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Figure 1. Biology of the androgen receptor signaling pathway
AR: Androgen receptor; DHT: Dihydrotestosterone; HSP: Heat-shock protein; P: 
Phosphorylation.
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within the AF-1 that are crucial for AR-dependent transcrip-
tional activity: TAU1 (amino acid 101–370) and its overlap-
ping region TAU5 (amino acid 360–485).20 TAU1’s core
sequence motif, 178LKDIL182, is suggested to be important
for ligand-dependent transactivation of the FL-AR, whereas
435WHTLF439 in TAU5 is suggested to play a role in ligand-
independent transactivation of FL-AR and possibly truncated
AR-Vs that lack LBD.21 AR NTD also contains a FXXLF
motif (23FQNLF27), which interacts with the ligand-bound
LBD to form an N/C interaction that is required for transcrip-
tional activity of FL-AR in response to ligand.22,23 Unlike the
other steroid hormone receptors, AR transcriptional activity
requires AF-1 in the NTD with negligible activity being
attributed to the AF-2 region in the LBD. The AF-1 region
can form protein–protein interactions with AR co-activators,
and recruits the general transcriptional machinery. Thus, AR
NTD is the engine of AR transcriptional activity.15,24

Most CRPC is considered to still be driven by transcrip-
tional active AR.25 Several mechanisms have been proposed
to explain the continued AR transcriptional activities despite
castration levels of testosterone, as shown in Figure 3. These
mechanisms include: (i) amplification of the AR gene and
increased AR protein expression, which result in hypersensi-
tivity to low levels of androgens as the case in CRPC;26,27

(ii) AR gain-of-function mutations allowing activation by
non-androgenic steroidal ligands or even anti-androgens;28–33

(iii) overexpression of AR coactivators;34–39 (iv) ligand-inde-
pendent transactivation of the AR NTD by alternative path-
ways involving kinases or cytokines, such as IL-6;40,41 (v)
increased adrenal and intratumoral androgen biosynthesis;42–44

and (vi) expression of constitutively active AR-Vs lacking the

LBD.45–48 Of these mechanisms, AR-Vs have emerged as a
clinically relevant mechanism underlying continued AR tran-
scriptional activities with expression of the variants correlated
to poor prognosis.49,50 Thus, blockade of AR and its signal-
ing pathway by approaches with novel mechanisms of action
remains of high interest in the field of prostate cancer.

Current AR targeted therapies for CRPC

In the past 10 years, the treatment of CRPC has advanced as
a result of a much improved understanding of the molecular
mechanism of the disease.51 Although docetaxel plus pred-
nisone chemotherapy was approved by the FDA to treat
CRPC in 2004, the prolonged overall survival only lasted 2–
3 months.52,53 Prednisone is converted in the liver to its
active metabolite prednisolone, which is an irreversible ago-
nist for GR, and lesser so on the structurally-related mineralo-
corticoid receptor. There was no therapy available to treat
post-docetaxel CRPC patients before 2010.54 In 2010, cabazi-
taxel, a taxane derivative, was the first post-docetaxel therapy
approved by the FDA to treat metastatic CRPC, as it
increased survival for 2.4 months.13 Carbazitaxel is also
administered with prednisone. Taxane chemotherapy inhibits
AR signaling, caused by drug-induced microtubule stabiliza-
tion, to suppress nuclear translocation and transcriptional
activity of AR.55 The hinge region of AR is important for
this activity. One of the AR-Vs, such as ARv567es, which has
the hinge region, is sensitive to microtubule stabilization
induced by taxanes, whereas AR-V7, which lacks the hinge
region, is unaffected.56 Consistent with these data, AR-V7
expressing tumor xenografts were resistant to docetaxel
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Fig. 3 Molecular biology of CRPC. Continued AR transcriptional activity is a major driver of most CRPC. There are several molecular mechanisms proposed to

explain the aberrant AR activity despite castrated levels of testosterone. 1: Amplification of the AR gene and overexpression of AR protein, which provide hyper-

sensitivity to low levels of androgen. 2: AR gain-of-function mutations that allow the AR to be activated by non-androgenic steroidal ligands, such as glucocorti-

coids, and convert anti-androgens into agonists. 3: Overexpression of AR co-activators that can enhance androgen-dependent and also promote ligand-

independent AR transcriptional activities. 4: Androgen-independent AR transactivation through its NTD, such as cytokine IL-6, that can stimulate AR transcriptional

activity in the absence of androgen. 5: Increased adrenal and/or intratumoral androgen biosynthesis, generating a low, but sufficient, level of androgen to support

AR transcriptional activity. 6: AR splice variants with truncated LBD, which have the potential to be constitutively active regardless of the presence of androgen.
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Detection of AR-V7 in circulating tumor cells (CTCs) has been
associated with resistance to abiraterone and enzalutamide [21].
In a study of 62 men with mCRPC treated with enzalutamide
(n = 31) or abiraterone (n = 31), 18 patients (12 receiving enzalu-
tamide; 6 receiving abiraterone) had detectable AR-V7 mRNA in
their CTCs. Patients with detectable AR-V7 (via a PCR-based assay
using RNA from enriched CTCs) had no significant prostate-specific

antigen (PSA) declines and shorter median progression-free sur-
vival (PFS) and OS, versus patients who had no detectable AR-V7
[21]. In a follow-up study, these data were further supported,
though approximately 14% experienced at least 50% PSA decline
(as opposed to 0% in the initial report) [22]. The presence of circu-
lating AR-V7 RNA without CTC enrichment has also been associ-
ated with poorer outcome with abiraterone and enzalutamide

Table 1
Mechanisms of resistance to AR-targeted therapy in prostate cancer.

1. AR splice variants (AR-Vs) [12,13,18,21,22,24–26]
AR-Vs lack a ligand binding domain leading to constitutive activity in the absence of ligands and ligand-independent AR signaling. AR-V7 or ARv567es form dimers with

full-length AR, facilitating AR nuclear localization, and decreasing the ability of therapies to inhibit nuclear trafficking. ARv567es confers resistance to enzalutamide,
and AR-V7 confers resistance to abiraterone and enzalutamide.

2. AR overexpression [27–30]
AR overexpression increases AR responses to the low androgen level in the CRPC state, and can be caused by AR gain or amplification. Common in CRPC: 80% of patients

have an elevated gene copy number and approx. 30% have high-level amplification. May play more of a role in resistance to enzalutamide versus abiraterone.
3. Increased AR transcriptional activity [31–34,36,37]
Phosphorylation, ubiquitylation, and methylation of the AR can enhance AR transcriptional activity. May mediate resistance to both enzalutamide and abiraterone.
4. Stabilization of the AR [38–41]
AR antagonists work, in part, by preventing stabilization of the AR-DNA complex. Some proteins mediating stabilization of the AR may be overexpressed at low

androgen levels. HER2 and HER3 have been implicated in the stabilization of the AR and increasing AR-DNA binding, and low androgen levels increase HER2
expression. May mediate resistance to enzalutamide and abiraterone.

5. ERG gene rearrangements [43,47]
Up to 70% of mCRPCs overexpress ERG, and TMPRSS2-ERG is a marker of advanced disease. ERG gene rearrangements may confer resistance via upregulation of AKR1C3

which mediates increased androgen synthesis. Implicated in resistance to abiraterone.
6. AR mutations [48,50–52,54,56]
Mutations in exon 8 alter the steroid binding pockets of the AR, allowing AR antagonists to take on an agonist confirmation. F876L mutation confers resistance to

enzalutamide and ARN-509 by converting these agents into partial agonists. T877A mutation has been associated with resistance to abiraterone.
7. Increased steroidogenesis [13,55,58,59]
After ADT, increased intratumoral synthesis of testosterone and DHT from weak androgens produced by the adrenal glands, and possible de novo synthesis from

cholesterol, can cause AR reactivation. mCRPC shifts from being endocrine-driven to paracrine-driven. Abiraterone treatment selects for cells that have increased
intratumoral expression of CYP17A1, and are therefore able to synthesize androgens de novo.

8. Alternate signal transduction pathways [25,63,64,68]
Resistance to AR-targeted agents in prostate cancer cells may be mediated by activation of alternative signaling pathways that trigger cell survival and proliferation,

such as NF-kB, PI3K-AKT, and glucocorticoid receptor.
9. Loss of AR: small cell and neuroendocrine carcinoma of the prostate [70–72]
NEPC may be linked with resistance to AR inhibition. Neuroendocrine cells normally regulate growth, differentiation and secretion in the prostate and these cells lack

expression of the AR. A subset of patients with loss of AR expression may be resistant to AR-targeted therapy.

ADT, androgen deprivation therapy; AR, androgen receptor; CRPC, castration-resistant prostate cancer; DHT, dihydrotestosterone; ERG, ETS-related gene; mCRPC, metastatic
castration-resistant prostate cancer; NEPC, neuroendocrine carcinoma of the prostate.

Fig. 1B. AR-targeted therapies in mCRPC: Resistance mechanisms. Abbreviations: AR, androgen receptor; ARE, androgen response element; ARV7, androgen receptor variant
7; DHEA, dehydroepiandrosterone; NEPC, neuroendocrine prostate cancer.
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Study 

Probability of early radiographic progression (within the first 
3 months)⁎ 

 
Experimental arm Control arm 

Chemotherapy-naïve 

Abiraterone plus 

prednisone[6] 

Less than 10% of 

patients 

(Placebo plus prednisone): 

about 20% of patients 

Enzalutamide [7] 
Less than 10% of 

patients 

(Placebo): about 30% of 

patients 

Orteronel plus 

prednisone [28] 

Less than 10% of 

patients 

(Placebo plus prednisone): 

slightly more than 10% of 

patients 

Pretreated with chemotherapy 

Abiraterone plus 

prednisone [4] 

Slightly less than 

40% of patients 

(Placebo plus prednisone): 

slightly less than 50% of 

patients 

Enzalutamide [5] 
Slightly more than 

20% of patients 

(Placebo): about 50% of 

patients 

Orteronel plus 

prednisone [27] 

About 15% of 

patients 

(Placebo plus prednisone): 

about 20% of patients 

⁎ 

Probability of radiographic progression within the first 3 months is estimated from Kaplan–Meier curves 

of radiographic progression-free survival. 

