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Abstract

Androgen receptor (AR) splice variants (AR-Vs) are constitutively active transcription factors that 

function in the absence of ligand. AR-Vs represent one of several AR re-activation mechanisms 

utilized by prostate cancer to circumvent first-line androgen deprivation therapy. Second line 

therapies such as enzalutamide and abiraterone are treatments that re-target components of the 

androgen/AR axis. However, these second line therapies do not benefit all patients, and patients 

that do receive initial benefit can develop resistance rapidly. Alterations in components of the 

androgen/AR axis, including expression of AR-Vs, appear to be linked to primary as well as 

secondary resistance to second line therapies. However, some key conclusions appear to differ 

depending on the tissue compartment and measurement platform utilized for analysis. In this 

review, alterations in AR and the broader AR pathway will be examined in the context of primary 

prostate cancer tissue, metastatic castration-resistant prostate cancer tissue, circulating tumor cells, 

and circulating cell-free tumor DNA. Questions regarding the utility of AR-V measurements to 

provide prognostic information or predict patient responses to AR-targeted therapies will be 

addressed.
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1. Introduction

Prostate cancer accounts for a quarter of all new cancer diagnoses, and one in seven men in 

the United States will develop the disease. Of those men, roughly 27,000 will die each year, 

making prostate cancer the second leading cause of cancer related death in the United States. 

[1]. Prostate cancer is referred to as an androgen-dependent disease, which is based on the 

requirement of androgen-mediated activation of the androgen receptor (AR) for growth and 

survival of prostate cancer cells. As a result of androgen-dependence, the androgen/AR axis 

has been a target of treatment since the early 1940s when Huggins et al. established the 

beneficial effects of castration in men with metastatic prostate cancer [2]. Contemporary 

therapies for prostate cancer continue to rely on reducing the levels of circulating androgens 

and inhibiting AR function via orchiectomy or luteinizing hormone releasing hormone 

(LHRH) agonists. Antiandrogens such as bicalutamide are also used to competitively block 

the ability of androgens to bind and activate the AR. Patients that fail this first-generation of 

androgen depletion therapies (ADT) and progress to a disease stage referred to as castration-

resistant prostate cancer (CRPC) are treated with second-generation AR-targeting therapies 

such as abiraterone acetate and enzalutamide (Fig. 1A). Abiraterone acetate is an inhibitor of 

the cytochrome P450 c17 (CYP17) testosterone synthesis enzyme [3], which can achieve a 

more robust inhibition of androgen production than castration. Enzalutamide is an antagonist 

that binds the AR with a higher affinity than bicalutamide, and can partially inhibit AR 

translocation to the nucleus, reduce binding of AR to DNA, and prevent recruitment of 

coactivators required for active transcription [4]. Despite these advances in treatment, CPRC 

remains a uniformly fatal disease. Importantly, persistent AR signaling can be maintained 

during and after treatment with these androgen/AR-targeted therapies. The focus of this 

review will be observations made in clinical tissues collected at various disease stages (Fig. 

1B) that have illuminated key mechanisms of AR re-activation that can occur in CRPC (Fig. 

1C), with an emphasis on AR splice variants (AR-Vs).

1.1 Brief Introduction to AR Structure/Function

The AR is a member of the class I nuclear steroid receptor family. Within this family of 

steroid receptors are transcription factors regulated by ligands including mineralocorticoids 

(MR), estrogens (ER), progestins (PR) and glucocorticoids (GR). All of these steroid 

receptors are activated upon binding ligand, after which they engage their cognate hormone 

response element DNA sequences located in promoter and enhancer regions throughout the 

genome. The AR gene is located on the X chromosome at cytogenetic position Xq11-12. 

This gene contains eight exons and encodes a modular 110kDa protein [5]. Exon 1 of AR 

encodes the NH2-terminal domain (NTD), which is intrinsically disordered and harbors the 

transcriptional activation function-1 (AF-1) domain essential for the bulk of AR 

transcriptional activity. Exons 2 and 3 encode the DNA-binding domain. The 5′ section of 

exon 4 encodes the hinge region, which is a flexible domain containing a nuclear 

localization signal (NLS) that becomes accessible upon ligand binding. The 3′ section of 

exon 4 along with exons 5–8 encode the AR ligand-binding domain (LBD) and an AF-2 

domain that is transcriptionally active but with weaker activity than AF-1 [5]. Upon binding 

to androgen, AR undergoes a conformational change, which exposes the NLS, and results in 

translocation to the nucleus. Once in the nucleus, AR binds to androgen response elements 
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(AREs) and recruits a wide variety of coregulatory proteins with various scaffolding, 

enzymatic, and chromatin-modifying functions, ultimately leading to a finely-tuned level of 

transcriptional output for target genes. These features of canonical AR signaling are 

illustrated in Figure 1C.

1.2 Brief Introduction to AR Splice Variants (AR-Vs)

Over the past 8 years, AR-Vs have emerged as an important component of resistance to 

therapies targeting the androgen/AR axis. Approximately 20 discrete AR-Vs have been 

identified in cell- and animal-based models of CRPC progression, as well as tissues from 

patients with prostate cancer [6, 7, 8, 9]. AR-Vs share the same NTD/DBD modular domain 

structure as the full-length AR, but commonly lack the COOH-terminal LBD/AF-2 module. 

Figure 1C illustrates the structure of select AR-Vs that will be detailed in this review. 

Truncation of the AR LBD results in constitutive transcriptional activity of the AR 

NTD/DBD core in the absence of ligand. Thus, most AR-Vs have been reported to function 

as ligand-independent transcription factors, although discrepancies have been noted [10]. 

Originally, AR-Vs were reported to arise from proteolytic cleavage of full-length AR by 

calpains, which are calcium-dependent proteinases [11]. These early studies found that the 

AR hinge region harbored a calpain cleavage site, which could be targeted to eliminate the 

AR LBD. However, subsequent studies in the 22Rv1 cell line, which was the same model 

used to develop the proteolysis mechanism, revealed that truncated AR protein species were 

differentially sensitive to small interference RNAs (siRNAs) compared with full-length AR. 

