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a b s t r a c t

Prostate cancer (PC) is now the second most prevalent cause of death in men in the USA and Europe.
At present, the major treatment options include surgical or medical castration. These strategies cause
ablation of the production of testosterone (T), dihydrotestosterone (DHT) and related androgens by the
testes. However, because these procedures do not affect adrenal, prostate and other tissues’ androgen
production, they are often combined with androgen receptor antagonists to block their action. Indeed,
recent studies have unequivocally established that in castration-resistant prostate cancer (CRPC) many
androgen-regulated genes become re-expressed and tissue androgen levels increase despite low serum
levels.

Clearly, inhibition of the key enzyme which catalyzes the biosynthesis of androgens from pregnane

nhibitors of CYP17
etoconazole
biraterone acetate
N/124-1 (TOK-001)
AK-700

precursors, 17�-hydroxy/17,20-lyase (hereafter referred to as CYP17) could prevent androgen production
from all sources. Thus, total ablation of androgen production by potent CYP17 inhibitors may provide
effective treatment of prostate cancer patients. This review highlights the role of androgen biosynthesis
in the progression of prostate cancer and the impact of CYP17 inhibitors, such as ketoconazole, abiraterone
acetate, VN/124-1 (TOK-001) and TAK-700 in the clinic and in clinical development.

Article from the special issue on Targeted Inhibitors.

© 2010 Elsevier Ltd. All rights reserved.
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. Introduction

The dependence of prostate cancer (PC) on androgen signaling
as been recognized for approximately 70 years, yet PC remains
leading cause of male death in the Western world. In the USA

lone 192,280 new cases and 27,360 PC related deaths were esti-
ated for 2009 [1]. Improvements in the methodology and timing

f PC screening have enabled the detection of PC tumors at an early
tage, when the disease may be cured through surgical excision or
adiotherapy. However, despite the positive treatment outcomes
ossible for localized PC, advanced stage disease presents a much
oorer prognosis.

Prostate cancer growth and progression is stimulated by andro-
ens acting through the androgen receptor (AR). Androgen levels
re predominately regulated through the hypothalamic-pituitary-
drenal/gonadal axis (Fig. 1). The majority of androgens are
ynthesized in the testis and adrenal glands from pregnane pre-
ursors. The testes are the primary source of testosterone in men,
ontributing approximately 90–95% of the circulating androgens
2,3]. The adrenal glands are responsible for the remaining andro-
ens, which are enzymatically converted to testosterone and DHT
n the prostate and peripheral tissues. Of the two major androgens,
estosterone (T) and dihydrotestosterone (DHT), T is the most abun-
ant in systemic circulation and DHT has the highest affinity for the
R.

The inactive AR is primarily found in the cytoplasm bound

o heat shock proteins [4]. Androgen binding to the AR induces
onformational changes in the ligand-binding domain and heat-
hock protein dissociation from the AR (Fig. 2). The transformed
R undergoes dimerization, phosphorylation and translocation to

ig. 1. Endocrine control of prostatic growth: the growth and development of the norma
he hypothalamic-pituitary-adrenal/gonadal axis. Androgens [testosterone (T), androsten
n the testes or adrenal glands and released into the circulation in response to specific horm
GnRH), luteinizing hormone (LH), luteinizing hormone releasing hormone (LHRH)]. Testo
here it is predominantly converted by 5�-reductase to its more active metabolite, 5�-d

drenocorticotropic hormone, released by the pituitary.
ry & Molecular Biology 125 (2011) 23–31

the nucleus [5]. The translocated receptor dimer binds to androgen
response elements located in the promoter or enhancer region of AR
target genes [6], leading to the transactivation of AR-regulated gene
expression and cell proliferation [7]. AR signaling mediates a range
of physiological responses in addition to prostate growth and dif-
ferentiation, including development and maintenance of the male
phenotype. Conversely, androgen deprivation induces apoptosis in
the prostate [8]. The dependence of prostate cells on AR signaling
persists after neoplastic transformation, and thus forms the basis
of metastatic PC therapy.