Table options 

Table 2.  

Proposed mechanisms of resistance to abiraterone and enzalutamide. 

Abiraterone Enzalutamide 

AR amplification/overexpression AR amplification/overexpression 

AR mutations AR mutations 

AR activation by exogenous corticosteroids and 

steroid precursors upstream CYP17A1 
AR splice variants 

AR splice variants 
Glucocorticoid receptor 

overexpression 

Androgen biosynthesis pathway upregulation Intracrine synthesis of androgens 

Glucocorticoid receptor overexpression Crosstalk with growth factor 

Intracrine synthesis of androgen Neuroendocrine transformation 

Neuroendocrine transformation Autophagy induction 

Autophagy induction Immune evasion 

Immune evasion 
 

Table options 

Androgen biosynthesis pathway up-regulation and intratumor de novo steroid synthesis 

Studies with CRPC xenografts have shown that several genes involved in the androgen synthesis pathway 

are upregulated during treatment with abiraterone such as a 2-fold overexpression of CYP17A1 gene [29]. 



Figure 3. 
Prostate cancer progression under androgen deprivation and AR inhibition. Systemic 
androgen depletion by hormonal therapy leads to progressive activation of numerous 
survival mechanisms including androgen biosynthesis in the tumor microenvironment while 
more effective AR inhibition through abiraterone, enzalutamide and ARN509 promotes the 
emergence of AR mutations, amplifications and variants maintaining disease progression. 
Finally, sustained AR inhibitions leads to alternative oncogenic signaling de-repression such 
as AKT, EZH2, STAT3 and c-Met and induction of Glucocorticoid receptor (GR) providing 
survival advantage to cancer cells under maximum AR inhibiton.
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Abstract
Context—To evaluate molecular mechanisms that play a role in the development of resistance to 
androgen deprivation therapy in castration-resistant prostate cancer.
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kinase phosphatase 1 (MKP1)/dual specificity phosphatase 1 (DUSP1). In men
whose prostate cancers express high GR levels as a consequence of iatrogenic
stimulation, GR activation in tumor PC cells prevails (Fig. 2) (Watson et al. 2015).
GR bypass may be an alternative strategy adopted by the tumor as a consequence of
the increased selection pressure conferred by second-generation antiandrogens.

In a pre-clinical and clinical study (Arora et al. 2013), many common gene that
are targets of AR and GR were upregulated in LNCaP xenografts expressing wild-
type AR that became resistant enzalutamide and ARN-509. In addition, knockdown
of GR in cells derived from resistant tumors restored the sensitivity to enzalutamide
when administrated in VCaP cells. Moreover, analysis of bone marrow biopsies
from patients treated with enzalutamide confirmed the role for GR induction in the
clinical resistance to enzalutamide (Arora et al. 2013). In a biological study
performed on tissue samples of the previously mentioned neoadjuvant study of
AA + Leuprolide versus Leuprolide (Taplin et al. 2014), AA + prednisone admin-
istration was associated with greater upregulation of GR than Leuprolide alone.
These data notwithstanding, whether increased GR expression plays a role in
abiraterone resistance remains to be determined and needs to be studied, however
this study shows for the first time that acquired GR induction after ADT + AA may
occur early.

In addition to GR, the progesterone receptor (PGR) also belong to the steroid
hormone nuclear receptor family structurally related to AR, sharing substantial
homology within the DNA binding domain. As with GR, PGR could transcription-
ally regulate a subset of AR target genes in PCa, and thereby bypass AR. PGR
expression has been demonstrated in prostate tumor cells in some studies.

Fig. 2 Prostatic adenocarcinoma could escape from androgen deprivation and anti-androgenic
therapies, through different mechanisms: (a) androgen biosynthesis, (b) AR amplification, AR
point mutations (AR mut), AR truncated variants (es. ARV7), (c) expression of glucocorticoid
receptor (GR) and other alternative oncogenic pathways (GATA-2, WNT/Bcatenin, EGFR, PI3K/
Akt)

A. Berruti and A. Dalla Volta



ligand-binding domain (LBD) binds androgens [7]. The

primary ligands for the AR are androgenic steroid hor-
mones, including testosterone and dihydrotestosterone

(DHT). Upon binding to these ligands in the cytoplasm, the

AR disassociates from chaperone proteins, translocates into
the nucleus and subsequently undergoes homodimerization

prior to binding to AREs in regulatory regions of androgen-

dependent target genes, including KLK3 which encodes for
prostate-specific antigen (PSA) [8, 9]. Other targets of the

AR include genes involved in prostate cell growth,

angiogenesis and apoptosis—providing a mechanistic basis
for the antitumor effects of ADT [10].

Serum androgens are in large part produced by the

testes; however, extragonadal sources of androgens (i.e.,
adrenal, intraprostatic and intratumoral) are clinically

important sources of androgen which are likely sufficient to
fuel continued CRPC growth even when production by the

testes is suppressed [11–13]. Other mechanisms likely

involved in maintaining AR-signaling in a castration-re-
sistant state include: AR overexpression, AR point muta-

tions within the ligand-binding domain, emergence of

constitutively active AR-splice variants and alternative
signaling pathways able to active the AR transcriptional

program [14–19].

This article provides an overview of several clinically
relevant mechanisms by which AR-signaling remains

engaged in men with CRPC and reviews the currently

available agents targeting the ligand-binding domain of the
full-length AR (AR-FL). We also discuss mechanisms of

resistance to these agents and the ongoing work to develop

drugs that are effective in spite of these resistance
pathways.

Treatment of CRPC

First-generation antiandrogens and taxanes

In 2004 the landmark TAK-327 and SWOG-9916 trials

reported that docetaxel led to an overall survival advantage
compared to mitoxantrone [20, 21]. Prior to that there were

no agents shown to confer a survival benefit for men with

CRPC. Historically, the first-generation antiandrogens
(e.g., bicalutamide, flutamide and nilutamide) had been

used as frontline treatment for CRPC. These agents work
by competitively inhibiting androgens from binding the

LBD of the AR; however, the benefit of these agents is

short lived, with progression typically occurring within
6 months [22]. Even as frontline therapy for hormone-

sensitive prostate cancer, the first-generation antiandrogens

by themselves are inferior to castration alone and provide
only minimal benefit when combined with androgen

Fig. 1 The androgen receptor
gene and protein with key splice
variants. The androgen receptor
(AR) gene is located on the X
chromosome and is comprised
of eight exons that code for its
four distinct domains:
N-terminal domain (NTD),
DNA-binding domain (DBD),
hinge region and ligand-binding
domain (LBD). RNA can be
spliced in a variety of ways and
can include exons 1–8 (i.e., full-
length androgen receptor, AR-
FL) as well as cryptic exons
(i.e., CE1-4) and exon 9. The
inclusion of cryptic exons/exon
9 can result in unique
(U) sequences not found in AR-
FL. The structure of the four
AR-splice variants (AR-Vs)
known to possess constitutive
activity (i.e., AR-V7, AR-
v567es, AR-V3 and AR-V4) is
provided along with the exons
encoding the variant receptors

44 Page 2 of 17 Med Oncol (2016) 33:44
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mechanisms enabling AR variants to enter the nucleus 
are less clear. Depending on the presence/absence of the 
hinge region, some constitutively active AR variants (i.e 
AR-V567es) express a NLS, whereas others (i.e. AR-V3, 
AR-V7, AR-V9) do not (59, 62, 63, 64, 68). Studies have 
suggested that a NLS-like signal located in the unique 
COOH-terminal extension allows the NLS-negative AR 
variants to enter the nucleus (63, 68). However, Chan 
and coworkers reported that a truncated AR molecule 
consisting only of the AR NTD/DBD core exhibits a 
basal level of nuclear localization sufficient for ligand/
androgen-independent transcriptional activity regardless 
of whether they harbour the exon 4-encoded NLS or NLS-
like COOH-terminal extensions (70).

Two of the most well characterized AR-Vs, AR-V7 
and AR-V567es, have demonstrated constitutive activity 
in different cell systems. The AR-V7 was originally 
discovered and functionally tested in the androgen-
independent 22Rv1 and CWR-R1 cell lines (59, 62, 63). 
Specific depletion of endogenous AR-Vs in 22Rv1 cells 
and overexpression of AR-V7 in LNCaP cells resulted 
in decreased and increased growth, respectively, under 
androgen-depleted in vitro and in vivo conditions (59, 62, 
71). AR-V567es was first identified in the LuCaP 86.2 and 
136 PC xenografts, and found to increase proliferation 
of LNCaP cells in the absence of androgen as well as to 
enhance proliferation in response to very low levels of 
androgen (64). In preclinical in vivo models, expression 
of AR-V567es and AR-V7 has been shown to increase 
after castration and to confer both primary and acquired 
resistance to abiraterone and enzalutamide (64, 72, 73, 
74, 75, 76, 77, 78). A recent paper furthermore displays 
constitutive activity of AR-V9 when transfected into the 
AR-positive LNCaP and the AR-negative DU145 cell lines 
(69), while AR-V9 was previously reported as conditionally 

active due to transfected activity into LNCaP but not PC-3 
cells (68). Conditionally active AR-Vs may depend on the 
expression of certain co-regulators, as discussed below in 
relation to the AR-V transcriptome.