This finding of differential siRNA sensitivity formed the basis for the concept that AR-Vs 

were encoded by mRNAs that were separate from the mRNA encoding full-length AR [12]. 

Subsequent studies demonstrated that different AR-V proteins were encoded by mRNAs 

containing exons 1–3 or exons 1–4 of the AR gene, but variable 3′ terminal exons harboring 

in-frame translation termination signals [13]. Subsequent studies defined an additional class 

of AR-V proteins that were encoded by skipping of exons encoding the AR LBD, but 

terminating with an out-of-frame 3′ terminal AR exon 8 [13].

One mechanism thought to underlie AR-V expression in prostate cancer is alternative 

splicing. RNA co-immunoprecipitation (RIP) assays using enzalutamide-treated VCaP cells 

revealed that splicing regulatory factors ASF/SF2, and U2AF65 were recruited to pre-

mRNA sequences aligning with a splice acceptor site in AR exon CE3, which is the 3′ 
terminal exon in the mRNA encoding AR-V7 [14]. In this scenario, it was concluded that 

increased recruitment, but not expression, of splicing factors contributed to AR-V7 in these 

cells. In line with this, the AR-V7-negative LNCaP cell line did not display the same pattern 

of engagement with splicing factors seen in VCaP cells. Further, siRNA-mediated 

knockdown of splicing factors in this model system reduced the expression of AR-V7 [14]. 

However, one caveat with comparing splicing factor recruitment to AR pre-mRNAs in VCaP 

vs. LNCaP cells is that VCaP cells harbor approximately 20 more copies of the AR gene 

than the hypotetraploid LNCaP cell line due to massive amplification of the AR gene [15]. 

In this case, VCaP cells express much higher levels of AR mRNA and protein, and it would 

be assumed that there would be higher sensitivity for detection of splicing regulatory factors 

bound to AR pre-mRNA in VCaP cells.
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An additional mechanism that has been shown to underlie AR-V expression in prostate 

cancer is genomic rearrangements within the AR gene. For example, a 35kb tandem 

duplication containing AR exon 3 as well as several cryptic exons including CE3 is linked to 

the creation of truncated AR variants in the androgen-independent 22Rv1 cell line. This 

tandem duplication extends the genomic span between exons 3 and 4, which may increase 

the probability of exon 3 splicing to exon CE3 or other cryptic exons, thereby increasing 

expression of AR-V7 as well as other AR-Vs relative to full-length AR [16, 17]. Moreover, 

patient derived xenograft models LuCaP 86.2 and LuCaP 136 express high levels of the 

ARv567es exon skipping AR splice variant resulting from splicing of AR exon 4 directly to 

AR exon 8. These patient derived xenografts harbor a deletion or inversion, respectively, of a 

genomic segment containing AR exons 5–7. These specific rearrangements were 

demonstrated to cause ARv567es expression following targeted manipulation of the AR 

gene in prostate cancer cell lines using genome engineering technology [17].

2. Alterations in the AR and AR-V pathways in primary prostate cancer 

tissue

2.1 Alterations in AR in primary prostate cancer tissue

Alterations in the AR gene are very rare in primary prostate cancer tissues, which is 

consistent with the lack of use of ADT for patients with localized disease. In a targeted 

sequencing study of archival, formalin-fixed specimens, only one AR point mutation was 

detected in primary prostate cancer tissue [18]. Other studies have reported a slightly higher 

mutational burden in primary prostate cancer specimens, but rates still remain relatively low 

[19]. The most comprehensive study of primary prostate cancer tissues to date, the cancer 

genome atlas (TCGA) project, reported zero somatic AR point mutations across a series of 

333 primary prostate cancer tissues [19]. On the other hand, this TCGA study did report rare 

instances of AR gene amplification, but at less than 1% frequency. Overall, these studies 

provide evidence of minimal direct AR alterations in primary prostate cancer.

2.2 AR-Vs in normal and primary prostate cancer tissue

Although mutation and amplification of the AR gene are rarely observed in primary prostate 

cancer, expression of AR-Vs has been observed in non-malignant prostate tissue as well as 

primary prostate cancer. Targeted qRT-PCR analysis of AR-V7 mRNA revealed that AR-V7 

was expressed in 5 of 17 benign prostate tissues [8]. Analysis of RNA-seq data from 

peritumoral prostate tissues in the TCGA project also revealed frequent expression of AR-

V7 as well as other AR-Vs in normal tissue [19]. The significance of AR-V mRNA 

expression in benign tissue is not clear, but is consistent with another study where mRNA 

expression of several AR-Vs was detected in normal prostate tissue from men who had been 

castrated with an LHRH receptor agonist or treated with DHT gel in a study testing male 

contraception [9]. Analysis of RNA-seq data from cancer tissues in the TCGA cohort 

indicated that AR-V7 was the most frequently expressed AR-V mRNA in primary prostate 

cancer tissue [19]. Additionally, a range of other AR-V mRNAs arising from cryptic exon 

inclusion as well as exon skipping events were also detected frequently in primary prostate 

cancer tissues from the TCGA study [19]. An unexpected finding from analysis of TCGA 
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data was an overall lack of expression of the ARv567es exon skipping AR splice variant 

[19]. This finding was unexpected because a previous targeted RT-PCR study found that 

ARv567es expression mirrored that of AR-V7 and AR-V1 in normal prostate tissue as well 

as primary prostate cancer samples, with levels detectable but low relative to full length AR 

[9, 20]. In contrast, targeted qRT-PCR analysis of AR-V7 mRNA was largely in-line with 

findings from the TCGA study, revealing that 34 of 82 hormone naïve prostatectomy 

specimens were positive for AR-V7 mRNA expression [8]. Interestingly, AR-V7 mRNA 

expression greater than the median across this cohort was associated with lower probability 

of PSA-progression free survival following surgical treatment [8]. Conversely, expression of 

AR-V1, composed of contiguously-spliced AR exons 1, 2, 3, and CE1, was not found to be 

associated with PSA-progression free survival. However, a subsequent study that evaluated 

AR-V1 and AR-V7 mRNA expression using a branched chain assay failed to identify an 

association between either of these AR-V species and prostate cancer progression [21]. As a 

result of these discordant findings, it remains unclear whether AR-V7 mRNA levels in 

primary prostate cancer tissue provide prognostic information.

