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Introduction:  One fifth of men with newly diagnosed 
prostate cancer present with locally advanced or metastatic 
disease.  Androgen deprivation therapy (ADT) is the 
standard systemic therapy in these patients.  Despite initial 
response, essentially all patients will develop castration 
resistant prostate cancer (CRPC).  In this review, we will 
discuss the revised definitions of CRPC and the latest 
understanding of the biology of the androgen/androgen 
receptor axis in the development of advanced prostate 
cancer.
Materials and methods:  A systematic literature review 
was conducted via electronic database articles based on title, 
abstract, study format, and content.  The majority of selected 

articles were published between 1992 and 2013.  Older 
studies were included selectively if historically relevant. 
Results:  Prostate cancer becomes castration resistant 
through numerous pathways, including androgen and 
androgen receptor (AR) dependent mechanisms as well as 
ligand and AR independent pathways.  Therefore the terms 
androgen-insensitive and hormone-refractory should be 
avoided and replaced by the term castration resistant.  
Recent advances in understanding molecular mechanisms 
of castration resistance have led to development of novel 
CRPC therapeutics.
Conclusions:  CRPC remains an incurable disease.  
Further understanding of the pathways involved in 
castration resistance will set the basis for development of 
therapies to increase survival in these patients.
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a median of 2 to 3 years.3  ADT relies on the dependence 
of prostate cancer cells on androgen-receptor (AR) 
signaling.4  Castration resistant prostate cancer (CRPC) 
represents a pressing therapeutic challenge.  Currently 
it is believed that AR-mediated pathways remain 
active in CRPC.  Mechanisms of castration resistance 
have been studied extensively in the last decade 
and have led to development of new therapeutic 
options including abiraterone acetate, an androgen 
biosynthesis inhibitor which blocks cytochrome 
P450-c17 (CYP17), and enzalutamide, an AR signaling 
inhibitor which prevents androgen binding, nuclear 
translocation and chromatin binding.5-7 

The aim of this review is to summarize the revised 
definitions of CRPC and the latest understanding of 
the biology of the androgen/androgen receptor axis 
in the development of CRPC.

Introduction

Despite early-detection efforts prostate cancer remains 
the second-leading cause of cancer-related mortality 
in men in Western societies.1  One fifth of men with 
newly diagnosed prostate cancer present with 
locally advanced or metastatic disease.2  Androgen 
deprivation therapy (ADT) is the standard systemic 
therapy in patients with locally advanced prostate 
cancer, biochemically recurrent disease after failed 
curative treatment and metastatic prostate cancer.  
After initial response to ADT, the vast majority of these 
patients will go on to castration resistant disease within 
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Materials and methods

A systematic literature review was conducted via electronic 
database searches of PubMed/Medline.  Searches were 
conducted with the following combinations and iteration 
of the following terms: castration resistant prostate cancer, 
castration resistant, CRPC, prostate cancer, androgen 
resistance, hormone-refractory, hormone-independent, 
androgen receptor, androgen receptor axis.  Articles were 
selected based on title, abstract, study format, and content 
by a consensus of the authors.  The majority of selected 
articles were published between 1992 and 2013.  Older 
studies were included selectively if historically relevant 
or in case of scanty data in more recent publications.

Results

Changes in the spectrum of advanced prostate 
cancer clinical presentation
The rate of patients with locally advanced (clinical 
T3/4NX/+M0) and metastatic prostate cancer at time 
of presentation has declined since the introduction 
of prostate-specific antigen (PSA).  Nevertheless, 
these men contribute disproportionately to prostate 
cancer mortality and morbidity from this disease.  
PSA screening has also led to a change in clinical 
presentation of these patients.  While patients presented 
with local symptoms due to locally advanced disease 
or cachexia, fatigue and bone pain in the pre-PSA era, 
PSA screening led to diagnosis of locally advanced 
prostate cancer in asymptomatic patients.  It has been 
recognized that in patients with no evidence of nodal 
or metastatic disease, reliance on the T stage alone to 
define locally advanced disease and risk groups within 
it is not sufficient.8  Therefore inclusion of pretherapy 
clinical and pathologic parameters other than clinical 
T stage such as PSA and Gleason score have led to a 
broader definition of locally advanced disease and are 
used to identify men at high risk for prostate cancer 
progression.8,9 

