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Abstract

The majority of prostate cancer (PCa) cases are diagnosed as a localized disease. Definitive 

treatment, active surveillance or watchful waiting are employed as therapeutic paradigms. The 

current standard of care for the treatment of metastatic PCa is either medical or surgical castration. 

Once PCa progresses in spite of castrate androgen levels it is termed ‘castration-resistant prostate 

cancer’ (CRPC). Patients may even exhibit rising PSA levels with possible bone, lymph node or 

solid organ metastases. In 2010, the only agent approved for the treatment of CRPC was 

docetaxel, a chemotherapeutic agent. It is now known that cells from patients with CRPC express 

androgen receptors (AR) and remain continuously influenced by androgens. As such, treatments 

with novel hormonal agents that specifically target the biochemical conversion of cholesterol to 

testosterone have come to the forefront. The use of cytochrome P450c17 (CYP17A1) inhibitor 

underlies one of the most recent advances in the treatment of CRPC. Abiraterone Acetate (AA) 

was the first CYP17A1 inhibitor approved in the United States. This review will discuss CRPC in 

general with a specific focus on AA and novel CYP17A1 inhibitors. AA clinical trials will be 

reviewed along with other novel adjunct treatments that may enhance the effectiveness of 

abiraterone therapy. Furthermore, the most recently identified CYP17A1 inhibitors Orteronel, 

Galeterone, VT-464, and CFG920 will also be explored.
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INTRODUCTION

Since the discovery that Prostate Cancer (PCa) is influenced by androgen activity and could 

be treated by castration in 1941, the role of androgens in PCa has been the focus of studies 

and the basis of new therapies [1]. While enormous accomplishments have been made in the 
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field, PCa remains the second most common cause of male cancer-related deaths in the 

United States [2]. Currently, 91% of men with PCa are diagnosed with localized, and mostly 

curable disease. However, a small percentage of men present with locally advanced disease, 

metastatic disease or have localized PCa that has become unresponsive to first line therapies 

[2, 3]. The primary treatment strategy for men with this type of advanced disease is 

Androgen Deprivation Therapy (ADT). Removal of androgens from the circulation is 

accomplished via surgical (bilateral orchiectomy) or medical (Gonadotropin Releasing 

Hormone agonist/antagonists or anti-androgens) modalities [4]. Unfortunately, ADT is 

rarely curative because only ~80% of patients respond, and the majority of ADT responders 

will inevitably progress to castration-resistant disease [5–7]. If left untreated, castration-

resistant prostate cancer (CRPC) is invariably fatal within 9–12 months [7, 8].

Prior to 2010, the best treatment option for CRPC patients was chemotherapy with docetaxel 

in combination with prednisone – a regiment that yielded only a modest survival advantage 

of two to three months [9, 10]. Recent studies have found that CRPC actually remains 

dependent on androgen receptor (AR) signaling [11–14]. This discovery has led to the 

development of new strategies that inhibit AR signaling, thus diminishing CRPC growth. 

Indeed, by 2011, the United States Food and Drug Administration (FDA) approved 

Abiraterone Acetate (AA), the first specific inhibitor of the steroidogenic enzyme 

cytochrome P450, family 17, subfamily A, popypeptide 1 (CYP17A1 or P450c17). The 

basis for approval was several phase III clinical trials in men with CRPC that demonstrated 

an improved overall survival compared to placebo [11].

This review will discuss the role of androgens and the AR in PCa and the mechanisms by 

which men develop CRPC. Furthermore, specifically in regards to CYP17A1 inhibitors, the 

trials that led to the approval of CYP17A1 inhibitors, the pathways by which abiraterone 

exerts its effects, as well as novel CYP17A1 inhibitors currently under investigation will be 

reviewed.

ROLE OF ANDROGRENS AND AR IN PROSTATE CANCER

Androgens, through their effects of the AR, play a crucial role in cell proliferation and 

differentiation during prostate development. In normal prostatic tissue, cell growth and death 

are in equilibrium through the regulation of proliferation, differentiation and apoptosis [15]. 