The transcriptome of constitutively active AR variants

The wild-type AR is well known to mediate its 
transcriptional effects after forming homodimers in 
response to ligand binding. Whether or not AR-Vs also 
form homodimers or possibly heterodimers with the ARwt 
needs to be further clarified. Heterodimers of ARwt and 
AR-V7 have not been detected in the 22Rv1 or the CWR-
R1 cell line (58, 62, 79), while AR-V567es has been shown 
to co-immunoprecipitate with ARwt in lysates from a 
patient-derived xenograft, indicating that AR-V/ARwt 
complexes are able to form (64). A recent study by Xu 
and coworkers characterized protein–protein interactions 
between AR-V7, AR-V567es and the ARwt in the PC3 cell 
line (80). They concluded that, in PC3 cells, both AR-V7 
and AR-V567es could form heterodimers with ARwt and 
were also able to form homodimers in the absence of 
androgens. The hetero-dimerization of AR-Vs and ARwt 
was mediated by NTD and CTD interactions (NTD of 
AR-Vs and CTD of ARwt) and by DBD-to-DBD interactions, 
whereas AR-V homodimerization was mediated by DBD-
to-DBD interactions only. PC3 cells with mutant AR-Vs 
that prevented DBD–DBD homodimerization abolished 
the ability of AR-Vs to induce transcription and to 
induce castration-resistant cell growth, suggesting that 
dimerization was required for AR-V function. In an earlier 
study where ARwt, AR-V7 and AR-V567es were ectopically 
expressed in COS-7 cells, AR-Vs could activate ARwt in the 
absence of androgen and facilitated nuclear translocation 
and transcriptional activity (75). The same study showed 

Table 2 Gain-of-function AR variants recurrently identified in CRPC.

Variant Transcriptional activity Clinical relevance References

AR-V7 (AR3) Constitutive  • Resistance to ADT, enzalutamide and abiraterone
 • Short time to disease relapse after radical prostatectomy and 

more rapid progression to CRPC
 • Poor PSA response, short progression-free survival, short 

overall survival and short cancer-specific survival of CRPC 
patients

(48 , 62, 63, 65, 66, 69 , 
103, 104, 105, 107)

AR-V567es 
(AR-V12)

Constitutive  • Resistance to ADT
 • Enriched in CRPC and metastases

(64, 65, 68 , 106)

AR-V3 Constitutive  • Resistance to ADT and abiraterone
 • Short progression-free survival of CRPC patients

(57, 59 , 63, 69 )

AR-V1 Dependent on cell 
context

 • Enriched in CRPC and metastases (63, 65, 68 , 71)

AR-V9  Dependent on cell 
context

 • Resistance to ADT and abiraterone
 • Short progression-free survival of CRPC patients

(68 , 69 ) 
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drugs may primarily depend on increased expression of 
the glucocorticoid receptor and AR bypass (45, 46) or the 
induction of constitutively active AR variants, as discussed 
below. The T878A, H875Y and the L702H mutations 
have been observed in CRPC patients progressing during 
abiraterone treatment and associated with either the 
increased progesterone levels obtained after CYP17 
inhibition (25, 47, 48, 49) or with the co-administration 
of exogenous glucocorticoids given to compensate for 
significantly reduced cortisol levels (26, 50, 51, 52). The 
activating AR point mutations T877A, L702H and H875Y 
have been detected in cfDNA from patients with CRPC 
and shown to be associated with resistance to abiraterone 
and enzalutamide (25, 26, 42, 49).

Structural AR gene alterations in CRPC

In addition to AR amplification and point mutations 
in tumour epithelial cells, diverse structural AR 
alterations including deletion, duplication, inversion 
and translocation events have been reported; first for 
experimental model systems of CRPC and then for a 
substantial fraction of clinical CRPC samples (53, 54, 
55, 56, 57). By targeted paired-end DNA sequencing of 
the coding and non-coding AR region in 30 soft tissue 
metastases collected at rapid autopsy of 15 CRPC patients, 
structural AR alterations were demonstrated in 10/30 cases 
(6/15 patients), while no alterations were observed in the 
21 hormone-naïve primary prostate tumours analysed 
(56). In another study, cell-free DNA was analysed from 
30 CRPC patients and 50% were found to have structural 
AR alterations (57). Together, these studies show that 
the AR gene structure is frequently altered in CRPC and, 
moreover, that sub-clonal heterogeneities may exist 
within and in-between patients. Possible associations 
between structural AR alterations and the generation of 
constitutively active, truncated AR variants as well as their 
prognostic and therapy-predictive value will be discussed 
in more detail below.

Constitutively active AR variants in CRPC

The first truncated AR variants (AR-Vs) with subsequently 
proved gain of function were identified in 22Rv1 cells due 
to the presence of 75–80 kDa AR immunoreactive species 
that were initially thought to be proteolytic fragments 
of wild-type AR (ARwt) (58). However, later work 
demonstrated that RNA interference (RNAi) targeting 
the LBD of the AR reduced expression of the full-length 
AR, but not of the shorter isoforms (59). This suggested 
that the truncated AR-Vs were not products of ARwt, 
but instead derived from unique RNAs. To date, over 20 
truncated AR-Vs have been identified in human PC cell 
lines, xenografts and clinical specimens and some have 
proven to be constitutively active, i.e. they are able to 
translocate into the nucleus and initiate transcription 
without the need for ligand binding (20, 60, 61).

In clinical samples, truncated AR-Vs has been detected 
in the normal prostate, in primary prostate tumours and 
in non-treated PC metastases, but highly increased levels 
have been seen only in CRPC (20, 62, 63, 64, 65, 66, 67) 
and mainly in association with AR amplification (21, 57).

Nuclear translocation and constitutive activity of 
AR variants

Gain-of-function AR-Vs lack portions of the LBD and 
instead have divergent COOH-terminal extensions 
encoded by unique transcripts. Some AR variants are 
recurrently found in CRPC and have been described as 
constitutively active, such as the AR-V7 (also termed AR3) 
(62, 63), AR-V567es (also termed AR-V12) (63, 64) and 
AR-V3 (59, 63), whereas others (i.e. AR-V1 and AR-V9) 
seem to be conditionally active, depending on cellular 
context (68, 69) (Table  2). The majority of the AR-Vs 
identified today harbour the same NTD and DBD as the 
ARwt. Between the DBD and the LBD is the hinge region, 
which harbours the canonical NLS required for the 
nuclear localization of the ARwt following ligand binding. 
In contrast to the canonical AR signalling pathway, the 

Table 1 Activating androgen receptor mutations recurrently identified in CRPC.

Mutation Aberrant effect References

T878A Activated by progesterone, estrogen, flutamide, bicalutamide, enzalutamide and 
apalutamide

(25, 32, 33, 34, 35, 38, 47)

W742C Activated by bicalutamide, flutamide (36, 37, 38, 39 )
H875Y Activated by estrogen, progesterone, glucocorticoids, adrenal androgens, 

bicalutamide, flutamide, enzalutamide and apalutamide
(25, 35, 36, 37, 38, 40, 41)

F877L Activated by flutamide, apalutamide and enzalutamide (25, 38, 42, 43, 44)
L702H Activated by glucocorticoids (26, 38, 50, 51, 52)



Figure 2. 
Mechanisms of castration-resistant progression, reflecting various molecular disease states. 
AR, androgen receptor; LBD, ligand-binding domain; mCRPC, metastatic castration-
resistant prostate cancer.
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Abstract
Context—To evaluate molecular mechanisms that play a role in the development of resistance to 
androgen deprivation therapy in castration-resistant prostate cancer.

Objective—The understanding of mechanisms and biological pathways associated with the 
progression of prostate cancer under systemic androgen depletion or administration of novel anti-
androgens abiraterone, enzalutamide and ARN-509. This review also examines the introduction of 
novel combinational approaches for patients with castrate resistant prostate cancer.

Evidence Acquisition—Pubmed was the data source and “castrate resistant prostate cancer”, 
“abiraterone, enzalutamide resistance mechanisms”, “resistance to androgen deprivation”, “AR 
mutations”, “amplifications”, “splice variants” and “AR alterations” were the keywords for the 
search. Papers published before 1990 were excluded from the review and only English papers 
were included.

Evidence Synthesis—This review summarizes the current literature regarding the mechanisms 
implicated in the development of castrate resistant prostate cancer and the acquisition of resistance 
to novel anti-androgen axis agents. It focuses on androgen biosynthesis in the tumor 
microenvironment, AR alterations and post-transcriptional modifications, the role of 
glucocorticoid receptor, pathways of cellular stress and alternative oncogenic signaling which are 
de-repressed upon maximum AR inhibition promoting cancer survival and progression.
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Figure 1. 
Paracrine and autocrine androgen biosynthesis as a mechanism of resistance to systemic 
androgen depletion. Upon systemic androgen deprivation the tumor microenvironment and 
prostate cancer cells produce androgens through androgen biosynthesis. In particular 
numerous steroidogenic enzymes (these enzymes are presented in red) implicated in the 
androgen biosynthesis are induced during the development of castrate resistant prostate 
cancer (CRPC). The novel agent Abiraterone Acetate (AA) targets the enzyme CYP17A1 
and has been found to prolong the survival of patients with chemotherapy naïve and resistant 
prostate cancer.
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visceral metastases. This review focuses on known mechanisms of
resistance specific to androgen receptor (AR) signaling and taxane-
based chemotherapy.

