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Abstract

Androgen Receptor (AR)-dependent transcription is a major driver of prostate tumor cell
proliferation. Consequently, it is the target of several antitumor chemotherapeutic agents,
including the AR antagonist MDV3100/enzalutamide. Recent studies have shown that a single AR
mutation (F876L) converts MDV3100 action from an antagonist to an agonist. Here we describe
the generation of a novel class of Selective Androgen Receptor Degraders (SARDs) to address this
resistance mechanism. Molecules containing hydrophobic degrons linked to small molecule
Androgen Receptor (AR) ligands induce AR degradation, reduce expression of AR target genes
and inhibit proliferation in androgen-dependent prostate cancer cell lines. These results suggest
that selective AR degradation may be an effective therapeutic prostate tumor strategy in the
context of AR mutations that confer resistance to third generation AR antagonists.
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Targeted degradation represents an intriguing strategy to regulate the function of
therapeutically relevant proteins (e.g., transcription factors and scaffolding proteins) not
amenable to traditional small molecule approaches!:2l. Moreover, targeted protein
degradation could overcome resistance mechanisms that modulate the activity of small
molecule drugs following target engagement. For instance, point mutants conferring agonist
activity to antagonists limit efficacy of androgen-receptor (AR) antagonists for treatment of
prostate cancerl3]. While deletion of the disease-causing protein offers a direct solution to
this problem, strategies for doing so via genome editing or RNAIi remain clinically
challenging[4]. As an alternative, we have developed several approaches for post-
translational targeting of specific proteins to the ubiquitin-proteasome system (UPS)[6-91.
For instance, we recently reported a strategy for post-translational protein degradation
whereby a hydrophobic moiety appended to the surface of a target protein engages the
cellular quality control machinery. This ‘hydrophobic tag” may mimic a partially denatured
protein folding state, leading to degradation by the UPS. We demonstrated the feasibility of
this approach by covalently coupling hydrophobic tags to engineered dehalogenase
HaloTag-2[19-12] fusion proteins. Recently, a similar approach was applied to degradation of
E. coli DHFR by non-covalent appendage of a hydrophobic tagl13l. A key next step in the
development of this nascent technology is to degrade clinically relevant target proteins with
a small drug-like molecule. To this end, here we show that coupling a hydrophobic tag to an
androgen receptor agonist converts it to a potent Selective Androgen Receptor Degrader
(SARD) capable of inducing >50% of AR degradation (DCsq) at 1 uM. Remarkably, this

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 August 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gustafson et al.

Page 3

SARD retained anti-proliferative activity in cell lines resistant to current standard-of-care
drugs for castration-resistant prostate cancer (CRPC).

The androgen receptor (AR)[24] is a ligand-dependent transcription factor that upon binding
to the androgen dihydrotestosterone (DHT), undergoes a conformational change leading to
homodimerization, nuclear translocation and upregulation of gene transcription. While vital
for the normal development and maintenance of the prostate, AR-mediated gene expression
remains an important driver throughout prostate cancer progression. Many therapeutic
strategies focus on regulating AR activity. For example, androgen deprivation therapy[°]
combined with AR antagonists (i.e., anti-androgens) such as bicalutamidel16] has been used
as a first-line treatment for early stage prostate cancer for decades. While initially effective
at suppressing tumor growth, this strategy in most cases leads to the progression of an AR-
dependent yet androgen independent form of the disease (i.e., CRPC)[17], which is
responsible for the vast majority of prostate cancer deaths. Moreover, in CRPC, the first-
generation anti-androgen drugs, such as flutamidel28] and bicalutamidel!9], can display AR
agonist activity. While the mechanisms responsible for the progression to CRPC are not
entirely known, it has become clear that an increased level of AR protein is present in the
majority of CRPC and that agents targeting androgen synthesis and/or AR signaling, such as
abiraterone and MDV3100/enzalutamide, respectively, demonstrate clinical benefit to CRPC
patients[20-22],

Hypothesizing that increased AR levels may drive the development of CRPC and
considering the clinical success of the selective estrogen receptor degrader (SERD)
fulvestrant[23] we sought to induce AR degradation via our hydrophobic tagging approach.
To accomplish this, we designed a series of selective androgen receptor degraders (SARDs)
based on the high affinity AR agonist RU59063[24] connected via a short PEG linker to an
adamantyl group (Figure 1A), a hydrophobic degron shown to be effective in our previous
work with Halotag fusion proteins.

