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Androgens and androgen receptors (AR) play a pivotal role in expression of the male phenotype. Several diseases, such as androgen 
insensitivity syndrome (AIS) and prostate cancer, are associated with alterations in AR functions. Indeed, androgen blockade by drugs 
that prevent the production of androgens and/or block the action of the AR inhibits prostate cancer growth. However, resistance to 
these drugs often occurs after 2–3 years as the patients develop castration-resistant prostate cancer (CRPC). In CRPC, a functional AR 
remains a key regulator. Early studies focused on the functional domains of the AR and its crucial role in the pathology. The elucidation 
of the structures of the AR DNA binding domain (DBD) and ligand binding domain (LBD) provides a new framework for understanding 
the functions of this receptor and leads to the development of rational drug design for the treatment of prostate cancer. An overview of 
androgen receptor structure and activity, its actions in prostate cancer, and how structural information and high-throughput screening 
have been or can be used for drug discovery are provided herein.
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Introduction 
The androgen receptor (AR) (NR3C4, nuclear receptor sub-

family 3, group C, gene 4) belongs to the steroid hormone 

group of nuclear receptors with the estrogen receptor (ER), 

glucocorticoid receptor (GR), progesterone receptor (PR) 

and mineralocorticoid receptor (MR)[1–3].  The AR is a ligand-

dependent transcription factor that controls the expression 

of specific genes.  The binding of the AR to its native ligands 
5α-dihydrotestosterone (DHT) and testosterone initiates male 
sexual development and differentiation.  The current model 
of action of androgens and the AR is depicted in Figure 1A.  

Androgens such as testosterone are synthesized primarily by 

the Leydig cells in the testes, under the regulation of lutein-

izing hormone (LH) produced by the anterior pituitary gland.  
LH secretion is in turn regulated by gonadotropin-releasing 
hormone (GnRH).  Once produced, testosterone mostly circu-

lates bound to serum sex hormone-binding globulin (SHBG) 

and albumin[4, 5].  Only the free form enters prostate cells.  
Intracellularly, testosterone is converted into a more potent 
5α-reduced metabolite of testosterone, 5α-dihydrotestosterone 
(DHT), which promotes the growth and survival of prostate 
cells.  DHT binds to the AR with high affinity, displaces heat-
shock proteins from the AR, drives the interaction between 
the N and C termini of the AR, and binds importin-α to 
translocate the AR into the nucleus[6].  In the nucleus, recep-

tor dimers bind to androgen response elements (AREs) 

in the promoter regions of target genes, such as prostate-

specific antigen (PSA) and transmembrane protease serine 2 

(TMPRSS2), etc, to which they recruit various coregulatory 
proteins to facilitate transcription, leading to responses such 

as growth and survival[7–12].  Male sexual differentiation fails 

to occur in the absence of androgens or without a function-

ing AR.  A complete loss of AR function in males results in 

complete androgen insensitivity syndrome[13, 14].  The role of 

the AR in the development and progression of prostate cancer 
has led to increasing interest in this nuclear receptor.  Prostate 

cancer is predicted to be the leading cause of cancer-related 

death in men over the next decade in the United States[15].  The 

development and progression of prostate cancer depends on 
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androgenic stimulation[11].  As such, prostate cancer is treated 

by depriving tumors of androgens such as DHT and testoster-

one or blocking their actions.  However, the effect of this type 
of treatment is transient, as patients relapse after developing 
a castration-resistant form of the disease that is usually due 

to increased levels of AR expression or mutations that cause 
the AR to be resistant to antiandrogens.  Many studies have 
focused on providing new insights into the mechanisms of 
AR action in prostate cancer.  The determination of the three-

dimensional crystal structures of the AR DNA binding domain 

(DBD) and ligand binding domain (LBD) has helped expand 
our understanding of this receptor by revealing fine molecular 
details.  The importance of the AR has also led to the develop-

ment of many predictive models of compound binding.  Struc-

tural information and biochemical experiments have been 
used to aid rational drug design to improve existing drugs and 
develop new treatments for the disease.  This review summa-

rizes AR structure-function relationships, describes the role of 

the AR in prostate cancer, and integrates a discussion on how 

structural information has been used to help guide rational 

drug design for treatment of prostate cancer.

AR structure and activity
The AR gene is located on the X chromosome at the locus 

Xq11-Xq12 (Figure 1B)[16–18].  The protein coding region has 

2757 nucleotides and spans eight exons, with introns that 

vary in size from 0.7 to 2.6 kb.  The AR gene encodes a 110-
kDa protein consisting of 919 amino acids (Figure 1B)[19].  Like 

Figure 1.  Androgen and AR action.  Genome organization of the human androgen receptor gene and the functional domain structure of the androgen 

receptor protein.  (A) Androgen and AR signaling in prostate cells.  After testicular synthesis, testosterone is transported to target tissues such as the 

prostate and becomes converted to dihydrotestosterone (DHT) by 5-α-reductase.  DHT binds to the ligand-binding pocket and promotes the dissociation 
of heat-shock proteins (HSPs) from the AR.  The AR then translocates into the nucleus, dimerizes and binds to the androgen response element (ARE) 

in the promoter region of target genes such as prostate-specific antigen (PSA) and TMPRSS2.  At the promoter, the AR is able to recruit members of 
the basal transcription machinery [such as TATA-box-binding protein (TBP) and transcription factor IIF (TFIIF)] in addition to other coregulators such as 

members of the p160 family of coactivators and cAMP-response element-binding protein (CREB)-binding protein (CBP).  SHBG: serum sex hormone-

binding globulin.  (B) The androgen receptor gene has been mapped to the long arm of the X-chromosome (locus: Xq11-q12).  It contains eight exons 

interrupted by introns of varying lengths (0.7–2.6 kb) and codes for a protein of 919 amino acids consisting of several functional domains (N-terminal 

domain (NTD), DNA binding domain (DBD) and ligand binding domain (LBD); amino acid residue numbers are indicated above the AR protein domain 

map).  Exon 1 codes for the NTD, exons 2 and 3 encode the DBD, and exons 4 to 8 encode both the hinge and LBD.  
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other members of the nuclear receptor family, the AR consists 

of three major functional domains: (i) the N-terminal domain 

(NTD) (residues 1–555), followed by (ii) the DNA binding 
domain (DBD) (residues 555–623), and (iii) the C-terminal 
ligand binding domain (LBD) (residues 665–919), which is 
connected to the DBD by a flexible hinge region (residues 
623–665) (Figure 1B)[1].  All three domains are important for 

receptor function.  The highly conserved DBD tethers the AR 
to promoter and enhancer regions of AR-regulated genes by 

direct DNA binding to allow the activation functions of the 
NTD and LBD to stimulate transcription of these genes.  The 
activation function 1 (AF1, residues 142–485) in the NTD is 
constitutively active[20], whereas the activation function 2 
(AF2), a hydrophobic surface composed of helices 3, 4, and 12 

located in the LBD, is ligand dependent[21].  Currently, there 

is no structural information for the full length AR receptor.  

However, the structures of both the DBD and LBD have been 
solved separately, revealing critical details of the mechanism 
of action of this receptor.  

NTD

The NTD accounts for more than half of the size of the AR 
(residues 1–555), and its entirety is encoded by exon 1.  The 

sequence and lengths of the polyglutamine (CAG) and poly-

glycine (GGC) repeats of the AR NTD are highly variable in 
the human population[22–24].  The length of the poly-Q repeat 

region has been shown to affect the folding and structure 

of the AR-NTD[25].  Through biochemical and biophysical 

approaches, it was demonstrated that the removal of poly-Q 
repeats from the AR leads to a reduction in α-helical struc-

ture, whereas increasing the length of poly-Q repeats led to 

a modest increase in α-helical structure.  The conformational 
changes in the NTD were proposed to have a concomitant 
impact on protein-protein interactions that is likely to explain 

the dependency of AR transcriptional activity on the repeat 
length[26].  As has been observed for many other poly-Q repeat-
containing proteins, shorter repeats generally impose a higher 

AR transactivation activity, whereas longer repeats cause 
reduced activity[27].  The deletion of the poly-Q tract causes a 

four-fold increase in AR activation function compared with 
the wild-type protein[28].  Thus far, the structure of the NTD 
has not been defined through X-ray crystallography: this is 

likely due to its highly disordered structure as described by 

circular dichroism spectroscopy studies and structure predic-

tion algorithms[25, 29–32].  It has been proposed that intrinsically 

disordered proteins may undergo folding induced by the 

formation of specific protein-protein interactions[29, 30].  Taken 

together, the structural plasticity of a partially folded state 

is hypothesized to be an intrinsic property of the NTD that 
allows interactions with many structurally diverse binding 
partners[32, 35], such as coactivators of the P160 family[36], the 

basal transcription factors TATA-box binding protein and 

transcription factor IIF[37], and intramolecular interactions with 

the LBD.  Cooperative interactions with multiple binding part-
ners enable high specificity by low-affinity interactions, which 
appear to be crucial for AR activity[32, 35].  

