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Abstract

Diverse cellular processes relevant to cancer progression are regulated by the acetylation status of
proteins. Among such processes is chromatin remodeling via histone proteins, controlled by
opposing histone deacetylase (HDAC) and histone acetyltransferase (HAT) enzymes. Histone
deacetylase inhibitors (HDACI) show great promise in preclinical cancer models, but clinical trials
treating solid tumors have failed to improve patient survival. This is due in part to an inability of
HDAC:I to effectively accumulate in cancerous cells. To address this problem we designed HDACi
with secondary pharmacophores to facilitate selective accumulation in malignant cells. We present
the first example of HDACi compounds targeted to prostate tumors by equipping them with the
additional ability to bind the androgen receptor (AR) with non-steroidal antiandrogen moieties.
Leads among these new dual-acting molecules bind to the AR and halt AR transcriptional activity
at lower concentrations than clinical antiandrogens. They inhibit key isoforms of HDAC with low
nanomolar potency. Fluorescent microscopy reveals varying degrees of AR nuclear localization in
response to these compounds that correlates with their HDAC activity. These biological properties
translate into potent anticancer activity against hormone dependent (AR+) LNCaP and to a lesser
extent against hormone independent (AR—) DU145 prostate cancer, while having greatly reduced
toxicity in non-cancerous cells. This illustrates that engaging multiple biological targets with a
single chemical probe can achieve both potent and cell-type selective responses.
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Introduction

Among the next generation of potential therapies for cancer are histone deacetylase
inhibitors (HDACI), a chemical class of small molecules targeting the epigenetically

Corresponding Author: AKO: aoyelere@gatech.edu, Tel +1 404 894 4047, Fax +1 404 894 7452.

Supporting Information. Predicted ADME properties; trends in biological activities; YFP-AR confocal images; details of compound
synthesis and characterization; 1H and 13c NMR spectra. This material is available free of charge via the Internet at http://
pubs.acs.org


http://pubs.acs.org
http://pubs.acs.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gryder et al.

Page 2

regulated histone code.1=3 Carcinogenesis is frequently associated with aberrant acetylation
status of proteins, and inhibiting HDAC enzymes can induce cancer cell death by increasing
acetylation of nuclear (e.g. histone)* and/or many non-histone proteins including a-
tubulin,® p53,”-8 and E2F.9 HDACI have stimulated much enthusiasm in oncology recently
with over 500 cancer clinical trials initiated to date, resulting in two clinically approved
drugs, SAHA (vorinostat, Figure 1b) and FK228 (romidepsin).10 Despite their success in
blood malignancies, current HDACI have serious limitations in solid tumors. For instance,
National Cancer Institute Trial 6862 of SAHA in men with advanced prostate cancer
resulted in toxicities that required early termination of therapy for all patients.1 All new
HDACI agents introduced into the clinic follow the same single-target paradigm. Their
inability to significantly accumulate in solid tumors, combined with their rapid excretion and
off-target toxicity, are significant contributors to their failure to translate into efficacy
against solid tumors. Therefore, preclinical evaluation of new molecules in this class will
need to focus on improving cell type selectivity and enhancing tumor tissue distribution.

In order to address these needs in the context of prostate cancer (PCa), we have created
HDACI that are designed to selectively accumulate into malignant prostate cells. To achieve
this, we chose to incorporate into a prototypical HDACi pharmacophore a non-steroidal
antiandrogen scaffold based on cyanonilutamide 1 (Figure 1a) which targets PCa via the
androgen receptor (AR). The AR binds its natural agonist ligand dihydrotestosterone (DHT),
causing conformational changes that initiate translocation to the nucleus. Once in the
nucleus, transcription of genes is promoted via a coactivator protein assembly.8 Clinical
success in treating PCa has been achieved by inhibiting this important growth axis via
antiandrogens, especially the non-steroidal ligands nilutamide 2 and bicalutamide 3 (Figure
1a) because they do not have the broad off-target effects of steroidal analogues.1? PCa
frequently advances to the much more lethal castration-resistant prostate cancer (CRPC),
becoming resistant to these therapies by overexpressing ARs.13:14 Therapies designed to use
AR for cancer cell delivery stand to benefit from the fact that expression levels of AR is
about six-fold higher in castration resistant as compared to hormone-sensitive prostate
cancer.® Appending antiandrogen moieties are expected to endow HDACi with favorable
tumor accumulation /7 vivo because antiandrogens exhibit PCa tumor to blood plasma ratios
as high as 259 to 1.16 Many antiandrogens cause AR to localize to the nucleus (Figure 1a),17
and could therefore promote nuclear transport of AR-HDACi (Figure 1e).18

We have synthesized and screened a series of these dual-targeting compounds and showed
that they 1) engage the AR and 2) inhibit histone deacetylase (HDAC) enzymes resulting in
therapeutic impact. It is instructive to emphasize that these are not designed to hit both
targets simultaneously, but rather are designed to engage the first target (AR), accumulate
selectively, and then be released to engage the second target (HDAC). Indeed, our design
hypothesis is supported by the data from these molecules which show binding to AR, potent
inhibition of HDAC, and selective antiproliferative activity in AR dependent PCa cells.