Similarly as to patients at time of presentation, PSA 
has launched a new “clinical state“ for CRPC as well, 
namely patients with or without clinical metastases, 
who have an increasing level of PSA despite ADT, 
but no obvious signs of progression based on clinical 
criteria or available imaging modalities.10  Metastatic 
CRPC has a poor prognosis with a mean survival of 
16-18 months.11 

An emerging clinical phenomenon is the finding that 
up to 25% of men with late stage prostate cancer have 
a neuroendocrine phenotype.12  Poorly differentiated 
neuroendocrine prostate cancer (small cell carcinoma of 
the prostate) is an aggressive disease and is frequently 

accompanied by presence of visceral metastases.  
Neuroendocrine tumors lack AR, do not secrete 
PSA and show poor response to androgen ablation.  
While neuroendocrine prostate cancer as a primary 
diagnosis is rare, neuroendocrine differentiation of 
prostate cancer increases with disease progression and 
in response to ADT,13 which is likely due to selective 
treatment pressures driving the tumor to become less 
reliant on signaling through AR.  This is therapeutically 
problematic and mandates finding new mechanisms for 
tumor growth inhibition.

New definitions of castration resistant and 
metastatic CRPC
With the demonstration of prostate cancer shrinkage 
via hormone therapy in 1941, the foundations were laid 
for a new disease, namely castration resistant prostate 
cancer.14  New insights into mechanisms of prostate 
cancer resistance to ADT over the last two decades 
have led to revised terminologies of this disease.

Despite initial response to hormone therapy, the 
majority of patients with advanced prostate cancer 
will progress within a median of 2 to 3 years from 
the start of ADT.15  Prostate cancer cells survive 
and resume growth despite ADT via adaptation to 
androgen-depleted conditions and alternative survival 
and growth pathways.16,17 

This state of disease was widely referred to as 
hormone-refractory prostate cancer.  The term suggests 
that further hormonal treatment of the prostate cancer 
will not be useful. 

In 1982, Fowler and Whitmore observed that 
administration of testosterone led to unfavorable 
responses especially in those patients who were in 
symptomatic relapse following endocrine therapy.18  
These results indicated that although the prostate 
cancer was progressing despite ADT, it was still 
responding to androgen action and therefore not 
independent of or refractory to androgens. 

Different additional hormonal therapy strategies 
including maximum androgen blockade, antiandrogen 
withdrawal, variation of specifc antiandrogens 
(e.g. bicalutamide, flutamide, nilutamide), estrogen 
compounds (diethylsilbestrol), adrenal suppressants 
(ketoconazole) have proven helpful. 

Recognizing that the term hormone-refractory 
was used heterogeneously in a broad spectrum of 
prostate cancer patients, in 1999 Scher et al proposed 
a refinement of the classification of patients with 
relapsing disease despite ADT.19  The authors reviewed 
19 trials of relapsed patients under ADT and found that 
only one included a definition for hormone-refractory 
disease based on at least two values of elevated PSA.19  
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Furthermore, in the evaluation of second line hormonal 
therapies, patients were included who had one to up to 
six different treatments before enrollment in the same 
study.19  Scher et al presented a classification scheme 
based on hormone sensitivity including the following 
three categories:  1) Hormone-naive patients who 
show a decrease in tumor proliferation if androgens 
are withdrawn or antiandrogens are administered 
(physiologic levels of androgens in the blood).   
2) Androgen-independent and hormone-sensitive 
patients with decrease in proliferation in response to 
other hormonal manipulations as mentioned above 
(castration levels of testosterone).  3) Hormone-
independent (androgen-independent and hormone-
insensitive) patients who are insensitive to hormonal 
manipulations (castration levels of testosterone).19  
Extent of prostate cancer has not been included in 
these definitions, while the later introduced clinical 
states model of prostate cancer did differ castration 
resistance based on rising PSA from different states of 
castration resistance based on clinical metastases.20,21 

Extensive research in the past decade has uncovered 
several underlying mechanisms by which prostate 
tumor cells become resistant to hormone therapy 
(as discussed below) and led to new definitions for 
prostate cancer progression despite castration levels 
of testosterone. 