The unique COOH-terminal extensions encoded by the unique 3′ terminal exons in AR-Vs 

such as AR-V7 have provided opportunities for development of AR-V-specific antibodies [7, 

8]. For example, staining of tissue microarrays with an antibody specific for AR-V7 revealed 

that AR-V7 protein was expressed in both the nucleus and cytoplasm of hormone naïve 

primary prostate cancer tissues [7]. Tissue microarrays also exhibited cytoplasmic AR-V7 

staining in benign tissue but no nuclear signal [7]. AR-V7 cytoplasmic staining in human 

prostate tissue microarrays was found to be associated with shorter time to PSA recurrence 

[7]. The finding of cytoplasmic AR-V7 expression is unexpected, as biochemical studies 

have demonstrated this species to be a constitutively nuclear protein [22]. This raises 

concern about the performance of AR-V7 antibody reagents in tissue-based studies, 

particularly in benign prostate and hormone naïve prostate cancer, where AR-V7 expression 

is extremely low.

2.3 Alterations in the broader AR pathway in primary prostate cancer tissue

Primary prostate cancer has recently been classified based on seven distinct molecular 

subtypes. Four of these subtypes are defined by genomic fusions of ETS family genes (ERG, 

ETV1, ETV4, or FLI1), or mutations in SPOP, FOXA1, or IDH1. In the analysis of 333 

primary tumors from the TCGA study, 74% of samples fell into one of these subclasses [19]. 

Interestingly, the majority of these molecular subclasses are mechanistically linked to the 

broader androgen/AR pathway in prostate cancer. For example, the most frequent ERG 

fusion is TMPRSS2:ERG, which results in androgen/AR-mediated overexpression of ERG 

mRNA and protein via the androgen/AR-regulated TMPRSS2 enhancer and promoter [19, 

23]. TMPRSS2:ETV1 is the most frequent ETV fusion, which has a similar regulatory 

outcome of androgen/AR-mediated ETV1 mRNA and protein overexpression via the 

TMPRSS2 enhancer and promoter. Additional fusions to diverse promoters and enhancers 

have been characterized for ERG, ETV1, ETV4, and FLI1, the majority of which are highly-

active in prostate cells by virtue of androgen/AR regulation. Impaired expression of these 

genetic drivers following inhibition of the androgen/AR axis provides a molecular basis for 

the robust response of prostate cancer cells to ADT. However, evaluation of whether 
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TMPRSS2:ERG or other ETS fusions relay any prognostic information has not yielded clear 

results [24, 25].

In addition to gene fusion subclasses, the FOXA1 and SPOP mutant subclasses can also be 

considered as molecular alterations affecting the broader AR pathway. For instance, the 

FOXA1 gene encodes a pioneer transcription factor that facilitates the relaxation of 

compacted chromatin structures for AR and other transcription factors [19, 26, 27, 28]. 

Mutations in FOXA1 include missense, inframe deletions, and truncating mutations, which 

are concentrated in the exons encoding the FOXA1 forkhead DNA binding domain [19]. 

Similarly, the SPOP gene, which encodes the substrate-binding subunit of a Cullin-based E3 

ubiquitin ligase [29, 30], is also frequently mutated in primary prostate cancer [19, 28]. 

SPOP mutations are concentrated in exons encoding the MATH domain, which is 

responsible for substrate recruitment. Two substrates identified for SPOP are AR and the AR 

co-activator SRC-3, with mutant versions of SPOP displaying impaired binding to these 

substrates [31, 32, 33]. Therefore, AR and SRC-3 proteins are stabilized in cells harboring 

mutant SPOP. Interestingly, the SPOP MATH domain interacts with the AR LBD, and 

therefore AR-Vs appear to be resistant to SPOP-mediated degradation [31]. However, a 

separate study indicated that AR-Vs may remain susceptible to SPOP-dependent 

ubiquitination and degradation by virtue of heterodimerization with full-length AR [34]. 

Assignment of an AR activity score to primary prostate cancer tissues, which was based on 

expression levels of a set of 20 AR regulated genes, revealed that FOXA1 and SPOP sub-

classes had the highest levels of AR transcriptional output. This reinforces how intimately 

FOXA1 and SPOP are tied to the normal function of AR and also the disease-associated 

function of AR in primary prostate cancer.

3. Alterations in the AR and AR-V pathways in CRPC tissue

Most prostate tumors have an initial response to ADT because of the androgen-dependent 

nature of the disease. However, virtually all patients will eventually develop resistance. In 

this CRPC stage of the disease, most tumors remain dependent on activity of the 

androgen/AR axis [35]. Mechanisms underlying persistent activity of the androgen/AR axis 

in CRPC have been reviewed in detail [36], and include AR mutations, AR amplification, 

expression of AR splice variants, and alterations in AR regulators (Fig. 1C). As discussed 

below, a critical role in CRPC is supported by the finding that these alterations occur with 

higher frequency in CRPC than in primary prostate cancer, although there are some notable 

discrepancies. Additionally, the proportion of the genome that is altered through copy 

number alteration and/or mutation is greater in patients with CRPC, indicating that 

androgen/AR-independent mechanisms also contribute to resistance [19]. Overall, CRPC is 

a complex disease state with a myriad of genomic alterations that enable continued growth 

and disease spread in the face of therapeutic pressure.