Androgen receptor-targeted agents in the treatment of prostate
cancer

Since its discovery in the early 1940s, ADT for PC has evolved
from surgical castration or chemical castration with estrogens, to
luteinizing hormone-releasing hormone agonists/antagonists and
the classic antiandrogens flutamide, bicalutamide, and nilutamide.
Initial response to these agents is nearly universal, but most
tumors will stop responding to ADT, leading to development of a
castration-resistant state. Of note, most mechanisms of resistance
(and therefore most tumors) involve continued activation of the
AR pathway, and most tumors continue to respond to additional
AR-pathway targeted therapy. Development and approval of two
potent AR pathway inhibitors clinically validated this concept. Abi-
raterone targets androgen synthesis via inhibition of 17 a-hydroxy
lase/C17,20-lyase (CYP17) [2]. CYP17 catalyzes two sequential
reactions leading to production of androgens such as dehy-
droepiandrosterone and androstenedione which are precursors of
testosterone. Abiraterone inhibition of CYP17 therefore reduces
the level of circulating and intratumoral androgens that bind and
activate AR (Fig. 1A) [2]. Likely due to its steroidal structure, abi-
raterone also inhibits other AR pathway targets including AR itself,
and 3b-hydroxysteroid dehydrogenase, another enzyme required
for androgen synthesis [2]. Enzalutamide is a potent AR signaling
inhibitor that binds directly to AR via the ligand-binding domain,
and inhibits AR nuclear translocation, and AR-DNA binding and
transcription of AR-regulated genes (Fig. 1A) [3,4]. In Phase III tri-
als, abiraterone and enzalutamide improved clinical benefit and
survival in patients with mCRPC with/without prior chemotherapy
exposure [5–8]. Improving our understanding of the MOA of, and
resistance to, AR-targeted therapies, is crucially important for their
tailored use in PC.

Androgen receptor-targeted agents: mechanisms of resistance

Despite improved response rates and overall survival (OS) with
abiraterone and enzalutamide, patients either present with pri-
mary resistance or, more often, acquire resistance to these agents
[9,10]. Mechanisms involved in resistance to AR-targeted agents
are insufficiently understood with many possible causes identified.
To add to the complexity, resistant patients may harbor several dif-
ferent mechanisms of resistance (i.e. heterogeneity). Low androgen
levels induced by ADT may lead to activation of several mecha-
nisms, including: intratumoral androgen production; amplifica-
tion, mutation, or expression of splice variants of the AR;
increased steroidogenesis; upregulation of signals downstream of
the AR; and development of androgen-independent tumor cells.
Ongoing studies are evaluating different mechanisms of resistance
to AR-targeted therapies (Table 1; Fig. 1B).

Androgen receptor splice variants
Increased expression of constitutively active AR splice variants

(AR-Vs) represents a key molecular mechanism for disease pro-
gression during ADT, and appears to be an important clinical mech-
anism of resistance to AR-targeted agents in patients with mCRPC
[11]. Many alternatively spliced AR-Vs lack the C-terminal ligand-
binding domain but retain the transactivating N-terminal domain,
leading to constitutively active AR in the absence of ligands
[12,13]. AR-Vs are either truncated versions of full-length AR
(AR-V1 to AR-V11) or have missing/skipped exons (AR-V12 to
AR-V14 and AR-V567es) [11]. Of the different AR isoforms identi-
fied in PC, AR-V7 and ARv567es are the most common [11,14,15].
Both are upregulated in mCRPC compared with hormone-naïve
metastatic disease [15–17], though only V7 has been consistently
described in human samples. AR-V567es has been identified in
xenografts derived from mCRPC after prolonged exposure to ADT
[15], is upregulated in xenograft tumors that have acquired enza-
lutamide resistance [18], expressed in human metastases [19],
and is implicated in the induction of de novo tumorigenesis [20].

Fig. 1A. AR-targeted therapies in mCRPC: Mechanisms of action.
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Trayectoria de	la	resistencia al	tratamiento endocrino en
Cáncer de	Próstata

• No	todos los pacientes responden al	tratamiento,	mientras que	otros pierden
respuesta a	lo	largo	del	tiempo:

• Resistencia	Primaria (pacientes que	son	inicialmente refractarios al	
tratamiento)

• Resistencia	Adquirida (pacientes que	desarrollan resistencia varios meses
después del	inicio del	tratamiento)	

Mukherji D, et al. Cancer Metastasis Rev. 2014;33(2-3):555-566.
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The)“Real”)Issues
• Primary)resistance)to)ART
– How&to&identify?
–Why&to&identify?
–What&to&do&in&such&cases?

•Monitoring)treatment
– How&frequently?
–Which&modality?

• Switching)treatment
–When&to&switch?
–What&will&the&next&treatment&be?
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• PSA)is)a)pharmacodynamic)
measure)of)AR)signaling1
! PSA&falls&when&AR&signaling
is&blocked

• No)PSA)decline)≥30%)at)1)
month)with)ART)associated)
with)poor)OS1N2 ! Imaging

1.&Rescigno&P&et&al.&Eur&Urol.&2016:724S731;&2.&Fuerea&A&et&al.&Eur&J&Cancer.&2016;61:44S51.&
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When)to)Switch)Treatment?

• Generally&accepted&view&is&that&2&out&of&the&following&3&factors&
should&be&met1:
– PSA&progression
– Radiological&progression
– Symptomatic&progression

• However,&unequivocal&radiological&progression&which&is&
clinically&meaningful&on&its&own&warrants&change&in&therapy
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A randomized phase II cross-over study of abiraterone + prednisone vs enzalutamide for patients with metastatic, castration-resistant prostate cancer

Presented By Kim Chi at 2017 ASCO Annual Meeting



Study Schema
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Methods: Circulating Tumor DNA
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Genomic Correlates with TTP
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En pacientes con cáncer de próstata
asintomático, cuya mejor respuesta a AA/ENZ
haya sido la progresión, el 70% de los panelistas
elegirían Taxanos como tto de segunda línea

Resistencia	primaria	a	HT

En pacientes con cáncer de próstata sintomatico,
cuya mejor respuesta a AA/ENZ haya sido la
progresión, el 96% de los panelistas elegirían
Taxanos como tto de segunda línea



En pacientes con cáncer de próstata
asintomático, que respondieron a AA/ENZ y
luego progresaron, el 57% de los panelistas
elegirían Taxanos como tto de segunda línea

Resistencia	adquirida	a	HT

En pacientes con cáncer de próstata
sintomático, que respondieron a AA/ENZy
luego progresaron, el 90% de los panelistas
elegirían Taxanos como tto de segunda línea
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Table 1
Selected biomarker trials evaluating the clinical utility of AR-V7 in CRPC patients

Therapeutic agents Trial phase Description Key outcomes Biomarker platform NCT number

Cabazitaxel vs abiraterone/enzalutamide 
[PRIMCAB]

Phase 2 Randomized open-label trial of cabazitaxel vs 
abiraterone or enzalutamide in mCRPC patients 
refractory to enzalutamide or abiraterone, with 
prospective validation of AR-V7 biomarker

rPFS From CTCs; mRNA-based, AdnaTest 
(Qiagen)

NCT02379390

Cabazitaxel vs abiraterone/enzalutamide 
[OZM-054]

Phase 2 Randomized open-label trial of cabazitaxel vs 
abiraterone or enzalutamide in mCRPC patients 
with poor-prognosis features who have not 
previously received abiraterone or enzalutamide

PSA response rate 
and/or radiographic 
response

From whole-blood RNA; mRNA-
based, PAXgene (PreAnalytiX, 
Hombrechtikon, Switzerland)

NCT02254785

Abiraterone, enzalutamide, taxanes [PCF 
00056936]

Phase 2 Prospective observational study in mCRPC 
patients starting standard-of-care abiraterone or 
enzalutamide, with potential switch to taxane 
chemotherapy upon progression, evaluating 
mechanisms of resistance related to AR-V7 and 
other biomarkers. Three AR-V7 assays will be 
compared.

PFS, OS (1) From CTCs; mRNA-based, 
AdnaTest (Qiagen) (2) From CTCs; 
mRNA-based, RosetteSep (StemCell 
Technologies, Vancouver, BC, 
Canada) (3) From CTCs; protein-
based, Epic Sciences

NCT02269982

Abiraterone, enzalutamide [GUTG-001] Phase 2 Randomized open-label sequencing study of 
abiraterone→ enzalutamide vs enzalutamide→ 
abiraterone in mCRPC

PSA response rate From whole-blood RNA; mRNA-
based, PAXgene (PreAnalytiX)

NCT02125357

Abiraterone, enzalutamide [BARRIER-P] Phase 2 Open-label trial of standard-of-care enzalutamide 
or abiraterone for mCRPC, evaluating biomarkers 
of response and resistance including AR-V7

PSA response rate, 
PSA progression

From whole-blood RNA; mRNA-
based, PAXgene (PreAnalytiX)

NCT02429193

Abbreviations: AR-V7, androgen receptor splice variant 7; CTC, circulating tumor cell; mCRPC, metastatic castration-resistant prostate cancer; OS, overall survival; rPFS, radiographic progression-free 
survival.
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Table 2
Selected therapeutic trials using agents with potential activity against AR-V7-expressing CRPC

Investigational agents Trial phase Description Key outcomes Biomarker platform NCT number

Galeterone vs enzalutamide [ARM0R3-SV] Phase 3 Randomized open-label trial of 
enzalutamide vs galeterone in treatment-
naive AR-V7-positive mCRPC patients

rPFS, OS From CTCs; mRNA-based, 
AdnaTest (Qiagen)

NCT02438007

EPI-506 (AR-NTD inhibitor) [EPI-506-CS-000I] Phase 1/2 Single-arm trial in men with mCRPC after 
progression on enzalutamide or abiraterone 
(one prior taxane also permitted)

Safety, PSA response rate From CTCs; protein-based, Epic 
Sciences

NCT02606123

Niclosamide+enzalutamide [NCI-2015-01246] Phase 1 Open-label trial of niclosamide plus 
enzalutamide in AR-V7-positive 
abiraterone-refractory mCRPC