Testosterone levels of < 20 ng/dL after surgical 
castration have been measured using chemiluminescent 
technology and suggested as a cut point to define 
castration.22,23  Previous to clinical approval of this new 
technique for testosterone measurement, a castration 
cut off of 50 ng/dL was used.23  

Given that the terms androgen-independent and 
hormone-refractory do not reflect the possibility that a 
patient may respond to alternative hormone therapies 
and despite its wide use, the term castration resistant 
prostate cancer has emerged and established as more 
accurate. 

According to the Canadian Urological Association 
castration resistant prostate cancer is defined by disease 
progression despite androgen deprivation therapy and 
may present as either a continuous rise in serum PSA 
levels, the progression of pre-existing disease, and/
or the appearance of new metastases.24  Similarly, the 
American Urological Association guidelines define CRPC 
as a rising PSA level and/or radiographic evidence of 
prostate cancer progression despite medical or surgical 
castration.25  The Prostate Cancer Clinical Trials Working 
Group 2 (PCWG2) defines PSA only failure as a rising 
PSA that is greater than 2 ng/mL higher than the nadir.  
The rise has to be at least 25% over nadir and confirmed 
by a second PSA at least 3 weeks later.25,26 

Summary of the latest understanding of the 
biology of the androgen and androgen receptor 
axis in the development of CRPC
Prostate cancer growth and survival depend on 
androgens which regulate the ratio of cells proliferating 
to those dying.15  Testosterone is the main circulating 
androgen, of which 90% is secreted by the testes.  
Only a small fraction (3%) of testosterone is unbound 
and functionally active, while  most of it is bound 
to sex-hormone-binding globulin or albumin.  After 
entry of free testosterone through the cell membrane 
into the cytoplasm via diffusion, it is converted 
to dihydrotestosterone (DHT) by the enzyme 
5α-reductase.15  The AR is a member of the nuclear 
receptor superfamily and acts as a ligand-inducible 
transcription factor.  It consists of a polymorphic 
N-terminal domain, a central DNA-binding domain, 
a small hinge region, and a C-terminal ligand-
binding domain.27,28  The AR gene is located on the X 
chromosome and therefore is single-copy in males, 
which allows for the phenotypic manifestation of 
mutations without the influence of a wild-type 
codominant allele.28  DHT has a five-fold higher affinity 
for the AR than testosterone. 

The unliganded AR associates with a heat shock 
protein 90 (HSP90) chaperone complex in the 
cytoplasm and undergoes proteasome-mediated 
degradation in the absence of ligand.29  

Androgen binding to AR results in dissociation 
of the AR-HSP-complex, homo-dimerization, and 
nuclear translocation.  Subsequently the AR dimer 
binds to androgen response elements (ARE) in the 
promoter regions of target genes and recruits cofactors 
for regulation of the expression of androgen-regulated 
genes.15,27,30,31  Other signal transduction pathways 
which involve TGF, IL-6, and IGF-I, can also enhance 
AR activity via phosphorylation of AR and/or AR 
coregulators.31  

Approaches for ADT, as discussed in detail in the 
following articles of this supplement, are inhibition 
of luteinizing hormone (LH) or luteinizing hormone 
releasing hormone (LHRH), ablation of androgen 
sources, antiandrogens and inhibition of androgen 
synthesis.  All of these therapeutic approaches have 
in common that they reduce AR activation through 
reducing levels of androgen or blocking AR binding.  
Therefore AR is believed to remain active in CRPC 
and to be critical in the development of CRPC.29  
Different androgen resistance mechanisms exist, which 
enable castration resistance.  Molecular mechanisms 
which have been described to play an important 
role in CRPC are summarized in Table 1.15,29,31,32   
These include androgen and AR dependent 
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mechanisms33-35 such as AR amplification36,37 and 
local androgen production,38 androgen independent 
and AR dependent  mechanisms39,40 such as AR 
mutations41-44 and ligand independent AR activation,45-57 
as well as androgen and AR independent mechanisms 
such as alternative survival pathways.58-61  Ligand-
independent AR activation is postulated to eventuate 
from overexpression, mutation or, most commonly, 
truncation of the ligand-binding C-terminus of AR.62-65   
Loss of the C-terminus results in splice variants of AR 
that can be constitutively active.  This likely occurs in 
about 25% of CRPC patients.54,66  AR differs from other 
steroid receptors in that the transcriptional activity is 
mainly through the activation function region 1 in the 
N-terminal domain rather than in the ligand-binding 

domain.67  Therefore treatment of splice variants 
requiring targeting of the N-terminus to date has lacking 
pharmacological success.  Andersen and colleagues 
have reported that EPI-001, a marine sponge derivative, 
can inhibit transactivation of the N-terminal domain 
and block induction of androgen-regulated genes.68  
Recently it was reported that long non-coding RNAs 
regulate activation of both truncated and full-length 
AR, leading to ligand-independent activation of the AR 
transcriptional program.69  Targeting the N-terminus is 
important and new approaches to inhibit AR are being 
developed.