Deletion mutagenesis showed that, within the NTD region, a 
domain is required for full transcriptional activity[38].  Deletion 
studies have also helped to further demarcate the AF1 region 
as the primary effector region of the NTD.  The AF1 contains 
two separable transcription activation units [Tau-1 (amino 

acids 100–370] and Tau-5 (amino acids 360–485)) that are 
indispensable for full activity of the AR (Figure 1B)[39].  Tau-1 

contains a nuclear receptor box, FQNLF (amino acids 23–27), 

and Tau-5 contains the WHTLF motif (amino acids 433–437), 
both of which mediate direct ligand-dependent, interdomain 

interactions between the NTD and the LBD (termed an N/C 
interaction), which are important in regulating some, but not 

all, androgen-dependent genes[40–42].  The N/C interaction also 
helps to stabilize the AR dimer complex and to slow the rate 

of ligand dissociation[43, 44].  

DBD and hinge

The DBD (residues 556–623) is a cysteine-rich region that is 
highly conserved among steroid hormone receptors (Figure 
2A).  According to the crystal structure of the AR DBD, each 
DBD monomer has a core composed of two zinc fingers (Fig-

ure 2B) (PDB: 1R4I), each of which consists of four cysteine res-

idues that coordinate a zinc ion.  The AR functions as a dimer 

that, like other steroid receptors, binds to promoter DNA 
response elements consisting of two equal, common hexameric 

half-sites (5’-AGAACA-3’) separated by a 3 base-pair spacer 

(IR3)[45].  The α-helix of the N-terminal zinc finger (the “rec-

ognition helix”) interacts directly with nucleotides in the hor-

mone response element in the DNA major groove (Figure 2B).  
Three amino acid residues at the N terminus of this α-helix, 
named the P(roximal) box [glycine-serine-valine] (amino acids 

577–581; GSCKV), are identical in the PR, GR and MR (Figure 

2A and 2B) and are responsible for the specific recognition of 
the DNA response element[12].  A question that persisted was 

how steroid receptors achieve target specificity if the AR, PR, 
GR, and MR bind a common DNA response element.  Studies 
have identified selective androgen response elements (AREs) 

(eg, 5’-GGTTCT-3’) that allow specific AR activation[46–48].  

AREs have hexameric half-sites in a direct repeat orientation.  
Structural studies have confirmed that selectivity is achieved 
by receptor dimerization in a “head-to-head” fashion through 
the D(istal) box region (amino acid 596–600; ASRND), which 
allows the AR to bind to direct repeat half-sites in its promoter 

(Figure 2A and 2B)[45].  Because the DBD domains are highly 
conserved among the different steroid receptors, the reason 
why other steroid receptors do not recognize selective AREs 
is still a matter of debate.  Based on crystallographic data, it 
was speculated that the AR contains an additional interface 

that stabilizes the AR dimer/ARE complex.  In contrast, the 
dimerization strength of other steroid receptors would not be 

sufficient to retain stable binding to selective AREs[45, 49].

The nuclear localization signal (NLS) (residues 617–633) 

is localized at the junction between the DBD and the hinge 
region (residues 624–665) and is responsible for nuclear import 

of the receptor[50, 51].  Passive transport across the nuclear pore 
complex has been suggested ranging from 20–40 kDa[52].  In 
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contrast, the AR, which is 110 kDa in size, requires help to 
be actively transported upon ligand binding.  A recent study 

has suggested that androgen binding induces a switch that 

exposes the NLS and thereby allows the NLS to promote 

Figure 2.  Structures of AR functional domains.  (A) Sequence alignment of the DNA binding domain of the androgen receptor (AR), progesterone 

receptor (PR), mineralocorticoid receptor (MR), and glucocorticoid receptor (GR) performed using ClustalW.  *indicates the conserved cysteines involved 

in coordinating the zinc atom.  (B) Top, crystal structure of the AR DBD (pink) (PDB: 1R4I) complexed with its hormone response element (red/purple).  

The DBD contains two zinc fingers (grey).  Each zinc ion is coordinated by four cysteines (yellow).  One zinc finger is involved in direct DNA binding 
mediated by the P-box (orange), which recognizes the specific hormone response element half-site 5′-AGAACA-3′.  The other zinc finger is involved in a 
“head-to-head” receptor dimerization through the D-box (green).  Bottom, cartoon representation of the AR DBD.  (C) Crystal structure of an AR nuclear 

localization signal (NLS) peptide (amino acid 621-635) (orange) complexed with importin-α (yellow) (PDB: 3BTR).  Residues from the major NLS site 
629-RKLKKL-634 contribute to importin-α binding.  (D) Crystal structure of the AR ligand binding domain (purple) (LBD) (PDB: 1E3G).  The LBD consists 
of 11 α-helices and two small, two-stranded β-sheets arranged in a typical three-layer antiparallel helical sandwich fold.  The long flexible linker between 
helices 1 and 3 is colored blue.
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nuclear import through binding of importin-α[53].  Details of 
this interaction have been identified in the crystal structure of 
importin-α bound to the AR NLS (Figure 2C) (PDB: 3BTR)[54].  

The NLS is composed of two clusters of basic amino acids sep-

arated by ten residues (617-RKCYEAGMTLGARKLKK-634), 

a motif that is highly conserved with that of the GR, MR and 
PR steroid hormone receptors.  In the complex, importin-α 
adopts a banana-shaped conformation in which its inner 

concave surface makes charge interactions with the second 
basic amino acid cluster of the NLS (Figure 2C).  Apart from 

nuclear localization, the hinge region, and in particular its 

629-RKLKKL-634 motif, was also found to play a complex role 
in DNA binding, coactivator recruitment, and N/C interac-

tion[55, 56] and is a target site for acetylation, ubiquitylation and 

methylation[56].  

LBD

In contrast to the NTD, the AR LBD (residues 666–919) has 
been structurally well characterized by crystallography.  The 

crystal structure of the AR LBD was first solved in the year 
2000[57], and subsequently, many other complex structures 

were deposited into the protein databank (PDB).  The three-
dimensional structure is arranged in a three-layer, antiparallel 

α-helical sandwich (PDB: 1E3G) fold that is characteristic of 
NR LBDs.  The AR LBD consists of eleven α-helices and four 
short β strands forming two anti-parallel β-sheets (Figure 2D).  
The H1 and H3 helices form the first layer of the α-helical 
sandwich.  Unlike other nuclear receptors, the AR does not 
have H2, which is instead replaced by a long flexible linker 
(Figure 2D).  The middle layer is formed by H4, H5, the first β 
sheet, H8, and H9.  The third layer is completed by H10 and 
H11.  There is a ligand binding pocket (LBP) surrounded by 
the N termini of H3, H5, and H11.  H12, which forms the core 
of the activation function 2 domain (AF2), acts as a lid to close 
the LBP upon agonist binding (Figure 2D).  

AR Ligands

A large variety of small molecules has been discovered or 
engineered to interact with the AR[58-60].  The chemistry of these 

ligands has been extensively reviewed[60, 61].  In general, AR 

ligands were identified through in vitro binding or reporter 

gene assays.  They are largely classified as agonists or antago-

nists based on their ability to activate or inhibit transcription 
of AR target genes.  All of these ligands modulate AR func-

tion by binding to the LBP in the LBD.  The receptor is able 
to accommodate many different ligands by modifying the 

volume of its LBP by changing the position or orientation of 
amino acid side chains[62].  

AR agonists

The two most important endogenous androgens are testoster-

one and DHT (Figure 3A).  The functions of androgens were 
first described in 1889, when French physiologist and Professor 
of Medicine Charles Edward Brown-Sequard first identified 
androgen action through self-injections of testicular extracts.  

Subsequently, in 1935, Prof Ernst LAQUEUR and collabora-

tors from the Netherlands characterized and named the active 
ingredient in the extract testosterone[63].  Another hallmark in 

the history of androgen biochemistry was the discovery that 
a fraction of testosterone is metabolized to the more potent 

androgen DHT in a reaction catalyzed by 5α-reductase[64, 65].  