The progression of prostatic epithelial cells into a malignant state involves the de-regulated 

expression of growth factors and their receptors, up-regulation of proto-oncogenes, and 

down-regulation of tumor suppression genes [16]. Furthermore, ARs are present in the 

majority of PCa cells and the relationship between carcinogenesis with androgens and ARs 

has been studied for decades [16]. In cells with AR, androgen stimulation enhances cellular 

proliferation through the increased expression of cyclin-dependent kinases 2 and 4 and 

decreased expression of the cyclin-dependent kinase inhibitor p16– resulting in cells 

entering the S phase of the cell cycle [15]. Additionally, androgen reduces apoptosis through 

the increased expression of p21, an anti-apoptotic factor, and by inhibiting caspase 

activation in the apoptosis pathways [17, 18]. Because the AR and its downstream signaling 

can tip the equilibrium towards proliferation, an increase in AR activity is one potential 

mechanism leading to androgen-dependent tumor-genesis or disease progression. In 
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addition, chromosomal rearrangements are found in 70% of PCa, and the fusion of the 

androgen-regulated TMPRSS2 promoter to the oncogenic transcription factors ERG or 

ETV1 are indicated as early events in prostate carcinogenesis [13, 14]. ERG or ETV1 were 

overexpressed in 57% of PCa cases with over 90% of these cases demonstrating the gene 

fusion of ERG or ETV1 with TMPRSS2, implicating the fusions as the cause of 

overexpression [19]. Of note, AR can facilitate these fusions by inducing chromosomal 

proximity between TMPRSS2 and ERG or ETV1 and causing double stranded DNA breaks 

for subsequent recombination [13, 16]. Furthermore, chromosomal rearrangements have 

been detected in non-malignant prostate cancer epithelial cells after prolonged exposure to 

dihydrotestosterone (DHT) [20–22]. Thus, the formation of fusion proteins provides yet 

another potential mechanism for androgen-dependent tumor-genesis or disease progression. 

Due to the importance of androgen and AR in the development and progression of PCa, 

androgen deprivation continues to be the mainstay of therapy for advanced cancers and the 

target of future therapeutics.

CURRENT PCa TREATMENT PARADIGMS

Roughly 91% of the 234,460 men annually diagnosed with PCa in the United States will 

have localized disease [3]. These are men with T1 or T2 disease with no evidence of lymph 

node involvement or metastatic disease. For these men, a variety of surgical or radiotherapy 

options are available with treatment often being curative. Conservative management is 

considered for men with low-grade and small-volume tumors and/or a short (<10 years) life 

expectancy. Watchful waiting is best suited for patients not likely to benefit from treatment 

and involves forgoing treatment and providing palliative care if progression occurs [3]. 

Active surveillance involves following the patient for evidence of progression through 

combinations of periodic physical examinations, serum prostate specific antigen (PSA) 

testing or repeat biopsies with the initiation of treatment if progression occurs. Radical 

(curative) treatment options for these men include radical prostatectomy, interstitial 

brachytherapy, and external beam radiation [3].

For patients with locally advanced disease (T3, evidence of cancer extension outside the 

prostate capsule) with no lymph node involvement and no metastatic disease, treatment 

includes medical ADT +/− radiotherapy. Finally, the standard of therapy for advanced 

disease is ADT either medically or surgically (used less frequently in the United States) 

[12]. Medical ADT options include GnRH agonists (i.e. leuprolide, goserelin, busererlin, 

triptorelin) or GnRH antagonists (i.e. degarelix) that both act at the level of the pituitary 

gland to reduce the release of gonadotropins leading to inhibition of androgen production 

(Figure 1) [23, 24]. These can be combined with anti-androgens (i.e. flutamide, 

bicalutamide, nilutamide) that competitively inhibit the AR from interaction with 

testosterone (T) and DHT (Figure 1) [12]. Unfortunately, this treatment option is not 

curative and following an initial response (decrease in PSA) there is an 80% risk of relapse, 

usually after a median of 24 months from ADT initiation. An increase in PSA after an initial 

response with ADT indicates disease progression, at which point the patient is diagnosed 

with CRPC [5–7].
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MECHANISMS OF PROGRESSION TO CRPC

Progression of PCa to CRPC involves a complex interaction between signaling molecules 

that collectively lead to a higher propensity for cell proliferation than cell death. It is 

important to recognize that while many mechanisms have been identified to cause tumor 

progression after ADT, they all lead to the activation of the AR signaling pathway. The six 

main categories for increased AR activation seen in patients with CRPC are as follows: 1) 

intracrine androgen production [25–27]; 2) AR amplification/overexpression [28, 29]; 3) AR 

gain of function mutations [30–32] 4) AR mRNA splice variants [33, 34], 5) changes in co-

regulatory molecules [35, 36]; and 6) ligand independent AR activation by cytokines or 

through cross-talk with signaling pathways [37, 38].