Tumor-related factors proposed to contribute to 
castration resistance are stem cells70,71 and intratumoral 
androgens,72,73 Table 1.  High levels of androgens in 
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TABLE 1.  Possible molecular mechanisms of castration resistance (not exhaustive)

Strategy/pathway	 Mechanisms/references

Increased androgen sensitivity	 •	 AR gene amplification36,37

	 •	 AR stabilization33

	 •	 Increased local androgen production  
		  (e.g. increased conversion of testosterone to DHT)38

	 •	 Androgen transport34,35

Aberrant activation of the AR/promiscuity	 •	 AR mutations41-44

of AR (inappropriate AR activation by	 •	 Alterations in AR coregulators39,40

non-androgen steroids and androgen antagonists)

Ligand independent AR activation/	 •	 Activation of AR by growth factors (IGF-1, KGF, EGF)48

altered AR transcriptional activity 	 •	 Receptor-tyrosine-kinase activated pathway (HER-2/ 
		  neu signaling cascade; Src kinase)46,47,52,57

	 •	 AKT pathway50,51

	 •	 E2C (UBE2C)55

	 •	 Upregulation of AR (Rb/E2F/nuclear receptor axis;  
		  AR action on enhancer versus suppressor elements)45,53

	 •	 AR splice variants (ligand-binding-domain deficient)49,54-56

	 •	 lncRNA-dependent mechanisms of androgen-receptor- 
		  regulated gene activation programs69

AR independent pathways	 •	 Overexpression of oncogenes (BCL2 gene)58-61

(activation of parallel survival pathways)

Stem cells 	 •	 Androgen-independence before initiation of androgen  
		  deprivation therapy70,71

Intratumoral androgens	 •	 Alternative intratumoral steroid biosynthesis pathway73

	 •	 Fatty acids induced androgen synthesis72 

AR = androgen receptor; DHT = dihydrotestosterone; IGF-1 = insulin-like-growth factor 1; KGF = keratinocyte growth factor; 
EGF = epidermal growth factor; BCL2 = B-cell lymphoma 2; UBE2C = ubiquitin-conjugating enzyme E2C gene; lncRNA = long 
non-coding RNA)
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CRPC samples and increased expression of androgen 
synthesis enzymes have been shown that tumor cells 
are involved in androgen synthesis and thus in AR 
reactivation.29  Montgomery et al evaluated androgen 
levels and transcripts encoding steroidogenic enzymes 
in benign prostate tissue, untreated primary prostate 
cancer, metastasis from patients with castration resistant 
prostate cancer, and xenografts derived from castration 
resistant metastases.74  They showed evidence that 
castration resistant metastatic prostate cancers may 
adapt to low systemic testosterone levels by maintaining 
intratumoral androgens through modulation of 
enzymes involved in intracrine steroidogenesis and 
androgen catabolism.74  Locke and colleagues used 
the LNCaP xenograft model and showed that tumor 
androgens increase during CRPC progression in 
correlation to PSA up-regulation.75  Furthermore, the 
authors demonstrated that all enzymes necessary for 
androgen synthesis are expressed in prostate cancer 
with some of them being up-regulated during CRPC 
progression.

The mechanisms driving the development of 
castration resistance likely vary among patients.  
Recently, persistent AR signaling activation has received 
much attention, leading to the identification of novel 
therapeutic targets. 

Prostate cancer can acquire resistance to ADT through 
multiple mechanisms.  Despite treatment of CRPC 
with new effective therapeutics such as enzalutamide 
and abiraterone acetate, all patients will eventually 
progress.5,7  Resistance mechanisms evolve against most 
AR antagonists over time, and thus, it remains a valuable 
goal to develop other types of therapy targeting the AR or 
molecules that are specifically required for AR-regulated 
transcriptional programs.  Combined and personalized 
treatment strategies and different treatment sequences 
are being evaluated to improve therapy of this disease.