Gratifyingly, such heterodimeric molecules retained the ability to bind directly to the AR
(Figure S1): competition radioligand binding assay using [°H]-R1881 showed that
appending of the adamanty! group to RU59063 reduced affinity for the AR approximately
37-fold in the case of SARD279, and nearly 300-fold for SARDO33. In accordance with
their binding affinities, the synthesized SARDs induced AR degradation at sub-micromolar
concentrations. For example, SARD279, in which the adamantyl moiety is coupled to
RU59063 via a 8 atom ester linkage reduced AR protein levels by 50% at 1 pM (DCsg)
(Figure 1B), while no degradation was detected in cells treated with the parental AR ligand.
SARDO033, possessing an adamantyl moiety attached via a longer ether linkage induced AR
degradation with a ~2 pM DCsq value (Figure 1B). SARD-mediated AR degradation
requires direct interaction with AR since co-incubation with the competitive AR agonist
RU59063 blocked the activity of SARD279 (not shown).

Predictably, target degradation by the SARDs is selective for the AR; the glucocorticoid
receptor (GR), another steroid receptor not recognized by the parent ligand RU59063, is not
degraded in LNCaP cells under conditions that result in near-complete degradation of the
androgen receptor (Figure S2). Futhermore, consistent with our initial report on protein
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hydrophobic-tagging[20], degradation of the AR is dependent on the UPS — pretreatment/co-
treatment of LNCaP cells with the proteasome-specific inhibitor, epoxomicin, prevents
SARD-mediated degradation of the AR. To further explore the mechanism of SARD-
mediated AR degradation, we investigated the possible involvement of Heat Shock Proteins
(HSPs), given their known role in stabilizing misfolded proteins or targeting them for
degradation by the UPS. We found that incubating cells with the potent Hsp90 inhibitor
geldanamycin, at concentrations that did not affect AR levels, enhanced AR degradation at
sub-DCgq concentrations of SARD279 (Figure S3). Immunoblotting revealed a
geldanamycin-dependent increase in Hsp70 levels, consistent with the finding that Hsp90
inhibition leads to activation of Heat Shock Factor 1 (HSF1) and its target genes, including
HSP70[25]. Hsp70 and the associated E3 ubiquitin ligase CHIP play a key role in targeting
intractably misfolded proteins to the UPS[26], and we have shown that labeling HaloTag
with hydrophobic tags leads to enhanced association with Hsp70[27]. Together, this suggests
that the Hsp70/CHIP complex mediates SARD-induced AR degradation and that elevated
Hsp70 levels underlie the increase in SARD279 activity in the context of Hsp90 inhibition.

We next examined the effects of SARDS on AR-dependent gene expression in AR
overexpressing LNCaP-AR cells, a validated cellular model of CRPC. Consistent with the
documented AR agonist activity of RU59063 in CRPC, we observed increasing expression
of a number of AR target genes such as FKBP52, PMPEA1 and NKX3.1 (Figure S4).
Despite the agonist activity of RU59063, no such agonist activity was observed for
SARD279- and SARDO033-treated cells. Moreover, both SARDs antagonized gene
expression induced by the synthetic androgen R1881. Importantly, with respect to this latter
activity, both SARDS compared favorably to the recently FDA approved Selective
Androgen Receptor Modulator (SARM) MDV3100/enzalutamide [211. Given that both
SARDs reduced expression of the AR target genes, we directly evaluated their
pharmacological properties in androgen responsive element (ARE)-driven luciferase
reporter assay in 293 cells. We determined that, despite their construction from an AR
agonist, both SARDs blocked transactivation of the androgen receptor by the agonist R1881
(Figure S5). That the I1Cxq values of the SARDs in reporter assay -- 156 nM for SARD279
and 293 nM for SARDO033 — were 10-fold lower than their DCsgq values to degrade AR
suggests that their ability to block expression of AR target genes may be multimodal: partly
due to pharmacological antagonism of AR signaling and partly due to degradation of the AR
itself.

We next asked whether SARD-induced AR degradation reduces proliferation of prostate
cancer cells. We incubated androgen-dependent LnCAP cell with SARD279, SARDO033,
RU59063, or MDV3100 and measured cell numbers by vital dye staining and
hemocytometry over the course of 9 days. In LNCaP cells, SARD279 and SARDO033 both
suppressed proliferation with similar efficacy to MDV3100 within 2 days (Figure 2). In
contrast, proliferation of the AR-independent HEK293T and PC3 human prostate cancer cell
lines was unaffected by SARD279, SARD033 or MDV3100 (Figure S6). The ability of
these SARDs to specifically suppress AR-dependent proliferation argues that their activity
results from targeted AR degradation rather than a non-specific cytotoxicity. Despite the
initial efficacy of MDV3100 against AR-driven CRPC, within a year patients usually
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progress with an apparent reactivation of AR signaling, as exhibited by an increase in
circulating PSA levels and radiographic tumor progression[28]. Numerous mechanisms have
been proposed to explain this resistance, including intratumoral androgen synthesis that
competes with MDV3100 binding as well as the F876L mutation in AR that enables the
receptor to recognize MDV3100 as an agonist [3:2%-31]. We sought to determine whether
SARDs can circumvent resistance associated with these two mechanisms.