3.1 Alterations in AR in CRPC tissue

Point mutations in AR are more frequent in CRPC than primary prostate cancer. In a whole 

exome sequencing study of 25 tissues from patients with CPRC, AR point mutations were 

found to occur in 20% of samples [18]. Other studies with larger sample sizes detected AR 
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point mutations at a frequency of roughly 10% [37, 38]. Among the mutations found in these 

studies were T878A, W742C, and L702H, which are located in the AR LBD and have been 

shown to convert a variety of AR antagonists into agonists [18, 38]. Although single point 

mutations are the most frequent occurrence, there have been reports where multiple point 

mutations have been detected in a single tissue sample, such as T878A and Q903H in a 

recent whole exome sequencing study of CRPC biopsies [38]. This study did not establish if 

these mutations were concurrent on the same AR allele, or whether this reflected intra-tumor 

heterogeneity. However, the latter scenario is likely given that the Q903H mutation was 

present at a lower allelic fraction than T878A.

The most common AR alteration in CRPC is AR gene amplification. In a biopsy-based 

whole exome sequencing study of 150 metastatic CRPC bone and soft tissue tumor samples, 

AR amplification occurred in more than 50% of samples [38]. In another study of CRPC 

samples, AR copy number gain was detected in 25 of 50 cases [37]. Mechanistically, AR 

amplification leads to overexpression of AR mRNA and protein, which is thought to 

facilitate AR activation by a mass action effect under low androgen conditions [39, 40]. 

Given that AR amplification in primary prostate cancer is exceedingly rare, this highlights 

the clinical importance of increased AR protein expression in CRPC [19, 41, 42, 43]. AR 

gene amplification appears to occur in a mutually exclusive pattern with AR point mutations, 

although rare exceptions have been noted that may reflect intra-tumor heterogeneity [38].

3.2 AR-Vs in CRPC tissue

Because AR-Vs were discovered in cell line model systems of CRPC and were shown in 

these models to function as ligand-independent transcription factors, most studies 

interrogating AR-Vs in clinical material have focused on CPRC tissues. Although 

expression of numerous AR-Vs has been detected in CRPC tissues [7, 8, 9, 20, 38], 

quantitative assessments have often revealed that AR-Vs are expressed at a much lower level 

in clinical material than in cell lines where they were initially discovered and characterized 

functionally [7, 8, 9, 12]. This has complicated efforts to clearly define the importance of 

AR-Vs in mediating resistance to ADT and second-generation AR-targeted therapies such as 

abiraterone and enzalutamide. Despite these challenges, there is compelling evidence in 

support of a strong link between AR-V expression and CRPC progression. For example, Hu 

and colleagues evaluated 124 clinical samples representing normal prostate, hormone-naïve 

primary prostate cancer, and CRPC for mRNA expression of AR-V7 (1/2/3/CE3 isoform) 

using an RT-PCR assay. They observed that 84% of CPRC specimens displayed AR-V7 

mRNA expression vs. 41% of hormone-naïve primary prostate cancer specimens [8]. This 

mRNA-based finding was supported by a subsequent immunohistochemistry analysis of a 

human prostate tissue microarray consisting of hormone-naïve primary prostate cancer and 

CRPC specimens [7]. Staining with an antibody specific for AR-V7 demonstrated a 

significant increase in AR-V7 nuclear expression in CRPC tumors relative to hormone-naïve 

primary prostate tumors. Surprisingly, 86% of hormone-naïve primary prostate cancer 

tissues had AR-V7 protein expression in the cytoplasm compared to 100% in CRPC samples 

[7]. However, as discussed earlier, cytoplasmic AR-V7 staining may reflect non-specific 

reactivity in tissues expressing AR-V7 protein at a level below the threshold of accurate 

detection. Overall, these data demonstrate that AR-V7 mRNA and protein is expressed in 
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treatment-naïve primary prostate cancer samples, but the transcriptional effects of nuclear 

AR-V7 may not materialize until the disease has progressed to the CRPC stage.

More recent RT-PCR-based studies have interrogated expression of multiple AR-Vs 

simultaneously in CRPC tissues. For example, Sun and colleagues reported that 31 of 69 

metastatic CRPC specimens were positive for either AR-V7 or ARv567es mRNA expression 

[9]. Of note, ARv567es was detected at twice the frequency as AR-V7 in this study, which is 

in opposition to more recent RNA-seq based studies that have concluded AR-V7 is the most 

frequently-expressed AR splice variant in CRPC tissue [19, 38]. As expanded below, these 

discrepancies may reflect the use of targeted RT-PCR vs. RNA-seq based assessments. In 

this same study by Sun and colleagues, AR-V7 and ARv567es were co-expressed in 6 of 69 

metastatic samples [9]. Hörnberg and colleagues performed a similar RT-PCR-based 

analysis of AR-V1 and AR-V7 transcript expression in bone metastases from hormone-naïve 

and CRPC patients [20]. In this study, AR-V1 expression was consistently detected in CRPC 

bone metastases. AR-V1 positivity was also consistently observed in hormone-naïve bone 

metastases and primary prostate tumors, although, AR-V1 expression in CRPC bone 

metastases samples was higher relative to the other samples. Moreover, AR-V7 mRNA 

displayed a similar expression pattern in this study, but was detected less frequently than 

AR-V1 in both primary prostate tumor and hormone-naïve bone metastases [20]. 

Importantly, patients with bone metastases displaying the highest quartile of AR-V7 mRNA 

expression had reduced cancer-specific survival compared with patients having lower AR-

V7 expression in bone metastases [20]. Collectively, these studies employing RT-PCR 

detection have provided strong support for an important disease role of AR-Vs in CRPC.

Interestingly, RNA-seq assessments of AR-Vs in clinical CRPC have not been confirmatory 

of the RT-PCR-based conclusions that AR-Vs play an important role in CRPC progression. 

