1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

/ HHS Public Access

Author manuscript
Pharmacol Res. Author manuscript; available in PMC 2017 December 01.

Published in final edited form as:
Pharmacol Res. 2016 December ; 114: 152-162. doi:10.1016/j.phrs.2016.10.001.

ANDROGEN RECEPTOR VARIATION AFFECTS PROSTATE
CANCER PROGRESSION AND DRUG RESISTANCE

Edel McCreal”, Tristan M. Sissung?”, Douglas K. Pricel, Cindy H. Chaul, and William D.
Figgl2

IMolecular Pharmacology Section, Genitourinary Malignancies Branch, National Cancer Institute,
Bethesda, MD

2Clinical Pharmacology Program, Office of the Clinical Director, National Cancer Institute,
Bethesda, MD

Abstract

Significant therapeutic progress has been made in treating prostate cancer in recent years. Drugs
such as enzalutamide, abiraterone, and cabazitaxel have expanded the treatment armamentarium,
although it is not completely clear which of these drugs are the most-effective option for individual
patients. Moreover, such advances have been tempered by the development of therapeutic
resistance. The purpose of this review is to summarize the current literature pertaining to the
biochemical effects of AR variants and their consequences on prostate cancer therapies at both the
molecular level and in clinical treatment. We address how these AR splice variants and mutations
affect tumor progression and therapeutic resistance and discuss potential novel therapeutic
strategies under development. It is hoped that these therapies can be administered with increasing
precision as tumor genotyping methods become more sophisticated, thereby lending clinicians a
better understanding of the underlying biology of prostate tumors in individual patients.
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INTRODUCTION

Prostate cancer is the second leading cause of death from cancer and the most prevalent
cancer in men; currently, 14% of the men in America diagnosed with prostate cancer over
their lifetime (1). The androgen receptor (AR) is quintessential to prostate carcinogenesis,
progression, and treatment. Metastatic prostate cancer is therefore treated with androgen
deprivation therapy (ADT), which includes surgical or chemical castration that deprives
tumor cells of testicular androgens thereby slowing growth. Typically, ADT initially proves
to be effective, but in most cases the patient progresses to castration resistant prostate cancer
(CRPC). Treatment for CRPC may include continuing ADT concurrent with
immunotherapy, radiotherapy, cytotoxic chemotherapy, and/or other hormone manipulations.

Therapeutic development has recently improved upon two classes of anti-androgens. AR
ligands (e.g., bicalutamide) inhibit AR (AR) signaling by binding to the AR itself and
preventing the transcription of AR effectors. More recently, more potent inhibitors have been
developed that simultaneously inhibit both AR ligand binding and the DNA-binding
capacity of the AR (e.g., enzalutamide). Androgen synthesis inhibitors (e.g., ketoconazole)
block the synthesis of androgens from their many precursors. Newer androgen synthesis
inhibitors more-specifically inhibit these enzymes at lower concentrations (e.g., abiraterone).
While such innovations have greatly improved prostate cancer treatment, patients inevitably
acquire resistance toward newer therapies as well. The purpose of this review is to
summarize current knowledge about how AR splice variants and mutations affect tumor
progression and therapeutic resistance, address precision treatment options for patients
harboring such AR variants, and discuss emerging therapies to target these variants.
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ANDROGEN RECEPTOR SIGNALING

AR Signaling in the Normal Prostate

The AR is encoded by the AR gene (located at chromosome Xq12), and the full-length
transcription product has a molecular weight of 100 kDa. In normal cells, the AR consists of
four domains: a transactivation domain (encoded by exon 1), a DNA-binding domain (exons
2-3), a hinge region (encoded by the 5" portion of exon 4), and a ligand-binding domain
(exons 4-8), as shown in Figure 1 (2).

Cytosolic AR is sequestered by heat shock proteins (HSPs) until it binds to androgens (3, 4).
Ligand binding is a function of the conformation of the ligand-binding pocket, which prefers
dihydrotestosterone (DHT) and testosterone (to a lesser extent) while excluding weaker
androgens and non-androgens (3, 4). Following ligand binding, the AR undergoes a
conformational change in which helix 12 covers the hormone-binding pocket, causing the
AR to adopt the active conformation (5). The AR then forms a homodimer that is
transported to the nucleus where it binds to DNA and activates gene transcription (Figure 2)

(6).

The full-length AR contains a bipartite nuclear localization sequence that runs from the C-
terminal end of the DNA-binding domain to the N-terminal end of the hinge region (Figure
1), which is necessary for regulation of nuclear transport by alpha and beta importin (7). In
addition to the regulation by alpha and beta importins, the full-length AR also relies upon
cytoskeletal nuclear transport to translocate to the nucleus (8, 9). In this modified version of
nuclear transport, a portion the nuclear localization signal binds to dynein, which moves
along microtubules toward the nucleus and enhances nuclear transport by alpha and beta
importin (9). DNA binding results in the subsequent transactivation of various genes that
contain AR elements in their promoter regions (10). Such genes are responsible for a range
of functions, including cell growth and proliferation (Figure 2) (11).