Safety, PSA response rate From CTCs; mRNA-based, 
AdnaTest (Qiagen)

NCT02532114

High-dose testosterone [RESTORE] Phase 2 Single-arm trial of high-dose testosterone 
for abiraterone- or enzalutamide-refractory 
mCRPC

PSA response rate, safety From CTCs; mRNA-based, 
AdnaTest (Qiagen)

NCT02090114

High-dose testosterone vs enzalutamide 
[TRANSFORMER]

Phase 3 Randomized study of high-dose 
testosterone vs enzalutamide for 
abiraterone-refractory mCRPC

rPFS From CTCs; mRNA-based, 
AdnaTest (Qiagen)

NCT02286921

Cabazitaxel [CARVE] Phase 2 Single-arm open-label trial of cabazitaxel in 
mCRPC patients with AR-V7-positive 
CTCs who have previously received 
docetaxel

PSA response rate From CTCs; mRNA-based, 
CellSearch (Janssen, Horsham, 
PA, USA)

NCT02621190

GSK525762 (BET inhibitor) [GSK-115521] Phase 1 Open-label trial of GSK525762 in solid 
tumors, including CRPC

Safety, response rate No AR-V7 testing NCT01587703

GS-5829 (BET inhibitor) [GS-US-350-1604] Phase 1/2 Open-label trial of GS-5829 specifically for 
mCRPC, used alone (phase 1) and in 
combination with enzalutamide (phase 2)

Safety (phase 1); PFS at 24 
weeks (phase 2)

From CTCs; protein-based, Epic 
Sciences

NCT02607228

Ipilimumab+nivolumab [STARVE-PC] Phase 2 Single-arm trial of ipilimumab plus 
nivolumab in AR-V7-positive mCRPC

PSA response rate, safety From CTCs; mRNA-based, 
AdnaTest (Qiagen)

NCT02601014

Abbreviations: AR-NTD, androgen receptor N-terminal domain; BET, bromodomain extra-terminal motif; CTC, circulating tumor cell; mCRPC, metastatic castration-resistant prostate cancer; OS, overall 
survival; rPFS, radiographic progression-free survival.
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with docetaxel given directly following ADT was recently 
shown to improve survival (153) and is now in clinical 
praxis. Now, interim results from the LATITUDE and 
STAMPEDE studies combining ADT with abiraterone for 
upfront treatment of metastasized PC show promising 
results with improved progression-free survival compared 
to standard ADT treatment (154, 155). Early abiraterone 
treatment of M1 patients may have the benefit of lowering 
residual steroid levels in metastases by inhibiting not 
only testicular and adrenal gland, but also intra-tumoural 
steroidogenesis and, consequently, lead to a more 
pronounced castration effect in tumour cells and also in 
AR-positive cells in the tumour microenvironment (Fig. 1).

Possible benefits of combining ADT with other therapies 
in early treatment of M1 patients are highly underexplored. 
Recent studies have proven the existence of prostate 
tumours of diverse molecular subtypes, based on somatic 
genetic aberrations or differential gene expression pattern 
(22, 156). You and coworkers performed meta-analysis of 
RNA profiles in primary prostate tumours and identified 
three PC subtypes, PCS1–3, with different phenotypic 
characteristics and prognosis (156). Pathway analysis of 
subtype-enriched genes revealed diverse cellular processes 
in the different subtypes, indicating possibilities for 
treatment stratification. Importantly, metastases can also be 
differentiated with respect to PCS1–3 related RNA profiles. 
By analysing subtype-enriched genes in biopsies from 69 
bone metastases (patients), we found PCS2 to be the most 
frequent subtype (Thysell E, Ylitalo EB, Jernberg E, Bergh 
A & Wikström P, unpublished observations). The PCS2 
bone metastases (77%) were characterized by AR activity 
and metabolic processes associated with differentiated 
prostate epithelial cells (i.e. lipid and sterol biosynthesis, 
PSA expression), while PCS1 cases showed cellular 
dedifferentiation and high proliferation and PCS3 appeared 

to be non-AR driven and more immunogenic (5; Thysell E, 
Ylitalo EB, Jernberg E, Bergh A & Wikström P, unpublished 
observations). AR amplification and high AR-V expression 
were seen in both PCS1 and PCS2 bone metastases (21; 
Thysell E, Ylitalo EB, Jernberg E, Bergh A & Wikström P, 
unpublished observations). Further studies are needed to 
explore if improved therapeutic results for PCS1 and PCS2 
could be obtained by combining AR-directed therapies with 
treatment strategies selected based on tumour subtype. The 
PCS3 metastases will probably not respond to AR-directed 
therapies, but will need other therapeutic strategies.
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Table 3 Novel compounds in clinical trials for treatment of CRPC with suggested mechanisms targeting the AR and/or its 

constitutively active variants.a

Compound Suggested mechanism Referencesa

ODM-201  • AR antagonist, inhibiting nuclear translocation of AR including T878A, W742L, 
F877L mutants

(137, 138)

EPI-506  • AR antagonist binding the AR NTD (139, 140, 141, 142)
Galeterone  • Inhibits CYP17

 • AR antagonist
 • Induces proteasomal degradation of AR and AR variants

(143, 144, 145, 146, 
147)

Niclosamide  • Inhibits AR-V7 transcriptional activity
 • Promotes AR-V7 proteasomal degradation

(148, 149, 150)

JQ1, OTX015  • Bromodomain and extra-terminal (BET) inhibitors disrupting interactions 
between AR NTD, co-factors and chromatin, inhibiting transcriptional activity 

(152)

Onalespib  • HSP90 inhibitor blocking AR-V7 mRNA splicing (101)
EZN-4176, AZD-5312  • Antisense oligonucleotides (ASOs) targeting expression of AR and AR variants (78)

aFor clinical trials see www.clinicaltrials.gov.



ARv567es and AR-V7, because their levels of expression are
correlated to poor survival and CRPC.49 ARv567es is solely
expressed in 20% of metastases.48 Enzalutamide resistance is
associated with expression of AR-Vs,50,96 with enzalutamide
shown to increase levels of AR-V7 in prostate cancer cells
and xenografts.94 The molecular adaptations to counter
CYP17 inhibition by abiraterone might also involve increased
levels of expression of FL-AR and AR-Vs.65 Clinical evi-
dence supporting AR-Vs as a resistance mechanism can be
drawn from the detection of AR-V7 in CTCs of patients trea-
ted with abiraterone or enzalutamide that correlated to lower
PSA response, shorter progression-free and overall survival
compared with patients without CTCs that were positive for
AR-V7.97 Importantly, detection of AR-V7 in CTCs from
mCRPC patients is not associated with primary resistance to
taxane chemotherapy, and such patients might retain sensitiv-
ity to taxanes.98 Taken together, these findings show that
constitutively active AR-Vs might be a common mechanism
of resistance to enzalutamide and abiraterone.

Treatments in development that might
overcome current mechanisms of
resistance

Although abiraterone and enzalutamide have been approved
for CRPC patients, these treatments eventually fail by sec-
ondary resistance mechanisms. Clinical trials of sequential
therapies or combination therapies with distinct mechanisms
are currently underway in the hope to provide better efficacy,
outcome and prognosis for optimal treatment.3,51,99,100 Here,
some AR targeted agents with novel mechanisms or
improved qualities are described below and summarized in
Table 1.

Apalutamide (ARN-509)

Apalutamide is an anti-androgen with high structural similar-
ity to enzalutamide (Fig. 4), but better affinity for the AR

LBD. It is fully antagonistic to AR overexpression and does
not induce AR nuclear translocation or DNA binding. Fur-
thermore, ARN-509 has less blood–brain barrier penetration,
at least in preclinical studies, which might reduce seizures
that are associated with anti-androgens binding to the GABA-
A receptor in the brain.101,102 The phase 3 SPARTAN trial is
ongoing in patients with non-mCRPC (NCT01946204). How-
ever, the clinical niche for apalutamide is not clearly apparent
because of the overlap with enzalutamide in structure, mecha-
nism and pharmacology.

ODM-201 (BAY-1841788)

ODM-201 is an anti-androgen with superior potency to enza-
lutamide and apalutamide. To date, all anti-androgens have a
similar chemical scaffold, and each yields gain-of-function
mutations in AR LBD. Although ODM-201 antagonizes AR
mutants, such as F876L, W741L and T877A, known to medi-
ate resistance to other anti-androgens because of its chemical
similarity (Fig. 4) and mechanism of action with those anti-
androgens, ODM-201 is also predicted to promote gain-of-
function mutations in AR LBD.103 In preclinical models,
ODM-201 does not cross the blood–brain barrier, which
should reduce the potential for seizure. ODM-201 inhibits
overexpressed AR, and impairs its nuclear translocation.104 A
phase 3 clinical trial is currently underway in non-mCRPC
(NCT02200614). Currently, it is unclear if this agent will be
able to impact disease that is resistant to abiraterone and/or
enzalutamide.