While MDV3100 is capable of antagonizing AR activity at castration levels of testosterone
(less than 0.7 nM), studies have demonstrated that prostate cancer cells themselves
upregulate de novo dihydrotestosterone (DHT) synthesisI[31:32], In fact, 1 nM R1881 can
abolish the antiproliferative activity of MDV3100 when assayed in cellular models of
prostate cancerl2]. Hypothesizing that a SARD only needs to make a transient interaction
with AR to enable its ubiquitination, we tested the activity of SARD279 and MDV3100
against proliferating LNCaP cells supplemented with 1 nM R1881. As expected, this level of
R1881 blocked MDV3100 from antagonizing AR, whereas SARD279 exhibited
antiproliferative activity (Figure 3). These data show that MDV3100 is ineffective in the
presence of higher androgen levels whereas a SARD is still capable of degrading AR and
inhibiting proliferation.

Another emerging mechanism of MDV3100 resistance is the F876L mutation in the AR,
where the resistance is achieved by shifting AR responsiveness to MDV3100 and the like
from antagonists to an agonists. Indeed, in LNCaP cells engineered to express the AR-
F876L mutation (LNCaP/AR-F876L) MDV3100 functions as a robust agonist inducing the
expression of PSA mRNA in the absence of androgens (Figure S7). Not surprisingly,
eliminating AR with a SARD demonstrates no such activation. Consistent with the AR
activity data, the proliferation of these cells can be induced with MDV3100 whereas
SARD?279 exhibits antiproliferative effects (Figure 4). Together, these data demonstrate that
eliminating AR with a SARD can overcome resistance mechanisms associated with
MDV3100.

Here, we show that linking a hydrophobic tag-based degron to an AR agonist creates a novel
class of anti-androgens (termed SARDs) that induce targeted AR degradation and override
some resistance mechanisms to traditional prostate cancer drugs. Thus, SARDs may prove
to be novel therapeutic approach to combat CRPC: since they remove AR, and thus block a
key mitogenic pathway in prostate cancer cells.

This SARD approach is not expected to address drug resistant prostate cells expressing AR
splice variant 7 lacking the ligand binding domain. However, our data suggest that in cells
with an intact AR, if the residency time of an antagonist is insufficient — as is the case with
MDV3100 in the milieu of increased androgens — SARD-mediated degradation of AR can
be achieved with essentially the same AR binding ligand. The hydrophobic tagging strategy
described here adds to the emerging paradigm of induced protein degradation as a
therapeutic strategy® and may prove useful for the manipulation of disease-relevant proteins,
and related drug-resistant mutants, that have proven intractable to traditional small molecule
approaches.
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Figure 1.
Figure 1. (A) Structures of Selective Androgen Receptor Degraders (SARDSs) based on the

androgen receptor agonist RU59063. (B) Immunoblot analyses of LNCaP human prostate
tumor cells incubated with SARDS or parent ligand for 24 hours.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 August 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Gustafson et al.

40

35 =&=\/ehicle

30 - =r-=MDV3100

25 - =&=RU59063
={==SARD279

—#—SARDO033

Cell Number (x1000)
N
()

Days

Figure 2.

SARDs block human prostate cancer cells (LNCaP) as well as MDV3100. LNCaP cell
proliferation assay in the presence of indicated compounds at 3 M. The assay was
performed in 10% FBS, and viable cells were counted at each indicated day.
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Figure 3.
SARD279 has more antiproliferative activity than MDV3100 in the presence of low

androgen levels. LNCaP cells supplemented with 1 nM of the AR agonist R1881 were
incubated for 7-days with MDV3100 or SARD279 after which cell proliferation was
measured. The growth media contained 5% charcoal stripped FBS to eliminate exogenous
androgens.
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Figure4.
SARD-mediated antiproliferative activity in MDV3100-resistant cells. LNCaP/AR-F876L

cells were incubated with indicated doses of MDV3100 or SARD279 for 7 days in the
presence of 5% charcoal stripped FBS.
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