Conclusions 

Prostate cancer becomes castration resistant through 
numerous pathways, including androgen and AR 
dependent mechanisms as well as androgen/ligand 
and AR independent pathways.  Therefore the terms 
androgen-insensitive or hormone-refractory should 
be avoided and replaced by the term castration 
resistant.  Recent advances in understanding 
molecular mechanisms of castration resistance have 
led to development of novel CRPC therapeutics.  
Nevertheless, CRPC remains an incurable disease.  
Further understanding of the pathways involved in 
castration resistance will set the basis for development 
of therapies to increase survival in these patients. 

References

1.	 Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer 
J Clin 2014;64(1):9-29.

2.	 Studer UE, Hauri D, Hanselmann S et al. Immediate versus 
deferred hormonal treatment for patients with prostate cancer 
who are not suitable for curative local treatment: results of the 
randomized trial SAKK 08/88. J Clin Oncol 2004;22(20):4109-4118.

3.	 Harris WP, Mostaghel EA, Nelson PS, Montgomery B. Androgen 
deprivation therapy: progress in understanding mechanisms of 
resistance and optimizing androgen depletion. Nat Clin Pract 
Urol 2009;6(2):76-85.

4.	 Scher HI, Buchanan G, Gerald W, Butler LM, Tilley WD. 
Targeting the androgen receptor: improving outcomes for 
castration-resistant prostate cancer. Endocr Relat Cancer 
2004;11(3):459-476.

5.	 de Bono JS, Logothetis CJ, Molina A et al. Abiraterone and 
increased survival in metastatic prostate cancer. N Engl J Med 
2011;364(21):1995-2005.

6.	 Ryan CJ, Smith MR, de Bono JS et al. Abiraterone in metastatic 
prostate cancer without previous chemotherapy. N Engl J Med 
2013;368(2):138-148.

7.	 Scher HI, Fizazi K, Saad F et al. Increased survival with 
enzalutamide in prostate cancer after chemotherapy. N Engl J 
Med 2012;367(13):1187-1197.

8.	 Scher HI, Heller G. Clinical states in prostate cancer: toward 
a dynamic model of disease progression. Urology 2000;55(3): 
323-327.

9.	 Bastian PJ, Boorjian SA, Bossi A et al. High-risk prostate 
cancer: from definition to contemporary management. Eur Urol 
2012;61(6):1096-1106.

10.	Chang SS, Benson MC, Campbell SC et al. Society of Urologic 
Oncology position statement: redefining the management of 
hormone-refractory prostate carcinoma. Cancer 2005;103(1):11-21.

11.	Karantanos T, Corn PG, Thompson TC. Prostate cancer 
progression after androgen deprivation therapy: mechanisms of 
castrate resistance and novel therapeutic approaches. Oncogene 
2013;32(49):5501-5511.

12.	Aparicio A, Logothetis CJ, Maity SN. Understanding the lethal 
variant of prostate cancer: power of examining extremes. Cancer 
Discov 2011;1(6):466-468.

13.	Beltran H, Tagawa ST, Park K et al. Challenges in recognizing 
treatment-related neuroendocrine prostate cancer. J Clin Oncol 
2012;30(36):e386-e389.

14.	Huggins C, Stevens RE, Hodges CV. Studies on prostatic 
cancer: II. The effects of castration on advanced carcinoma of 
the prostate gland. Arch Surg 1941;43209-43223.

15.	Feldman BJ, Feldman D. The development of androgen-
independent prostate cancer. Nat Rev Cancer 2001;1(1):34-45.

16.	Lamont KR, Tindall DJ. Minireview: Alternative activation 
pathways for the androgen receptor in prostate cancer. Mol 
Endocrinol 2011;25(6):897-907.

17.	Marques RB, Dits NF, Erkens-Schulze S, van Weerden WM, 
Jenster G. Bypass mechanisms of the androgen receptor 
pathway in therapy-resistant prostate cancer cell models. PLoS 
One 2010;5(10):e13500.

