], and EP1-001/ralaniten that binds
Tau-5 [40-42]. Also the bispecific antibody, 3E10-AR441, binds within Tau-1 at residues
299-315 [83]. Interestingly, deletions of small regions of Tau-1 (approximately 100 amino
acid residues) do not eliminate AR transcriptional activity thereby suggesting its activity is
not attributed to a single small structural element [84]. This suggests that a small molecule
inhibitor, or antibody, directed to Tau-1 would need to impact the conformation across
more than just a small discrete region. With the removal of the AR-LBD, the location

of transcriptional activity shifts in AR-NTD with a loss of Tau-1 activity and induced

use of Tau-5 activity [84]. Thus the AR-LBD plays a determinant role in the functioning
of Tau-1 versus Tau-5. Theoretically this has implications for finding a small molecule
inhibitor that blocks both full-length AR in response to ligand (Tau-1) and truncated AR-Vs
that lack LBD (Tau-5). What is known so far, is that ralaniten binds residues 341-446
predominantly of Tau-5, including the core unit 435\WHTLF,439, but also has some overlap
into Tau-1 (approximately 30 residues). Ralaniten inhibits the transcriptional activities of
both full-length AR and constitutively active truncated ARs including AR-V7 that lacks
AR-LBD [40,41,85]. Whether ralaniten is a better inhibitor of truncated AR-Vs compared
to full-length AR has not been examined and studies to check this are warranted. It is
possible that therapy combining a Tau-1 inhibitor with a Tau-5 inhibitor may be superior
to individual monotherapies to a discrete Tau region as been shown with sintokamide and
ralaniten [59]. Hence the discovery of additional small molecule inhibitors that directly bind
to the AR-NTD are urgently needed.

To expedite success in finding drugs that directly bind to IDPs/IDRs may include different
choices of small molecule libraries for screening compared to what have been predominantly
used for drug discovery to folded proteins. To date, the only two drugs to reach clinical trials
that directly bind to an IDR are from natural compound libraries and all small molecules that
directly bind AR-NTD IDR were discovered in natural compound libraries. While EPI-067
(ralaniten analogue) was discovered in a marine sponge extract, it is not a natural compound,
but such a chemical compound would never be included in a chemical library due to its
chlorohydrin moiety, even though it has been proven to highly specific and not be generally
reactive (i.e., does not form adducts with glutathione) [41,57].
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Discovering drugs that directly bind AR-NTD IDR is labor intensive and slow. It is not high
throughput screening and the assays are highly specialized and require unique expertise.
This means most grant funding mechanisms of 3 or 5 years will probably not be adequate

to ensure success for drug discovery projects against this target. An example is the empirical
testing of each compound against an IDP/IDR, rather than having leads from virtual docking
for a resolved protein to begin to narrow down potential drugs that might bind the target

of interest. Although there are reports of rational drug design and druggable cavities for
IDPs, these promising approaches are still structure-based and thereby currently limited
[86,87]. Application of various different approaches including NMR and single particle cryo
electron microscopy may Yield structural information of IDP/Rs and structural ensembles to
begin to facilitate drug discovery against these difficult drug targets [88,89 ]. The technical
hurdles of aggregation, sensitivity to proteolytic cleavage, and insolubility of recombinant
IDP/IDR also limits the abilities to complete many assays that are routinely done in drug
discovery for folded proteins. Going forward the future of drug development will have to
move towards targeting IDPs/IDRs in order to maximize and improve therapies to combat
complex diseases such as cancer.
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Avrticle highlights

Transcriptionally active androgen receptor (AR) drives the growth of most
prostate cancer

Truncated constitutively active splice variants of AR (AR-Vs) cause
resistance to current FDA-approved drugs that target full-length AR

AR N-terminal domain is intrinsically disordered and essential for
transcriptional activity of full-length AR and AR-Vs and therefore an
important, but difficult drug target

All drugs proven to directly bind the intrinsically disordered AR N-terminal
domain were identified from screening natural compound libraries

Ralaniten/EP1-002 is the first drug that directly binds to an intrinsically
disordered protein to be tested in clinical trials
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Fig 1.

Structure of the androgen receptor. N-terminal domain (NTD) is intrinsically disordered.
DNA-binding domain (DBD) is an ordered and folded domain. Hinge region is disordered.
Ligand-binding domain (LBD) is an ordered and folded domain.
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Fig 2.

Rgnn plot of the androgen receptor with the EP1-002 binding site (EBS1-3). A. The
probability of protein disorder across the amino acid residues of androgen receptor.

A probability score below 0.5 is considered ordered and above 0.5 as disordered.
Transactivation units (Tau) 1 and 5 are shown within the N-terminal domain. The EP1-002
binding site is depicted with the regions of interaction shown in light red. DBD, DNA-
binding domain; Hinge region in purple; LBD, ligand-binding domain. B. Regions of
posttranslational modification and interactions with some other proteins on the N-terminal
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domain in context to EP1-002 binding site. Within the EPI-binding site are regions for
phosphorylation (P) and sumolyation (S). Protein interactions shown include chaperones
hsp40 and hsp90; AF-2, activation function-2 in the AR LBD for N/C interaction; RAP74
of the basal transcriptional machinery; p300/CBP, BRD4, TAB2, CHIP, MAGE-11, BAG1L,
Gli, and STAT3. C. Residues in the three EP1-002 binding sites (EBS) and the flanking
residues. EBS1, EPI-002 binding site 1; EBS2, EPI-002 binding site 2; EBS3, EPI-002
binding site 3.
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Fig 3.

A model proposing that direct binding of EPI to Tau-5 in the AR-NTD creates a
conformation that prevents interactions with CBP and the basal transcriptional machinery
(BTM).
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