Initially, it is important to recognize that while ADT reduces circulating levels of T and 

DHT, these androgens are present in PCa tissue at levels high enough to activate the AR 

[39]. While some of the remaining T may come from adrenal sources, the prostate and PCa 

cells can produce their own androgens from adrenal steroid precursors [40, 41]. When 

compared to primary tumors, tumors from patients with CRPC exhibit up-regulation of 

steroidogenic enzymes (i.e. CYP17A1 and CYP19A1) and genes that convert adrenal 

androgens to T, such the aldo-ketoreductase family 1, member C3 (AKR1C3), suggesting an 

increase in intracrine androgen production [25]. This is also supported by the fact that CRPC 

tumors are capable of intratumoral conversion of the precursor [14C] acetic acid to DHT 

through various steroid intermediates in both the classic and backdoor steroidogenic 

pathways [37].

Furthermore, CRPC tumors have a 6 fold increased expression of AR when compared to 

primary untreated tumors and BPH [29]. Amplification of the AR gene leading to an 

increased gene copy number is one potential mechanism causing an increase in AR. While 

no amplifications were identified in primary tumors (N=33) or BPH (N=8), amplifications 

were identified in 31% (4 of 13) of CRPC tumors through the use of flourescence in situ 

hybridization [28, 37]. In addition, variations in the AR, increasing its activity, are 

commonly found in CPRC. While AR mutations are only found in 8% of hormone-naïve 

PCa, they are present in 15–45% of CRPC [30, 32, 42]. Some mutations, present in the 

ligand-binding domain, can lead to a “promiscuous” AR that, in addition to having a higher 

affinity to DHT, can also be activated through the binding of many other ligands such as 

estrogen, progesterone, adrenal androgens, and even AR antagonists [30, 32]. Another gain 

of function mutation, AR-E255K, found in CPRC leads to increased AR protein stability and 

nuclear localization in the absence of ligand [31]. Moreover, CRPC has a high content of 

splice variants (ie. AR-V7/A3) that lacks a ligand-binding domain and remains 

constitutively active in the absence of ligand [34].

Co-activators that enhance and co-repressors that suppress AR activity further modulate 

transcription [19]. Two co-activators, transcriptional intermediary factor 2 (TIF2) and 

steroid receptor co-activator 1 (SCR1), can be overexpressed in CRPC leading to increased 

trans-activation upon binding of adrenal androgens without altered steroid affinities. 

Furthermore, trans-activation can be further increased by the phosphorylation of p160 co-

activators [36]. Lastly, overexpression of the growth factor HER-2 has been shown in CRPC 
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when compared to hormone-naïve PCa [43, 44]. In addition to enhancing the magnitude of 

AR response to low levels of androgens, HER-2 overexpression can activate the AR 

independently of ligand by stabilizing the AR and promoting DNA binding leading to 

androgen-independent prostate tumor growth [38, 45].

TREATMENT OF CRPC

All of the aforementioned adaptive mechanisms that occur in PCa cells following ADT have 

left clinicians with the difficult challenge of treating CRPC. A condition that, if left 

untreated, will ultimately be fatal within 9–12 months [7, 8]. Few treatment options are 

available, and until 2010, chemotherapy with docetaxel and prednisone was the only therapy 

proven to prolong life in patients with CRPC. Unfortunately, this treatment regiment was 

only successful in prolonging survival to ~19.2 months while resulting in major adverse 

events including nausea/vomiting, stomatitis, alopecia, neuropathy, anemia and neutropenia 

[46, 47]. In addition, prior to 2010 there were no FDA approved treatment options for 

patients who progressed following docetaxel treatment.

In 2010, the FDA approved a novel taxane, cabazitaxel, for use in patients with CRPC 

progressing after docetaxel treatment [48]. Around the same time, sipuleucel-T was 

approved for the treatment of asymptomatic, or minimally symptomatic metastatic CRPC. 

This novel medication was a therapeutic cancer vaccine created by activating autologous 

peripheral antigen-presenting cells ex-vivo with a prostate antigen, prostatic acid 

phosphatase. When compared to placebo, Sipuleucel-T had a 22% relative reduction in the 

risk of death (HR=0.78; 95%CI, 0.61 to 0.98) and an improved median survival of 4.1 

months (25.8 months vs. 21.7 months in controls) [49].

For decades, ketoconazole, an antifungal that inhibits adrenal androgen synthesis, was used 

for the treatment of CRPC (Figure 1 and 2). While treatment with ketoconazole caused a 

50% decrease in PSA in 20–60 % of patients, its use was “off label” since this response was 

transient (~4–6 months) and failed to demonstrate a survival benefit [50, 51]. In addition, 

despite a similar efficacy with the use of lower doses (200mg 3x/day vs. 400mg 3x/day), the 

clinical use of ketoconazole was limited due to its side effects (ie. hepatotoxicity and adrenal 

insufficiency) and multiple drug interactions [50, 51]. Despite this, the growing knowledge 

of the mechanisms underlying the antitumor effects of ketoconazole and the importance of 

androgens and AR signaling in the progression of CRPC lead to the development of several 

drugs rationally designed to target different components of this pathway [52–54].