AR signaling in metastatic prostate cancer progression and CRPC

Therapeutic resistance typically develops through several mechanisms that confer a selective
advantage to tumor cells in a low-androgen environment: reliance on non-AR signaling
pathways, intratumoral androgen biosynthesis, androgen scavenging, AR overexpression,
AR splicing variation, and/or AR mutation (12). Whereas ADT resistance was thought to be
a function of increased AR copy number in most cases, it has recently been proven that
clinically relevant AR splice variants also contribute to progression on ADT (13, 14).
Mutations that uncouple AR signaling from ligand binding are very-often involved in
resistance to other classes of antiandrogens (13, 14). Taxanes also affect the AR pathway,
which may be responsible for certain taxane-resistant tumors (13, 14). As these therapy-
resistant cells grow, they become the dominant cell population that eventually progress in
spite of treatment (13, 14). There are several biochemical mechanisms by which CRPC
and/or therapeutic resistance arise; those that are caused by genomic alterations to the AR
are summarized below.
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BIOCHEMICAL EFFECTS OF ANDROGEN RECEPTOR VARIANTS

AR mutations

AR mutations, particularly those affecting the ligand-binding domain, contribute to prostate
cancer progression and resistance to anti-androgens. Marcelli et al. indicated that while none
of the study patients with early stage prostate cancer had mutations in their AR coding
sequence, 21% of patients with advanced disease did (13). In general, somatic mutations that
substitute an amino acid with a large size difference from the amino acid encoded by the
germline in the ligand-binding pocket allow the AR to be more easily activated by
alternative ligands (15). The AR is normally activated when DHT binds the ligand-binding
pocket and helix 12 then moves into the active position (5). In the mutated state, amino acids
that have a stronger affinity for helix 12 than the original amino acid can pull helix 12 closer
to the active position and make the AR less reliant on ligand binding for activation (15).
Alternatively, smaller amino acid substitutions in the ligand-binding domain result in a
larger ligand-binding pocket that can accommodate more ligands. Although over 70 different
AR missense mutations have been identified, H874Y, F876L, T877A, and W741L/C (Figure
3) are known to cause drug resistance and disease progression (16, 17).

The H874Y mutation is common in clinical prostate cancer and was first observed in the
22Rv1 cell line (18). This mutation is found in the C-terminus of helix 10/11 and is part of a
sequence of 8 highly conserved amino acids in the AR (19). Because the histidine between
helix 11 and 12 is switched for a larger, more hydrophobic residue (tyrosine), helix 12 is
pushed closer to the ligand-binding pocket and the interaction between these two domains is
increased. By strengthening this interaction, the H874Y mutation confers promiscuous
binding to other ligands, such as estradiol and progesterone, which can now induce helix 12
to shift into the active position (Figure 3) (16, 19, 20). H874Y also allows the AR to better
associate with p160 co-activators, further increasing AR activity (19, 20).

F876L is another missense mutation found in the ligand-binding domain of the AR that
substitutes phenylalanine for leucine, a much smaller amino acid. Consequently, helix 12
can move into the active position in the presence of antiandrogens, such as enzalutamide
(Figure 3) (21). This mutation is most relevant in the context of enzalutamide therapy and
resistance, which will be discussed later.

The T877A mutation is frequently detected in CRPC and is the primary AR mutation in the
LNCaP cell line (18, 22, 23). Located in helix 11 of the AR ligand-binding domain, T877
directly interacts with the AR ligand. Due to the smaller size of alanine, T877A results in a
larger amount of space in the ligand-binding pocket thereby accommodating more ligands
with different shapes (e.g., estradiol, progestins, cyproterone acetate) (Figure 3) (24). Like
H874Y, T877A similarly increases AR promiscuity, but T877A specifically increases the
preference for estradiol binding over that of progestins (19, 24).

The W741L/C mutation alters the tertiary structure of helix 12 such that it is nearer to the
ligand-binding domain and closer to the active position (15). While this mutation lowers the
affinity for the ligand-binding domain to interact with androgens, it also causes bicalutamide
to act as an agonist of AR, rather than an antagonist (Figure 3) (15).
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AR Splice Variants

While many different AR splice variants exist, AR-V1 through AR-V7 each have alternative
splicing of exons that result in prematurely truncated ligand domains with the potential to
confer resistance to ADT (Figure 1) (25). Of these, AR-V2 and AR-V4 are only observed in
22Rv1 cells, AR-V3 contains a stop codon within cryptic exon 4 that would exclude the
second zinc finger of the AR DNA binding domain, and AR-V5 and AR-V6 are generally in
low abundance (25). AR-V1 and AR-V7 are more frequently expressed in clinical CRPC
(25). Increased expression of AR-V1 is not associated with treatment outcome however,
since the AR-V1 splice variant is missing basic amino acids in the bipartite nuclear
localization sequence of the protein. The lack of these critical amino acids results in shorter
nuclear-retention of AR-V1. Since AR-V7 has a longer nuclear residence time, it appears to
have the greatest impact on clinical prostate cancer (25).