The mainstay treatment of advanced PC is androgen-deprivation
therapy (ADT), alone or in combination with an anti-androgen,
which results in temporary disease regression or stabiliza-
tion in the majority of patients. Androgen deprivation therapy
is frequently accomplished through chemical castration with
luteinizing-hormone releasing-hormone (LHRH) analogs, or sur-
gical castration (orchiectomy). ADT typically results in a 90% or
greater reduction of serum testosterone (T) [9,10], and clinical
response is observed in 80–90% of patients [11]. However, ADT does
not affect adrenal or intra-tumoral androgen production, which
may be clinically relevant in disease recurrence. Unfortunately,
treatment of advanced stage PC nearly always fails, with recur-
rent castration-resistant tumors typically developing after 18–24
months. Recurrence is marked by increases in serum prostate
specific antigen (PSA) levels and the manifestation of disease symp-
toms.
Previously, the failure of ADT was suspected to evidence an
escape from androgen dependence. Castrate serum testosterone
levels were classically defined as 50 ng/dl, and surgical bilateral
orchiectomy reduces serum T levels to below 20 ng/dl. Chemical

l prostate require a functioning androgen signaling pathway, which is regulated by
edione (AD), dehydroepiandrosterone (DHEA)] and other steroids are synthesized
onal signals [follicle stimulating hormone (FSH), gonadotropin releasing hormone

sterone is transported by steroid hormone binding globulin (SHBG) to the prostate,
ihydrotestosterone (DHT). The adrenals are stimulated to produce AD and DHEA by
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Fig. 2. Mechanism of androgen (DHT) action: testosterone enters the cell and is converted to DHT by the enzyme 5�-reductase. DHT binding to the AR induces conformational
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hanges in the ligand-binding domain and causes heat shock protein dissociation from
o the nucleus. The translocated receptor dimer binds to androgen response elemen
o cell proliferation.

astration via LHRH agonists similarly reduces serum T [12–14],
lthough it has been reported that up to 13% of men on depot LHRH
gonists will have testosterone values between 20 and 50 ng/dl
13]. In light of the low serum T, recurrent disease under castrate
onditions was thought to be driven by adaptive mechanisms dis-
inct from androgen receptor signaling; therefore it was deemed to
e androgen-independent. However, despite the drastic reduction
f circulating T, it has been shown that serum testosterone levels
o not directly correlate with equivalent changes in intra-prostatic
ndrogen levels [15]. In the mid 1980s, Geller et al. reported that
astration failed to completely eliminate intra-prostatic androgens
n men with PC [16]. This important finding has been revisited,

ith accumulating evidence that total body and intra-prostatic
ndrogen levels remain significantly high after castration. Through
easurement of the serum levels of glucuronide metabolites of

ndrogens, Labrie et al. demonstrated that 40% of the total body
ndrogen pool remains after castration as compared to intact men
9]. Relevant studies by Mohler et al. [3], Nishiyama et al. [15],
nd Mostaghel et al. [17] have further supported the role and
echanisms of persistent intra-prostatic androgens in PC, and

re summarized in an excellent review by Marks et al. [18]. This
uggests that some PC recurrence is not resultant of true andro-
en independence but rather adaptations that allow continued
esponse under low levels of circulating androgens. Furthermore,
dvances in the understanding of the mechanisms of castration
esistance have confirmed continued activity of the androgen sig-
aling pathway, as the AR has been found to be active and often
verexpressed in CRPC [10,19,20]. Additional mechanisms that may
ediate continued AR signaling include AR mutation, increased

xpression of transcriptional co-activator proteins, and activation
f other signal transduction pathways [21,22]. These observations

learly indicate that the goal of complete androgen abrogation
as not been achieved with current PC therapeutic strategies, and
ighlights the potential of improved inhibitors of androgen signal-

ng. This review covers the historical development, current state,
AR. The transformed AR undergoes dimerization, phosphorylation and translocation
he DNA, thereby activating transcription of AR target genes and ultimately leading

and future outlook of inhibitors of 17�-hydroxylase/17,20-lyase
(CYP17), a multifunctional and critical enzyme in the pathway of
androgen biosynthesis, in regard to PC therapy.

