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Research Progress on the Mechanism of Androgen Receptor Signaling Pathway in 
Castration-Resistant Prostate Cancer 

Abstract 
Prostate cancer (Pca) remains the most common malignancy worldwide in men, and the 
second leading cause of mortality only to lung cancer. Besides surgery, androgen deprivation 
therapy (ADT) is a major treatment for Pca. However, ADT leads  to the inevitable progression 
of castration-resistant Pca (CRPC). The transition from hormone-dependent Pca (ADPC) 
to CRPC has been shown to involve reactivation of the androgen receptor (AR) signaling 
pathway. The evidence become strong that Pca develop adaptive mechanisms for maintaining 
AR signaling to allow for survival and further evolution. This article mainly reviews the research 
progress of the mechanism(s) of AR signaling in CRPC and provides scientific basis and new 
ideas for the diagnosis and treatment of this phenotype. 
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Introduction

At present, prostate cancer (Pca) is the most common malignancy 
of the males in the world. According to the estimate by the 
American Cancer Society, its incidence ranks first place in men, 
and its mortality rate is only second to lung cancer. According to 
relevant surveys, the incidence and mortality of Pca are increasing 
[1-3]. Androgen deprivation therapy (ADT) is a major treatment 
modality for advance-stage Pca where serum testosterone is 
depleted by pharmaceutical or surgical castration [4]. Although 
ADT can significantly inhibit the growth and proliferation of 
tumors in the early stage, the growth of tumors will eventually 
be uncontrolled. ADT gradually becomes ineffective, and the 
disease develops into castrate-resistant Pca (CRPC) [5, 6]. The 
growth of Pca is stimulated by, the androgen receptor (AR) that 
binds to ligands such as dihydrotestosterone (DHT) modulates 
the expression of target genes [7, 8]. A large number of studies 
have found that AR signaling pathway plays an important role in 
promoting the transformation of androgen dependent Pca (ADPC) 
to CRPC [9]. The reactivation of AR signaling pathway is closely 
related to this transition, in addition, there are other AR-related 
changes that promote the occurrence of CRPC [10]. This article 
mainly reviews the research progress of the mechanism ofAR 
signaling pathway in CRPC and provides scientific basis and new 
ideas for its diagnosis and treatment.

The basic structure of AR gene and AR signaling pathway

The AR gene located on Xq11-13 is composed of 8 exons, which 
encode the N-terminal domain (NTD), DNA binding domain 
(DBD), hinge domain, ligand binding domain (LBD) [11]. AR 
is a member of the nuclear receptor superfamily, which acts as a 
transcription factor [12]. In the absence of hormones, AR binds to 
heat shock proteins and is located in the cytoplasm in a non-active 
conformation. After androgen binding, AR rapidly undergoes 
conformational changes and shuttles to the nucleus and binds 
to the androgen response element (ARE) [13]. Recruitment of 
coactivators and corepressors, as well as chromatin remodeling, 
promote the induction of AR dependent gene transcription [14]. 
Specific combinations of co-factors recruited to ARE provide 
tissue and ligand-specific factors such as prostate specific antigen 
(PSA) and transmembrane protease expression [15]. 

AR genetic mutation 

AR genetic mutations have been found to be rare in Pca at an early 
stage or without hormone therapy, whereas AR genetic mutations 
are common in CRPC. The mechanism of abrupt change of AR 
leading to CRPC can be summarized as AR conformational 
change, which not only depends on androgens, but also can 
combine with other similar hormones. The conformation of AR 
can be disrupted by point mutations, which usually occur in CRPC 
and mediate resistance to AR targeted therapy [16, 17]. Abrupt 
changes in LBD allow AR to be activated by antiandrogens or 
other steroid hormones [18]. For example, LNCaP cells with AR 
mutation T877A can be activated by flutamide, estrogen, and 
progesterone [19]. AR with L701H/T877A double abrupt change 
can be activated by glucocorticoids [20]. Studies have shown that 
Pca cells with AR mutations are better able to adapt to ADT and 
survive, so that cancer cells harboring AR aberrations can play 
a role without relying on androgens, but can be activated with 
estrogen, glucocorticoids and even anti-androgen drugs, thus 
promoting hormone resistance and cancer progression [21, 22]. 
This androgen-independent AR signaling pathway is also known 
as the ligand-independent pathway. 