Seviteronel (VT-464)

Seviteronel (Fig. 4) is a CYP17 inhibitor with 17,20-lyase
selectivity. The inhibition of 17,20-lyase activity is enough to
reduce androgen levels, and its preserving of 17a-hydroxy-
lase activity largely avoids interference with the production
of other steroidal hormones.105 Seviteronel has shown AR-
antagonist activity independent of CYP17 enzyme inhibition,

Table 1 Novel AR targeted drugs in clinical trials

Agents Mechanism Advantage Target Clinical study ID Phase

Apalutamide

(ARN-509)

AR antagonist (AR-LBD) High affinity, less blood–brain

barrier penetration

Non-mCRPC patients NCT01946204 3

ODM-201

(BAY-1841788)

AR antagonist (AR-LBD) High affinity, does not cross

blood–brain barrier

High-risk non-mCRPC patients NCT02200614 3

Seviteronel

(VT-464)

CYP17 inhibitor (17,20-lyase

selective inhibition)

Does not need

corticosteroid

CRPC patients progressing on

enzalutamide or abiraterone

NCT02445976 2

CRPC patients NCT02361086 1/2

CRPC patients NCT02012920 1/2

CRPC patients previously treated

with enzalutamide

NCT02130700 2

Galeterone CYP17A1 inhibitor (17,20-lyase selective

inhibition), AR antagonist, AR degrader

Does not need

corticosteroid

mCRPC patients positive for

AR-V7

NCT02438007 3

CRPC patients NCT01709734 2

Niclosamide Proteasome-dependent AR degrader

(inhibit AR-V7)

Enhances response to

enzalutamide

mCRPC patients who are

AR-Vs positive

NCT02532114 1

EPI-506 AR antagonist (AR-NTD, AF-1) Targets FL-AR and AR-Vs mCRPC patients who failed

enzalutamide or abiraterone

NCT02606123 1/2
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Abstract: The androgen receptor is a transcription factor and validated therapeutic
target for prostate cancer. Androgen deprivation therapy remains the gold standard
treatment, but it is not curative, and eventually the disease will return as lethal
castration-resistant prostate cancer. There have been improvements in the therapeutic
landscape with new agents approved, such as abiraterone acetate, enzalutamide,
sipuleucel-T, cabazitaxel and Ra-223, in the past 5 years. New insight into the
mechanisms of resistance to treatments in advanced disease is being and has been
elucidated. All current androgen receptor-targeting therapies inhibit the growth of
prostate cancer by blocking the ligand-binding domain, where androgen binds to
activate the receptor. Persuasive evidence supports the concept that constitutively
active androgen receptor splice variants lacking the ligand-binding domain are one of
the resistant mechanisms underlying advanced disease. Transcriptional activity of the
androgen receptor requires a functional AF-1 region in its N-terminal domain. Preclinical
evidence proved that this domain is a druggable target to forecast a potential paradigm
shift in the management of advanced prostate cancer. This review presents an overview
of androgen receptor-related mechanisms of resistance as well as novel therapeutic
agents to overcome resistance that is linked to the expression of androgen receptor
splice variants in castration-resistant prostate cancer.

Key words: androgen receptor, castration-resistant prostate cancer, EPI-506, novel
agents, prostate cancer, splice variants.

Introduction

Prostate cancer represents the second most frequently diagnosed cancer in men worldwide,
accounting for 15% of all male cancers.1 In 2015, there were 220 800 estimated new cases of
prostate cancer and 27 540 deaths by prostate cancer, making this disease the second leading
cause of cancer-related death for North American men.2 Despite that most new patients are
diagnosed in early stage, still approximately 4% of patients will have metastatic cancer, and
after local therapy approximately 20–30% of patients will relapse and require systemic thera-
pies.3 ADT causes a temporary reduction in prostate cancer tumor burden, but the malignancy
will begin to grow again despite the lack of testicular androgens to form CRPC. A rising
level of serum PSA after ADT indicates biochemical failure, the emergence of CRPC, and re-
initiation of the AR transcription program (Fig. 1). Most patients succumb to mCRPC within
2–3 years of biochemical failure. Hence, the AR pathway plays a critical role for survival and
growth of most CRPC, and constitutes an attractive therapeutic target because most advanced
tumors that are resistant to current therapies still express functional AR.4–7 Although there
have been improvements in the therapeutic landscape with new agents approved for CRPC,
such as abiraterone,8,9 enzalutamide,10,11 sipuleucel-T,12 cabazitaxel13 and Radium-223,14 new
resistance mechanisms have been elucidated through these treatments in advanced disease.
The present article reviews recent advances of AR-related resistance mechanisms as well as
the novel AR-targeted therapeutic agents to overcome resistance linked to the expression of
constitutively active truncated AR-Vs in CRPC.

AR as a therapeutic target for CRPC

AR is a transcription factor and validated drug target for all stages of prostate cancer. The
FL-AR protein consists of approximately 919 amino acids with regions of polymorphisms in
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prostate cancer before chemotherapy.11 As a result, the FDA
approved the application of enzalutamide as a first-line therapy
to treat CRPC patients before chemotherapy in 2014. The past
10 years represent a new era in molecular-targeted drug
research and development for CRPC.

Mechanisms of resistance to
abiraterone and enzalutamide

Unfortunately, most CRPC patients treated with the next-gen-
eration AR-targeting therapy, abiraterone or enzalutamide,
will eventually develop resistance and succumb to the dis-
ease. Here, recent conceivable mechanisms are described
below and are shown in Figure 5.

Increased androgen synthesis

Resistance to abiraterone in CRPC patients is linked to re-
activation of androgen synthesis in prostate cancer cells.
Mostaghel et al. detected an increase in enzymes modulating

steroid metabolism including CYP17A1 in abiraterone-treated
LuCaP human prostate cancer xenografts.65 Upregulation of
CYP17 expression itself in the steroidogenesis pathway is a
likely contributor to both CRPC progression and abiraterone
resistance. The clinical relevance is supported by analyses of
tumor biopsies from CRPC patients after CYP17 inhibitor
therapy, which showed markedly elevated intratumoral
CYP17 expression.66

Chang et al. reported that DHT can be synthesized from
androstanedione instead of testosterone.67 Abiraterone induces
a gain-of-function mutation (N367T) in 3bHSD1, which cat-
alyzes the initial rate-limiting step in conversion of the adre-
nal-derived steroid DHEA to DHT, renders the enzyme
resistant to ubiquitination and degradation, leading to pro-
found accumulation for DHT synthesis.67

AR point mutation

Point mutations to the AR in the LBD are implicated in enza-
lutamide resistance, and it is estimated that 10–30% of CRPC
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Fig. 5 Conceivable mechanisms of resistance to abiraterone and enzalutamide. There are several molecular mechanisms proposed to explain resistance to abi-

raterone and enzalutamide: increased intratumoral androgen biosynthesis as a result of upregulation of CYP17 enzymes or a gain-of-function mutation (N367T) in

3bHSD1; AR gain-of-function mutations that allow the AR to be activated by anti-androgens; alternative steroid receptors, such as GR or PR activation, to bypass

AR; reciprocal feedback regulation of PI3K/Akt/mTOR pathway; neuroendocrine transdifferentiation; and constitutively active AR-Vs with truncated LBD. Some novel

AR-targeted agents that are in clinical development with potential to overcome resistance are shown.
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New drugs and emerging strategies to target 
persistent AR signaling driving CRPC

Persistent AR signaling as a driver of CRPC has inspired 
the hunt for new AR-directed drugs; a subset of agents 
in clinical development are illustrated in Fig.  2, 
whereas Supplementary Table  4 comprises a more 
comprehensive list.

Novel androgen receptor antagonists

Given the recent success of enzalutamide, the search 
for and development of novel AR-LBD antagonists 
remains a key priority. One such antagonist is ARN-509, 
a new-generation anti-androgen with similar structure 
and mechanism of action to enzalutamide but with 
potentially increased potency, better pharmacological 
characteristics and improved patient tolerability (Clegg 
et  al. 2012). Although the development of ARN-509 is 
ongoing, it must be noted that an AR mutation, F877L, 
that can confer resistance to this agent has already been 
reported (Joseph et al. 2013, Korpal et al. 2013). Another 
promising AR antagonist in clinical development is 
ODM-201, which is reported to be more potent that 
enzalutamide in inhibiting AR nuclear translocation 
(Moilanen et  al. 2015). Moreover, ODM-201 potentially 
has the added benefit of activity against AR mutants 
commonly found in CRPC, namely, T878A, W742L and 
F877L mutant (Fizazi et al. 2014, Moilanen et al. 2015). 

Phase III clinical trials to evaluate the safety and efficacy of 
ODM-1 in non-metastatic CRPC patients (NCT02200614) 
and the efficacy of ODM-1 in combination with ADT and 
docetaxel in patients with metastatic hormone-naïve PCa 
(NCT02799602) are ongoing.

Targeting androgen receptor expression

Although AR antagonists remain a key focus of research 
and industry, the realization that ligand-independent 
forms of the AR, such as mutants and variants, arise in 
CRPC has elicited novel strategies aimed at suppressing 
all forms of the AR. In this respect, agents that degrade 
or inhibit the expression of AR represent a rational 
approach. One interesting candidate is galeterone, 
which in addition to promoting the degradation of AR 
and AR-Vs (Yu et  al. 2014a, Kwegyir-Afful et  al. 2015) 
also has activity as an LBD antagonist and an inhibitor 
of cytochrome P450 17alpha-hydroxylase/17,20-lyase 
(CYP17), an enzyme essential for the biosynthesis of 
androgens (Njar & Brodie 2015, Bastos & Antonarakis 
2016). Although this proposed ‘triple method of action’ 
is exciting, it must be noted that the degrader activity 
of galeterone is somewhat controversial; it may simply 
be a by-product of abrogating ligand binding (Yu et  al. 
2014a). Notwithstanding these concerns, the putative 
anti-AR-V activity of galeterone led to the development 
of a phase III clinical trial (ARMOR3-SV; NCT02438007) 
in which men with AR-V7-positive disease, as assessed 
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ABSTRACT
Despite aggressive treatment for localized cancer, prostate cancer (PC) remains 

a leading cause of cancer-related death for American men due to a subset of patients 
progressing to lethal and incurable metastatic castrate-resistant prostate cancer 
(CRPC). Organ-confined PC is treated by surgery or radiation with or without androgen 
deprivation therapy (ADT), while options for locally advanced and disseminated PC 
include radiation combined with ADT, or systemic treatments including chemotherapy. 
Progression to CRPC results from failure of ADT, which targets the androgen receptor 
(AR) signaling axis and inhibits AR-driven proliferation and survival pathways. The 
exact mechanisms underlying the transition from androgen-dependent PC to CRPC 
remain incompletely understood. Reactivation of AR has been shown to occur in CRPC 
despite depletion of circulating androgens by ADT. At the same time, the presence of 
AR-negative cell populations in CRPC has also been identified. While AR signaling has 
been proposed as the primary driver of CRPC, AR-independent signaling pathways 
may represent additional mechanisms underlying CRPC progression. Identification 
of new therapeutic strategies to target both AR-positive and AR-negative PC cell 
populations and, thereby, AR-driven as well as non-AR-driven PC cell growth and 
survival mechanisms would provide a two-pronged approach to eliminate CRPC cells 
with potential for synthetic lethality. In this review, we provide an overview of AR-
dependent and AR-independent molecular mechanisms which drive CRPC, with special 
emphasis on the role of the Jak2-Stat5a/b signaling pathway in promoting castrate-
resistant growth of PC through both AR-dependent and AR-independent mechanisms.