2. CYP17, a key enzyme in steroid biosynthesis

The multifunctional 17�-hydroxylase/17,20-lyase is a
cytochrome P450 enzyme localized to the endoplasmic retic-
ulum in the adrenals, testes, placenta and ovaries, and lies at the
crossroads of sex steroid and glucocorticoid synthesis. It is encoded
by a single gene found on chromosome 10 in humans [23]. The
1527 bp CYP17 cDNA encodes a protein consisting of 508 amino
acids, containing a heme prosthetic group at the active site, with
an iron–oxygen species required for catalytic activity. The enzyme
possesses both 17�-hydroxylase activity and C17,20-lyase activity,
and requires P450 reductase to transfer electrons in the presence
of nicotinamide adenine dinucleotide phosphate (NADPH) for both
catalytic activities. The degree of C17,20-lyase activity, modulated
by cytochrome b5 (b5), determines which metabolic pathway
the substrate will follow in terms of sex steroid or glucocorticoid
formation [24–26]. Cytochrome b5 is required for the C17,20 lyase
activity, and high b5/CYP17 ratios are associated with the nearly
exclusive production of androgens in the testes as opposed to
the low ratios observed in the adrenals where glucocorticoids are
produced [25–27]. It should be noted that the role of b5 in CYP17
actions is described in detail in this volume by Akhtar et al.

2.1. CYP17 in androgen biosynthesis

The formation of steroid hormones proceeds via the
hypothalamic-pituitary-gonadal/adrenal axis, with the testes

and adrenal cortex producing the majority of androgenic steroids
in men. All steroid hormone synthesis follows the conversion of
cholesterol to pregnenolone, which can subsequently progress
down the androgen formation pathway, or be converted to pro-
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Fig. 3. Pathway o
esterone by 3�-hydroxysteroid dehydrogenase (Fig. 3). CYP17
atalyzes two key reactions involved in the production of sex
teroids, which occur sequentially – the 17�-hydroxylase activity
ypically converts pregnenolone to 17�-hydroxypregnenolone
oid biosynthesis.
and progesterone to 17�-hydroxyprogesterone, while the C17,20-
lyase activity converts 17�-hydroxypregnenolone to DHEA (�5

pathway) and 17�-hydroxyprogesterone to androstenedione
(�4 pathway) [28,29]. CYP17 activity is species specific, and in
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omparison with the enzyme from pig [30], rat [30], and trout
31], the human form of CYP17 has a significantly lower affinity for
7�-hydroxyprogesterone than 17�-hydroxypregnenolone [30].
herefore, the metabolic route of T formation in humans favors
regnenolone as the starting precursor rather than progesterone
28]. The precursor androgens DHEA and androstenedione may be
ubsequently transformed to T by other enzymes. T can then be
onverted to the more potent DHT by 5a-reductase in target tissue
uch as the prostate (Fig. 3). Recently, an additional “backdoor
athway” has been described by Auchus [32] in which DHT syn-
hesis bypasses testosterone as an intermediate (Fig. 3). It should
e noted that CYP17 is still active in the backdoor pathway, and
herefore emphasizes its importance as a therapeutic target.

.2. CYP17 in glucocorticoid synthesis

In addition to catalyzing androgen biosynthesis, CYP17
s also important in glucocorticoid production, with 17�-
ydroxypregnenolone and 17�-hydroxyprogesterone serving as
recursors for cortisol synthesis. Therefore, treatment with