AR gene and its enhancer amplification 

Amplification of AR loci is one of the most common mechanisms 
of castration resistance, occurring in 50% of men with CRPC, 
and they typically contain enhancers located about 700 kilobases 
upstream [23, 24]. In some tumors, AR genes and enhancers 
expand independently of each other [25]. AR enhancers bind to 
transcriptional activators including FOXA1, GATA2, NKX3.1, 
HOXB13, and AR itself. Amplification of AR and its enhancers 
was associated with higher levels of AR expression [26]. Zhou et 
al. [27] found that highly repetitive amplicons contain intergenic 
regulatory elements that interact with AR genes in CRPC, and 
AR enhancers are critical for cell viability in metastatic LNCaP 
Pca cell lines. In addition, the study found that unamplified AR 
was detected in only 2 out of 205 untreated Pca [28]. In cases 
of metastatic CRPC, high levels of AR gene amplification were 
found in 38% to 63% of circulating tumor cells [29], suggesting 
that selective AR amplification occurs during CRPC progression. 
Overexpression caused by AR gene and enhancer amplification 
promotes the conversion of ADPC to CRPC and the progression of 
CRPC. 

AR splicing variants 

Seventeen AR variants that lack LBD have been discovered in the 
last 10 years [30]. The formation mechanism can be summarized 
as the high expression of various splicing factors in CRPC [31-
34]. The enhanced expression of splicing factors will promote 
their recruitment to pre-mRNA, thus facilitating the mRNA 
splicing process. Therefore, altering the splicing process leads 
to dysregulation of splicing process. Splicing factors, which are 
rich in proline and glutamine, are responsible for widespread 
upregulation of spliceosomal gene expression in CRPC, thus 
activating multiple carcinogenic pathways including AR. Since 
splicing variants lack LBD, they remain unbound by most AR 
signaling inhibitors and do not depend on androgen binding, 
but directly activate the expression of AR driver genes (Figure 
1). We compared the morphological differences of 19 patients 
with primary hormone sensitivity and CRPC, and evaluated the 
expression of AR-FL, AR-V7, AR-V4, ARv567es, AR-V3 and 
AR8 mRNAs. AR-FL, AR-V7, ARv567es and AR-V3 mRNAs 
were expressed in hormone-sensitive prostate cancer (HSPC), 
AR-V3 mRNA expression was significantly increased in CRPC, 
accounting for 81.2% (13/16) [35]. AR-FL positively correlated 
with AR-V7 (r= 0.93, P< 0.001), ARv567es (r= 0.72, P< 0.001) and 
AR-V3 (r= 0.81, P< 0.001) mRNA expression, which confirmed 
that AR-V7 was expressed at a low level in HSPC. The expression 
of AR-V7 increased in CRPC. The expression of AR-V7 protein 
in CRPC, human nucleus pulposus cell and benign tumor samples 
was evaluated by immunohistochemistry. The results showed that 
nucleolar AR-V7 staining was positive in 44% of CRPC samples, 
compared with 9% in human nucleus pulposus cell and 0 in benign 
tumor samples. This study further evaluated the predictive value 
of AR-V7, finding that high levels of AR-V7 cytoplasmic staining 
were associated with a greater risk of PSA recurrence after radical 
prostatectomy [36]. These results suggest that AR splicing variants 
are significantly higher in CRPC than human nucleus pulposus 
cells, and their high expression is closely related to castration-
resistant formation and progression of CRPC. 