DHT differs from testosterone by the absence of a single dou-

ble bond on ring A (Figure 3A)[13], which increases its affinity 
for the AR two-fold and decreases the rate of dissociation five-
fold relative to testosterone[66], differences that account for 

essential, DHT-specific functions.  
The first structure of the AR LBD was solved with the 

AR in complex with the potent synthetic androgen R1881 

(metribolone) (Figure 3A) and shows the AR in an agonist 

conformation with the ligand inside of the LBP formed by 
H3, H5, and H11 (PDB: 1E3G) (Figure 2D and 3B)[57].  Later, 

structures of the AR LBD complexed with its physiological 
agonists DHT (PDB: 1I37 or 2AMA) and testosterone (PDB: 
2AM9) were solved (Figure 3B)[67, 68].  These three AR LBD 
agonist structures have very similar overall conformations, 
revealed key ligand and receptor interaction sites, and helped 
to define the general structural requirements for the binding 
of ligands in the LBP.  R1881, DHT, and testosterone have 18, 
16, and 15 contact points, respectively, with the LBD at a van 
der Waals distance cutoff of 4 Å (Figure 3C).  These residues 

are hydrophobic and interact mainly with the steroid scaf-

fold.  The remaining amino acids are polar and form hydrogen 

bonds with the polar atoms of the ligand.  Notably, there are 

four hydrogen bonds formed between the LBD and DHT/
Testosterone/R1881.  As shown in Figure 3C, the keto group 
of ring A interacts with the side chains of amino acids Q711 

and R752, whereas the hydroxyl group at the 17β-position 
hydrogen-bonds with the side chains of N705 and T877.  The 
position of the side chains is perfectly conserved in all three 
ligands studied, suggesting that this interaction is particularly 

important for the binding of androgens.  This may explain 

why the AR binds androgens with a strong affinity in the low 
nanomolar range.  A gross comparison of the AR complexed 

with DHT and testosterone showed no major differences in the 
protein structure able to account for the differences in DHT 
and testosterone physiological activity.  A close analysis of the 
structure of DHT and testosterone showed that the presence 
of an unsaturated bond between C4–C5 in testosterone results 

in a change in the geometry of the A-ring, which changes the 

orientation of the ketone group at C3.  This altered geometry 

changes the distance and angle of the hydrogen bond with 

residue R752 to favor the AR LBD interaction with DHT over 
that with testosterone[68].  

In an unbound state, the AR complexes with heat-shock, 

chaperone and co-chaperone proteins (such as HSP90, HSP70, 
and p23), which helps to maintain the apo state of the AR in 

a state competent to bind ligand (Figure 1A)[73].  However, in 
an agonist-bound state such as was seen in the crystal struc-

ture of DHT-bound AR (PDB: 1I37 or 2AMA), H12 was held 
near H3 and H4 (Figure 3D).  This conformational change in 
the LBD has also been seen in other nuclear receptors, such as 
the retinoic acid receptor (RARγ) bound to all-trans retinoic 
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acid (PDB: 2LBD)[74], thyroid hormone receptor (TRα) bound 
to 3,5,3’-triiodothyronine (PDB: 3GWS)[75, 76] and peroxisome 

proliferator-activated receptor-α (PPARα) bound to the ago-

nist ligand GW409544 (PDB: 1K7L)[77].  Hormone binding cre-

Figure 3.  Structural basis of AR agonism.  (A) Chemical structures of testosterone, dihydrotestosterone and R1881.  (B) Structural overlay of the AR 

LBD complexed with testosterone (PDB: 2AM9, orange), dihydrotestosterone (PDB: 1I37, green), and R1881 (PDB: 1E3G, purple).  (C) Comparison of 

the binding of R1881, testosterone, and dihydrotestosterone in the AR ligand-binding pocket.  AR LBD residues within a distance of 4 Å are shown.  

Key residues (N705, Q711, R752, and T877) that form hydrogen bonds with ligands are labeled and shown in stick presentation.  Hydrogen bonds are 

indicated by dotted lines.  (D) Structure of the AR LBD (purple) in complex with an FxxLF motif-containing peptide (yellow) (Left panel).  The middle panel 

shows the interface between the AR LBD and the FxxLF motif.  Hydrogen bonds are indicated by dotted lines with key residues labeled.  A surface view 

of the motif-binding hydrophobic pocket is shown.  A sequence alignment of helices H3 and H12 of the androgen receptor (AR), estrogen receptor (ER), 

progesterone receptor (PR), mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) was performed using ClustalW.  (E) Structure of the AR 

LBD complexed with 3,3′,5-triiodothyroacetic acid (TRIAC) (PDB: 2PIT).  Left: cartoon representation; right: surface view of the binding function (BF3) 
surface pocket (green).  
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ates an ‘active’ conformation of the receptor that primes the 
receptor for coactivator binding to an AF2 region comprised of 
H3, H4, and H12.  Many nuclear receptors retain full ligand-
dependent transcriptional activity by binding to coactivators 
containing short leucine-rich LxxLL motifs (where “x” can 
be any amino acid) known as nuclear receptor (NR) boxes[78].  

Binding to coactivators and association with histone acetyl 
transferase coactivator complexes such as p300/CBP results 
in potent histone acetyl transferase activity[7, 79].  We and oth-

ers have shown that the AR can bind with high affinity to 
some LxxLL motifs in p160 coactivators[80, 81].  However, phage 
display demonstrates that the AR has a strong preference for 

the phenylalanine-rich motif FxxLF, or motifs with phenylala-

nine or tryptophan at positions +1, +5, or both[82].  Mutational 

changes of the +4 and +5 residues abolished the interaction 

of the motifs with the AR, which further confirms the impor-

tance of intact +1, +4, and +5 hydrophobic amino acids in the 

motif[83].  Structural studies have revealed that this strong pref-
erence is due to geometrical and conformational constraints 

that occur between a cofactor and a cofactor binding site on 

the LBD (PDB: 1T7R)[82, 84].  The side chains of coactivator aro-

matic residues F+1, L+4, and F+5 insert into the hydrophobic 

cofactor binding groove on the LBD surface formed by helices 
3, 4, and 12 (Figure 3D, left and middle panel).  Amino acid 
side chains in the coregulator recognition site of the LBD can 
rearrange upon motif binding, a phenomenon known as the 

induced fit mechanism[84].  The charged amino acids lysine in 

H3 (K720 in AR) and glutamate in H12 (E897 in AR) are highly 
conserved among different nuclear receptors (Figure 3D, right 
panel).  These residues are located at the end of the groove 
and electrostatically interact with the coactivator backbone, 
thus forming a “charge clamp” between the amide nitrogen of 
F+1 and E897 and the carbonyl group of F+5 and K720 (Figure 
3D, middle panel).  This type of electrostatic interaction adds 
specificity to the recognition of different coregulators[80].  The 

AF2 domain is important not only for forming the coregulator 

binding site; it also mediates the preferred N/C interaction 
mentioned earlier[42, 85].  In recent years, an additional surface 

cleft called BF3 (binding function 3) was found to allosteri-
cally regulate AF2 coactivator binding (Figure 3E)[86–88].  This 

was a surprising finding to the group, as they initially set out 
to identify compounds that bound the AF2 pocket through 

a high-throughput screen.  Interestingly, this site, localized 

by x-ray crystallography, reveals that compounds such as 
3,3’,5-triiodothyroacetic acid (TRIAC) (PDB: 2PIT) and fluf-
enamic acid (PDB: 2PIX) bind to a hydrophobic cleft at the 
junction of H1, the H3–H4 loop, and H9 (Figure 3E).  The LBD 
has another important feature: the regulation of AR nuclear 

export.  The AR is exported to the cytoplasm upon ligand 

withdrawal[89].  The presence of a nuclear export signal (NES) 

(residues 742–817) (Figure 1B) in the surrounding vicinity of 
the bound ligand can sense ligand withdrawal and thus helps 

to complete AR nuclear/cytoplasmic shuttling[90].  

Antiandrogens

Antiandrogens are AR ligands that antagonize the actions of 

androgens by competing for AR binding sites.  Antiandrogens 

can be both steroidal and non-steroidal.  Steroidal antiandro-

gens include cyproterone acetate, oxendolone, and spironolac-

tone (Figure 4A).  Steroidal antiandrogens have limited clinical 
applications due to their undesired side effects; this then led 

to the development of nonsteroidal antiandrogens.  Toluidide 
derivatives such as flutamide, bicalutamide and nilutamide 
(Figure 4B) are pure antiandrogens without androgenic prop-

erties; this lack of androgenic properties makes them suitable 

for use in the treatment of prostate cancer[60].  