The FDA approved AA, the first in this new generation of drugs, in 2011 for the use in 

patients with metastatic CRPC who failed docetaxel therapy. This indication was expanded 

in 2012 to patients with metastatic CRPC without prior docetaxel therapy. Most recently, in 

2012, the FDA approved the use of enzalutamide for patients with metastatic CRPC who 

failed docetaxel therapy. Enzalutamide is a second-generation anti-androgen specifically 

designed to bind and inhibit the AR. A recent phase III clinical trial showed an overall 

survival benefit of 5.2 months when compared to placebo along with minimal adverse 

events [55].
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The remainder of this review will focus on the development, physiology, and supportive 

clinical trials (efficacy) of CYP17A1 inhibitors including AA as well as four other drugs 

that are not currently FDA-approved: orteronel, galeterone, VT-464, and CFG920.

ABIRATERONE ACETATE DEVELOPMENT AND PHYSIOLOGY

While generalized ADT is effective at inhibiting the testicular production of T, the levels of 

T and DHT in CRPC remain high enough to activate AR signaling [39]. Although adrenal 

androgens account for 5–10% of circulating testosterone, another important source is the 

intracrine action of hormones from the prostate itself [40]. Indeed, prostatic tissue has the 

capacity to efficiently transform the inactive steroids DHEA-S, DHEA, and 4-dione into T 

and DHT without releasing them into circulation [41]. Furthermore, CRPC tissue may 

become more efficient at this function as suggested by the up-regulation of the steroidogenic 

enzymes CYP17A1, HSD3B1, HSD17B3, CYP19A1, and UGT2B17 [25]. Thus, there is a 

need to further suppress androgen synthesis is patients with CRPC.

As previously mentioned, ketoconazole has been used for the treatment of CRPC because it 

inhibits adrenal androgen synthesis at several steps in the steroidogenic pathway, and its 

weak inhibition of CYP17A1 mediates the desired antitumor effects seen [56, 57]. This 

particular enzyme catalyzes the conversion of pregnenolone to 17α -pregnenolone and 

progesterone to 17α -hydroxyprogesterone through its 17α-hydroxylase activity, and also 

catalyzes the final steps in androgen synthesis through its C17,20-lyase activity (Figure 2) 

[58]. However, ketoconazole also inhibits the first step of cholesterol cleavage that converts 

cholesterol to pregnenolone and the 11β–hydroxylase enzyme that catalyzes a critical step 

for cortisol synthesis, causing adrenal insufficiency requiring replacement doses of steroids 

in all patients, among other significant side effects [40] (Figure 2). Given ketoconazole’s 

poor selectivity, drug developers have recognized the need for more potent and selective 

adrenal inhibitors.

Along this vein, the chemists at The Institute of Cancer and Research (Sutton, Surrey, 

United Kingdom) developed a method to screen for small molecule chemical inhibitors of 

CYP17A1 by using radiolabeled CYP17A1 steroid substrates and identifying steroid 

products by high-performance liquid chromatography. This technique led to the 

development of abiraterone, a potent, selective, and irreversible inhibitor of CYP17A1 [59, 

60]. The pro-drug (Abiraterone Acetate) was then developed to increase bioavailability after 

oral administration, which must be de-acetylated in vivo to its active form. Preclinical 

studies showed that AA had a 10–30 times greater inhibition of CYP17A1 than 

ketoconazole [60]. Further work in mice found that AA decreased androgenic steroids 

downstream of CYP17A1 and caused a decrease in the weights of the ventral prostate, 

testicles, and seminal vesicles [59].

In addition, predictions of the side effects were made on the basis of studies examining the 

effects of congenital CYP17A1 deficiencies. Patients with 17α-hydroxylase deficiencies 

have no production of cortisol and sex steroids. However, the low level of cortisol causes a 

compensatory increase in ACTH that drives the synthesis of 11-deoxycorticosterone (has 

mineralocorticoid activity) and corticosterone (a weak glucocorticoid) leading to 
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mineralocorticoid excess [61]. In addition, cortisol production remains intact with defects in 

C17,20-lyase activity [62]. Thus, patients treated with AA were predicted to have 

mineralocorticoid excess versus the adrenal insufficiency seen with ketoconazole treatment. 