Disclosure

Dr. Derya Tilki has no potential conflict of interest.
Dr. Christopher P. Evans received honoraria from Janssen, 
Medivation, Astellas and has ownership interest in 
Oncogenex.



© The Canadian Journal of Urology™: International Supplement, April 201412

The changing landscape of advanced and castration resistant prostate cancer:  latest science and revised definitions

18.	Fowler JE, Jr., Whitmore WF, Jr. Considerations for the use of 
testosterone with systemic chemotherapy in prostatic cancer. 
Cancer 1982;49(7):1373-1377.

19.	Scher HI, Steineck G, Kelly WK. Hormone-refractory (D3) 
prostate cancer: refining the concept. Urology 1995;46(2):142-148.

20.	Chen Y, Scher HI. Prostate cancer in 2011: Hitting old targets 
better and identifying new targets. Nat Rev Clin Oncol 2012;9(2): 
70-72.

21.	Scher HI, Morris MJ, Kelly WK, Schwartz LH, Heller G. Prostate 
cancer clinical trial end points: “RECIST”ing a step backwards. 
Clin Cancer Res 2005;11(14):5223-5232.

22.	Oefelein MG, Feng A, Scolieri MJ, Ricchiutti D, Resnick 
MI. Reassessment of the definition of castrate levels of 
testosterone: implications for clinical decision making. Urology 
2000;56(6):1021-1024.

23.	Morote J, Orsola A, Planas J et al. Redefining clinically significant 
castration levels in patients with prostate cancer receiving 
continuous androgen deprivation therapy. J Urol 2007;178(4 Pt 1): 
1290-1295.

24.	Saad F, Hotte SJ. Guidelines for the management of castrate-
resistant prostate cancer. Can Urol Assoc J 2010;4(6):380-384.

25.	Cookson MS, Roth BJ, Dahm P et al. Castration-Resistant 
Prostate Cancer: AUA Guideline. J Urol 2013;190(2):429-438.

26.	Scher HI, Halabi S, Tannock I et al. Design and end points 
of clinical trials for patients with progressive prostate cancer 
and castrate levels of testosterone: recommendations of the 
Prostate Cancer Clinical Trials Working Group. J Clin Oncol 2008; 
26(7):1148-1159.

27.	Centenera MM, Harris JM, Tilley WD, Butler LM. The 
contribution of different androgen receptor domains to 
receptor dimerization and signaling. Mol Endocrinol 2008;22(11): 
2373-2382.

28.	Gelmann EP. Molecular biology of the androgen receptor. J Clin 
Oncol 2002;20(13): 3001-3015.

29.	Yuan X, Cai C, Chen S, Yu Z, Balk SP. Androgen receptor functions 
in castration-resistant prostate cancer and mechanisms of 
resistance to new agents targeting the androgen axis. Oncogene 
2013. Epub ahead of print.

30.	Glass CK, Rosenfeld MG. The coregulator exchange in 
transcriptional functions of nuclear receptors. Genes Dev 2000; 
14(2):121-141.

31.	Heinlein CA, Chang C. Androgen receptor in prostate cancer. 
Endocr Rev 2004;25(2):276-308.

32.	Bluemn EG, Nelson PS. The androgen/androgen receptor axis 
in prostate cancer. Curr Opin Oncol 2012;24(3):251-257.

33.	Gregory CW, Johnson RT Jr, Mohler JL, French FS, Wilson EM. 
Androgen receptor stabilization in recurrent prostate cancer is 
associated with hypersensitivity to low androgen. Cancer Res 
2001;61(7):2892-2898.

34.	Wright JL, Kwon EM, Ostrander EA et al. Expression of SLCO 
transport genes in castration-resistant prostate cancer and 
impact of genetic variation in SLCO1B3 and SLCO2B1 on 
prostate cancer outcomes. Cancer Epidemiol Biomarkers Prev 2011; 
20(4): 619-627.

35.	Yang M, Xie W, Mostaghel E et al. SLCO2B1 and SLCO1B3 
may determine time to progression for patients receiving 
androgen deprivation therapy for prostate cancer. J Clin Oncol 
2011;29(18):2565-2573.

36.	Koivisto P, Kononen J, Palmberg C et al. Androgen receptor gene 
amplification: a possible molecular mechanism for androgen 
deprivation therapy failure in prostate cancer. Cancer Res 1997; 
57(2):314-319.