Thus far, only the binding mechanism of agonists to the AR 

has been described (see section AR agonists), and the struc-

tural mechanism for antagonism of the AR remains unclear.  In 

contrast to the AR, the structural basis of antagonism has been 

elucidated for other nuclear receptors, eg, from the structures 

of 4-hydroxyltamoxifen (4-OHT) bound to the ER[91], RU-486 
bound to the GR[91, 92] and the antagonist GW6471 bound to 

PPAR-α[93].  From these structures, we have learned that H12 
becomes displaced over the coactivator binding pocket, which 
in turn prevents coactivator binding (Figure 4C).  In the case of 
the ER, the size and structure of 4-OHT prevent the molecule 
from being completely confined in the cavity, leaving its bulky 
side chain protruding against H12 and preventing H12 from 
adopting a position essential for coactivator interaction.  The 
schematic diagram in Figure 4C shows the different positions 

of NR AF2 in both the agonist-bound and antagonist-based 

states[71].  In the structure of PPAR-α bound to the antago-

nist GW6471, H12 rotates clockwise toward H3 and blocks 
the coactivator binding site (Figure 4C and 4D).  In addition 
to blocking coactivator binding, H12 repositioning allows 
the recruitment of corepressors such as nuclear receptor co-

repressor 1 (NCoR) and silencing mediator of retinoic acid 

and thyroid hormone receptor (SMRT) (PDB: 1KKQ) (Figure 
4D)[93].  

It is unclear whether the mode of antagonism observed in 
other nuclear receptors is relevant to the AR as the structure 
of the antagonist form of the AR LBD has not been solved.  
However, functional studies do suggest that the H12 displace-

ment model is likely applicable to the AR[94, 95].  It is believed 
that bicalutamide binding blocks AF2 function.  Computer 

modeling suggests that the displacement of H12 by bicalu-

tamide would not be as dramatic as those seen for the ER.  The 

model depicts a shift of the N terminus of helix 12 upwards 

and away from H3 and H4, which is believed to be sufficient 
for the distortion of AF2-coactivator binding (Figure 4E)[95].  

Antagonist-induced conformational changes were analyzed 

using limited trypsinization, demonstrating that the binding 

of agonists and antagonists result in different conformational 

changes[96].  This modulation of protein surface topology was 

proposed to enable the recruitment of a different repertoire of 

regulators.  It was shown that antagonists induce recruitment 

of the corepressors NCoR and SMRT[7, 94, 97–99].  In the absence 

of conflicting evidence, the AF2 displacement model holds 
as the mechanism for AR antagonism.  However, the precise 
mechanism remains unclear, and a crystal structure of the AR 

LBD in the antagonist-bound conformation would be required 
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to provide a better basis for the structure-based design of AR 
antagonists for the treatment of AR disorders.

AR and physiological disorders
Although the AR is involved in diverse activities, its primary 
functions are related to male physiology, such as sex differ-

entiation and sex-specific pathology[100].  Defects in the AR 
gene can prevent the normal development of both internal 
and external male structures in 46, XY individuals and result 
in androgen insensitivity syndrome, which is the partial or 

complete inability of cells to respond to androgens[13, 101, 102].  

Defects in the AR gene can be caused by four types of muta-

tions: (i) Single point mutations resulting in substitutions or 

premature stop codons, (ii) nucleotide insertions and deletions 

resulting in frameshifts, (iii) complete or partial deletion of 

the gene, or (iv) intronic mutations that affect AR RNA splic-

ing[103].  Currently, 1029 distinct mutations have been identified 
in the human AR gene and are distributed predominantly over 
the AR DBD- and LBD-coding regions.  These mutations are 
well documented in the Androgen Receptor Gene Mutations 

Figure 4.  Structural model of AR antagonism.  (A) Chemical structure of the steroidal antiandrogens cyproterone acetate, oxendolone and 

spironolactone.  (B) Chemical structure of the non-steroidal antiandrogens flutamide, bicalutamide and nilutamide.  (C) Nuclear receptor H12 helices 
can adopt different conformations.  In an agonist state, the H12 of DHT-bound AR (PDB: 1I37 or 2AMA) is held near H3, H4, and H11, which form 

a groove for coactivator binding.  In an antagonist state, H12 rotates clockwise toward H3 and blocks the coactivator binding site.  (D) Structure of 

the PPARα LBD complexed with SRC-1 coactivator peptide (H12 in agonist conformation) and with the SMRT corepressor peptide (H12 in antagonist 
conformation).  (E) Computer model of antagonist-bound AR shows the predicted displacement of H12.
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Database World Wide Web Server at the Lady Davis Institute 
for Medical Research, available at http://androgendb.mcgill.
ca[104].  Several investigations have associated the polymorphic 
polyglutamine repeats in the NTD with Kennedy’s Disease, 
also known as spinobulbar muscular atrophy, a progressive 
neurodegenerative condition[105–107].  There are an increasing 

number of studies relating the action of the AR to breast[108], 

larynx[109], liver[110], and testicular cancers[111].

AR and prostate cancer 

AR activity is intimately linked to prostate cancer, which is by 
far the most commonly diagnosed cancer among American 

men and the second leading cause of cancer deaths[112, 113].  In 

2010, direct medical costs for prostate cancer were projected 
to reach $12 billion and are expected to further increase by 

2020[114].  Of the 1029 mutations found in gene that encodes 
the AR, 159 mutations predispose males to prostate can-

cer[104].  In addition, previous work has suggested that the 
length of the repeats in the NTD influences prostate cancer 
risk in men[23, 115, 116].  A meta-analysis of 19 studies including 
Caucasian, African-American and Asian subjects predicted 

an increased risk of prostate cancer in men with shorter (≤21) 
CAG repeats.  However, a Swedish study suggests that men 
with shorter AR CAG lengths (eg, ≤22 repeats) are at a greater 
risk of developing prostate cancer.  Other studies found no 
association between the AR CAG repeat length and prostate 

cancer risk[117].  Although evidence that mutations in the AR 
predispose men to prostate cancer is undisputed, AR NTD 
CAG repeat length association with prostate cancer risk thus 

remains controversial.  
Prostate cancer cells, similar to normal prostate cells, require 

androgens to grow and survive.  Growth of prostate cancer 
depends on the ratio of the rate of cell proliferation to the rate 

of cell death[118].  In prostate cancer, the rate of proliferation is 

higher than that of death, resulting in continuous net growth.  

Androgens and the AR are the main regulators of this ratio.  

More than 70 years ago, Charles HUGGINS demonstrated that 

androgen deprivation by orchiectomy (removal of the testes) 
caused regression of prostate cancer[119, 120].  Increased serum 

levels of the important biomarker PSA suggest that AR activ-

ity is elevated in prostate cancer patients.  According to the 
American Cancer Society, a PSA level above 4 ng/mL has been 
recognized to be abnormal, and these patients are advised to 
undergo a biopsy[113, 121].  

The initiation of prostate cancer can in many cases be attrib-

uted to the activation of distinct growth-promoting pathways.  
One prominent example is the androgen-dependent upregu-

lation of members of the E-twenty-six (ETS) family of tran-

scription factors by gene fusions between the AR-regulated 

TMPRSS2 gene promoter and the coding region of the ETS 

family members erythroblast transformation-specific (ERG) 

and ETS variant 1 (ETV1), which have been estimated to occur 
in ~50% of prostate tumors[122–124].  These fusions confer andro-

gen responsiveness to ETS transcription factors, which leads 
to cell-cycle progression.  Interestingly, the induction of this 

fusion is itself dependent on the DHT/AR-stimulated recruit-

ment of three DNA-directed enzymes, activation-induced 
cytidine deaminase (AID), LINE-1 repeat-encoded ORF2 
endonuclease, and topoisomerase II beta (TOP2B), that trigger 
chromosomal translocation[125, 126].  Other signaling pathways 
shown to be involved in prostate cancer initiation and progres-

sion include the PI3K and RAS/RAF pathways; dysregulation 
of these pathways in both early and late stage prostate cancer 

was implicated through genomic profiling[127].  In this study, 

analysis of the AR signaling pathway revealed a greater altera-

tion compared with the other pathways, indicating that the 

AR is still the “master regulator” of prostate cancer.  
AR pathway perturbation is the mechanistic rationale for the 

use of androgen suppression methods to treat prostate cancer.  