Clinical data have demonstrated that AR-V7 and other AR splice variants contribute to
prostate cancer disease progression. In a study by Hornberg et al., AR-V7 RNA transcripts
were detected in 77% of primary prostate tumors, 80% of hormone-naive bone metastases,
and 100% of CRPC bone metastases (26). Patients expressing high levels of AR-V7
transcripts also had significantly shorter survival than those with low expression (26).

AR-V7 results from the contiguous splicing of AR exons 1/2/3/CE3, the latter of which is 16
amino acids from exon 3b (see Figure 1) (2, 11, 25). Because this alternative splicing results
in the exclusion of the ligand-binding domain, AR-V7 can remain constitutively active in the
absence of androgens (25, 27). This alternative splicing pattern may be caused by specific
heterogenous nuclear ribonucleoproteins that favor AR-V7 over the normal AR (28).
Heterogenous nuclear ribonucleoproteins (hnRNP) bind to mRNA to repress splicing events,
and thereby regulate which splice variants are formed (29). hnRNPAZ1 and hnRNPA2 are the
best characterized of the hnRNPs; both are up-regulated in some tumor tissues and are used
as biomarkers for certain cancers (30). Down-regulation of hnRNPA1 and hnRNPAZ2 also
decreases expression of AR variant mRNA in both 22Rv1 and VCaP cells, and down-
regulation of hnRNPAL specifically reduces transcript levels of AR-V7 (28). Overexpression
of hnRNPA1 resulted in significant up-regulation of AR-V7 protein and other AR variants
(28).

A study performed by Watson et al. discovered that AR-V7 relies on full-length AR
signaling to enhance its own transcription. Ligand-dependent AR signaling reduces
transcription of wild-type AR (wt-AR), thereby decreasing AR-V7 transcription as well
(31). Therefore, ADT provides a selective advantage for cells expressing AR-V7 and is
unintended consequence of therapy.

AR-V7 also maintains the ability to dimerize, which is necessary for transactivation of its
effectors. AR-V7 has recently been shown to dimerize with itself, full length AR, and other
AR splice variants, which increases the chances it will be transported into the nucleus to
promote tumor growth (Figure 2) (32). Homodimerization and heterodimerization are a
function of the interaction between the DNA binding domains of AR-V7 and its counterpart
(32). Consequently, the AR-V7 splice variant’s ability to dimerize with multiple AR variants
allows it to contribute significantly to tumor growth and the transition to CRPC.
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While the transcriptional profile of the wild-type AR and AR-V7 ostensibly overlap, there
are differences in key pathways that promote tumor growth. For example, wt-AR and AR-
V7 both increase expression of genes involved in glycolysis, but AR-V7 differentially affects
genes that control TCA cycle intermediates. Not only does AR-V7 increase citrate
production by increasing expression of MDH1 (forming citrate from malate) and reducing
OGDH overexpression (shunting a-ketoglutarate to citrate instead of succinate), but it also
promotes citrate formation through GLUD1 overexpression by reductive carboxylation
(forming a-ketoglutarate from glutamate). Increased citrate formation results in an increased
formation of amino acids and steroids in AR-V7-expressing cells, ultimately causing lower
intracellular citrate concentrations than would otherwise be present in cells expressing wt-
AR (2). These findings, in part, explain why patients with AR-V7-positive tumors have
reduced intratumoral citrate concentrations when compared to those tumors expressing wt-
AR (2). Differential regulation of enzymes also results in an accumulation of oxaloacetate,
which the cell can use to make additional TCA metabolites or amino acids (2). Furthermore,
increased levels of GLUD1 allow AR-V7-positive cells to rely more heavily on reductive
carboxylation to form a-ketoglutarate and drive the TCA cycle forward in spite of a low-
oxygen environment (2).