nhibitors affecting the 17�-hydroxylase activity requires the
dditional management of the resultant change in glucocorti-
oid/mineralocorticoid levels. ACTH secretion, normally inhibited
y cortisol through a negative feedback mechanism, drives the pro-
uction of cortisol in the adrenals by promoting the conversion of
holesterol to pregnenolone. Consequently, suppression of cortisol
nd its precursors via inhibition of CYP17 results in a compensatory
ncrease in ACTH [33]. Corticosterone, a weaker glucocorticoid
pstream of CYP17, is not directly reduced by CYP17 inhibition, and
ay also inhibit ACTH secretion [34]. However, much higher corti-

osterone levels are necessary for this effect to occur. The increase
n ACTH due to loss of cortisol modulated negative feedback may
herefore result in a new homeostatic set point with increased
evels of corticosterone and its precursors. This may lead to hyper-
ension and other symptoms of mineralocorticoid excess such as
ypokalemia and fluid retention [35]. This effect was predicted, as
similar condition has been observed in rare cases of congenital
YP17 deficiencies which result in congenital adrenal hyper-
lasia with impaired adrenal and gonadal steroidogenesis [36].
anagement of these adverse effects is often achieved through

oncomitant administration of prednisone, hydrocortisone or dex-
methasone. Ryan et al. noted that the addition of dexamethasone
o abiraterone treatment resulted in orthostatic hypotension in two
atients, which was not seen in patients on prednisone or hydrocor-
isone [37], and therefore recommended limiting dexamethasone
sage in this context in favor of prednisone or hydrocortisone.
dditionally, glucocorticoids have been shown to possess anti-PC
ctivity, and therefore concomitant administration limits the abil-
ty to quantify the effectiveness of CYP17 inhibition alone.

.3. Additional activities of CYP17

It is important to note that CYP17 has been shown to have
dditional properties, namely metabolizing xenobiotics and cat-
lyzing the formation of a third class of active steroids, the 16-ene
teroids. A growing body of research has focused on the role of
6-ene steroids in pigs, in which androstenol was identified as
pheromone [38]. In humans, androstenol was proposed to be

nvolved in behavioral effects, including reducing tension, ner-
ousness and other negative emotional states in women [39].
�-16-Androsten-3�-ol has also been shown to modulate the
ctivity of both the pregnane-X-receptor (PXR) and the constitutive

ndrostane receptor (CAR) [40]. However, the overall functional
ffect of the 16-ene steroids in normal physiology is still poorly
nderstood. In regard to xenobiotic metabolism, aminopyrine-N-
emethylation activity has been observed with both human and
ry & Molecular Biology 125 (2011) 23–31 27

porcine CYP17 [41,42]. The ability to metabolize xenobiotics could
result in inactivation or bioactivation of therapeutics and procar-
cinogens, as well as the possibility of CYP17 inactivation due to
xenobiotic/substrate competition.

3. CYP17 inhibitors

As the critical catalytic step in all androgen biosynthesis, thera-
peutic CYP17 inhibition to treat PC and other androgen dependent
diseases has been envisioned for over 50 years [43–45], with recent
discoveries in PC pathology driving much of the current refocus on
CYP17 as a therapeutic target. Additionally, some evidence suggests
that CYP17 mRNA and protein expression correlate with disease
stage and relapse [46,47]. Despite the strong rational for targeting
CYP17, this target has been largely unexploited with relatively few
inhibitors progressing to clinical trials and only ketoconazole, an
unspecific inhibitor of CYP17, in widespread clinical use.

Due to the unavailability of a 3D crystal structure of the enzyme,
inhibitor design has been based on information gleaned utiliz-
ing various strategies including docking and molecular modeling
techniques, site directed mutagenesis, comparative interspecies
studies, and trial and error modifications of the enzyme’s natu-
ral substrates. Generally, CYP17 inhibitors have been structurally
categorized as steroidal or non-steroidal. The steroidal inhibitors
are similar in structure to the natural substrates of CYP17, preg-
nenolone or progesterone, and often involve modification of the
substrate’s D-ring at the C17 position. Classification of steroidal
CYP17 inhibitors can be further divided into: type I competi-
tive inhibitors, type II competitive inhibitors, mechanism-based
inhibitors, and affinity labeling agents.