37.	Visakorpi T, Hyytinen E, Koivisto P et al. In vivo amplification of 
the androgen receptor gene and progression of human prostate 
cancer. Nat Genet 1995;9(4):401-406.

38.	Labrie F, Belanger A, Dupont A et al. Science behind total 
androgen blockade: from gene to combination therapy. Clin 
Invest Med 1993;16(6):475-492.

39.	Adachi M, Takayanagi R, Tomura A et al. Androgen-insensitivity 
syndrome as a possible coactivator disease. N Engl J Med 2000; 
343(12):856-862.

40.	Gregory CW, He B, Johnson RT et al. A mechanism for androgen 
receptor-mediated prostate cancer recurrence after androgen 
deprivation therapy. Cancer Res 2001;61(11):4315-4319.

41.	Buchanan G, Greenberg NM, Scher HI et al. Collocation of 
androgen receptor gene mutations in prostate cancer. Clin Cancer 
Res 2001;7(5):1273-1281.

42.	Gottlieb B, Lehvaslaiho H, Beitel LK et al. The Androgen 
Receptor Gene Mutations Database. Nucleic Acids Res 1998;26(1): 
234-238.

43.	Marcelli M, Ittmann M, Mariani S et al. Androgen receptor 
mutations in prostate cancer. Cancer Res 2000;60(4):944-949.

44.	Taplin ME, Bubley GJ, Shuster TD et al. Mutation of the 
androgen-receptor gene in metastatic androgen-independent 
prostate cancer. N Engl J Med 1995;332(21):1393-1398.

45.	Cai C, He HH, Chen S et al. Androgen receptor gene expression 
in prostate cancer is directly suppressed by the androgen 
receptor through recruitment of lysine-specific demethylase 1. 
Cancer Cell 2011;20(4):457-471.

46.	Chang YM, Bai L, Liu S et al. Src family kinase oncogenic potential 
and pathways in prostate cancer as revealed by AZD0530. 
Oncogene 2008;27(49):6365-6375.

47.	Craft N, Shostak Y, Carey M, Sawyers CL. A mechanism for 
hormone-independent prostate cancer through modulation of 
androgen receptor signaling by the HER-2/neu tyrosine kinase. 
Nat Med 1999;5(3):280-285.

48.	Culig Z, Hobisch A, Cronauer MV et al. Androgen receptor 
activation in prostatic tumor cell lines by insulin-like growth 
factor-I, keratinocyte growth factor, and epidermal growth 
factor. Cancer Res 1994;54(20):5474-5478.

49.	Dehm SM, Schmidt LJ, Heemers HV, Vessella RL, Tindall DJ.  
Splicing of a novel androgen receptor exon generates a 
constitutively active androgen receptor that mediates prostate 
cancer therapy resistance. Cancer Res 2008;68(13):5469-5477.

50.	Graff JR, Konicek BW, McNulty AM et al. Increased AKT activity 
contributes to prostate cancer progression by dramatically 
accelerating prostate tumor growth and diminishing p27Kip1 
expression. J Biol Chem 2000;275(32):24500-24505.

51.	Nelson EC, Evans CP, Mack PC, Devere-White RW, Lara PN Jr. 
Inhibition of Akt pathways in the treatment of prostate cancer. 
Prostate Cancer Prostatic Dis 2007;10(4):331-339.

52.	Qiu Y, Ravi L, Kung HJ. Requirement of ErbB2 for signalling 
by interleukin-6 in prostate carcinoma cells. Nature 1998;393 
(6680):83-85.

53.	Sharma A, Yeow WS, Ertel A et al. The retinoblastoma tumor 
suppressor controls androgen signaling and human prostate 
cancer progression. J Clin Invest 2010;120(12):4478-4492.

54.	Sun S, Sprenger CC, Vessella RL et al. Castration resistance in 
human prostate cancer is conferred by a frequently occurring 
androgen receptor splice variant. J Clin Invest 2010;120(8): 
2715-2730.

55.	Wang Q, Li W, Zhang Y et al. Androgen receptor regulates 
a distinct transcription program in androgen-independent 
prostate cancer. Cell 2009;138(2):245-256.