AR MUTATIONS IN ANTI-ANDROGEN AND CHEMOTHERAPY RESISTANCE

Resistance to Surgical and Chemical Castration

While ADT initially slows prostate tumor growth, resistance occurs as tumors develop the
capability to thrive in a low-androgen environment, and patients must then be treated with
other therapies (33, 34). Cellular models and tumor histology suggest that resistance often
develops due to AR overexpression, including wt-AR and AR-V7 (34). Furthermore, Guo et
al. found that AR-V7 was the most frequently and abundantly expressed splice variant in
CRPC patient samples, suggesting that AR-V7 may act as a biomarker for the transition to
CRPC (35). These results support the theory that increased AR copy number and
constitutively activated AR-V7 both play substantial roles in CRPC development before
antiandrogen treatment is employed. In a clinical study, only one out of 17 patients treated
with androgen deprivation had a somatic point mutation in their AR coding sequence (36).
Conversely, 5 of the 16 patients treated with the androgen antagonist, flutamide, had the
same T877A missense mutation present in their AR (36). Another clinical study found that
while AR copy number increased in only 6% of pre-castration patients, 35% and 57% of
plasma and tumor samples from patients with CRPC, respectively, had increased AR
expression (37). Although AR mutations have been heavily implicated in developing
resistance to anti-hormonal therapies such as abiraterone and enzalutamide, their role in
resistance to primary castration treatment appears minor in comparison with increased copy
number of AR and AR-V7 (38).

Resistance to Bicalutamide, Flutamide, and Nilutamide

Bicalutamide, flutamide, and nilutamide are competitive first-generation AR inhibitors,
which prevent DHT binding and subsequent activation of the AR. However, various AR
mutations arise during treatment that may render these drugs ineffective (15).
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The missense mutation, W741L/C, may arise during bicalutamide therapy and contribute to
drug resistance (15). While this mutant has less binding affinity for DHT than wild type AR,
W741L/C causes greater AR-bicalutamide binding affinity and conversion of bicalutamide
from an AR antagonist to an agonist (15, 39). Cells harboring this mutation are still sensitive
to enzalutamide and nilutamide (40, 41).

Clinical data for the presence of mutations in mCRPC are difficult to obtain because removal
of biopsies from common metastatic bone lesions or deep abdominal lymph nodes can be
extremely invasive. However, a limited number of studies have performed deep sequencing
of circulating cell-free DNA in an attempt to genotype metastatic tumors. In a study by
Carreira et al., plasma samples from 16 patients were sequenced and tumor biopsies were
collected to study the relationship between drug resistance and common genomic aberrations
(37). In one patient, samples of circulating tumor DNA indicated an increase in AR copy
number and identified the W741C mutation, which was confirmed by testing a liver biopsy
from the patient. This mutation was observed in a liver metastasis that had developed 3
months after the patient had first started treatment with bicalutamide. When the liver tumor
regressed, the W741C mutation was no longer detected. This is the only known clinical data
supporting that W741L/C plays a role in bicalutamide resistance (37).

Flutamide resistance is conferred via the T877A AR missense mutation, which commonly
occurs in prostate tumors (21). The promiscuous bindng properties of the T877A-mutated
AR result in the ability of other ligands to bind to the AR and evade flutamide-mediated AR
repression. In a clinical study, 5 of the 16 patients treated with flutamide had AR mutations,
and all of them tested positive for T877A (36). Flutamide can also activate the H874Y-
mutated AR, but it remains effective against the W741L/C mutant (41, 42). Although it may
play a role in resistance, there is not yet any data relating AR-V7 expression levels with
resistance to flutamide.

Nilutamide resistance can occur through the H874Y and T877A somatic mutations (42).
Both of these mutations can switch nilutamide from an antagonist to an agonist of AR
signaling (42, 43). In /n vitro studies, nilutamide was still effective at suppressing AR
signaling in cells containing W741C-mutated ARs (41). No clinical data providing deep-
sequencing information to link nilutamide treatment efficacy with the expression AR
mutants or splice variants has been gathered.

Resistance to Enzalutamide

Enzalutamide is a dual function AR antagonist and signaling inhibitor that both inhibits
androgen binding to the AR, and decreases the affinity of the AR for DNA (44, 45).
Treatment resistance to enzalutamide emerges after approximately 3.4 months (44, 46, 47).
Some degree of enzalutamide resistance may be caused by AR-V7, which lacks the ligand-
binding domain (48). Unlike flutamide, bicalutamide, and nilutamide, the DNA binding
domain of AR-V7 is still inhibited by enzalutamide (45). In a study by Li et al., AR-V7-
expressing cells were able to maintain transcription of AR-induced genes in the absence of
androgens, and during treatment with enzalutamide (49). Cell lines that were resistant to
enzalutamide and bicalutamide were only able overcome this resistance when AR-V7 levels
were decreased (49).
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Clinical studies support the theory that AR-V7 plays a central role in developing resistance
to enzalutamide. Of 31 enzalutamide-treated patients, those with detectable expression of
AR-V7 had lower PSA response rates at 0% compared to 53% without AR-V7 expression.
These AR-V7-positive patients had a median overall survival of 5.5 months, whereas 50%
overall survival was not reached in AR-V7-negative patients (50).