RESULTS AND DISCUSSION
AR-HDACI Design and Synthesis

We used 1,2,3-triazole as a connection moiety between the targeting cap group and the
linker group containing the zinc chelating hydroxamate (Figure 1e) as our previous studies
have revealed that the triazole moiety enhanced HDACi activity.1® This design approach
enabled the joining of the linker and the targeting cap group using the Cu(l)-catalyzed
Huisgen cycloaddition between appropriate azides and terminal alkynes in the penultimate
step of our synthesis (Scheme 1). We investigated the suitability of two different N3-
modified hydantoins — aryl alkyne 7 and alkyl alkyne 8 — as head groups for the proposed
bifunctional agents. Alkyl and aryl extensions from the N3 of the hydantoin ring have
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resulted in potent antiandrogens.2%21 Predicted binding modes suggested that modification
through this position would not interfere with key interactions in the AR ligand binding
domain (Figure 1c), allowing for the SAHA-like moiety to extend towards the exterior of the
receptor. Indeed this has been the modification of choice for other dual-targeting approaches
utilizing the anti-androgen nilutamide scaffolds with tubulin inhibitors (colchicine),22 DNA-
intercalators (doxorubicin), 23 and nanoparticle delivery.24 These binding moieties are
distinct from steroidal scaffolds (e.g. testosterone and DHT) which were the first to be
utilized in bifunctional AR targeting approaches.2>

The synthesis was carried out successfully to give the first two compounds (14c and 15c,
linker length n = 5, Scheme 1), both of which exhibited nanomolar inhibition of HDAC
(discussed below). Chain length is also a critical variable in optimizing the positioning of the
zinc binding group (ZBG) for HDAC inhibition profiles. Therefore, the success of then=5
conjugates prompted us to explore the biological effects of chain-length variation, totaling
six from each cap group, n =3, 4, 5, 6, 7, and 8 (compounds 14a-b, 14d—e, 15a-b and 15d-

e).

The synthesis of the alkyne cap groups (7 and 8, Scheme 1) was achieved with a
straightforward alkylation of the cyanonilutamide 1 with mesylated (5) and tosylated (6)
alkynes respectively. The series of azide-alkyl-O-trityl hydroximates 11a—f were obtained
by coupling the azido acids with O-trityl hydroxylamine. The two pieces were then brought
together using the regioselective Cu(l) catalyzed cycloaddition of an azide to a terminal
alkyne, forming the 1,2,3 triazole ring.26: 27 The deprotection of the trityl group in
trifluoroacetic acid (TFA)/triisopropyl silane (TIPS) mixture afforded the compounds.

HDAC Inhibition Study

The compounds’ enzyme inhibition activity was evaluated against HDAC isoforms 1, 6, and
8 and compared to SAHA (Figure 2). All compounds possess potent anti-HDAC activity
with 14d showing superior activity relative to SAHA against all HDAC isoforms tested.
Additionally, these AR-HDACI conjugates proved to be more selective for HDAC6. The
aryl cap conjugates (14a-f) showed greater HDAC inhibition activity than the alkyl cap
conjugates (15a—f). We observed that both conjugate sets showed greatest inhibition activity
with a linker length of 5 — 6. This observation is in agreement with the previous structure
activity relationship (SAR) studies which revealed that a hydrophobic spacer of 5-6 carbons
is essential for optimal inhibitory activity of hydroxamate HDACI.28 Both phenyl and alkyl
derivative with short linker lengths (less than n = 4) have decreased HDAC1 and HDAC6
inhibition, likely due to their inability to traverse the hydrophobic tunnel, leading to the
enzyme active sites, for proper zinc ion chelation. To validate intracellular HDAC
inhibition, we probed the acetylation status of a-tubulin (a cytoplasmic HDACS6 substrate)
with Western blot analysis.2? Indeed, we found a dose dependent increase in acetylated
tubulin (Figure 2b). Acetylation was more pronounced than SAHA for the most potent
HDACS inhibitor 14d, agreeing with the cell-free HDACI assay.