Initial treatment includes androgen suppression via castration 
through surgical (orchiectomy) or chemical (gonadotropin-

releasing hormone (GnRH) analogues such as leuprolide and 
goserelin) means[128].  GnRH agonists desensitize the GnRH 
receptor by interrupting its physiological intermittent stimula-

tion, whereas the GnRH antagonist degarelix blocks GnRH 
stimulation directly[129].  Patients are then placed on androgen 

deprivation therapy, which is usually combined with leupro-

lide for total androgen blockade[130, 131].  Deprivation is typically 
achieved by oral treatment with nonsteroidal antiandrogens, 
such as flutamide (Figure 3A), which was approved for the 
treatment of prostate cancer in 1989, and the newer, structur-

ally related compounds bicalutamide and nilutamide (Figure 

3A).

AR and castration-resistant prostate cancer (CRPC)

Patients on androgen deprivation therapy remain in long-
term remission of the disease.  However, the development of 
a castration-resistant disease is inevitable[132, 133].  This form of 

prostate cancer is lethal, and patients no longer respond to 

first-line androgen deprivation therapy.  CRPC patients are 
usually treated with chemotherapy including the anti-mitotic 

compound docetaxel, which has been demonstrated to confer 

a survival advantage[134, 135].  The mechanisms of castration 

resistance remain unclear but are thought to be diverse.  For a 
comprehensive review of the mechanisms of CRPC develop-

ment, the reader is referred to other excellent reviews[133, 136–139].  

Briefly, there are four possible mechanisms of CRPC develop-

ment: 1) Increased sensitivity of the AR to its agonists, 2) AR 
mutations that render the receptor responsive to alternate, 
non-androgen ligands, 3) ligand-independent AR activation, 
and 4) AR-independent mechanisms (Figure 5).  

Patients on androgen deprivation therapy have lower levels 
of circulating androgens, which initially curb prostate cancer 

cell proliferation; however, the opposite happens in CRPC 
patients, who have increased tumor cell proliferation.  One 
of the underlying mechanisms of CRPC is an increase in the 

expression of AR in the cell.  Koivisto et al showed that 28% 
of androgen-independent tumors that developed after andro-

gen deprivation therapy had increased AR expression due to 
AR gene amplification[140].  These results indicate that CRPC 

cells may not be strictly androgen independent, but rather, 

they become more sensitive due to a lowered threshold for 
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androgens.  Even under androgen deprivation therapy, andro-

gen levels are sufficiently high to activate overexpressed AR, 
which is due to intratumoral in-situ synthesis[141] and residual 

synthesis in the adrenal gland[142], along with decreased levels 
of the androgen inactivating enzymes CYP3A4, CYP3A5, and 
CYP3A7 in patient tissue samples[143].  

Another mechanism for the development of CRPC is ligand 
promiscuity, which results from AR gene mutations that cause 

amino acid substitutions in the LBD that decrease specific-

ity and selectivity for ligands (eg, T877A, L701H, W741L, and 
F876L).  These mutant AR proteins bind to other steroid hor-

mones, such as estrogen, progesterone and glucocorticoids, 

which induce the activation of AR transcriptional activity 
resulting in prostate cancer growth[144].  In certain situations, 

AR mutations cause antagonists to induce an agonist con-

formation, resulting in AR activation rather than inhibition.  
Early examples have been found in patients on flutamide treat-
ment in combination with androgen blockade.  Five of these 
16 patients had the AR mutation T877A.  Through luciferase 

assays, it was shown that the antagonist flutamide behaves 
like an agonist for these AR mutant proteins[145], and it was 

suggested that flutamide exerts a strong selective pressure for 
AR mutations.  

The third mechanism of CRPC development is AR activation 

through ligand-independent mechanisms[146].  Studies have 
shown that tyrosine kinase receptor-activating ligands, such 
as insulin-like growth-factor-1 (IGF-1), keratinocyte growth 

factor (KGF), and epidermal growth factor (EGF), can activate 
the AR as a consequence of activating the downstream PI3K/
AKT/mTOR pathway, thus creating an ‘outlaw receptor’.  
IGF-1 was able to cause AR activation, inducing a five-fold 
increase in PSA levels in LNCaP cells cultured in serum-free 
medium[147].  Activation of the AR complex can also occur via 
crosstalk with other signaling pathways, such as those medi-

ated by the non-receptor tyrosine kinases Src and Ack1[139, 148–

151].  Recently, various groups have described AR activation by 
binding of long non-coding RNAs (eg, PCGEM1 and PRNCR1) 

to the AR that can result in castration-resistant prostate can-

cer[152].  In addition, several AR variants that lack the LBD and 
act as negative regulators of the NTD have been described in 
CRPC.  The AR NTD is constitutively active in the absence of 
the LBD and thus can promote androgen depletion-resistant 
growth[138, 153].

The last pathway leading to CRPC bypasses AR signaling 

completely.  It has been shown that castration therapy in mice 

triggers an inflammatory response released by the dying cells.  
Proinflammatory factors produced by dying prostate cancer 

cells cause the infiltration of B and T cells.  Infiltrating B cells 
produce lymphotoxin and factors that increase Stat3 signaling, 

which is vital for promoting hormone-free survival of prostate 
cancer cells[154].  Similarly, upregulation of the anti-apoptotic 

protein Bcl-2 protects cancer cells from castration-induced 
apoptosis[155].  Very recently, CRPC tumors were found to 

upregulate the expression of GR, another member of the 

nuclear receptor family.  GR was shown to drive the expres-

sion of a subset of AR target genes necessary for cancer cell 

survival[156].  The various pathways mentioned may operate 
simultaneously to enhance AR activity[157].  Most evidence sug-

gests that ADT failure may not result from a loss of androgen 
signaling but rather from the acquisition of genetic changes 

that lead to aberrant activation of the AR and its signaling 
axis[104, 137, 158].  Thus, the AR remains a potential therapeutic 

target for prostate cancer therapy[39].  

In 2012, the second-generation AR antagonist enzalutamide 
(Figure 6) (MDV3100) was approved by the FDA for use in 
prostate cancer[159–161].  Enzalutamide is a more potent antago-

nist than bicalutamide because it binds to the AR ligand-

binding pocket with higher affinity than first generation 

antagonists, such as bicalutamide, and also prevents the trans-

location of the receptor into the nucleus[162].  Recent studies 

have shown that abiraterone acetate (Zytiga), an inhibitor of 
the cytochrome P450 enzyme CYP17, impedes androgen syn-

Figure 5.  Androgen and AR action in castration-resistant prostate cancer.  

Mechanism of castration-resistant prostate cancer.  Several mechanisms 

promote the progression of castration-resistant prostate cancer: (1)  

AR overexpression coupled with continued tumor steroidogenesis.  (2)  

Promiscuous binding and activation of mutant AR by alternative ligands, 

such as estrogen (E2), progesterone (P), glucocorticoids (C) and flutamide 
(F).  (3) Ligand-independent mechanisms of AR activation via crosstalk 

with Akt, HER2, and Ack1 kinases that phosphorylate the AR and via 

long non-coding RNAs (eg, PCGEM1) that bind to the AR to stimulate 

transcription of AR target genes.  (4) AR-independent pathways, in which 

cancer cell survival and growth are directed by Stat3 signaling or by 

upregulation of anti-apoptotic Bcl-2.  Glucocorticoid receptor (GR) was 

found to activate a similar set of AR target genes necessary for survival of 

cancer cells.

Figure 6.  Chemical structure of enzalutamide.



13

www.chinaphar.com

Tan ME et al

Acta Pharmacologica Sinica

npg

thesis and thus lowers the level of circulating ligand, improv-

ing overall survival in well-powered, randomized phase III 
studies[163, 164].  In addition, a series of new agents are in clinical 

development, including the AR antagonists ARN-509[44] and 

EPI-001 that directly target the AR, as well as orteronel (TAK-
700)[45, 46] and galeterone (TOK-001)[47] that indirectly target 

the AR.  Collectively, the development of enzalutamide, abi-
raterone acetate, and other new agents validate the importance 
of the AR as an important therapeutic target.

Structural understanding of disease/drug resistance-

related androgen receptor mutations through X-ray 

crystallography and structural modeling 
Because the AR remains the driving force in the progression of 
more aggressive castration-resistant prostate cancers[139], it is 

important to understand how each genetic aberration affects 

the pharmacology of the AR and its ligands.  Through the use 

of X-ray crystallography and computer modeling, biochemical 

observations can be understood at the atomic level, which is 
expected to greatly aid the design of improved drugs to over-

come current clinical problems.  