Given the mild toxicities predicted (ie. hypertension and edema seen with mineralocorticoid 

excess), a solid safety profile was developed and the medication progressed to human 

clinical studies.

CLINICAL TRIALS WITH ABIRATERONE ACETATE

The first human studies, conducted by O’Donnell et al. [63], were a series of phase I clinical 

trials that showed that a dose of 800 mg was sufficient to suppress T levels. However, this 

suppression was not sustained in all patients due to a compensatory rise in Luteinizing 

Hormone (LH). As such, it was suggested that higher levels of AA or concomitant use with 

GnRH agonists should be considered [63]. This initial study led to an open-label, dose-

escalation phase I trial, published by Attard et al., that examined the safety, tolerability, and 

recommended dose in ketoconazole naïve, castrate men with CRPC [64]. Amongst the trial 

patients, AA was well tolerated with no treatment-related grade 3 or 4 toxicities. As 

expected, side effects included hypertension, hypokalemia, and lower-limb edema- all 

symptoms of secondary mineralocorticoid excess. These side effects were easily controlled 

with either eplerenone (a mineralocorticoid antagonist), or daily low-dose dexamethasone 

used to suppress ACTH production. Anti-tumor effects were observed through declines in 

PSA (of >50%) in 12 of 21 patients (57%). Partial radiographic responses were seen in 5 of 

8 patients (62%) leading to symptom improvement and a reduction of analgesic use in 8 of 

11 patients [64]. However, the noted improvements were temporary with resistance 

eventually developing. The addition of 0.5 mg dexamethasone once daily reversed this 

resistance in 4 of 15 patients who had progressed by Prostate Specific-Antigen Working 

Group (PSAWG) criteria. Additionally, due to the plateau of endocrine effects at doses 

greater than 750 mg, a dose of 1000 mg was chosen as the recommended dose for the 

expansion of this study to a Phase II trial [64].

This first phase II trial was an open-label, two-stage, single-arm trial examining the effects 

of daily administration of 1000 mg AA in chemotherapy-naïve CRPC patients who 

experienced progression after multiple treatments [59]. At the time of disease progression, 

patients were given dexamethasone (5 mg daily) in addition to AA. The treatment was well 

tolerated and side effects were consistent with the previous phase I study. Only two patients 

(5%) developed asymptomatic transaminase elevation that resolved upon treatment 

interruption. A decline in PSA (of ≥50%) was found in 67% of patients and a decline in 

circulating tumor cell counts was noted in 59% of patients [59]. Dexamethasone did not 

uniformly or permanently reverse the resistance to AA.

While 39 of the 54 patients were started on dexamethasone upon disease progression, only 

30 had received the combination therapy for≥12 weeks by the end of the study and were 

therefore included in the statistical analysis. Eleven of these patients had received and 

progressed on dexamethasone prior to the study, while the others were dexamethasone naïve 

[59]. Consequently, the addition of dexamethasone also increased the median ‘time to PSA 

progression’ (TTPP) from 229 days (95% CI, 157 to 301 days) with AA treatment alone to 
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420 days (95% CI, 259 to 580 days) with the addition of dexamethasone upon disease 

progression [59]. These findings supported the need for combination therapy with AA and 

low-dose corticosteroids to maximize the efficacy and minimize the toxicity.

Another single-arm, open-label, multicenter phase II study in chemotherapy and 

ketoconazole-naïve patients with metastatic CRPC demonstrated the benefits of combining 

AA and low dose corticosteroids [65]. In this study, patients received AA (1000 mg daily) 

with prednisone (5 mg twice daily). All measured parameters were improved with PSA 

declines of ≥50% seen in 79% of patients with a median TTPP of 16.3 months [65]. 

Radiographic disease stability or improvement was also seen in 11 of 12 patients with 

measurable disease. In addition, the toxicities related to mineralocorticoid excess seen in 

previous studies were rare [65]. In 2010, two multicenter phase II clinical trials also 

demonstrated the efficacy of AA in patients with progressive metastatic CRPC post-

docetaxel. Importantly, the safety profile of these studies was consistent with the results seen 

in trials with CRPC patients prior to docetaxel treatment [66, 67]. These promising results 

led to randomized and controlled phase III clinical trials.

One of these, COU-AA-301, was a multinational, randomized double-blinded, placebo 

controlled study in patients with metastatic CRPC after chemotherapy [68]. Enrolled 

patients (n=1,195) were randomized to receive AA plus prednisone (n=797) or placebo plus 

prednisone (n=398) [68]. Treatment with AA caused a 35.4% reduction in the risk of death 

and an increase in overall survival to 14.8 months from the 10.9 months seen with placebo. 