AR Binding Affinity and Antagonist Activity

Androgen receptor binding affinity measured by competition with [3H] mibolerone (Table 1)
revealed the benzyl head group (aryl nilutamide HDACI, 14a—f) to be 4-fold stronger (on
average) than the alkyl head group (alkyl nilutamide HDACI, 15a-f).30 The extra entropic
penalty associated with the increased number of rotatable bonds in the alkyl linker (as
compared to the aryl) may be the cause of their decrease binding affinity. We were
encouraged to find that every conjugate in the aryl series (14a—f) showed greater affinity
than cyanonilutamide (1), bicalutamide (3) and enzalutamide. Although the alkyl series
(15a—f) were generally less active, we saw a strong correlation between the linker lengths
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and potency, as increase in linker lengths caused increase AR binding affinity (Table 1). The
increase in potency as the chain length increases from 15a to 15f trends closely (R? = 0.864)
with the increasing hydrophobicity (logP) of the alkyl series (Supplemental Table 1).
Conversely, the aryl nilutamide derivatives showed no such trend (RZ = 0.0295,
Supplemental Figure 1). The linker length-dependence of AR-binding could result from the
alkyl linked 15a—f gaining affinity from increased hydrophobic contacts, whereas the peak
of AR-binding affinity in the aryl nilutamide series when n = 6, 7 (compounds 14d and 14e)
could be the consequence of optimal positioning of the distal hydroxamate to a set of
hydrogen bond partners (tryptophan-741 and histidine-874, Figure 4d—e)

These results revealed that attachment of HDAC inhibition moieties to nilutamide
antiandrogens did not abolish their interaction with AR, and even enhanced it.

Binding of small molecules to the AR may result in either agonist or antagonist activity.
This is the result of differences in the protein surface topology induced by the small
molecules. We therefore evaluated the effect of these AR-HDACI conjugates on AR
transcriptional activity to decipher the consequence of their AR interaction on AR activity
(Figure 3). For agonist activity, the ligand-induced conformation changes enable the
recruitment of co-activator complexes required for DNA binding and transcriptional activity
(Figure 4a) while the binding of these co-activator complexes is disrupted by small
molecules with AR antagonist activity (Figure 4b).31

To assess the androgenic or anti androgenic activity of the AR-HDACI conjugates, we
evaluated transactivation of an AR response element upstream of a minimal promoter
controlling a luciferase reporter gene in HEK 293T cells. When dosed at 10 uM, along with
200 pM testosterone, many of the AR-HDACI conjugates showed excellent AR antagonist
activity. Compounds 14a, 14c—e and 15a were as much or more potent than bicalutamide,
while 14b showed a surprising ability to reduce activity lower than basal levels,
characteristic of an inverse agonist (Figure 3). Overall, the aryl-nilutamide derivatives (14a—
f) were more potent antagonists than the alkyl-nilutamide conjugates (15a—f), correlating
with the general trend seen with RBA (Table 1). Within each series, there is no linear
correlation between linker lengths, RBA and antagonist activity; a result that is consistent
with prior observations on non-steroidal antiandrogens.32 The increased potency of these
compounds against AR is by itself a significant finding, regardless of their ability to function
as HDACI.

Sex Hormone Binding Globulin Binding

Endogenous steroids that bind the androgen receptor (e.g. testosterone and DHT) are
transported through the blood via sex hormone-binding globulin (SHBG) in humans.33
Because SHBG is not present in mice or rats, a lack of strong interaction with SHBG is
important to ensure future use of those species for predictive absorption, distribution,
metabolism, and excretion (ADME) analysis and preclinical /n7 vivo cancer models.
Therefore we screened the ability of all compounds to compete with the high affinity ligand
[3H]DHT for SHBG (Table 1). Indeed, as expected from SHBG substrate requirements,
none of the AR-HDACI conjugates showed appreciable binding to SHBG at concentrations
as high as 33 yM. Thus, SHBG binding is expected not to play any role in the bioactivity of
this class of compounds, and will not confound pharmacokinetics in either mice or
humans.34

Molecular Modeling of Androgen Receptor Binding

Critical to biological activity of the steroid super family of nuclear receptors is the ligand-
induced conformational changes of an otherwise floppy helix-12 (H12, at the C-terminus of
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the LBD). Crystal structures of androgens inducing an agonist conformation of the AR
(Figure 4a) reveal H12 closing over the steroid binding pocket, creating a stable surface onto
which coactivators can bind to initiate AR target genes. Although no crystal structures exist
for the AR in antagonist forms, protein coordinates from homologous receptors (such as the
estrogen receptor) bound to antagonists show H12 displaced (Supplemental Figure 2).3°
Therefore, in order to understand the structural basis of AR antagonist activity, we
performed molecular docking analyses of the AR-HDACI conjugates on an apo AR
homology model that has H12 displaced from the normal agonist position (Figure 4b).36
Docked structures (such as representative 14d, Figure 4) show the cyano-nilutamide portion
of the conjugates fitting into the binding pocket in a similar fashion as bicalutamide.