The type I and type II classifications are designated based on
the binding of the inhibitor to the active site of the enzyme. Type
I inhibitors displace water as the sixth ligand of the Fe heme,
allowing the Fe to exist in a pentacoordinate state. This induces
a shift in the UV-absorption spectrum Soret band maximum from
approximately 420 nm to approximately 390 nm [48–50]. Type II
competitive inhibitors interact as the sixth ligand with the heme
atom and in some instances with amino acid residues in close
proximity to the heme site. These compounds produce a type II
difference spectrum with a Soret maximum at 421–430 nm cor-
responding to a hexacoordinate Fe [51,52]. The most commonly
studied type II inhibitors contain a nitrogen heteroatom.

It is difficult to directly compare the potency of inhibitors from
different studies due to variations in evaluation and assay proce-
dures [53], and we continue to advocate for the inclusion of data
of known potent CYP17 inhibitors for comparison. However, a few
considerations must be noted. First, some compounds show varia-
tions in potency in a species dependent manner [54]. Additionally
the concentration and Km of the substrate used should also be con-
sidered when comparing IC50 values and Ki values, respectively.

A large number of CYP17 inhibiting compounds have been
developed as potential PC therapy over the years, and have been
extensively reviewed elsewhere [53,55–57]. However, in recent
years, possibly resultant of the high expectations surrounding
abiraterone, we have seen a reemergence in CYP17 inhibitor inter-
est. The structures of CYP17 inhibitors that are discussed in this
review, including ketoconazole, abiraterone, VN/124-1 (TOK-001)
and TAK-700 are presented in Fig. 4.

4. CYP17 inhibitors in clinical use and clinical trials

4.1. Ketoconazole
Ketoconazole (Fig. 4) is a broad spectrum anti-fungal agent
that has been extensively used off-label as second-line hor-
monal therapy for PC. It was shown to induce gynecomastia in
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Fig. 4. Chemical structures of CYP17

atients [58,59] in the early 1980s, which eventually lead to
he discovery that ketoconazole is an inhibitor of testicular and
drenal androgen synthesis [60,61]. Ketoconazole inhibits 11�-
ydroxylation, cholesterol side chain cleavage to pregnenolone
nd CYP17 [62,63]. Ketoconazole has typically been used in high
osage (800–1200 mg/d) for PC treatment. However, high dose
etoconazole (HDK) has been associated with significant potential
ide effects including hepatotoxicity, gastrointestinal toxicity, and
drenal insufficiency. Concomitant corticosteroid replacement is
equired with ketoconazole treatment. Furthermore, the inhibition
f cytochrome P450 enzymes creates the possibility of drug–drug
nteractions.

Despite the aforementioned limitations ketoconazole remains
idely used as secondary hormonal therapy for CRPC, and multi-
le trials have been undertaken to assess its efficacy in this context.
wo single center trials on the use of HDK in CRPC found PSA
eclines >50% in 55% (11/20) [64] and 63% (30/48) of patients [65]. A

arger phase III study of HDK therapy in 260 patients with post-ADT
etastatic PC on anti-androgen withdrawal (AAWD) demonstrated
PSA decline >50% in 27% of patients treated with HDK plus AAWD.
verall survival was not different between the treatment groups,
owever, those patients with a >50% PSA decline had a median sur-
ival of 41 months compared to 13 months for those without a
SA decline. Time to PSA progression in PSA responders was 5.9 vs
.6 months in AAWD alone and AAWD + HDK groups, respectively
66]. Androstenedione, DHEA, and DHEAS levels decreased with
DK therapy. However, there was no change in testosterone level

rom baseline in either treatment groups. All three adrenal andro-
en levels rose at disease progression, indicating an escape from
DK induced androgen suppression and highlighting the poten-

ial for more effective agents. A follow-up study [62] reported that
esponse to HDK was associated with baseline adrenal androgen
evels, suggesting that higher patient androstenedione levels pre-
ict improved survival and response to ketoconazole treatment.