The treatment group also had a significantly longer TTPP (10.2 months vs. 6.6 months), 

longer progression-free survival (5.6 months vs. 3.6 months), and a higher PSA response 

rate (29% vs. 6%) [68]. The number of adverse events was not significantly different 

between the two groups [68].

The second trial, COU-AA-302, was also a multinational, randomized double-blinded, 

placebo controlled phase III trial. This trial was conducted in patients with metastatic CRPC 

who had mild cancer-related symptoms [69]. In this study 1,088 patients were enrolled and 

randomized to receive AA and prednisone (n=546) or placebo and prednisone (n=542) [69]. 

Treatment with AA improved overall survival (25% decreased risk of death) and a 

radiographic progression free survival of 16.5 months vs. 8.3 months on prednisone alone 

[69]. Further benefits of delayed cognitive decline, decreased opiate use and a prolongation 

until the initiation of chemotherapy all contributed to the FDA expanding the indications for 

AA in combination with prednisone to include men with metastatic CRPC prior to 

chemotherapy. In 2011, based on the results of a multitude of studies, the US Food and Drug 

Administration approved the use of AA with prednisone for the treatment of metastatic 

CRPC in patients who had failed previous docetaxel therapy.

ALTERNATIVE STRATEGIES TO ENHANCE AA THERAPY

Although previous studies demonstrated a clear and significant improvement with AA, the 

effects are finite, and disease progression will inevitably occur. To overcome this, future 

studies are required to ascertain mechanisms of resistance and solutions to overcome these 

pathways. One potential mechanism for AA resistance is via increased T/DHT by enzymes 

Gomez et al. Page 8

Steroids. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



involved in steroidogenesis or through the use of an alternative pathway of DHT synthesis. 

Indeed, preclinical studies have shown increased CYP17A1 expression in xenographs 

treated with AA [70, 71]. Furthermore, an increase in AKR1C3 and HSD17B3 expression 

(involved in conversion of adrenal androgens into T) has been identified in tissues treated 

with AA [71]. A recent study examining T and DHT levels in the blood of PCa patients with 

bone metastases receiving AA found that T and DHT levels remained suppressed even after 

disease progression. This suggests that while AA remains active, a ligand-independent 

mechanism may be driving progression [72].

The AR overexpression seen in patients with CPRC is further enhanced following AA 

treatment, and some CRPC tumors show increased expression of the full length AR (ARFL) 

as well as AR splice variants [29, 34]. This is important since a 3–5 fold increase in AR is 

enough to compensate for low androgen levels by acting to sensitize cells to minute amounts 

of androgens while promoting AR-driven growth [71]. In addition, the formation of AR 

mutants also results in a widened affinity of the AR to other steroids and/or ligands. For 

example, steroids that are ‘upstream’ of CYP17A1 (i.e. progesterone) can activate the 

T877A mutant AR. Furthermore, the T877A mutant AR can be activated by other 

medications administered alongside AA including eplerenone (a mineralocorticoid 

antagonist) and exogenous glucocorticoids (i.e. prednisone) [70].

Several clinical studies have examined the inhibition of AR activation. Since increased AR 

levels may enhance response to low ligand concentrations, a further decrease of the most 

potent AR agonist, DHT, could help inhibit AR activation. This theory is currently under 

investigation using combination therapy of AA and dutasteride, a 5 alpha-reductase inhibitor 

(Figure 1, NCT01393730). While the addition of dutasteride will likely decrease DHT levels 

further, it may have little or no effect on AR signaling due to ligand-independent AR 

activation. Therefore, blocking AR activation is more likely to enhance the effects of AA 

and reduce resistance. Interestingly, this can be done with AA alone, as AA binds to and 

inhibits wild type and mutant AR at doses that are clinically achievable (2000 mg/day) [73]. 

Furthermore, higher doses of AA and its 3-keto metabolite also inhibit 3β-Hydroxysteroid 

Dehydrogenase (3β-HSD) at high concentrations, blocking the conversion of DHEA to 

androstenedione, and subsequently decreasing the synthesis of DHT (Figure 2) [74]. Thus, 

higher levels of AA may benefit patients with initial or acquired AA resistance, and a 

current trial examining the effects of these higher AA doses (2000 mg/day) in patients not 

responding to standard doses (NCT01637402) will put this issue to rest. Lastly, several trials 

are currently examining the combination of AA with AR antagonists including enzalutamide 

(NCT01946165/ NCT01650194/ NCT01949337) and the competitive AR antagonist, 

ARN-509 (NCT01792687). Results from these clinical trials are still pending.