Almost all low energy conformations of the aryl-nilutamide series 14a—f had the benzyl-
triazole portion fitting into the groove between H3 and tryptophan-741 (Figure 4d) that is
otherwise occupied by H12 in agonist conformations. The alky! linker of 14d filled the
hydrophobic cavity shaped by tryptophan-741, leucine-712 and isoleucine-737 (Figure 4d),
with the hydroxamic acid forming up to five hydrogen bonds with tryptophan-741,
histidine-874 and the exposed amide backbone of H4 (glutamine-738). The HDACI portion
of the molecule could therefore prevent agonist conformations of H12.

The unique ability of 14b to reduce the AR transcriptional activity lower than the basal level
indicated an inverse agonist binding mode that could occur from the stable association of
AR with corepressor proteins (Figure 4c, f),37 in a fashion similar to inverse agonist crystal
structure of estrogen-related receptor-y (ERRy, PDB:2GPV)38 or retinoic acid receptor-a
(RARa, PDB: 3KMZ). We therefore built a corepressor-bound model of the apo-AR
complexed with corepressor peptide (CoORNR) extracted from ERa crystal structure (PDB:
2JFA). Using this template, the lowest energy conformation was computed for 14a—f (shown
in Supplemental Figure 3). Only 14b preferentially bound to the small pocket between H3
and the corepressor (Figure 4f) while retaining hydrogen bonding to arginine-752
(Supplemental Figure 3Db).

Nuclear Translocation of AR by AR-HDACI

Because the extent of AR nuclear localization is an important measure for antiandrogen
compounds, we visualized and quantified the effect of the AR-HDACIi conjugates on
subcellular location of AR using yellow fluorescent protein tagged AR (YFP-AR).3%-40 |n
the absence of ligands, AR remains primarily in the cytoplasm (DMSO vehicle, Figure 5a).
The AR subcellular localization is not altered in the presence of normal HDACi (SAHA) as
well. As expected, endogenous ligands (DHT, testosterone) induce strong nuclear
localization of the AR (Figure 5a), a prerequisite for the initiation of the transcription of pro-
growth genes which are harnessed by prostate cancers to achieve uncontrolled proliferation.
Although classical antiandrogens such as bicalutamide are able to induce strong nuclear
localization (Figures 5a and 5b) and DNA binding, they nevertheless block transcription of
AR inducible genes by preventing recruitment of coactivators. This strong nuclear
localization becomes a liability in some patients harboring a single amino acid substitution
in the ligand binding domain which converts bicalutamide to an agonist.18 The more
recently approved enzalutamide, although possessing AR binding affinity greater than
bicalutamide, shows residual cytosolic AR localization (Figures 5a and 5b) attributed to the
disruption of nuclear localization and impaired DNA binding.*! AR-HDACI with stronger
AR binding affinity than bicalutamide or enzalutamide exhibit a range of AR nuclear
localization both less than, equal to, or greater than enzalutamide (Figure 5b). Specifically,
YFP-AR nuclear localization is induced to the same extend by both bicalutamide and 14d at
either 1uM or 10uM (Supplemental Figure 4). This is consistent with the binding of the AR-
HDACI to the AR ligand binding domain such that their methylene hydroxamate side-chain
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impedes helix-12 closure (Figure 4b) and subsequent assembly of transcriptional
coregulators to different extents.

Interestingly, among AR-HDACI conjugates with AR binding affinity stronger than
bicalutamide or enzalutamide (14a—f) there is a strong linear correlation (R% = 0.9732)
between HDACL inhibition activity and the extent to which these conjugates induce nuclear
localization of YFP-AR (Figure 5c¢). The observed correlation between AR binding affinity
and HDAC1 inhibition could simply be due to the enhanced drug exposure to the cell
nucleus localized HDACL1, the concomitant effect of AR-drug complex translocation into
the nucleus. Alternatively, because the acetylation of histones flanking the AR response
element promoter regions is critical for the assembly of AR transcriptional complexes,*2
inhibiting HDACL activity (increasing histone acetylation) should promote AR complex
formation, increasing both the extent and duration of AR-drug complex occupancy in the
nucleus. In this scenario, the ratio of AR localized in the nucleus could be a function of
HDACL1 activity. Cytosolic HDAC inhibition is unlikely to cause this observation, because
HDACS6 knock down experiments have resulted in an opposite effect on AR nuclear
localization.*3

Indeed, it is exciting to find a quantitative correlation between HDAC inhibition and
accumulation of AR in the nucleus. AR-dependent nuclear localization may contribute to
improved inhibition of HDAC in the nucleus of AR containing cells, which we anticipate to
result in cell-type selective antiproliferative effects.

Whole Cell Antiproliferative Activity

To investigate cell-type selectivity and potency, we evaluated the anti-proliferative activity
of these conjugates in both AR-expressing LNCaP (hormone dependent prostate cancer) and
AR-negative DU145 (hormone refractory, metastatic prostate cancer) (Table 2).