AR co-regulatory factor

AR translocations to the cell nucleus with androgen binding 
and ARE binding, recruitment of coregulated node factors and 
chromatin remodeling promote the induction of AR dependent 
gene transcription, and recruitment of specific combinations of 
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ARE coregulated node factors can provide tissue and ligand-
specific gene expression. Recruitment of coregulatory factor 
is a critical regulatory step in AR signaling [37], which alters 
the transcription process by enhancing or decreasing the 
transcriptional activity of AR. For example, in the presence of 
weaker androgen androstenedione, the increased expression of 
steroid receptor coactivator 1 (SRC1) and TIF2 can stimulate 
AR activity. The expression of MAGEA-11 coactivator recruited 
through the AR NH2- terminal FxxLF motif is increased in 
CRPC [38]. Primate-specific MAGE-A11 was found to be one of 
the coactivator, chromatin immunoprecipitation revealed that AR 
recruits intron 10 of the FSTL1 gene, which contains the classic 
ARE, and AR co-upregulates FSTL1 with MAGE-A11 to promote 
the growth and progression of CRPC [39]. Related drugs that block 
coactivator recruitment are also being developed and are attractive 
targets because they are mediated by protein-protein interactions, 

and this antagonist can overcome resistance to conventional 
antiandrogens and remain effective in advanced Pca. Several 
binding domains outside ABS have been explored to block AR-
coactivator interactions and inhibit AR signaling. Within the AR 
domain, the most promising compounds have been produced at the 
AF-1, AF-2 and BH-3 sites [40]. 

Long non-coding RNAs 

Studies have shown that only a very small number of total genome 
sequences in humans encode protein-coding transcripts, while the 
rest are actively transcribed to generate large amounts of functional 
non-coding RNAs [41-44]. Long non-coding RNAs (lncRNAs) are 
defined as those with lengths greater than 200 nucleotides. Abhijit 
Parolia et al. demonstrated that HORAS5 is a stable, cytoplasmic 
lncRNA that promotes CRPC proliferation and survival by 

Figure 1. Schematic structure of human androgen receptor (AR) and AR splice variant 7 (AR-V7) and 567(AR567es). (a) The full-length 
AR; (b) AR-V7 (also named AR3) encodes a protein with exons 1-3 and a terminal cryptic exon (CE3); (c) AR567es encodes a protein 
comprised of exons 1-4, and because of a frame-shift due to loss of exons 5-7, exon 8 has a stop codon generated after the first 10 amino 
acids resulting in a shortened exon 8.
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maintaining AR activity under androgen-depleted conditions [45]. 
The most typical role of lncRNA is to act as epigenetic modulator 
in gene regulation and promote the progression of CRPC by acting 
on AR signaling pathway. The overexpression of nuclear-enriched 
abundant transcript1 (NEAT1), which regulates gene expression 
through epigenetic regulation, has been associated with aggressive 
Pca. Lin [46] found that NEAT1 is up-regulated by estrogen 
receptor α (ERα), and overexpression of NEAT1 changes the levels 
of H3K4me3 and H3AcK9 by directly binding to histone H3, thus 
altering the chromatin distribution of the target promoter, thereby 
promoting active transcription. Given that estrogen signaling 
via ERα bypasses the androgen signaling pathway, ERα-Neat1-
mediated chromatin alterations may drive tumor growth and 
CRPC processes. Yao et al. [47] found that a lncRNA, LINC00675, 
is upregulated in androgen-insensitive Pca cell lines and CRPC 
patients, and that LINC00675 can directly modulate the interaction 
of ganglion AR with dual microhomologous gene 2. Knockdown 
of LINC00675 gene can significantly inhibit Pca tumor formation 
and reduces enzalutamide resistance. These studies indicate that 
lncRNA LINC00675 is related to the resistance of enzalutamide 
through the modulation of AR signaling pathway and plays an 
important role in the development of CRPC. 

MicroRNAs 

MicroRNA(miRNA)s are a class of endogenous and small 
noncoding RNAs that downregulate gene expression in 
various ways, including translational repression, cleavage, and 
deadenylation of target mRNAs. miRNA expressions continue 
to alter while cells proceed through advanced cancer stages 
or phenotypes such as ADPC and CRPC. A list of miRNAs 
regulating the AR signaling pathway is still incomplete but would 
be of great interest for providing new targets for the development 
of small miRNA based prostate cancer therapeutics. Çağdaş 
Aktan et al. evaluated  miR-625-5p and miR-874-3p upregulation 
in ADPC to CRPC transition in LNCaP-104R2 and LNCaP-Abl 
cell lines. Suppression of miR-625-5p or miR-874-3p resulted 
in decreased proliferation of CRPC cells [48]. Jani Silva et al. 
designed a study to evaluate the prognostic potential of nine 