The common strategy for assessment of AR-V expression in RNA-seq datasets has been to 

quantify the number of individual RNA-seq reads spanning exon/exon boundaries that are 

common to all AR mRNA species as well as the number of individual RNA-seq reads 

spanning exon/exon boundaries that are unique to AR and AR-Vs, and developing ratios to 

reflect the fractional amount of overall AR expression that is attributable to any particular 

AR species. This quantification strategy was used to analyze RNA-seq data from 125 pre-

abiraterone and -enzalutamide CRPC biopsy samples as well as 333 primary prostate cancer 

specimens [19, 38]. These data demonstrated that AR-V7 (defined by the exon 3/CE3 splice 

junction) and AR-V3 (defined by the exon 2/CE4 splice junction) were the most frequently 

expressed AR-V mRNAs in CRPC tissues, and displayed the highest fractional expression of 

all AR-V mRNAs as a function of overall AR expression. Remarkably, AR-V7 and AR-V3 

were also the most frequently detected AR-Vs in primary prostate cancer specimens, and 

their fractional expression levels as a function of overall AR expression appeared to be 

largely unchanged compared to the measurements in CRPC tissues [38]. Additionally, 

ARv567es, defined by the exon 4/8 splice junction, was only detected in 4/125 CRPC 

specimens, despite having being found in previous RT-PCR studies of CRPC metastases to 

display a trend towards association with reduced cancer-specific survival [20]. 

Understanding the basis for this discordance in conclusions following RT-PCR 

measurements vs. RNA-seq measurements of AR-Vs in prostate cancer tissues will be 

important for developing a clearer picture of their role in CRPC progression. One possibility 
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is that RT-PCR measurements typically measure the expression of a specific AR-V relative 

to an internal housekeeping gene whereas RNA-seq data has been evaluated based on 

fractional expression of an AR-V relative to overall AR expression. It is possible this RNA-

seq data analysis strategy is not highlighting those tissues where overall AR expression is 

increased, leading to higher expression of AR-Vs as well as full-length AR. Additionally, 

data comparing the change in expression of AR-Vs after introduction of second line AR 

inhibitors would provide great insight into how AR-Vs respond, and thereby contribute to 

CRPC progression in different treatment contexts.

3.2 Alterations in the broader AR pathway in CRPC tissue

As is the case in primary prostate cancer tissue, alterations in AR-related pathway 

components are also observed in CRPC tissue. For example, FOXA1 has been found to be 

mutated in CRPC samples, at a slightly higher frequency than in primary prostate cancer 

[28, 37, 38]. Interestingly, there also appears to be a shift in the distribution of FOXA1 

mutations in CRPC compared with primary prostate cancer. For example, in primary 

prostate cancer, FOXA1 mutations were concentrated in the Forkhead domain [19] whereas 

a study of CRPC tissue found that four of seven FOXA1 mutations were in the tail-anchored 

(TA) domain and only one (G87R) mutation was detected in the Forkhead domain [37]. 

Similar non-Forkhead domain mutations, most of which localized to a region between the 

Forkhead domain and tail-anchored domain, were also frequently observed in a biopsy-

based study of 150 CRPC specimens [38]. SPOP mutations, like FOXA1 aberrations, are 

also present at similar frequency in CRPC as primary prostate cancer, but with no apparent 

differences in distribution [28, 38]. Beyond FOXA1 and SPOP, several other AR activators 

and repressors within the AR pathway are altered in CRPC. For instance, nuclear receptor 

coactivators 1 and 2 (NCOA1/2), which are known to facilitate AR transcriptional activity, 

are frequently overexpressed at the mRNA and protein levels in metastatic CRPC [41], while 

nuclear receptor corepressors 1 and 2 (NCOR1/2), which are AR repressors, are commonly 

inactivated by mutation (nonsense, frameshift, missense), gene fusion or decreased mRNA 

expression [38, 41]. The importance of these specific AR pathway alterations is underscored 

by the finding that they are more frequent in metastatic CRPC samples compared to primary 

prostate cancer [19, 28]. Taking into account the cumulative total of all the alterations 

identified in the AR and the broader AR pathway has indicated that AR signaling is altered 

in 100% of metastatic CRPC cases [41]. These data underscore the critical role of AR in 

prostate cancer progression and therapeutic resistance.

4. Detection of Alterations in the AR and AR-V Pathways in Blood

Circulating tumor cells (CTCs) and cell-free circulating tumor DNA (ctDNA) provide great 

potential for determining cancer progression in real time with methods that are non-invasive 

compared to biopsies, where sample yield is typically low. Observing proteomic, 

transcriptomic, miRNA expression, and genotypic changes in CTCs or genomic changes in 

ctDNA in response to various therapeutics enables analysis and understanding of tumor 

evolution. As this technology matures, it may also lead to more nuanced care in the 

developing age of personalized medicine. In the context of CRPC, CTC and ctDNA are 

thought to represent cells or cellular material shed from metastases. This section of the 
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review will discuss how alterations in the AR and broader AR pathway have been evaluated 

in CTCs and ctDNA, with emphasis on how major findings have been in concordance or 

discordance with the tissue-based findings discussed in previous sections.

4.1 Alterations in the AR in CTCs

An early examination by Miyamoto et al into AR alterations in CTCs focused on 

transcriptional function of androgen-activated AR [44]. Given that PSA is a gene target 

transcriptionally activated by the AR, and PSMA is a gene target transcriptionally repressed 

by AR, immunophenotyping for expression of these AR gene targets was used to classify 

individual CTCs as “AR active” (PSA+/PSMA−), “AR inactive” (PSA−/PSMA+), or 

“mixed AR signaling” (PSA+/PSMA+). Within this study, initial ADT resulted in a robust 

switch from activated AR signaling to inactive AR signaling, whereas second line treatment 

with abiraterone induced a more mixed signal [44]. These trends in AR activity within CTCs 

suggest an evolution toward a more complex and heterogeneous disease state. Understanding 

this evolution with respect to alterations in the AR gene and expression profiles may reveal a 

mechanistic basis for this heterogeneity.