As expected, enzalutamide shows preferential toxicity to AR dependent LNCaP while
SAHA does not show any pronounced AR dependency in its cytotoxicity to either cell lines.
Gratifyingly, we observed that most conjugates (11 out of 13) are generally more cytotoxic
against AR dependent LNCaP (Table 2 and Figure 6), as compared to the AR independent
DU145. This strongly suggests that the secondary ability to bind AR has indeed conferred
cell-type selectivity to these AR-HDACI conjugates. The most active compounds in each
series (14d and 15d) are between 40-80-fold and 10-20-fold more active relative to the
standard antiandrogens bicalutamide and enzalutamide respectively. The enhanced activity
of HDACI (both SAHA and the new compounds presented here) over standard
antiandrogens is retained in both the androgen-induced growth of LNCaP and the androgen-
independent growth of DU145 (where bicalutamide has been previously shown to have no
activity).#144 It should be noted that reported LNCaP ICs values for enzalutamide and
bicalutamide are highly variable, and our results are at the high end of this range.*4-46

A closer analysis of the cell growth inhibition data in Table 2 revealed that anti-proliferative
activity against DU145 generally increases with the strength of the compounds’ HDAC1
inhibition activity (Supplemental Figure 5d). Against LNCaP, HDACS inhibition activity
has the strongest correlation with inhibition of cell growth, especially among the alkyl
nilutamide HDACIi 15a—f (Supplemental Figure 5f). Compound 14c, the only drug with
greater growth inhibition activity against DU145 relative to LNCaP is interestingly the
weakest HDACS inhibitor of the entire series, a sensitivity that could be explored further.

Additional cell types (Supplemental Table 2) were screened with compounds 14d (the most
potent compound against HDAC1, HDACG6, LNCaP and DU145) and 15d (best HDAC1
inhibitor with the alkyl cap group and more selective for LNCaP over DU145). The broad
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potency of 14d (attributed primarily to its strong HDAC activity) is similar to that of SAHA
across other cancer cell lines, whereas 15d shows potency only against AR dependent cell
line LNCaP. Excitingly, we found that against non-cancerous VERO cells, 14d is 10-fold
less toxic than parent SAHA (Figure 7).

Combining HDAC inhibition and antiandrogen therapy causes synergistic prostate cancer
cell death in vitro (in AR expressing cells).4” This observation has provided the rationale for
an ongoing phase I/11 trial of LBH589 (HDACi panobinostat) combined with bicalutamide
in castration-resistant PCa (ClinicalTrials.gov identifier: NCT00878436). However, given
the prior inability of very promising preclinical data to translate into efficacy against PCa in
patients, presumably due to lack of solid tumor accumulation of HDACI, the outcome of this
effort remains uncertain. Moreover, two different drugs have inherently different adsorption,
biodistribution, metabolism and excretion profiles. This can prohibit dosing strategies aimed
at achieving synergies dependent on drugs being simultaneously present within a cancer cell.
In contrast, combining both properties within a single molecule can circumvent difficult
pharmacokinetics by enhancing tumor accumulation and promoting co-localization of both
activities. The ability of these AR-HDACI conjugates to antagonize AR and inhibit HDAC
could confer an additive or a synergistic antiproliferative activity to a single molecule.

In summary, we have shown, using multiple techniques, that the AR-HDACI conjugates
described herein utilize HDACI activity for potency, with their secondary activity (binding
the AR) causing cell type selectivity. AR promoted HDACI delivery is an attractive strategy
for selective therapy of all forms of prostate cancer. This is premised on two main reasons —
(i) the biological function of the AR ligand-conjugates are independent of the anti-androgen
activity of the appended AR ligand, as orthogonal HDAC inhibition will induce cell death
upon AR enhanced cellular accumulation, and (ii) the AR will allow for very effective
targeting, especially of those CRPC driven by AR overexpression, the more common and
aggressive phenotype that is resistant to hormone treatment.13 Other CRPC mutations,
including those driven by the expression of AR splice variants missing LBD, which are still
dependent on wild-type AR for their prostate tumor growth promoting effects,*8-4° could be
targeted by these AR-HDACI conjugates. Moreover, the membrane AR or testosterone
sensing GPRC6A may also facilitate active uptake into prostate tumor tissue. Indeed, we
have shown that antiandrogens appropriately linked to nanoparticles can facilitate cell
uptake even in castration resistant DU145 PCa cells, which although they have a silenced
AR, over express GPRCBA.24 Our ongoing efforts are on the investigations of the in vivo
biodistribution, antitumor effects, and further SAR studies of the lead compounds.