More studies have also indicated that the AR splice variants have their own specific
transcriptional profile when exposed to enzalutamide. In particular, AR-V7 up-regulates
genes, such as UBE2C, that regulate the cell cycle and promote growth after treatment with
enzalutamide or other suppressors of AR signaling (51). Based on these data, Hu et al.
concluded that differential AR signaling by AR-V7 might contribute to the development of
enzalutamide resistance (51).

Enzalutamide resistance also arises due to the AR mutation, F876L. Korpal et al. found this
mutation in all enzalutamide resistant cell lines, but not in weakly resistant or control lines
(21). The F876L mutation allows enzalutamide to extend into the space left by the
substitution of leucine for phenylalanine rather than blocking helix 12, thereby promoting
AR activation (21). When AR activity was assessed using the synthetic androgen R1881,
F876L-mutated AR was the only form that exhibited significant activity when combined
with enzalutamide treatment, suggesting that the F876L mutation switches enzalutamide
from an AR antagonist to an agonist (21).

In a clinical trial where patients were treated with ARN-509 (a second-generation anti-
androgen that is highly similar to enzalutamide), deep sequencing revealed that rising levels
of F876L-mutated AR were correlated with increased PSA and chronic exposure to
ARN-509 (52). Based on preclinical data, the F876L mutation is thought to have the same
effect on enzalutamide treatment, although no deep sequencing analysis has yet shown this
(53). These data support the hypothesis that the F876L mutation plays a role in resistance to
second-generation anti-androgens.

Resistance to Abiraterone

Abiraterone inhibits the hydroxylase and lyase functions of CYP17A1 (54). CYP17-
hydroxylase converts pregnenolone and progesterone to 17a-hydroxypregnenolone and 17a-
hydroxyprogesterone, whereas CYP17A1-lyase converts these metabolites into
dehydroepiandrosterone (DHEA) and androstenedione, respectively. DHEA is the major
circulating androgen that is primarily synthesized by the adrenals, whereas androsteinedione
is more similar in structure to testosterone and is synthesized by the adrenals, gonads, and
certain tumors that perform de novo testosterone biosynthesis. By inhibiting the formation of
these two testosterone precursors, abiraterone significantly reduces the amount of adrenal
and intratumoral testosterone that can promote tumor growth.

While abiraterone treatment is initially successful (44, 46), almost all patients eventually
develop resistance after approximately 4.8 months (47). Although the AR is downstream of
CYP17, AR-V7 is often indirectly involved in abiraterone resistance since its constitutive
activity evades abiraterone-mediated restriction of androgen synthesis (48). In a clinical trial
of abiraterone, AR-V7-expressing patients had a PSA response rate of 0% while AR-V7-
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negative patients had a PSA response rate of 68% (50). The progression free survival (PFS)
of AR-V7 expressers was only 1.3 months, while 50% of patients not expressing AR-V7 had
not yet progressed on abiraterone when the study was published (50). Similarly, overall
survival was only 10.6 months in AR-V7-positive patients, while 50% overall survival was
not reached AR-V7-negative patients (50).

Resistance to abiraterone can also occur through the H874Y and T877A missense mutations,
which allow the AR to promiscuously bind and be activated by non-androgens such as
progesterone and estradiol (19). Indeed, a clinical study detected both H874Y and T877A
mutations in circulating cell-free DNA of abiraterone-resistant patients (18).

VT-464 is a CYP17 inhibitor highly similar to abiraterone, although it selectively inhibits

the 17,20-lyase activity of CYP17 and does not affect the hydroxylase activity (55). While /n
vitro data suggest VT-464 could be a promising replacement for abiraterone, Phase Il

clinical trials are ongoing (55). No research has yet been done to assess how VT-464
treatment interacts with AR mutants or splice variants; however, because its activity is so
similar to abiraterone, it is highly likely that \VT-464 is susceptible to the same resistance
mechanisms.

Taxane Resistance

Docetaxel and cabazitaxel are members of the taxane family of drugs, which bind beta-
tubulin to stabilize microtubule networks (56). Such stabilization interrupts microtubule-
dependent transport to the nucleus and causes mitotic arrest resulting in cell death (57).
Taxanes also slow tumor growth by phosphorylating and inactivating Bcl-2, a protein that
prevents apoptotic cell death (58).