Shaffer et al. performed one of the earliest analyses of AR alterations in CTCs from patients 

with CRPC. Within this study, Shaffer and colleagues used fluorescence in situ hybridization 

(FISH) to examine chromosomal aberrations in nine patients. Among the nine patients with 

CRPC, five of them exhibited amplification of AR [45]. Even within this small set, AR 

amplification frequency in CTCs mirrored the frequencies seen in larger scale tissue studies 

[38]. Related to this finding was a study that examined the AR gene in CTCs from patients 

treated with abiraterone. In this study, AR amplification was heterogeneous after second line 

therapy [46]. More recently, other AR alterations such as missense mutations, deletions, and 

insertions were examined in CTCs. One study found an unusually high percentage of 

missense mutations (15 of 35 CRPC patients) [47]. This frequency of AR mutation was 

much higher than observed in tissue-based analyses of CRPC tissue. One possible 

explanation is that tissue-based studies have routinely sampled a single metastatic site, 

whereas the cells that are enriched during CTC collection procedures are thought to 

originate from multiple metastatic sites. Given that sampling of several CRPC tissue sites 

from individual patients has revealed multiple independent AR amplification and mutation 

events [48], it is possible that CTC-based analysis reflects the totality of AR mutational 

burden within a patient, leading to a higher estimate of AR mutation frequency.

In a separate study that performed single-cell RNA-seq of CTCs, the T877A point mutation 

associated with ligand promiscuity and therapy resistance was only detected in CTCs from 1 

of 13 patients with CRPC. An E709E mutation was also detected in 1/13 CRPC patients in 

this study [49]. This AR mutational frequency (2/13 patients) is concordant with the AR 

mutational frequency observed in larger-scale studies with CRPC tissues. However, there 

was insufficient depth of AR mRNA sequencing coverage for many of the individual CTCs 

in this study to rule out the possibility of a higher AR mutation frequency. Overall, these 

studies have demonstrated proof-of-principle for detection of specific AR gene alterations 

using various analysis platforms in CTCs, but the results have been highly variable. 
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Improving the sensitivity and specificity of these platforms for AR analyses may provide a 

more accurate picture going forward.

4.2 Alterations in the AR in ctDNA

In line with the non-invasive principles of CTC analysis, interrogation of ctDNA is another 

strategy for evaluating tumor evolution and tracking responses to therapy in patients with 

CRPC. Romanel et al. reported targeted next-generation sequencing of ctDNA from plasma 

samples collected longitudinally from 97 CRPC patients before and during therapy with 

abiraterone [50]. Of 274 plasma samples analyzed, 41 displayed AR point mutations known 

to associate with ADT resistance [50], which is in concordance with the frequency observed 

in studies of CRPC tissue [37, 38]. Only 217 plasma samples from this cohort had a 

sufficient cancer cell fraction to enable analysis of AR gene copy number. Of these 217 

samples, 80 demonstrated an AR copy number gain [50]. Importantly, detection of AR point 

mutations or copy number gain in plasma ctDNA from patients pre-therapy was associated 

with less favorable clinical outcomes including reduced PSA response rates, shorter 

progression-free survival, and shorter overall survival compared to patients where no AR 

alterations were detected [50].

4.3 AR-Vs in CTCs

Single-cell RNA-seq of CTCs from patients with CRPC has also enabled examination of AR 

splicing patterns and detection of AR-V expression in this context. For instance, in a study 

of individual CTCs isolated from 13 patients, 33/73 CTCs analyzed displayed expression of 

at least one type of AR-V [49]. Consistent with RNA-seq studies of CRPC tissue [38], AR-

V7 was the most frequently detected AR-V (26 of 73 CTCs; 8 of 11 patients) [49]. 

Expression of ARv567es was also detected with high frequency (18 of 73 CTCs; 8 of 11 

patients) [49], which is in disagreement with the overall lack of ARv567es mRNA 

expression observed in RNA-seq studies of CRPC tissue. Expression of AR-V1, AR-V3, and 

AR-V4 (contiguously-splice AR exons 1/2/3/CE4) has also been detected by single-cell 

RNA-seq of CTCs [49]. Interestingly, 13 of 73 individual CTCs expressed two or more 

different AR-Vs, which demonstrates that multiple AR splicing patterns can exist in a single 

cell. However, development of approaches for detection of AR-V protein expression in 

individual CTCs will be necessary to understand whether these mRNA species are translated 

to generate functional AR-V protein. Finally, partitioning the patients in this study into those 

that had been treated with enzalutamide vs. those that had not been treated with 

enzalutamide did not reveal enrichment for AR-V expression in the enzalutamide-treated 

cohort [49].

While there is evidence of heterogeneous AR-V expression in CTCs before and after 

treatment with enzalutamide, there is strong evidence that simple detection by RT-PCR of 

AR-V7 mRNA in CTCs may serve as a predictive biomarker for patients treated with 

second-generation AR-targeted therapies. Specifically, in a study of 62 CRPC patients 

initiating therapy with abiraterone (31 patients) or enzalutamide (31 patients), Antonarakis 

and colleagues reported that the presence of CTCs positive for AR-V7 mRNA expression 

was associated with lower PSA response rates, diminished progression-free survival, and 

reduced overall survival in both treatment groups [51]. These data imply a clear association 
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of AR-V7 mRNA with resistance to second line AR-targeted therapies. Results in this study 

are in agreement with a study examining AR-V7 protein expression in bone marrow 

aspirates from CRPC patients [52] as well as an independent study evaluating CTCs from 

patients treated with enzalutamide [53]. Interestingly, these studies have also reported that 

increased AR-V7 mRNA expression in bone marrow aspirates and CTCs directly correlated 

with the number of prior therapies patients had received [51, 52, 53]. Indeed, patients with 

an AR-V7 mRNA negative CTC profile pre-therapy have been shown to convert to an AR-

V7 mRNA positive CTC profile during treatment with enzalutamide or abiraterone [51, 53, 

54, 55].