INTRODUCTION

Recent epidemiological data identifies prostate 
cancer (PC) as the most common non-cutaneous cancer 
and the second-leading cause of cancer-related death 
among males in the United States following lung 
cancer [1]. According to the American Cancer Society, 
approximately 180,000 new cases of PC are diagnosed 

and 26,000 men, or 1 in 39, die of PC each year [1]. The 
clinical course of PC is heterogeneous, ranging from 
indolent to rapidly progressive and fatal. While the five-
year survival rate for localized PC is close to 100% due 
to the availability of curative treatments, some patients 
experience cancer progression to metastatic castrate-
resistant prostate cancer (CRPC), which is currently 
incurable and carries a poor prognosis (reviewed in [2-4]). 
Although the recent U.S. Food and Drug Administration 
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strategies for CRPC. Stat5a/b are latent cytoplasmic 
proteins that function as both signaling molecules and 
nuclear transcription factors, which are critical for PC cell 
viability in vitro, in vivo and in patient-derived PCs ex vivo 
[166-174]. Two highly homologous isoforms, Stat5a and 
Stat5b (hereafter referred to as Stat5a/b), display over 90% 
amino acid identity and are encoded by genes juxtaposed 
on chromosome 17q21.2 [175].

In PC, Stat5a/b is predominantly activated by 
binding of prolactin (Prl) to the membrane-bound prolactin 
receptor (PrlR), which transmits signals through Jak2 
kinase [173, 176, 177]. In addition, Stat5a/b may also be 
activated by Src kinase or members of the EGF receptor 
family [178-180]. Prl is a polypeptide hormone whose 
actions are mediated by the PrlR, a non-kinase single-pass 
transmembrane receptor part of the class 1 hematopoietic 
cytokine receptor superfamily (reviewed in [181, 182]). 
Prl is primarily secreted by lactotroph cells of the anterior 
pituitary gland and carries out a wide variety of functions, 
including the well-known effect of stimulating lactation 
in females; circulating Prl is present in males, though at 
lower levels than in females (reviewed in [181, 182]). A 
large body of work provides evidence that Prl is expressed 
within the prostate epithelium and functions as a local 

growth factor in an autocrine/paracrine manner distinct 
from its endocrine mechanism [183-187]; (reviewed in 
[188]).

Signaling through the Jak2-Stat5a/b pathway is 
initiated upon Prl binding to PrlR and subsequent receptor-
associated Jak2 kinase activation by autophosphorylation. 
This leads to phosphorylation of cytoplasmic tyrosine 
residues of the cytokine receptor which serves as 
docking sites for Stat5a/b via binding of the Stat5a/b 
SH2 domain [189]. Stat5a/b monomers recruited to 
the receptor-tyrosine kinase complex are activated by 
tyrosine kinase-mediated phosphorylation at conserved 
C-terminal tyrosine residues (Stat5a: Y694, Stat5b: Y699) 
(reviewed in [190]). Phosphorylated Stat5a/b (pY694/699) 
monomers undergo homo- or heterodimerization, 
followed by nuclear localization of functional Stat5a/b 
dimers in an active, energy-dependent process directed 
by Ran-dependent nuclear import machinery [191, 192]. 
Specifically, a nuclear shuttling complex is formed by the 
chaperone protein MgcRacGAP, the small G protein Rac1 
and the carrier protein importin/karyopherin β1, which 
cooperate to translocate the Stat5a/b dimer from cytosol to 
nucleus [193]. Within the nucleus, Stat5a/b dimers bind to 
palindromic DNA consensus sequences (TTC(C/T)N(G/A)

Figure 2: Canonical Jak2-Stat5a/b signaling in prostate cancer cells and functional interaction with AR signaling. 
Various levels of inhibition are possible in the Stat5a/b signaling cascade to block Stat5a/b target gene expression, including targeting of 
cytokine receptor activation, Jak2 kinase-mediated phosphorylation, and Stat5a/b dimerization, DNA binding and transcriptional activity. 
Physical interaction between Stat5a/b and AR has been reported, providing a mechanistic basis for crosstalk between these two pathways, 
which results in reciprocal synergistic effects on nuclear localization and transcriptional activity. Depicted are known Stat5a/b target genes 
Bcl-xL and cyclin D1 and AR target gene PSA. Abbreviations: AR, androgen receptor; ARE, androgen response element; CYT, cytokine; 
CYTR, cytokine receptor; DHT, dihydrotestosterone; GAS, gamma-interferon activation sequence; GF, growth factor; HSP, heat shock 
protein; pY, phosphotyrosine.
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GAA), referred to as gamma-interferon activation (GAS) 
elements, to initiate transcription of Stat5a/b regulated 
genes [194-196]. Homodimers of Stat5a/b have equivalent 
specificity for binding palindromes spaced three base pairs 
apart [196, 197], while tetramers of Stat5a/b can bind 
tandem consensus and non-consensus GAS motifs spaced 
six base pairs apart [196]. The sequence of molecular 
events in the canonical Jak2-Stat5a/b signaling cascade 
leading to activation of Stat5a/b-regulated genes is shown 
in Figure 2.

Stat5a/b is a predictive biomarker and therapeutic 
target in prostate cancer

Over the last decade, numerous reports have 
supported the role of Stat5a/b in clinical progression of 
PC. Stat5a/b is constitutively active in human PC, but 
not in normal prostate epithelium [174]. Examination of 
the distribution of active Stat5a/b across 114 paraffin-
embedded clinical PC specimens of various histological 
grades revealed that active Stat5a/b was strongly 
associated with high-grade PC [173]. In a separate 
study, analysis of tissue microarrays derived from 357 
PC patients accompanied by 30-year clinical follow-up 
data found that high expression levels of active Stat5a/b 
were correlated with poorly differentiated, high-grade PC 
[172]. Importantly, active Stat5a/b status was predictive 
of early PC recurrence after initial treatment by radical 

prostatectomy or transurethral resection [172]. Active 
Stat5a/b was found to be an independent prognostic 
marker of early cancer recurrence not only in high-grade 
PC but also in intermediate grade PC [172]. Patients who 
had received androgen deprivation therapy prior to radical 
prostatectomy were more likely to display active Stat5a/b 
when compared to patients not receiving neoadjuvant 
therapy [172]. More recent work analyzing nuclear 
Stat5a/b expression levels in two cohorts of PC patients 
treated by radical prostatectomy or deferred palliative 
therapy showed that nuclear Stat5a/b was an independent 
prognostic marker for both cohorts [166]. Corroborating 
earlier work, high levels of nuclear Stat5a/b predicted 
increased risk of early cancer recurrence following radical 
prostatectomy in PCs of intermediate grade [166]. At the 
same time, active Stat5a/b predicted early PC-specific 
death in the deferred palliative therapy cohort [166]. In 
the cohort of PC patients treated by radical prostatectomy, 
each patient was represented by 10 tissue cores taken 
from different areas of the tumor. Interestingly, the 
presence of active Stat5a/b even in one of the 10 tissue 
cores already predicted likely cancer recurrence after 
radical prostatectomy [166], suggesting that those PCs 
with elevated nuclear Stat5a/b anywhere in the tumor may 
already have micrometastasized at the time of surgery. 
Further work demonstrated that the Stat5a/b gene locus 
is amplified in approximately 30% of CRPC metastases 
[198]. Similar to the presence of nuclear Stat5a/b 

Figure 3: Therapeutic targeting of Stat5a/b inhibits growth of prostate cancer through AR-dependent and AR-
independent mechanisms. Disruption of Stat5a/b signaling inhibits growth and viability of prostate cancer through two distinct 
mechanisms, serving as a potential dual strategy to eliminate prostate cancer cells. First, targeting of Stat5a/b inhibits the abilities of 
Stat5a/b to protect antiandrogen-liganded AR from proteasomal degradation and enhance AR signaling, including downstream molecular 
events such as AR nuclear localization, chromatin binding, and activation of target gene expression in prostate cancer cells. Second, 
targeting of Stat5a/b prevents the induction of AR-independent, Stat5a/b-regulated genes involved in proliferation and survival of prostate 
cancer cells.



In the 1990s dedicated studies on AR in CRPC revealed escape mechanisms from androgen blockade 
through either mutation or amplification of AR [14]. Additionally, these resistance mechanisms 
corroborate the hypothesis that androgen-signaling remains biologically relevant despite castrate levels of 
testosterone and these observations guided the research and development of a new generation of 
androgen synthesis inhibitors and AR antagonists [4] and [5]. 