Structural basis of mutation-induced AR promiscuity

DHT-bound AR LBD T877A 

The single point mutation T877A has been found in LNCaP 

cells and prostate cancer patients to confer abnormal binding 

characteristics to the AR.  This mutation has been shown to 

cause a significant increase in the affinity of the AR for bind-

ing to estrogens and progesterone.  In addition, this mutation 

also allows the AR to be activated by antiandrogens such as 
flutamide[145, 165].  To understand the structural basis of this 

abnormal binding characteristic, Sack et al solved the crystal 
structure of the wild-type (WT) (PDB: 1I37) and T877A (PDB: 
1I38) AR LBDs complexed with DHT[67].  A comparison of both 

structures revealed similar overall conformations.  Interactions 
between DHT and both forms of the AR occur at almost iden-

tical points of contact, except at the mutated residue (Figure 

7A).  Interestingly, the introduction of the T877A mutation cre-

ated additional space around the D-ring of DHT.  This increase 
in volume allows bulkier ligands to enter the pocket, and this 

Figure 7.  Structural understanding of disease/drug resistance-related androgen receptor mutations.  (A) Structural comparison of wild-type (PDB: 

1I37) and mutant T877A (PDB: 1I38) AR LBDs in complex with dihydrotestosterone.  Key residues involved in hydrogen bonding have been highlighted, 

with hydrogen bonds indicated by black dotted lines.  (B) Structure of the AR LBD double mutant L701H/T877A complexed with 9α-fluorocortisol (PDB: 
1GS4).  (C) Structural overlay of androgen receptor complexed with FxxLF (PDB: 1XOW) and LxxLL (PDB: 1T7F) motif-containing peptides.  Residues 

V730, M734, and I737 are involved in forming hydrophobic contacts with coactivator peptides.  Residue V730 was mutated to M730 to demonstrate 

an enhanced binding of LxxLL peptides.  (D) Structure of AR LBD W741L complexed with bicalutamide (PDB: 1Z95).  Residues L704, N705, Q711, and 

R752 form hydrogen bonds with bicalutamide (indicated by dotted lines).  Also shown is the wild-type W741 residue (white) to illustrate a possible steric 

clash between tryptophan and the B-ring of bicalutamide.  
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may induce AR promiscuity for other hormones and analogs, 

such as estrogens and progesterone.  Conversely, the presence 
of T877 limits the pocket size and is thought to be important 

for ligand specificity.  The concept that an increase in the LBP 
may increase ligand promiscuity was further supported by 

biochemical studies in which threonine was replaced by the 

larger amino acid aspartic acid, which prevented androgen 
binding, presumably by steric hindrance, making the mutant 

receptor unresponsive to androgen activation[166].  

9α-fluorocortisol-bound AR LBD L701H/T877A
Two mutations, L701H and T877A, were identified in the 
androgen-independent prostate tumor cell lines MDA 2a and 
2b.  The double mutation allows the AR to be activated in the 
absence of androgens.  Both mutations are located in the LBD 
and strongly increase AR sensitivity to cortisol and cortisone, 
which in turn leads to the promotion of prostate cancer cell 

growth[167].  Not surprisingly, the double mutant also renders 

the receptor responsive to progesterone and estrogen due to 
the presence of the T877A mutation, most likely for the reason 

mentioned in the above section.  However, the T877A muta-

tion alone is insufficient to promote receptor binding and 

activation by cortisol.  Matias et al provided a structural basis 
for the glucocorticoid responsiveness of the AR LBD double-
mutant L701H/T877A (Figure 7B)[168].  The overall fold of 
the L701H/T877A double-mutant AR LBD complexed with 
9α-fluorocortisol (PDB: 1GS4) is similar to previous agonist 
structures.  The main structural difference is the formation of 

a favorable hydrogen bonding network between the D- and 
C-rings of 9α-fluorocortisol and A877, H701, and S778 of the 
mutant receptor.  Specifically, hydrogen bonding between 

S778 and H701 correctly positioned the imidazole ring of 
H701 to form a hydrogen bond with the hydroxyl group on 
the D-ring to form a hydrogen bond with H701, whereas A877 
was able to form a close Van der Waals contact with the D-ring 
of 9α-fluorocortisol.  In contrast, a threonine residue at posi-
tion 877 would be extremely unfavorable for 9α-fluorocortisol 
binding, and the hydrophobic leucine at position 701 in the 
wild-type receptor would be unable to engage in the forma-

tion of this stabilizing hydrogen bond network.  

The V730M mutation alters coactivator selectivity
V730M is a somatic mutation that was detected in an 
advanced-stage prostate carcinoma that resulted in an increase 
in AR activation by androgens[169].  The crystal structure of the 

wild-type AR illustrated the reason why the LxxLL motifs of 

typical NR coactivators fail to hydrogen bond with Glu897 of 
H12 and make fewer and less optimized hydrophobic con-

tacts with the AF2 pocket compared with FxxLF-containing 

peptides, explaining the lower affinity of AF2 for the LXXLL-
containing p160-type coactivators[82].  In contrast, cell-based 

reporter gene assays and in vitro binding assays showed that 

V730M increases LxxLL binding without affecting FxxLF bind-

ing, resulting in increased overall AR transcriptional activ-

ity[84].  In three-dimensional space, V730 is located near the 
coactivator binding site[84] and, along with M734 and I737 in 

the hydrophobic groove, allows the formation of a smoother 
and flatter surface that permits greater complementarity to 

FxxLF compared with the LxxLL motif (Figure 7C).  A muta-

tion of V730 to methionine would alter the interaction surface 
to become more favorable to binding to LxxLL motifs and 
thereby to the recruitment of LxxLL motif-containing coactiva-

tors, such as the SRC coactivators, which are commonly asso-

ciated with the AR in recurrent prostate cancer[7, 170, 171].  

Mutations alter drug antagonist properties

Bicalutamide-bound AR LBD W741L
The administration of antiandrogens is the standard approach 

to treat prostate cancer.  Examples of first generation anti-

androgens include bicalutamide, flutamide, and nilutamide, 

which inhibit androgen action by binding to the androgen 

receptor in a competitive fashion, ie, as an antagonist.  Unfor-

tunately, these first-generation drugs demonstrated agonist 

properties in LNCaP cells, which overexpress the AR, a state 
that mimics castration-resistant prostate cancer.  Hara et al 

reported two LBD mutations, W741L and W741C, in LNCaP 
cells that appeared during bicalutamide treatment and caused 

the receptor to be activated by bicalutamide[172].  The struc-

ture of the AR LBD W741L bound to bicalutamide shed light 
on how the mutation imparts agonistic properties leading 

to bicalutamide resistance[173].  In the structure, bicalutamide 

adopts a bent conformation within the ligand-binding pocket 

(Figure 7D).  Although hydrophobic interactions account for 
the majority of the contact points between bicalutamide and 

the AR LBD, hydrogen bonds form in two different regions.  
Similar to the previous structures of the AR bound to R1881 
and DHT, the cyano group of the bicalutamide A ring forms 
hydrogen bonds with Q711 and R752.  Additional hydrogen 

bonding was observed between the amide nitrogen and the 
chiral hydroxyl group of bicalutamide and amino acids L704 
and N705.  Unlike in the structures of R1881- and DHT-bound 
AR, T877 is not involved in hydrogen bonding (Figure 7D), 
which may explain the lower binding affinity of bicalutamide 
compared with R1881 or DHT.  In the presence of the W741L 
mutation, the bulkier side chain of tryptophan is replaced by 

the smaller side chain of leucine.  This provides more space 
to accommodate the B-ring of bicalutamide, allowing the AR 
to maintain a similar fold as that seen in other agonist-bound 

structures and thus favoring the formation of an active state of 
AF2.  In other words, this increase in space in the LBP would 
allow bicalutamide to bind without displacing H12, which is 
the basis for its antagonist activity.