While AR-V7 mRNA positivity in CTCs may be predictive of lack of response to 

abiraterone or enzalutamide therapy, AR-V7 positivity in CTCs does not appear to be 

associated with lack of response to taxane chemotherapy. Specifically, patients with an AR-

V7 mRNA positive CTC profile pre-therapy displayed superior clinical outcomes when 

treated with taxane chemotherapy compared with abiraterone or enzalutamide. Conversely, 

clinical outcomes were indistinguishable for all three treatments in patients with an AR-V7 

mRNA negative CTC profile per-therapy [55]. This result may be unexpected in light of 

mechanistic cell-based studies reporting that microtubule-dependent translocation of AR to 

the nucleus can be impaired by taxane chemotherapy, whereas AR-V7 translocation to the 

nucleus is taxane insensitive [56, 57]. However, subsequent studies demonstrated this AR 

translocation effect may be an artifact of treating prostate cancer cells with concentrations of 

taxanes higher than can be achieved clinically [58]. Interestingly, it has also been reported 

that patients with an AR-V7 mRNA positive CTC profile pre-therapy can undergo reversion 

to AR-V7 mRNA negative CTC profile during taxane chemotherapy [54,55]. This plasticity 

in AR-V7 expression further highlights the complexity of AR-V expression in prostate 

cancer, and shows how various selection pressures can modulate resistance mechanisms.

5. Functional Changes in AR and AR-V signaling during PCa progression

Since AR is a transcription factor, understanding functional changes in regard to gene 

expression repertoire (ie the set of transcriptional targets regulated by AR, or the AR 

“transcriptome”) and chromatin binding patterns (ie the collection of cis-elements bound by 

AR, or the AR “cistrome”) during cancer progression is important. Understanding how AR 

gene and splicing alterations, disease context, co-regulator expression, and treatment history 

can influence AR chromatin binding sites and transcriptional targets is expected to provide 

further insight to how aberrations in AR and the broader AR signaling pathway drive cancer 

progression. Fine-tuned and expanded usage of techniques such as ChIP-seq, and related 

ChIP-seq variations, has allowed for more advanced and context specific mapping of AR 

binding. Furthermore, the complex nature of AR binding is inherent in binding sites where 

AREs can be found at sites distant from target genes. In this section, AR and AR-V 

cistromics and transcriptional programs will be discussed in further detail.

5.1 AR cistrome and transcriptome in normal tissue, primary prostate cancer, and CRPC

ChIP-seq and transcriptional profiling in prostate cancer cell lines has been a popular avenue 

for researchers to understand functional changes in AR action [59]. Moreover, these studies 
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have highlighted mechanistic aspects of the AR cistrome and transcriptional regulation by 

FOXA1 and ERG [59, 60, 61]. In order to fully understand functional changes in AR 

signaling, it is important to analyze the transcriptome and cistrome of AR in prostate cancer 

tumor tissue. This allows for the verification of gene expression and binding data themes 

found in model systems, which, as a result, relay a more robust understanding of AR 

functional behavior in a variety of disease settings. For instance, comparison of AR ChIP-

seq datasets derived from prostate cancer cell lines and clinical tissues demonstrated that AR 

chromatin binding events in prostate cancer cell lines more closely reflect the AR chromatin 

binding events that occur in CRPC tissues than the AR chromatin binding events that occur 

in primary prostate cancer. This is expected, given that the prostate cancer cell lines used in 

this study were derived from patients with CRPC. However, over 50% of AR chromatin 

binding sites observed in CRPC tissues were not detected in prostate cancer cell lines, 

highlighting the importance of studying tissues directly [62]. Recently, Pomerantz and 

colleagues used ChIP-seq to compare AR chromatin binding sites in primary prostate cancer 

and adjacent normal tissue [63]. Hierarchical clustering of AR chromatin binding events 

revealed distinct groups of AR cistromes between primary tumor samples and matched 

normal tissues. Inclusion of the AR positive prostate cancer cell lines LNCaP and VCaP in 

hierarchical clustering resulted in classification of a third distinct group, which most closely 

resembled primary tumors [63]. Overall, this study identified 9,179 AR chromatin binding 

sites that were enriched in tumor tissue and 2,690 AR chromatin binding sites that were 

enriched in normal tissue. Importantly, this study identified FOXA1 and HOXB13 as key 

AR-associated transcription factors that ultimately determined tumor-enriched AR 

chromatin binding events. Consistent with this finding, transfection of a normal prostate 

epithelial cell line with lentivirus encoding FOXA1 and HOXB13 resulted in a pattern of AR 

chromatin binding that resembled primary prostate cancer tissue [63]. Building on these 

same themes, comparison of AR chromatin binding events in primary prostate cancer vs. 

CRPC specimens revealed differences in AR chromatin binding associated with disease 

progression [64]. These findings have indicated that AR chromatin binding undergoes 

extensive reprogramming at various stages of disease progression. Understanding the 

mechanisms by which alterations in the AR and broader AR pathway intersect with these 

chromatin binding alterations will provide important insights to the genome-wide impacts of 

AR alterations in prostate cancer.