Bicalutamide and testosterone were a kind gift from Dr. Shafiq Khan (Clark Atlanta
University, Atlanta, GA). Enzalutamide was purchased from Selleckchem. All other
chemicals (including SAHA) were purchased from Sigma Aldrich. Anhydrous solvents and
other reagents were purchased and used without further purification. For experiments, 10
mM stocks of the compounds were dissolved in DMSO and stored at —20°C.

HDAC Activity Assay

In vitroHDAC inhibition was assayed through a contract agreement with BPS Bioscience
(www.bpsbioscience.com). All of the compounds were dissolved in DMSO. A series of
dilutions of the compounds were prepared with 10% DMSO in HDAC assay buffer and 5 pl
of the dilution was added to a 50 pl reaction so that the final concentration of DMSO is 1%
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in all of reactions. The enzymatic reactions were conducted in duplicate at 37 °C for 30 min
in a 50 yl mixture containing HDAC assay buffer, 5 uyg BSA, HDAC substrate, HDAC
enzyme (human recombinant HDAC1, HDAC6 or HDACS) and various concentrations of
each compound. After enzymatic reactions, 50 pl of 2x HDAC Developer was added to each
well and the plate was incubated at room temperature for an additional 15 min. Fluorescence
intensity was measured at an excitation of 360 nm and an emission of 460 nm using a Biotek
Synergy microplate reader.

HDAC Activity Data Analysis

The fluorescent intensity data were analyzed using the computer software, Graphpad Prism.
In the absence of the compound, the fluorescent intensity (F;) in each data set was defined as
100% activity. In the absence of HDAC, the fluorescent intensity (Fy) in each data set was
defined as 0% activity. The percent activity in the presence of each compound was
calculated according to the following equation: %activity = (F-Fp)/(F—Fp), where F= the
fluorescent intensity in the presence of the compound. The values of % activity versus a
series of compound concentrations were then plotted using non-linear regression analysis of
Sigmoidal dose-response curve generated with the equation Y=B+(T-B)/
1+10((LogEC50-X)xHill Slope) \yhere Y=percent activity, B=minimum percent activity,
T=maximum percent activity, X= logarithm of compound and Hill Slope=slope factor or
Hill coefficient. The ICgq value was determined by the concentration causing a half-
maximal percent activity.

Western blot analysis

Total cellular proteins were prepared and analyzed by western blot as described
previously.50 Briefly, cell lysates were mixed with Laemmli buffer. Individual samples (30-
35 ug proteins) were subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis in 8 or 10% gels and transferred to polyvinylidene difluoride membranes
(Millipore). After blocking with 5% fat-free milk in Tris-Buffered Saline Tween (TBST) for
1 h at room temperature, the membranes were incubated with appropriate dilutions of
specific primary antibodies (1:250 dilution for acetylated a-tubulin antibody) overnight at
4°C. After washing, the blots were incubated with anti-rabbit or anti-mouse 1gG-HRPs for 1
h. The blots were developed in enhanced chemiluminescence mixture (Thermo Fisher
Scientific, Rockford, IL) and the density of specific protein bands were determined by
QuantityOne image analysis software.

AR Ligand Binding Affinity

Radioligand binding (Eurofins Panlabs) was performed using rat androgen receptor and
[3H]mibolerone (PanVera) in buffer (50 mM Tris-HCI, 0.8 M NaCl, 10% Glycerol, 2 mM
Dithiothreitol, 0.1% BSA, 2% EtOH, pH 7.4). 78 ng of AR was incubated with 1.5 nM
[3H]mibolerone for 4 h at 4 °C, then incubated with a hydroxyapatite slurry over 15 minutes
and filtered. The filters are washed 3 times and counted to determine [3H]mibolerone
specifically bound. Compounds were tested in a logarithmic concentration range from 10
nM to 100 uM to determine K;j and I1Csq values.

SHBG Steroid-Binding Capacity Assay

A ligand saturation analysis method®! was used to determine the relative steroid binding
capacity of SHBG to its natural ligands in the presence of the novel antiandrogenic
compounds. Briefly, serum samples from a woman treated with ethinyl estradiol were
stripped of their existing steroids with dextran-coated charcoal (DCC) prior to incubation
with [3H]DHT (specific activity 119.2 Ci mmol™1; PerkinElmer) and the antiandrogen of
interest. Samples were prepared and analyzed both in the presence or absence of 100 fold
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molar excess of unlabelled DHT to account for non-specific binding. Free steroids, unbound
to serum SHBG were removed using DCC as a separation reagent. The remaining tritiated
ligands bound to SHBG were measured by liquid scintillation analysis.

Luciferase assay cell lines and plasmids

The human embryonic kidney cell line, HEK 293T, was purchased from ATCC and cultured
in DMEM with 10% fetal bovine serum (FBS). The pReceiverAR vector was purchased
from GeneCopoeia. The reporter plasmid, pARLuc, was purchased from Signosis and
contains firefly luciferase downstream of AR response elements. pCMXpGal was used to
express p-galactosidase as an internal control, and to assess transfection efficiency.