MDV3100 and AR LBD F876L
The recent FDA approval of enzalutamide (Figure 6) and the 
development of ARN-509 reiterate the importance of target-
ing AR signaling for CRPC treatment[160, 162].  Despite the 
success of enzalutamide at causing a significant drop in the 

serum PSA levels of patients, responses to enzalutamide are 
often short-lived.  Some causes of resistance to enzalutamide 
have been identified[174, 175].  Through a reporter-based muta-

genesis screen, Balbas et al identified the AR mutation F876L.  
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In contrast to wild-type AR, enzalutamide functions as an 

agonist for AR F876L and causes the mutant receptor to bind 

enzalutamide six times more effectively than wild-type recep-

tor[176].  To understand the effect of the F876L mutation, the 

group also mutated F876 to a bulkier residue, tyrosine, or to 

another aliphatic amino acid, isoleucine.  Only the F876I muta-

tion caused enzalutamide to behave as an agonist, similar to 
F876L, indicating that resistance is due to a clear structural 

change in the drug-receptor complex.  As the structure of 

enzalutamide-bound AR has not been reported, the Sawyer 

group modeled the AR-enzalutamide complex through ligand 

docking and molecular dynamics simulations.  Docking sug-

gested that enzalutamide interacts with the wild-type AR 

differently than with bicalutamide.  As shown in Figure 5D, 
the B-ring of bicalutamide makes contact with H12.  How-

ever, enzalutamide does not interact with helix 12; instead, its 
C-ring interacts with the C terminus of helix 11 and the loop 

region between helix 11 and helix 12.  It was proposed that 

this accommodation allows enzalutamide to directly contact 

F876, resulting in a conformational rearrangement in helix 11 

that prevents helix 12 from adopting the agonist conformation 
required for coactivator binding.  In contrast, in the presence 
of the F876L mutation, leucine lacks the favorable contact with 
enzalutamide that is predicted to be necessary for helix 12 dis-

placement.  Hence, helix 12 is thought to assume an agonist-
like conformation that allows coactivator recruitment.  

Rational drug discovery in progress
A growing amount of evidence suggests that mutations in the 
AR-encoding gene occur spontaneously in prostate cancer and 

eventually result in the relapse of patients.  As a consequence, 
the effects of drugs change, and patients are no longer respon-

sive to treatment.  These gain-of-function mutations present a 
scientific challenge to pharmacologically overcome the mecha-

nisms of drug resistance and further highlight the importance 

of identifying advanced compounds to inhibit AR activity.  
Rational drug design, which is the application of a structure-

function relationship, is now widely used in modern medici-

nal chemistry for developing exquisitely selective ligands.
Can the available structural information on AR-ligand 

interactions based on x-ray crystallography and modeling be 

exploited for the rational design of next-generation antian-

drogens to overcome problems with antiandrogen resistance?  
Available structures of the wild-type and mutant AR in com-

plex with ligands reveal a clear explanation for how changes 
in a single residue can result in dramatic changes in ligand-

binding properties and pinpoint the key determinants of 

receptor-ligand specificity and affinity.  This information will 
greatly facilitate the development of new antagonists for the 
treatment of prostate cancer.  Hence, this section will provide 
an overview of the development of new antiandrogens.

Targeting the NTD

Hypothetically, there are numerous regulatory sites that can 
be therapeutically exploited.  As discussed earlier in this 

review, various functional domains, such as the NTD, DBD 

and LBD, can be targeted by small molecules.  Targeting the 
intrinsically unstructured NTD remains a challenge.  Never-

theless, it is an attractive target for developing novel thera-

peutics, especially in light of increasing reports indicating that 

constitutively active AR splice variants that lack the LBD are 
found in prostate cancer patients.  A number of NTD inhibi-
tors have been reported in the literature, with decoy proteins 
providing the first proof-of-concept evidence that target-
ing the NTD is a viable method to pre-clinically control the 
growth of CRPC[177].  NTD peptide (amino acids 1–558) was 
overexpressed to competitively block binding of interacting 
proteins or the N/C interaction.  In another study, Anderson 
et al reported the identification and characterization of the 

small molecule EPI-001, which was isolated from the marine 
sponge Geodia lindgreni and targets the NTD-AF1 domain.  
This compound also reduces the interaction between the NTD 
and the known AF1-interacting coactivator CBP.  EPI-001 was 
effective in mice bearing LNCaP xenografts, with no apparent 
toxicity detected.  Thus far, this is the best characterized com-

pound shown to effectively target the AR NTD for treatment 
of CRPC[178].  Recently, this group has continued to design 

new EPI-001 analogs that target the NTD and are currently 
under clinical development for human study[179].  More high-

throughput screens have been used to identify new classes of 
compounds, such as the glycerol ethers niphatenones isolated 

from the sponge Niphates digitalis, which are proposed to 

covalently bind the AF1 and may serve as lead compounds for 
further drug development[180].

Targeting the DBD

Fewer strategies targeting the DBD have been explored to date.  
In early work, a hairpin pyrrole-imidazole polyamide was 

designed to target the ARE to disrupt AR DBD binding and 
was effective at inhibiting androgen-induced PSA expression 
in LNCaP cells[181].  Building on this work, affinity and specific-

ity were further improved by creating a cyclic polyamide with 
a greater effect on decreasing PSA mRNA levels[182].  Although 

this was an ingenious approach, allosterically affecting the 

conformation of double-stranded DNA to prevent the AR DBD 
from binding has limited clinical applicability.  This is because 

each polyamide can only target a subset of AR-dependent 

genes, instead of simultaneously targeting all AR-dependent 

genes important for disease progression.  To overcome this 
shortcoming, a recent report described a high-throughput 

screen to target the AR protein rather than the DNA to reduce 
AR binding to the promoter and enhancer regions of PSA 

and TMPRSS2.  Of ~160 000 molecules, the authors identified 
1-[3-(2-chlorophenoxy)propyl]-1H-indole-3carbonitrile (CPIC) 
as a compound that was able to reduce AR-specific DNA 
binding, although it remains unclear whether this compound 

works directly by binding to the DBD[183].  Given that the struc-

ture of the AR DBD has been solved, one might have expected 
the development of further DBD-targeted drugs.  However, 
this has not been the case.  One factor that may be limiting 
progress in this area of research lies in limited specificity, 

given that the DBD has high sequence homology among all 
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members of the nuclear receptor family.  This issue needs to be 

addressed before DBD-targeted drugs will enter the market.

Targeting the LBD

Targeting AF2 and BF3
It is generally accepted that AR activation requires the for-

mation of a functional AF2 region for interactions with both 

cofactors and N/C.  This makes the AR AF-2 surface an 
attractive target to modulate AR activity.  Compounds that 
bind the AF2 would hypothetically prevent intramolecular 
association between the AR LBD and NTD and interactions of 
the LBD with coregulators.  Selective peptide inhibitors have 
been developed for ligand-bound ER and TR[184].  A similar 

approach could be adopted for the AR.  Hydrophobicity, size, 
and complementarity all substantially contribute to differen-

tial binding affinity and to the selective high-affinity binding 
of the AR AF2 to phenylalanines at the +1 and +5 positions 

in coactivator recognition helices.  Hence, inhibitors that are 
designed to bind to the hydrophobic groove at the +1 or +5 
sites to disrupt coactivator interaction may provide promising 
leads[80].  The feasibility of targeting AR in its coactivator bind-

ing pocket was demonstrated using peptide antagonists[185].  

Phenylalanine-rich peptide antagonists were able to inhibit AR 

gene reporter activation without affecting PR-mediated acti-
vation, demonstrating some level of specificity for the andro-

gen receptor.  However, as different nuclear receptors have 
evolved to bind hydrophobic LxxLL consensus motifs through 
similar binding mechanisms, it remains important that mimet-

ics are designed in a way that conveys greater selectivity to 
the AR.  Improving mimetics by including specific flanking 
sequences is expected to improve selectivity, as studies have 
shown that the sequences immediately flanking the consensus 
motif confer specificity in vivo[83, 186–189].  Further characteriza-

tion of the unique requirements for androgen receptor-specific 
coactivator binding may be useful for the design of peptide 
antagonists.  The effects of AR peptide antagonists have been 
evaluated in mammalian cell-based assays; however, none has 
been further evaluated in animal models, and thus, it remains 
unclear whether they will be effective in vivo.  The use of pep-

tide antagonists may be difficult as drug delivery of small pep-

tides can be a rather challenging task to overcome.  In place 
of peptide antagonists, Axerio-Cilies et al employed methods 

of computer-aided drug discovery to discover small molecule 
inhibitors of the AF2 using the ZINC database, which cur-

rently consists of ten million purchasable compounds in the 

market.  Six lead compounds were found to inhibit AR tran-

scriptional activity.  These authors confirmed by X-ray crystal-
lography that compound 5 binds specifically to the AF2 site 

(PDB: 2YHD)[190].  

The same group adopted this method to identify inhibitors 

that target the BF3[191].  Several X-ray structures (PDB: 2YLP, 
2YLO, 4HLW) confirmed the presence of the BF3 site and its 
importance in regulating the AF2.  Both AF2 and BF3 inhibi-
tors provide new therapeutic avenues that could potentially 
help overcome the gain-of-function mutations that are selected 
for in the presence of current antiandrogens.  By targeting a 

different site on the AR, AF2, and BF3 inhibitors can be con-

currently taken with antiandrogens to prolong time to cancer 

remission.