5.2 AR versus AR-V cistrome and transcriptome

There has also been great interest in understanding the similarities and differences in 

cistromes and transcriptomes regulated by full-length AR and AR-Vs. One early observation 

was that AR-Vs uniquely regulated a set of G2/M-phase regulatory genes including UBE2C 

[65]. However, more recent analysis of this set of G2/M-phase cell cycle regulator genes 

revealed they were biphasic targets that could be induced by both androgen/AR as well as 

AR-Vs at low levels of AR transcriptional output, but were repressed when AR 

transcriptional output was increased [66]. A study by Lu and colleagues compared the 

cistromes and transcriptomes regulated by AR and AR-Vs in the 22Rv1 prostate cancer cell 

line manipulated with siRNA to achieve cell preparations that were either full length 

AR-/AR-V+ or full length AR-/AR-V− [67]. In this study, AR-Vs were observed to regulate 

a unique gene set separate from full length AR in the absence of androgen. Additionally, 
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binding of AR-Vs didn’t appear to be affected by loss of full length AR or androgens [67]. 

However, it should be noted that full-length AR in 22Rv1 cells harbors a tandem duplication 

of a zinc finger module in the AR DNA binding domain [16]. Therefore it is not clear 

whether the differences in AR vs. AR-V chromatin binding observed in this study was due 

to differential DNA recognition by a larger 3-zinc finger AR DBD module vs. a normal 2-

zinc finger AR DBD module. Nevertheless, this study also found that AR-V chromatin 

binding sites had 75% overlap with full-length AR chromatin binding sites [67]. In a 

separate ChIP-seq study with cell lines engineered to express either full-length AR or 

ARv567es from the same endogenous AR promoter, ARv567es was found to engage with 

the same genomic sites engaged by full-length AR, albeit with lower affinity [66]. This study 

further revealed that AR-Vs required dimerization to engage with androgen response 

elements [66], which has since been confirmed by a separate study [68]. A more complete 

picture of how AR-Vs engage chromatin will require analysis of additional cell line models 

as well as clinical tissues expressing various levels of AR-Vs relative to full-length AR.

6. Conclusion

Interrogating multiple tissue compartments in patients at various stages of prostate cancer 

progression has provided key insights to the alterations that occur in the AR and broader AR 

signaling pathway. While mutation and amplification of the AR gene do not appear to play a 

major role in prostate tumorigenesis, there is ample evidence that other common genomic 

alterations including ETS gene fusions, SPOP mutations, and FOXA1 mutations can alter 

transcriptional regulation of the AR signaling axis. These alterations may be intimately 

linked to differences in transcriptional output and/or chromatin binding that have been noted 

in the AR in studies with primary prostate cancer and adjacent normal tissue. Alternatively, 

mutation and amplification of the AR gene are more frequent in CRPC tissue, and appear to 

be responses to therapeutic stress as opposed to alterations that underlie metastasis. Altered 

splicing of the AR gene, manifesting in expression of AR-Vs appears to occur at all stages 

of disease progression as well as normal prostate tissue, raising questions about the specific 

context in which these species may play a role in disease progression. Nevertheless, targeted 

interrogation approaches have revealed a trend towards increased expression of specific AR-

Vs, such as AR-V7, in CRPC vs. primary prostate cancer tissue. This is underscored by the 

potential predictive utility of detecting AR-V7 mRNA in CTCs from patients with CRPC. 

Reconciling the discrepancies noted in AR-V7 expression patterns in tissue profiling (ie 

RNA-seq) vs. targeted (ie RT-PCR) studies with tissues or CTCs will be critical for future 

studies. Additionally, understanding the mechanistic role of AR-Vs in disease progression 

will require their evaluation in the context of other AR and AR pathway alterations known to 

occur during disease progression, as well as alterations in AR independent pathways. 

Moreover, development of inhibitors that can selectively target the transcriptional activity of 

AR-Vs will provide important clinical information on their contributions at various disease 

stages.
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LHRH luteinizing hormone releasing hormone

ADT androgen depletion therapy

CRPC castration-resistant prostate cancer

CYP17 cytochrome P450 c17

MR mineralocorticoid receptor

ER estrogen receptor

PR progestins receptor

GR glucocorticoid receptor

NTD NH2-terminal domain

AF-1 activation function 1

LBD ligand bind domain

ARE androgen response element

RIP RNA co-immunoprecipitation

NCOA nuclear receptor coactivator

NCOR nuclear receptor corepressor

CTC circulating tumor cell

ctDNA circulating tumor DNA

FISH fluorescence in situ hybridization

PSA prostate-specific antigen

PMSA prostate-specific membrane antigen
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Highlights

• Reactivation of androgen receptor is critical in prostate cancer disease 

progression.

• Androgen receptor splice variants contain the same N-terminal domain 

and DNA binding domain as full-length AR, but lack the COOH-

terminal ligand binding domain rendering them constitutively active in 

the absence of ligand.

• Androgen receptor splice variant transcripts are detectable in benign 

prostate tissue, primary prostate cancer, castration-resistant prostate 

cancer, and circulating tumor cells.

• Androgen receptor splice variant-7 may serve as a predictive biomarker 

for patients treated with second generation androgen receptor targeted 

therapies.
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Fig. 1. Canonical/resistance AR signaling and AR-V structure
A. Hypothetical timeline representing progression of primary prostate cancer to castration 

resistant prostate cancer. B. Tissues and other clinical material (CTCs-circulating tumor 

cells; ctDNA-cell free, circulating tumor DNA) available for interrogation of alterations in 

the androgen/AR pathway. C. Illustration of normal and aberrant modes of androgen/AR 

signaling. The upper left quadrant summarizes canonical AR signaling that occurs in normal 

development and prostate cancer. In this setting, DHT binds AR, which promotes AR 

translocation to the nucleus and transcriptional activation. Components of this axis targeted 

by abiraterone and enzalutamide are indicated. The top right quadrant illustrates how 
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amplification of the AR locus results in AR protein overexpression, which is highly sensitive 

to castrate levels of androgen. The bottom right quadrant illustrates the domain structure of 

AR-Vs. The expanded view displays exon composition of 5 separate mRNAs that encode 

discrete AR-Vs that are detailed within the text. The bottom left quadrant shows how 

mutations in the AR ligand binding domain can convert non AR ligands and AR antagonists 

to agonists, leading to transcription of AR target genes.
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