While the full length AR has been shown to rely on microtubule association to be
transported into the nucleus, AR-V7 does not display the same dependence on microtubules
and can still be translocated to the nucleus after treatment with docetaxel by an unknown
mechanism (8). In a study of 37 patients with mCRPC that had been treated with either
docetaxel or cabazitaxel (7=30 and =7, respectively), PSA response rate was not different
between AR-V7-positive and AR-V7-negative patients (59, 60). Still, AR-V7-negative
patients did have a slightly higher PFS (6.2 months vs 4.5 months, p=0.06) than AR-V7-
positive patients (59, 60). Patients who were AR-V7-positive responded better to taxane
treatment than to treatment with abiraterone and enzalutamide, suggesting AR-V7 is a
valuable diagnostic tool when deciding which treatment to utilize (59, 60). Individuals who
received docetaxel after treatment with abiraterone had lower docetaxel activity than
anticipated, while abiraterone-resistant patients were completely unresponsive to docetaxel
(61). Taken together, these data suggest that abiraterone and docetaxel resistance may occur
by overlapping mechanisms.

FUTURE DIRECTIONS

Targeting Interacting Pathways

In prostate cancer cells, AR signaling regulates the insulin-like growth factor-1 (IGF-1)
receptor and increases IGF-1 binding capacity (62). Through pathway crosstalk, IGF-1 also
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activates the AR in the absence of androgens (63). This positive feedback loop significantly
contributes to both increased tumor growth and uncoupling of androgen signaling from
androgens themselves (63). IGF-1 silencing with siRNA reduces PSA response in-vitro by
69% (64). Inhibition of IGF-1R also produces a significant PSA response in AR-V7-
transfected PC-3 cells (64). Therefore, IGF-1 signaling up-regulates both AR and AR-V7,
marking it as a drug target. Recently, metformin has been used to inhibit this pathway in
prostate cancer, with limited success. Although /n vitro studies have shown the ability of
metformin to inhibit the growth and proliferation of PC-3 cells, clinical trials have indicated
no significant difference in prostate cancer risk between metformin-treated and untreated
patients (65, 66).

As previously mentioned, the AR is sequestered in the cytosol by HSPs (Figure 2) before
ligand binding and subsequent nuclear translocation and held in a ligand-receptive
conformation (3, 4). Without HSPs, AR folding is disrupted and the AR is targeted for
degradation (67). Several drugs derived from geldanamycin are currently under investigation
as HSP inhibitors, which act by binding the ATP-binding pocket of HSPs and preventing
them from associating with AR (67, 68). While these drugs have enjoyed some limited
success, cells harboring AR-V7 are resistant to HSP inhibitors since AR-V7 lacks the
ligand-binding domain (67, 69).

HIF-1a signaling also appears to participate in a positive feedback loop with the AR (70).
When HIF-1a was inhibited, either through siRNA silencing or treatment with the HIF-1a
inhibitor, chetomin, the inhibitory effect of enzalutamide on cell growth was significantly
increased (70). Furthermore, HIF-1a inhibition was able to restore enzalutamide sensitivity
to the enzalutamide-resistant 22Rv1 prostate cancer cell line, suggesting a possible effect on
AR-V7/AR signaling (70). However, no studies have yet been done to directly assess the
effect of HIF-1a signaling on AR-V7 levels.

Numerous other pathways (including PI3/AKT, mTOR, TMPRSS2, MMP2 and FGF)
interact with the AR signaling pathway and are therefore under investigation as drug targets
to inhibit or down-regulate AR transcription and activity. Currently, there is limited
information with respect to how AR somatic mutations or splice variants will affect these
pathways and treatment options.

Targeting AR-V7 & Its Splicing Regulation

In a study by Qu et al., increased expression of AR-V7 in primary tumors predicted
progression to CRPC and corresponded with poor prognosis in patients with CRPC (71).
Because AR-V7 has been so heavily implicated in the transition to ADT-resistant prostate
cancer, targeting splicing factors that selectively favor AR-V7 transcription over full length
AR may help prevent prostate cancer progression and improve the prognosis of patients with
CRPC. When AR pre-mRNA in enzalutamide-resistant 22Rv1 cells was analyzed, there was
increased recruitment of hnRNPAL to AR-V7 splice sites, suggesting hnRNPA1 plays an
important role in the transition to mMCRPC (28). When matched tumor and benign tissues
from prostate cancer patients were analyzed, hnRNPA1 and hnRNPA2 levels were elevated
in 44% of tumor tissues. The elevated levels of hnRNPA1 and 2 were also positively
correlated with AR-V7 protein expression (28). When 22Rv1 cells resistant to enzalutamide
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were treated with hnRNPAL siRNA silencing, they were re-sensitized to enzalutamide (28).
The regulatory pathway involving NF-kB2/p52, c-Myc, and hnRNPA1 plays a central role in
the generation of AR splice variants and enzalutamide sensitivity, uncovering a signal axis
with potential drug targets (28).