Growth factors can activate AR in a ligand independent manner through the PI3K 

(phosphoinositide-3-kinase)/ AKT/ MAPK (mitogen-activated protein kinase) pathways via 

direct phosphorylation, and a high level of phosphorylated AKT in PCa tissue is a strong 

predictor of biological recurrence [75]. In addition, anti-androgen therapy leads to decreased 

AKT phosphatase activity, due to the loss of negative feedback, leaving higher levels of 

phosphorylated AKT to directly activate the AR [76]. As such, inhibition of any of the 

aforementioned pathways can improve the effects of AA. Several studies are currently being 
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conducted to examine the efficacy of combining AA with: tyrosine kinase inhibitors 

(cabozantinib-NCT01574937, dasantinib- NCT01685125, sunitinib-NCT01254864), PI3K 

inhibitors (BEZ235-NCT01717898, BKM120-NCT01741753, both-NCT01634061), and 

AKT inhibitors (GDC-0980/GDC-0068- NCT01485861). These studies appear promising 

given that preclinical studies in prostate cancer cells and mouse models have shown 

improved responses with the combination of AR plus PI3K/AKT inhibitors versus 

monotherapy [76].

Heat Shock Proteins (HSPs) are important for chaperone-mediated folding of AR and 

stabilization of AR in the cytoplasm. In addition, HSP90 assists with ligand-independent AR 

nuclear translocation [77]. HSP27 is also of interest, given that its primary function is to 

protect cells from apoptosis, and it is uniformly overexpressed in patients with CRPC [78]. 

In vitro HSP90 inhibition leads a decrease in androgen-induced AR activation by disrupting 

the AR hormone-binding activity and stability, providing another potential mechanism for 

AR signaling disruption (Figure 1) [79]. Indeed, both in vitro and in vivo studies have shown 

inhibition of tumor growth following treatment with HSP inhibitors [80–82]. Currently, 

there are two ongoing clinical trials examining treatment of CRPC with AA in combination 

with either the HSP27 inhibitor OGX-427 (NCT01681433) or the HSP90 inhibitor, 

AT13387 (NCT01685268) (Figure 1).

Lastly, several clinical trials are examining combination therapy of AA with other 

chemotherapy drugs. Studies have shown that taxol chemotherapy has an AR-inhibitory 

effect that could potentially improve AA therapy [83]. To this effect, three clinical trials are 

examining the effects of combining AA with the taxanes docetaxel (NCT01400555) and 

cabazitaxel (NCT01511536, NCT01845792). Other trials combining AA with inhibitors of 

cellular proliferation like veliprarib (PARP inhibitor, NCT 01576172) and alisertib (Aurora 

A Kinase inhibitor, NCT01848067) or angiogenesis inhibitor AMG386 (NCT01553188) are 

being conducted. Finally, AA is also being combined with immunomodulation therapies like 

ipilimumab (human anti-CTLA-4, NCT01688492) and sipuleucel-T (an autologous cellular 

immunity therapy, NCT01487863) in hopes of developing further gains in the treatment of 

CRPC.

NOVEL CYP171A INHIBITORS

A more recently designed CYP17A1 inhibitor, Orteronel (TAK-700; Millennium 

Pharmaceuticals), was derived from naphthylmethylimidazole and formulated to have highly 

selective c17,20-lyase inhibition [84]. Preclinical in vitro (human and monkey adrenal cells) 

and in vivo (monkeys) studies have documented a 5.4 times more potent inhibition of 

c17,20-lyase than 17α-hydroxylase as well as a greater reduction in T and DHEA compared 

to cortisol [85]. The potential benefit for this greater c17,20-lyase inhibition is a reduction in 

mineralocorticoid excess and thus, a lowered requirement for corticosteroids. Preliminary 

results from phase I/II studies found a 63% PSA response rate at 12 weeks with patients 

given 300 mg twice daily. However, despite demonstrating lower 17α-hydroxylase 

inhibition in preclinical studies, the side effect profile for orteronel is similar to AA 

requiring concomitant use of corticosteroids [86]. Therefore, whether the c17,20-lyase 

selectivity seen in preclinical trials occurs in humans in vivo remains unknown. 
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Furthermore, the benefits of orteronel over AA must be investigated further given their 

similarity in efficacy and side effects seen in the preliminary data. Currently, there are two 

ongoing phase III trials comparing orteronel with prednisone to placebo with prednisone in 

CRPC patients that have either progressed after docetaxel (NCT01193257) or are 

chemotherapy naïve (NCT01193244). In addition, a trial combining orteronel plus docetaxel 

had recently been completed (NCT01084655) with results pending and a trial combining 

orteronel with radiation therapy is currently recruiting (NCT01546987).