Transfection and Luciferase Assay for AR activity

Cells were cultured in phenol red-free DMEM (MediaTech) with 10% charcoal dextran
treated FBS (Atlanta Biologicals) to an approximate confluence of 60-70% in 48-well
plates. Cells were then transiently transfected with 100 ng of DNA (20:40:40;
pReceiverAR:pARLuc:pCMXpBGal) per well as previously described.>2 Following 8 h
incubation at 37 °C, media was aspirated from cells, and the cells were then dosed with
phenol-red free DMEM with 10% charcoal stripped FBS medium with 10 yM AR-HDACi
conjugate. For antagonism assays, 200 pM testosterone was added to all wells in addition to
antagonist ligand. Cell lysates were tested for luciferase and beta-galactosidase after 40 h
incubation at 37 °C using a Berthold TriStar2 plate reader, as previously described.>3 Data
reported represent the average of three sets luciferase assays, each performed in triplicate,
normalized to B-galactosidase activity.

Molecular Docking Analysis

In silico docking was performed using Autodock Vina >4 run through PyRx to manage the
workflow and PyMol to visualize the results. Ligands were prepared by first generating a3D
structure in ChemBioDraw3D, followed by processing with Autodock Tools 1.5.4 to assign
Gasteiger charges, merging non-polar hydrogens and set torsional bonds. Docking runs were
performed within a 25-30 A cubic search space surrounding the binding pocketand output
modes were ranked according to binding affinity (BA). Autodock Vina identified molecular
conformations with the best fit and strongest BA (global minimums) by a stochastic
algorithm exploring surfaces/pockets of the rigid macromolecule, through an iterative series
of local optimizations (changing shape, bond angles, and position of the ligand), evaluating
both intermolecular (hydrophobic interactions, repulsions, hydrogen bonding, etc.) and
intramolecular (torsion, rotational torque) factors.

YFP-AR Transfection and Confocal Microscopy

HEK-293T cells were grown in DMEM with 10% FBS. Cells were transferred to Nunc®
Lab-Tek™ 11 Chamber Slide™ System (prepared with collagen matrix) using DMEM with
10% charcoal stripped FBS (CSS), 24 h prior to transfection. Transfection mix was prepared
by mixing Lipofectamine with YFP-AR5® plasmid DNA and Optimem (according to
manufacturer’s instructions), and incubated with cells for 8 h. Afterward the media was
changed back to DMEM (10% CSS), incubated overnight. A 20 min treatment with
NucBlue® Live ReadyProbes™ Reagent (Hoechst) was performed, followed by dosing with
controls and compounds for 4 h. Images were taken using a Zeiss LSM 700-405 Confocal
Microscope (IBB Core Facilities, Georgia Institute of Technology, Atlanta GA).

Cell Culture and Cell Viability Assay

The human breast cancer cell line MCF-7 was a generous gift from Dr. Al Merrill’s
laboratory (Georgia Institute of Technology, GA). MDA-MB-231, DU145 and VERO cells
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were obtained from ATCC. Cell lines are verified by ATCC and only used while passage
numbers are low (<25). Cells were routinely cultured in phenol-red free RPMI (Invitrogen)
with 10% fetal bovine serum (FBS) (Hycone) with antibiotics. All cell cultures were
incubated at 37 °C under a 5% CO, atmosphere. For all experiments, cells were grown in
96-well cell culture treated microtiter plates (Techno Plastic Products AG) with the
appropriate ligand in duplicate for 72 h. MTS and MTT colorimetric tests (CellTiter 96
Aqueous One Solution and CellTiter 96 Non-Radioactive Cell Proliferation Assays,
Promega) were employed to determine cell viability per manufacturer instructions. Logit
plot analysis was used to determine the I1Csq values for each compound.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Design of dual-targeting AR-HDACI compounds. (a) The androgen receptor (AR) resides in
the cytoplasm chaperoned by HSP90 in complex with dynein on microtubules, ready to
transport to the nucleus upon ligand binding. Structures are shown of AR antagonists
cyanonilutamide 1, nilutamide 2 and bicalutamide 3. (b) Histone acetyltransferase (HAT)
and histone deacetylase (HDAC) alternatively attach or remove acetyl on lysine residues of
histone side chains, remodeling of chromatin architecture and resulting in epigenetic gene
regulation. HDAC activity can be disrupted by chemical probes such as SAHA (a
prototypical HDACI). (c) Antiandrogen bicalutamide (green) and representative AR-HDACi
compound (blue) docked into the ligand binding domain of an apo AR homology model. (d)
AR-HDACI docked into the active site of HDAC2 with the targeting cap-group (blue)
recognizing the surface at the entrance of the pocket, the linker (gray) traversing the tunnel
to the catalytic zinc chelated by the hydroxamic acid zinc binding group (red). (e) A
representative dual-targeting compound showing three pharmacophoric sections (targeting
cap group, linker, and zinc binding group).
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Figure 2.