Niclosamide

Niclosamide is a potential AR-V7 inhibitor that is relatively potent (G150=0.5umol/L), has
no effect on normal prostate epithelial cells, and is already FDA-approved for treatment of
tapeworm infections (72). Unlike enzalutamide, niclosamide appears to act on the AR by
binding both wt-AR and AR-V7, reducing their ability to bind DNA, and targeting them for
degradation via the proteasome (72). Enzalutamide-resistant cells remain sensitive to
niclosamide treatment and the combination of niclosamide and enzalutamide results in
significant additive effects (72). Niclosamide also reduces tumor cell migration and invasion
(73), perhaps by inhibiting phosphorylation of Stat3 by IL6, which mitigates activation of c-
Myc and other downstream target genes that promote tumor cell metastasis (72, 74-77).
While preliminary data on niclosamide seems promising, the bioavailability of this
compound is quite low (78). Overcoming this will prove a formidable challenge for
effectively implementing niclosamide in a clinical setting.

Galeterone

Galeterone simultaneously inhibits CYP17 and the AR, and it is currently in Phase 111
clinical trials (79). Compared with abiraterone, galeterone is three-times more potent in
CYP17 enzyme activity assays (80). In /in vitro competitive binding studies, galeterone
successfully inhibited steroid binding to both the wild-type AR and the T877A AR mutant
(79, 80). While galeterone showed slightly lower (but comparable) PSA reduction than
enzalutamide in LNCaP cells, it showed greater PSA reduction in VVCaP cells (81). Similar
to enzalutamide, galeterone was also able to prevent AR chromatin binding (81).

Yu et al. also found that galeterone treatment increases degradation of T877A-mutated AR in
LNCaP cells (81). Unfortunately, this effect was not replicated with the wt-AR, which
demonstrated no difference in protein degradation after galeterone treatment (81). These
data conflict with a more recent study by Kwegyir-Afful et al. that suggested galeterone
treatment enhanced wt-AR degradation (82). Protein degradation of the T877A mutant is
thought to occur through galeterone binding to the larger ligand-binding pocket provided by
the T877A amino acid substitution. Unlike other compounds that can fit into this enhanced
ligand-binding pocket, galeterone contains a bulky benzimidazole group that is hypothesized
to distort the pocket and target the protein for degradation by E3 ubiquitin ligases that
normally mediate the activated AR (81).

In addition to degrading AR mutants, galeterone also degrades the AR-V7 splice variant in
vitro. When both LNCaP and 22Rv1 cells were concurrently treated with a proteasome
inhibitor and galeterone, protein levels of AR-V7 increased when compared to treatment of
these cells with galeterone alone. The level of AR-V7 ubiquitination was also increased with
galeterone treatment, further suggesting that galeterone enhances degradation of these
proteins by the 26S proteasome pathway (82). In /in vivo studies, treatment with galeterone
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was shown to inhibit the growth of LNCaP cells in a dose-dependent manner (80).
Furthermore, treatment with galeterone twice-daily decreased tumor size by 85% compared
to controls in LAPC4 xenografts grown in SCID mice (80).

In a Phase 1l clinical trial of galeterone, 51 patients were dosed with varying amounts of
galeterone for 12 weeks. Across all dosing levels, 82% of patients experienced a 30%
decrease in PSA and 75% had at least a 50% decrease in PSA (83). Previous clinical trials
have shown that galeterone has limited and minor side affects, making this an attractive
treatment option (83). While most of the recent data indicates that galeterone is promising,
clinical trials to determine whether galeterone is more effective than enzalutamide are
currently ongoing. There are currently no clinical studies that ascertain the effects of AR
splice variants or mutations on galeterone.

Apalutamide (ARN-509)

ODM-201

Apalutamide (ARN-509) is an AR antagonist that is structurally similar to enzalutamide and
also prevents AR ligand binding, AR nuclear translocation, and AR-DNA binding (84).
When compared to enzalutamide, apalutamide was shown to be a more potent AR inhibitor
in vivo (30mg/Kg/day vs 100mg/Kg/day) and has 4-fold less brain penetration (which
causes convulsions in some patients by binding the GABA-gated chloride ion channel) than
enzalutamide (84-86). The toxicity profile and potency of apalutamide may be more
desirable, as indicated by early results in a Phase I clinical trial (86).

In an /n vivo study involving mice injected with LNCaP tumors expressing F876L-mutated
AR, neither apalutamide nor enzalutamide were able to decrease tumor growth and actually
showed agonist activity for this AR mutant (52). Therefore, the F876L AR missense
mutation is associated with apalutamide resistance, which was expected based on the
structural similarity between apalutamide and enzalutamide. Apalutamide also binds to the
AR ligand-binding domain, although no studies have examined if apalutamide is effective
for the treatment of AR-V7-positive tumors.