Galeterone (VN/124-1, TOK-001; Tokai Pharmaceuticals) is another CYP17A1 inhibitor 

derived from 3β-acetoxyandrost-5-en-17-one that also functions as an AR antagonist. In 

addition, a sustained increase in calcium from the endoplasmic reticulum (ER) has been 

observed with galeterone leading to phosphorylation of eIF2a, which inhibits the translation 

of several pro-growth genes (i.e. cyclin D1) [87, 88]. Pre-clinical studies have demonstrated 

that galeterone inhibits PCa cell growth, and causes marked suppression of PCa growth in 

mice to a greater degree than observed with castration alone [89]. A phase I trial showed a 

decrease in PSA of ≥30% in 49% of patients with only mild side effects like nausea, fatigue, 

diarrhea, and asymptomatic transaminase elevation [11]. At the time of this review, 

recruitment has commenced for a phase II trial in patients with CRPC (NCT01709734).

Finally, two additional drugs; VT-464 (Viamet Pharmaceuticals) and CFG920 (Novartis 

Pharmaceuticals), are in early stages of development. VT-464 is thought to be a selective 

c17,20-lyase inhibitor that is currently in phase I/II testing in men with CRPC (EudraCT 

number: 2011-004103-20). CFG920 is another CYP17A1 inhibitor and recruitment has 

begun for a phase I/II in men with CRPC (NCT01647789) [90].

CONCLUSION

This review has focused on CRPC and the novel therapies designed to treat this advanced 

stage of PCa. In 2010, the only agent approved for therapy was docetaxel; however, 

treatments with novel hormonal agents that specifically target the biochemical conversion of 

cholesterol to testosterone have recently come to the forefront. Specifically, the CYP17A1 

inhibitor abiraterone has emerged as an important therapeutic modality in CRPC. Current 

clinical trials examining other novel CYP17A1 inhibitors, such as Orteronel and Galeterone, 

hint at the potential that these medications have in the treatment of men with CRPC.
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HIGHLIGHTS

1. Androgen receptors and the current treatment of prostate cancer will be 

reviewed.

2. Progression to castrate resistant prostate cancer (CRPC) and treatment are 

discussed.

3. Basics of abiraterone acetate (AA) physiology are highlighted with clinical trials 

summarized.

4. Alternative strategies to enhance AA therapy and novel CYP171A inhibitors are 

summarized.
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Figure 1. Advanced prostate cancer treatment targets
Gonadotropin releasing hormone (GnRH) agonist and antagonist inhibit the synthesis of 

androgens by blocking the release of gonadotropins from the pituitary. Ketoconazole (keto) 

and CYP17A1 Inhibitors block the synthesis of adrenal androgens to further decrease the 

amount of available testosterone (T) and other weak androgens that can potentially activate 

AR. In addition, 5α-reductase (5αR) inhibitors can be used to block the conversion of T to 

the more potent androgen, dihydrotestosterone (DHT), and AR inhibitors can prevent the 

binding of any remaining ligand. Phoshoinositide-3-Kinase (PI3K), Protein Kinase B 

(AKT), and Tyrosine Kinase (TK) inhibitors block alternative signaling pathways leading to 

activation of AR in the absence of ligand. Finally, heat shock protein (HSP) inhibitors are 

being studies as these can induce AR activation and nuclear localization independently of 

ligand (HSP90) and can protect cells against apoptosis (HSP27).
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Figure 2. Steroid and Adrenal Androgen Synthesis Pathway
Key steps for the synthesis of steroids and adrenal androgens are shown along with the 

enzymes inhibited by drugs used for treatment of CRPC including ketoconazole (Keto) and 

CYP17A1 inhibitors: Abiraterone acetate (AA), Orteronel (Ort), Galetertone (Gal), VT464, 

and CFG920. CYP17A1 catalyzes the conversion of pregnenolone to 17α-pregnenolone and 

progesterone to 17α-hydroxyprogesterone through its 17α-hydroxylase activity pulling 

steroids down the pathway for androgen synthesis. In addition, CYP17A1 catalyzes the final 

steps in androgen synthesis through its C17,20-lyase activity, converting 17α-

hydroxypregnenolone to dehydroepiandrosterone (DHEA) and 17α -hydroxyprogestrone to 

androstenedione. The enzyme 3β-Hydroxysteroid Dehydrogenase (3β-HSD) is also 

important in androgen production as it catalyzes the conversion of DHEA to 

androstenedione.
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