(a) Inhibition profile of AR-HDACI against HDAC isoforms 1, 6 and 8. (b) Intracellular
HDAC inhibition of representative compounds probed in DU145 via acetylation of a-
tubulin, a cytoplasmic HDACG substrate (note that SAHA and 15b were dosed at 10 pM).
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a agonist b antagonist/ c inverse agonist

Figure 4.
(a) Crystal structure (PDB:2AMD9) of testosterone (green) inducing an agonist conformation

of helix-12 (H12) that enables coactivator binding, which when blocked results in antagonist
conformations (b) with H12 replacing the coactivator binding surface. Small molecules able
to recruit corepressor proteins (c) can actively silence AR genes, resulting in strong
antagonist or inverse agonist activity. (d) Molecular modeling of antagonist AR-HDACI 14d
(purple) shown as sticks with hydrogen bonds to tryptophan-741, histidine-874 and the main
chain of kinked helix-4 (H4). Overlapped on 14d is the structure of testosterone (green). (e)
14d shown as spheres filling the cleft between H3, H4, H11 and H12 modeled in the
antagonist position. (f) Inverse agonist 14b shown as spheres stabilizing corepressor peptide.
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(a) Confocal images of YFP-AR translocation to the nucleus. YFP-AR was transfected into
HEK-293T cells, dosed for 4 h and imaged live. Scale bars are 10 um. (b) Ratio of YFP-AR
fluorescence within the nucleus versus the cytoplasm. Values are the average of image pixel
quantification from at least 4 cells £ SD. Testosterone was dosed at 1 uM, all other
compounds at 10 yM. (c) HDACL1 inhibition activity versus YFP-AR nuclear to cytoplasmic

localization ratio for aryl nilutamide conjugates.
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Figure 6.
Box plot of all AR-HDACI conjugate anti-proliferative activity in LNCaP (AR+) and
DU145 (AR-) cells.
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(healthy kidney cells).
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4Reagents and conditions: (a) MsCI, TEA, THF, yield = 87%. (b) TsCl. yield = 95%. (c)
NaH, THF, yield = 85% for 7, 89% for 8. (d) NaN3, 70°C, yield = 90-96%. (¢) KOH, yield

= quantitative. (f) EDC or TBTU coupling reagent, yield = 56-91%. (g) Cul, DIPEA,

DMSO, argon, yield = 82-98%. (h) TEA:DCM (0.2:10), TIPS, yield = 60-90%.
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Table 1

AR and sex hormone-binding globulin (SHBG) binding affinity?

AR SHBG
analogue chain length

IC5 (MM)  Ki(uM) RBA (%)

l4a n=3 1.08 0.72 105+ 16.3

14b n=4 1.00 0.67 104 £12.3

l4c n=5 1.20 0.80 102 +12.9

14d n==6 0.69 0.46 107 £10.3

l4e n=7 0.65 0.44 106 £9.1

14f n=8 1.59 1.06 102 +2.0

15a n=3 5.93 3.96 109 £ 4.7

15b n=4 6.73 4.48 920+5.1

15¢ n=>5 4.02 2.68 105+3.8

15d n==6 391 2.60 104+1.1

15e n=7 3.55 2.37 107+ 3.4

15f n=8 1.43 0.96 106 £9.8

cyanonilutamide (1) 1.91 1.28 98.0+ 4.6
bicalutamide (3) 3.69 2.46 NT
enzalutamide 2.03 1.35 NT

testosterone 0.0047 0.0032 3.0+0.9

aIC50 values from 4-5 concentrations tested in duplicate. SHBG assays were performed at 33 uM, and are an average of three independent

experiments. RBA, relative binding affinity (% [3H]DHT that remains bound, relative to control); NT, not tested.
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Table 2

Whole cell anti-proliferative activity 1Cgq (UM) against prostate cancer cell lines.

analogue LNCaP (AR+) DU-145 (AR-)

l4a 144£10 >400

14b 3.7+0.9 141+09

l4c 21.4+103 74+05

14d 1.1+04 1.0£04

l4e 33+13 105+16

14f 33+10 30.5+3.6

15a 56+0.4 359+0.9
15b 145+14 >40b
15¢ 10.7+25 >a0b

15d 38+£15 132£10

15e 8.8+16 11811

15¢ 2802 50£12

SAHA 11403 20£08
bicalutamide >804 >800
enzalutamide 426+6.0 >800

a . .
IC50 values are an average of at least two independent experiments, + SD.

b . . .
1C50 not determinable up to highest concentrations tested.
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