ODM-201 is an AR antagonist similar to enzalutamide that is currently in Phase 111 clinical
trials for prostate cancer treatment (87). When tested against enzalutamide and apalutamide,
ODM-201 demonstrated more potent AR inhibition (87). In earlier Phase | and Il clinical
trials, ODM-201 showed minimal side effects (88). And, unlike enzalutamide and
apalutamide, even the highest doses of ODM-201 did not produce seizures in any patients
studied (88). It has been suggested by results from /n vivo rat studies that, possibly due to its
unique structure, ODM-201 is not able to bypass the blood-brain barrier to a significant
extent (87, 88). Phase Il clinical trials are currently in progress to determine if ODM-201
provides more effective treatment for prostate cancer than currently FDA-approved drugs.
While bicalutamide is converted to an agonist when bound to W741L/C-mutated AR and
enzalutamide/apalutamide activate the F876L-mutated AR, ODM-201 inhibited both of
these AR mutants (as well as T877A) without any reported agonist activity (87).
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Targeting the AR’s N-terminus

While most therapies targeting the AR have been focused on the C-terminal ligand-binding
domain, the fact that this is altered or excluded in many drug-resistant AR phenotypes has
motivated the development of drugs targeting the N-terminal region of the AR (89).
Recently, EPI has been shown to bind successfully to the N-terminal region of the AR and
prevent it from activating genes (89). EPI was shown to have the same effect on a
constitutively active AR-V7, making it an attractive therapy option even in the presence of
AR ligand-binding domain mutants or splice variants (89). Furthermore, when combined
with docetaxel treatment, EPI significantly inhibited prostate cancer cell growth both /n vitro
and /n vivo (90).

Niphatenones, small molecules derived from a sea sponge, have also been shown to inhibit
the AR by binding the N-terminal domain (91). When niphatenones bind the N-terminal
domain of the AR, they prevent the AR from binding with proteins needed for activation and
subsequent transcriptional regulation, successfully inhibiting its activity (92). These
compounds have also been shown to inhibit the proliferation of LNCaP cells (92). However,
the AR-inhibiting action of these compounds is mediated by observed off-target effects, such
as the formation of glutathione adducts (92). These off-target effects were not observed in
EPI and as a result niphatenones have less potential as a treatment option for prostate cancer
(92).

CONCLUSION

Overall, mutability of the AR has impeded therapeutic development in prostate cancer.
While second-generation anti-androgens and taxanes provide patients with some extended
survival benefit, future treatments directly targeting AR variants are underway to overcome
the acquired resistance seen with these therapies. As clinical tumor-genotyping methods
improve, future clinical trials should identify AR mutations and take them into account when
developing novel agents to increase precision in drug development and clinical treatment of
prostate cancer.
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Figure 1.

WIt-AR and selected splice variant transcripts. The wt-AR includes important AR functional
domains and locations of clinically relevant missense mutations. CE1: cryptic exon 1. 2b: 11
C-terminal amino acids spliced downstream of either exon 2 or exon 3. CE2: cryptic exon 2.
CE2’: cryptic exon 2 utilizing a different splice site downstream of exon 3. CE3: cryptic
exon 3. (11, 25, 93).
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Figure 2.

AR ligand binding, nuclear localization, and signaling in the normal prostate. Relevant drugs
are shown inhibiting their respective target pathways. ARE: androgen response element.
HSP: heat shock proteins.

Pharmacol Res. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

McCrea et al.

Page 22

W741L/C ., H874Y T877A F876L AR-V7
Q ) onr @0 o =
oHT g-_c/ Ligands Ligands &
L‘ i @@* "'L mx. @ e é)§ AR mwe \Q}
sl birdin
@ @ AN mhbdofa \
w-* @ N
Nluumde

ARN-503
00M-201

Enzalutamide

Gaa ODM-201
@ e @ oot e ﬁ? @
PN [ 3
O $ /@ s/ @ Q
X/ < < & & & mn-r.amm
X Galeterane
srasamce Enuavumide Encautomice
\ Q =5 ON@, amn| O\ @ - ﬁ*
&
5.0 ® v,?o
Enzalutamide
ARN-509
Cytoplasm \ 1 = 00M201
Nucleus Q Q O
e (Sl | i (F

&
- [ R ©) .0
e wee (V3P (5
aten: 3 i lenones. oobm-201 § Q

Enzalutsmide

\/ ~ / < / \’/ ll—n.,r.i:'"ﬁ
® e @ ® e, ”> @ &=
AV AV AV A A AV AV AN NN

Figure 3.
AR ligand binding, nuclear localization, and signaling in missense-mutated ARs and AR-

V7. Treatments are included only if they remain effective for the respective variant shown.
The potential ligands for each AR variant are shown and abbreviated as follows, DHT:
dihydroxytestosterone. BIC: bicalutamide. FLUT: flutamide. NIL: nilutamide. PROG:
progestins. EST: estradiol. CA: cyproterone acetate. HSP: heat shock protein. ENZ:
enzalutamide. ARN: apalutamide/ARN-509.
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