miRNAs in the liquid biopsies (plasma) of mCRPC patients 
treated with second-generation androgen receptor axis-targeted 
(ARAT) agents, abiraterone acetate (AbA) and enzalutamide 
(ENZ). They identified that miR-16-5p, miR-145-5p, and miR-
20a-5p was implicated in several processes, namely, cell cycle, 
proliferation, migration, survival, metabolism, and angiogenesis 
[49]. Aya Naiki-Ito et al. found that luteolin inhibits CRPC by AR-
V7 suppression through miR-8080, highlighting luteolin and miR-
8080 as promising therapeutic agents for this disease [50].

Circular RNA

Circular RNAs (circRNAs) as a non-coding form of RNA, widely 
expressed in many tissues with distinct function to influence 
development of several diseases including tumor progression. 
Despite their growing links to cancer, there has been limited 
characterization of circRNAs in metastatic CRPC, the major 
cause of prostate cancer mortality. Subing Cao et al. through the 
analysis of an exome-capture RNA seq dataset from 47 metastatic 
castration-resistant prostate cancer specimens and ribodepletion 
and RNase R RNA-sequencing of patient-derived xenografts 
(PDXs) and cell models, they identified 13 circRNAs generated 
from the key prostate cancer driver gene-androgen receptor 
(AR). They found that with greater resistance to exoribonuclease 
compared to the linear AR transcripts and detectability of AR 
circRNAs in patient plasma, these AR circRNAs may serve as 
surrogate circulating markers for AR/AR-variant expression and 
CRPC progression [51]. A study by Gang Wu et al. suggested that 
circRNA17 may function as suppressor to alter the Enz sensitivity 
and cell invasion in CRPC cells via altering the miR-181c-5p/ARv7 
signaling and targeting this newly identified signaling may help in 
the development of a better therapy to further suppress the EnzR 
cell growth [52].
    John Greene profile and demonstrated discrete circRNA 
expression patterns in an enzalutamide resistant cell line 
model of prostate cancer. He suggested that hsa_circ_0004870, 
through RBM39, may play a critical role in the development 
of enzalutamide resistance in CRPC [53]. Figure 2 shows that 
crosstalk between ncRNAs in AR regulatory network.

Figure 2. Crosstalk between non-coding RNAs in AR regulatory network. LncRNA acts as a sponge to inhibit miRRNA targeted AR 
mRNA degradation. CircRNA binds to and stabilizes miRNA, enhancing miRNA targeted AR mRNA degradation.
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Conclusions

In CRPC, AR is undoubtedly a hot spot. The traditional 
phosphatidylinositol 3-kinase/protein kinase B pathway, mitogen-
activated protein kinase pathway and P53 signaling pathway play 
an important role in the development of Pca. With the transition 
of Pca emerging the CRPC stage, AR signaling pathway plays an 
important role in the development of CRPC. AR is overexpressed 
in the vast majority of CRPC, and the AR gene is amplified in 
1/3 of cases. In addition, splicing variants and point mutation of 
AR may play a role in the progression of Pca, allowing AR to 
function independently of androgens. Studies have shown that 
overexpression of AR converts androgen-sensitive growth to 
non-androgen-dependent growth and hypersensitizes the AR 
signaling pathway. Thus, there is evidence that overexpression 
of AR is the main mechanism of partial castration resistance, 
and that overexpression of AR is partially explained by gene 
amplification. Comodulating factors can alter the transcriptional 
activity of AR. At present, there are different drugs to treat CRPC 
for different mechanisms, such as androgen biosynthesis inhibitor 
abiraterone, the second-generation AR antagonist Enzalutamide, 
chemotherapeutic drug docetaxel, etc. With the prolongation of 
ADT, AR signaling pathway promotes tumor resistance to drug 
resistance through various mechanisms. Preunderstanding of these 
mechanisms will help provide new ideas for drug development, 
such as the development of related drugs targeting the recruitment 
pathway of AR coactivators. With the in-depth understanding of 
AR signaling pathway, safer and more effective targeted drugs for 
CRPC in the future will certainly bring new hope for Pca patients. 
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