However, primary and acquired resistance to new hormonal agents approved for the treatment of CRPC is 
a complex phenomenon, not completely understood, involving AR signaling pathway and also dependant 
from AR bypassing mechanisms. In preclinical studies resistance to abiraterone and enzalutamide is 
mediated by similar mechanisms, including steroidogenesis up-regulation and AR overexpression (Table 2) 
[29]. 

Abiraterone induces androgen accumulation, such as pregnenolone and progesterone, upstream to the 
CYP17A1 enzymatic block. It has been demonstrated that mCRPC patients have an increased expression of 
PR [65] and that PR high density in PC cells is an independent poor prognostic factor [66]. PR and AR have 
88% sequence homology in the ligand-binding domain and share response elements in multiple gene 
targets [67]. As a consequence the progesterone binding to PR can induce transcription of androgen 
dependent genes. In a phase 1–2 study Jajaram et al. showed that progesterone receptor inhibition by 
onapristone, a progesterone receptor antagonist, in patients with CRPC progressed after abiraterone, 
enzalutamide or two lines of chemotherapy is feasible and safe [68]. This trial is ongoing and activity data 
are still pending (Table 3). 

Table 3.  

Proposed strategies to overcome abiraterone and/or enzalutamide mechanism of resistance and ongoing 
clinical trial. 

Mechanism of 
resistance How to overcome it Ongoing clinical 

trials 

• 

AR overexpression 

• 

Androgen 
biosynthesis 
pathway 
upregulation 

• 

Intracrine 
androgen 
synthesis 

Enzalutamide in combination with 
abiraterone acetate 

NCT01650194: 
Phase 2 

Increased-dose abiraterone 
acetate (2000 mg daily) 

NCT01637402: 
Phase 2 

ARN-509 + abiraterone 
NCT02123758: 
Phase 1 

ARN-509 + abiraterone 
NCT01792687: 
Phase 1 

ARN-509 + abiraterone 
NCT02257736: 
Phase 3 

Galeterone (AR antagonist and 
CYP17A1 inhibitor) 

NCT01709734: 
Phase 2 

Onapristone (progesterone 
receptor inhibitor) 

NCT02049190: 
Phase1/2 

• 

Immune evasion 

Pembrolizumab (anti PD-1) 
following Enzalutamide 

NCT02312557: 
Phase 2 

PROSTVAC (vaccine 
therapy) + enzalutamide 

NCT01867333 

• 

ARVs 

EPI-506 (NTD-binding AR 
antagonist) 

NCT: Pending 
FDA approval 

• 

Autophagy 

OGX-427 + abiraterone 
NCT01681433: 
Phase 2 

Alisertib (selective aurora A kinase NCT01848067: 

Mechanism of 
resistance How to overcome it Ongoing clinical 

trials 

induction inhibitor) + abiraterone Phase 1/2 

AT 13387 (HSP90 
inhibitor) + abiraterone 

NCT01685268: 
Phase 1/2 

• 

Activation of other 
pathways 

Crizotinib + enzalutamide 
NCT02207504: 
Phase 1 

Abiraterone + BEZ235 (Pi3K and 
mTOR inhibitor) or 
Abiraterone + BKM120 (Pi3K 
inhibitor) 

NCT01634061: 
Phase 1 

Dovitinib (multitargeted 
TKI) + Abiraterone 

NCT01994590: 
Phase 2 

Dasatibib (mutitargeted 
TKI) + abiraterone 

NCT01685125: 
Phase 2 

Olaparib (PARP-
inhibitor) + abiraterone 

NCT01972217: 
Phase 2 

Everolimus (m-TOR 
inhibitor) + ARN-509 (AR 
antagonist) 

NCT02106507: 
Phase 1 

BI 836845 (anti 
IGF1/IGF2) + enzalutamide 

NCT02204072: 
Phase 1 

Cabozantinib (anti c-MET and anti 
VEGFR2) + abiraterone 

NCT01574937: 
Phase 1 

• 

Other mechanisms 

Metformin + abiraterone 
NCT01677897: 
Phase 2 

Metformin + enzalutamide 
NCT02339168: 
Phase 1 

Cabazitaxel + abiraterone 
NCT02218606: 
Phase 2 

Table options 

Progesterone can also stimulate AR in presence of specific AR LBD mutations and can be converted to DHT 
via backdoor pathway [17]. 

Moreover, abiraterone does not completely block serum precursor steroids such as DHEA-S that can be 
transported and metabolized in cancer cells to DEA, a steroid downstream of CYP17A1, bypassing the 
enzymatic block induced by abiraterone [29]. 

When CYP17A1 is inhibited, 3β-hydroxysteroid dehydrogenase becomes the main enzyme involved in 
steroid synthesis. It is responsible of progesterone synthesis from pregnenolone, androstenedione 
synthesis from DHEA and TST synthesis from androstenediol (Fig. 1). In vitro studies showed that 
abiraterone, when administered at high dose, is able to inhibit both 3β-hydroxysteroid dehydrogenase 
activity and AR activity [31]. An ongoing trial is investigating higher vs standard doses of abiraterone for 
the treatment in CRPC patients (Table 3). 

The AR signaling pathway reactivation as resistance mechanism to abiraterone and increased androgen 
synthesis in patients treated with enzalutamide represent the biological background to test the 
combination of abiraterone with new generation AR antagonists, such as enzalutamide and ARN-509. An 
ongoing phase II study is administering simultaneously abiraterone and enzalutamide to CRPC patients 
with bone metastases. Preliminary results from this study indicate that the combination has a favorable 
safety profile and 48% of patients experienced PSA decline ⩾90% and 72% a PSA decline ⩾50% [69] (Table 
3). 



Figure 1. Treatment-induced resistance and evolution to lineage crisis
a | Treatment-naive bacterial populations are composed largely of antibiotic-sensitive 
subpopulations, but might contain small number of mutant bacteria harbouring genetically 
acquired mechanisms of resistance (left). Upon antibiotic treatment, widespread death 
typically occurs; however, upon drug removal or during a ‘drug holiday’, resistant bacterial 
clones expand, potentially taking over both sensitive and resistant populations. Additional 
antibiotic treatments can lead to further genetic alterations and to the selection of a 
population of multidrug resistant microorganisms, which would then have the option to 
increase fitness by becoming a drug-sensitive population. b | Treatment-naive prostate 
cancers are composed mostly of cells with high levels of androgen receptor (AR-hi) activity 
(left) for which radiation and/or androgen deprivation therapy (ADT) typically result in a 
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Abstract
The increasing potency of therapies that target the androgen receptor (AR) signalling axis has 
correlated with a rise in the proportion of patients with prostate cancer harbouring an adaptive 
phenotype, termed treatment-induced lineage crisis. This phenotype is characterized by features 
that include soft-tissue metastasis and/or resistance to standard anticancer therapies. Potent 
anticancer treatments might force cancer cells to evolve and develop alternative cell lineages that 
are resistant to primary therapies, a mechanism similar to the generation of multidrug-resistant 
microorganisms after continued antibiotic use. Herein, we assess the hypothesis that treatment-
adapted phenotypes harbour reduced AR expression and/or activity, and acquire compensatory 
strategies for cell survival. We highlight the striking similarities between castration-resistant 
prostate cancer and triple-negative breast cancer, another poorly differentiated endocrine 
malignancy. Alternative treatment paradigms are needed to avoid therapy-induced resistance. 
Herein, we present a new clinical trial strategy designed to evaluate the potential of rapid drug 
cycling as an approach to delay the onset of resistance and treatment-induced lineage crisis in 
patients with metastatic castration-resistant prostate cancer.

Potent clinical suppression of androgen receptor (AR) signalling has been achieved with the 
pharmacological inhibitors abiraterone acetate1,2 and enzalutamide3,4 (drugs that were 
approved by the FDA in 2011 and 2014, respectively), resulting in significant survival 
benefits for men with metastatic castration-resistant prostate cancer (mCRPC). Emerging 
evidence suggests, however, that the prolonged therapeutic use of abiraterone and 
enzalutamide induces adaptive clinical phenotypes — including histological 
dedifferentiation and lineage alterations, such as treatment-induced neuroendocrine prostate 
cancer (t-NEPC)5 and treatment- induced epithelial-to-mesenchymal transition6,7 (t-EMT) 
(BOX 1). Such resistant phenotypes, in turn, might cause aggressive visceral metastases, a 
trend that has been reported with increasing prevalence in patients with prostate cancer who 
have received long-term androgen deprivation therapy (ADT)5,8–12. While the mechanisms 
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PROSTATE	CANCER	INTENSIVE	NON-CROSS	REACTIVE	(PRINT)

Figure 2. Treatment cycling to prevent progression to treatment-induced mCRPC
a | Prostate tumours are heterogeneous (left) but are often treated with drugs targeting a 
single oncogenic mechanism, until a clinical response is no longer obtainable. This approach 
can lead to toxicity, loss of drug sensitivity, and the accumulation of multidrug-resistant 
cancer cells. b | Rapid cycling of agents that target cancer cells might enable sustained drug 
sensitivity through different resistance mechanisms while, at the same time, controlling 
prostate cancer progression through the suppression of oncogenic signalling. Thus, the use 
of this approach can maintain drug sensitivity and continued growth inhibition. c | In the 
Prostate Cancer Intensive Non-crossreactive Therapy (PRINT) clinical trial23, men with 
metastatic castration-resistant prostate cancer (mCRPC) will receive different specific 
treatments in cyclical modules, each for 12 weeks. Module one is comprised of androgen 
receptor (AR)-targeted therapy (abiraterone) and α radiation (223Ra), module two consists of 
cytotoxic agents (cabazitaxel and/or carboplatin), and module three consists of androgen 
receptor (AR)-targeted therapy (enzalutamide) and α radiation (223Ra). Progression will be 
assessed after completion of modules one to three, with the option of performing additional 
cycles.
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