56.	Watson PA, Chen YF, Balbas MD et al. Constitutively active 
androgen receptor splice variants expressed in castration-
resistant prostate cancer require full-length androgen receptor. 
Proc Natl Acad Sci U S A 2010;107(39):16759-16765.

57.	Yeh S, Lin HK, Kang HY et al. From HER2/Neu signal cascade 
to androgen receptor and its coactivators: a novel pathway 
by induction of androgen target genes through MAP kinase 
in prostate cancer cells. Proc Natl Acad Sci U S A 1999;96(10): 
5458-5463.

58.	Colombel M, Symmans F, Gil S et al. Detection of the apoptosis-
suppressing oncoprotein bc1-2 in hormone-refractory human 
prostate cancers. Am J Pathol 1993;143(2):390-400.



© The Canadian Journal of Urology™: International Supplement, April 2014 13

Tilki AND Evans 

59.	Gleave M, Tolcher A, Miyake H et al. Progression to androgen 
independence is delayed by adjuvant treatment with antisense 
Bcl-2 oligodeoxynucleotides after castration in the LNCaP 
prostate tumor model. Clin Cancer Res 1999;5(10):2891-2898.

60.	Liu AY, Corey E, Bladou F, Lange PH, Vessella RL. Prostatic cell 
lineage markers: emergence of BCL2+ cells of human prostate 
cancer xenograft LuCaP 23 following castration. Int J Cancer 1996; 
65(1):85-89.

61.	McDonnell TJ, Troncoso P, Brisbay SM et al. Expression of the 
protooncogene bcl-2 in the prostate and its association with 
emergence of androgen-independent prostate cancer. Cancer Res  
1992;52(24):6940-6944.

62.	Brand LJ, Dehm SM. Androgen receptor gene rearrangements: 
new perspectives on prostate cancer progression. Curr Drug 
Targets 2013;14(4):441-449.

63.	MacVicar GR, Hussain MH. Emerging therapies in metastatic 
castration-sensitive and castration-resistant prostate cancer. 
Curr Opin Oncol 2013;25(3):252-260.

64.	Rathkopf D, Scher HI. Androgen receptor antagonists in 
castration-resistant prostate cancer. Cancer J 2013;19(1):43-49.

65.	Sharifi N. Minireview: Androgen metabolism in castration-
resistant prostate cancer. Mol Endocrinol 2013;27(5):708-14.

66.	Hornberg E, Ylitalo EB, Crnalic S et al. Expression of androgen 
receptor splice variants in prostate cancer bone metastases 
is associated with castration-resistance and short survival.  
PLoS One 2011;6(4):e19059.

67.	Sadar MD. Small molecule inhibitors targeting the “achilles’ heel” 
of androgen receptor activity. Cancer Res 2011;71(4):1208-1213.

68.	Andersen RJ, Mawji NR, Wang J et al. Regression of castrate-
recurrent prostate cancer by a small-molecule inhibitor of the 
amino-terminus domain of the androgen receptor. Cancer Cell 
2010;17(6):535-546.

69.	Yang L, Lin C, Jin C et al. lncRNA-dependent mechanisms of 
androgen-receptor-regulated gene activation programs. Nature 
2013:500(7464):598-602.

70.	Bui M, Reiter RE. Stem cell genes in androgen-independent 
prostate cancer. Cancer Metastasis Rev 1998;17(4):391-399.

71.	Isaacs JT. The biology of hormone refractory prostate cancer. 
Why does it develop? Urol Clin North Am 1999;26(2):263-273.

72.	Locke JA, Guns ES, Lehman ML et al. Arachidonic acid activation 
of intratumoral steroid synthesis during prostate cancer 
progression to castration resistance. Prostate 2010;70(3):239-351.

73.	Lubik AA, Gunter JH, Hendy SC et al. Insulin increases de 
novo steroidogenesis in prostate cancer cells. Cancer Res 
2011;71(17):5754-5764.

74.	Montgomery RB, Mostaghel EA, Vessella R et al. Maintenance 
of intratumoral androgens in metastatic prostate cancer: a 
mechanism for castration-resistant tumor growth. Cancer Res 2008; 
68(11):4447-4454.

75.	Locke JA, Guns ES, Lubik AA et al. Androgen levels increase 
by intratumoral de novo steroidogenesis during progression 
of castration-resistant prostate cancer. Cancer Res 2008;68(15): 
6407-6415.