Targeting the LBP

Finally, drugs can be designed to bind to the ligand-binding 

pocket.  Over the past decade, most research efforts have been 
devoted to the design of small molecules that target the LBP, 
which is well ordered in crystal structures.  Current research 

is focused on designing AR inhibitors with high affinity and 
specificity.  Antiandrogens that have a high enough binding 
affinity to sufficiently displace DHT from the ligand-binding 
pocket need to be designed.  Based on the agonist-AR LBD 
complex structure, it is believed that favorable H bonding 
between the ligand and AR T877, N705, Q711, and R752 and a 
hydrophobicity within a proper range are critical for ligands to 

bind to the AR with high affinity.  Computer modeling of the 
binding of AR antagonists such as flutamide, nilutamide and 
bicalutamide also suggested that both polar and hydrophobic 

interactions are essential for proper binding to anchor those 

compounds into the pocket[192].  A structural comparison of the 

wild-type AR bound to DHT and the agonist-converted AR-
bicalutamide complex demonstrated that the sites that bind 

the A and B rings of DHT are similar to the sites bound by 
bicalutamide.  Only the C6, C7, and C8 atoms of the B ring and 
the C15 and C16 atoms in the D ring of DHT bind to locations 
not bound by bicalutamide[173].  Additional van der Waals 
interactions by these atoms are likely responsible for the much 

higher binding affinity of DHT.  Hence, designing antiandro-

gens with increased bulk in this region may enhance binding 

affinity.  Enzalutamide was developed by ligand-based drug 
design, which relied on the pharmacophores of known drugs, 

to bind and inhibit the AR with a much improved binding 
affinity (IC50=21 nmol/L, compared with 160 nmol/L for 
bicalutamide)[162].  Specifically, enzalutamide was developed 
by starting with the AR agonist RU59063 and systematically 
modifying its chemical groups while maintaining the steroid 

fold[162].  

Specificity is another key factor to consider in the design 

of antiandrogens.  Although enzalutamide generally seems 

to be well tolerated in humans, there was a low incidence of 

adverse events where patients developed seizures[193].  This 

effect was postulated to be a result of inhibition of GABA-
gated chloride channels, as shown in animal models[194].  Such 

off-target effects can be minimized or eliminated by ensuring 

tissue selectivity.  Entry of selective steroid receptor antago-

nists into different target tissues would be a new avenue to 
explore to avoid neurological side effects.  However, to date, 
structural features that are essential for achieving uptake 
selectivity have not been determined.  Building on the success 
of enzalutamide, the Sawyer group developed the compound 
ARN-509 by maintaining the strong affinity of enzalutamide 
while reducing its off-target effects.  ARN-509 has greater effi-

cacy compared with enzalutamide in laboratory animals and 

is currently undergoing phase I clinical trials[195, 196].  Notably, 

the levels of ARN-509 in the brain are lower than those of 
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enzalutamide at therapeutic doses, and phase I clinical trials 

have demonstrated an excellent safety profile and efficacy at 
decreasing PSA levels for ARN-509.  Although the mechanism 
of tissue specificity remains unclear, there is clearly a need for 
further research in this area.  

The search for new AR antagonists is ongoing.  In the 

absence of a structure showing the AR in antagonist confor-

mation, the use of computer modeling has provided an entry 
point for structure-based drug design[197].  Recent drug discov-

ery strategies are based on two criteria: first, compound struc-

tures that are distinct from bicalutamide and enzalutamide 

to avoid cross-resistance and, second, compounds that retain 
antagonist properties even for known AR mutant proteins 
that adopt agonist conformations when bound to current AR 

antagonists (also known as pan-antagonists).  Small-molecule 

in silico screens have identified molecules that fulfill both cri-
teria.  For example, the compound DIMN [(6-13,4-dihydro-
1H-isoquinolin-2-yl)-N-(6-methylpyrindin-2yl)nicotinamide] 
has shown promising in vitro antagonistic activity[198].  Simi-

larly, Shen et al identified another series of structurally defined 
AR antagonists, chemotype A–F compounds, that function in 

the micromolar range and remain antagonistic for AR T877A 

and AR W741C.  Interestingly, these compounds also impair 

nuclear localization and enhance AR degradation, thus pro-

viding a multi-pronged approach that might overcome all 
new somatic mutations that arise during the course of the dis-

ease[199].  Other candidates, such as compound 3 from the NCI-
3D database[200], DIMN analogs termed 7AU and 7BB[201], and 

MEL-3[202], all showed encouraging in vitro activities and need 
to be tested in animal models.

In silico models of drug-AR LBD complexes have provided 
a path for rational drug design to overcome the effects of ago-

nist-converting mutations and restore the clinical efficacy of 
currently used drugs.  In the structure of AR LBD W741L com-

plexed with bicalutamide, the 4-fluorophenyl sulfone group of 
bicalutamide is located between residues of H12 and the side 
chain of L741.  A tryptophan at position 741 would result in 

a steric clash that would block H12 from adopting its agonist 
conformation (Figure 5C).  McGinkey and Koh predicted that 

creating derivatives of bicalutamide with an expanded aryl 
sulfone core would extend farther toward H12 and would thus 
interfere with H12 adopting an agonist conformation even in 
the presence of the L741 mutation[203].  They validated their 
model with the compound PLM1, which exhibited no agonist 

properties in both wild-type and mutant conditions.  Likewise, 

the flutamide derivative SC333 was shown to retain antago-

nistic properties toward AR T877A[204].  Recently, the Sawyer 

group has shown that it is possible to use structural and mod-

eling data to chemically design and guide modifications of the 
enzalutamide structure to restore antagonism in the presence 

of the F876L mutation[176].  In their model, position 4 of the 

enzalutamide B-ring comes into closer contact with H12 in AR 
F876L.  They predicted that contact with H12 may help repo-

sition the AF2 into an antagonist conformation.  To test this 

hypothesis, they synthesized a series of analogs with bulkier 

and more complex B rings.  Of those compounds, DR103, 

DR105 and DR106 were able to overcome the effect of the 
F876L mutation and retain antagonistic properties.  Molecular 

docking simulations suggested that DR103 would be capable 
of displacing the N-terminal residues of H12, thus imposing 
an antagonist-like conformation.  Efforts from all groups not 

only led to the design of a new pan-antagonist but also helped 

to confirm the proposed model for AR antagonism as a result 
of the displacement of H12.  

Conclusion and perspective
The success of the Sawyer group and others in predicting drug 

actions through molecular dynamics simulations is promis-

ing and raises hopes for the development of improved anti-
androgens.  However, it is important to note that flaws in the 
docking method do persist, as it employs rigid protein struc-

tures, which limit accurate predictions.  It would therefore be 

reassuring to verify these computational models by crystal-
lographic studies.  Clearly, crystallography of the AR LBD 
antagonist conformation has been challenging[86, 173], as the AR 

LBD remains unstable in the absence of an agonist during pro-

tein expression and purification.  In addition, the antagonist-
bound AR LBD remains complexed with the heat-shock pro-

teins groEL, likely due to improper receptor folding.  Methods 

to stabilize the AR in an antagonist conformation should be 

explored for crystallizing the protein.  

Although the AR LBP remains the primary target of small 
molecules, the focus of screens is beginning to shift to other 

functionally significant domains of the protein, such as the 

NTD, DBD, AF2, and BF3.  Recently, using an in silico method, 

Helsen et al provided insights into the existence and impor-

tance of physical connectivity between the AR DBD and 
LBD[205].  This information will give researchers another plau-

sible interface for drug intervention.  More detailed informa-

tion on the structure of the full length AR would provide a 
complete picture necessary to understand interdomain interac-

tions.  Crystallization of full length nuclear receptors remains 

a formidable challenge, and currently, only two structures of 

nuclear receptors that include all functional domains have 
been solved by the Rastinejad group (HNF-4α homodimers 
(PDB: 4IQR)[34] and PPAR/RXR heterodimers[33] complexed 

with their DNA elements and coactivator peptides).  These 
structures have greatly expanded our understanding of the 
physical connectivity between the LBD and DBD, which can 
be utilized for the design of small molecule inhibitors.  

With rapid advances in protein engineering and data col-
lection/diffraction methods, including X-ray free-electron 
lasers[206], we expect that the full length structure of the AR in 

antagonist conformation will eventually be solved.  We believe 
that by capitalizing on various critical contributions to the 
understanding of the AR structure and function and advance-

ments in crystallography techniques, the future of rational 

drug design for better antiandrogens for the treatment of pros-

tate cancer remains bright. 
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