In an effort to reduce adverse events associated with HDK, keto-
onazole has been tested at a lower dosage of 600 mg/d (LDK).
SA response rates have been generally equivalent to HDK. Ngo
t al. [67] observed a 32% (12/32). In a retrospective analysis of 138
atients treated with LDK [68], 23% of patients (39/138) experi-
nced PSA declines ≥0%. Treatment was subsequently escalated to
DK in 55 patients, 12.7% (7/55) of which demonstrated a subse-
uent PSA decline ≥50%.

Multidrug therapy combining ketoconazole with chemothera-
eutic agents has been of interest for some time. In addition to
locking CYP17 activity, ketoconazole also inhibits other important
etabolizing enzymes such as CYP3A and CYP24A1, suggesting that

oncomitant ketoconazole administration may alter drug exposure
r pharmacokinetic variability [69–71]. This necessitates care-
ul monitoring for increased side effects due to inhibition based

rug–drug interaction, but may reduce the amount of therapeu-
ic agent required for optimal treatment. In a recent phase I
tudy of 42 patients treated with docetaxel and ketoconazole, PSA
ecreases of 50% or greater were observed in 62% of patients.
itors in the clinic and clinical trials.

Docetaxel naïve patients had a median overall survival of 36.8
months on a combined regimen of docetaxel and 600 mg keto-
conazole [72]. Docetaxel exposure was increased 1.3–1.5 fold due
to concomitant ketoconazole administration. In addition to evalu-
ating ketoconazole combined with traditional chemotherapeutics,
CYP17 inhibitors in combination with other steroid biosynthesis
enzyme inhibitors are being examined. A study by Taplin et al. [73]
investigated the effect of ketoconazole combined with hydrocorti-
sone and the 5�-reductase inhibitor dutasteride in asymptomatic
castration-resistant PC. As compared to previous investigations
of ketoconazole + hydrocortisone therapy alone, this combination
resulted in an increased duration of response with an overall
median time to PSA progression of 14.5 months as compared to
the 8.6 months reported in the largest previous study that analyzed
ketoconazole + hydrocortisone given concurrently or subsequent to
antiandrogen withdrawl [66]. These results warrant the investi-
gation of stronger CYP17 inhibitors as components of multidrug
therapy.

4.2. Abiraterone acetate

Abiraterone (Fig. 4), a highly selective irreversible CYP17
inhibitor, was developed as a mechanism-based steroidal inhibitor
of CYP17 following observations that nonsteroidal 3-pyridyl esters
had improved selectivity for inhibition [74]. The concentration
of abiraterone required to reduce CYP17 activity by 50% in
human microsomes is 1/10 that of ketoconazole [75,76]. Further-
more, abiraterone has been shown to reduce serum testosterone
levels to below a detection threshold of 1 ng/dl [75,77]. As
would be expected, abiraterone also decreases estradiol, dehy-
droepiandrosterone, and androstenedione. Due to abiraterone’s
poor bioavailability, a 3�-acetate prodrug (abiraterone acetate)
that is rapidly deacetylated to the active metabolite in vivo was
synthesized [78,79].

Promising results from clinical trials of AA in CRPC patients
have recently been reported. In a phase I trial of abiraterone
acetate treatment of both ketoconazole pre-treated and ketocona-
zole naïve CRPC patients [37], PSA declines of ≥50% were seen in
18 (55%) of 33 patients, including nine (47%) of 19 patients with
prior ketoconazole therapy and nine (64%) of 14 patients without
prior ketoconazole therapy. Significantly, the antitumor activity
was nearly equivalent in both populations. The activity observed
in castrate, ketoconazole naïve patients confirms that abiraterone
acetate is an active agent, whereas the activity in ketoconazole pre-
treated patients implies that a more selective and potent inhibitor
of CYP17 may be an improvement beyond ketoconazole, or an addi-
tional sequential therapeutic option. The most common adverse
events in patients treated with abiraterone acetate were fatigue,
hypertension, headache, nausea, and diarrhea. As predicted, the

levels of mineralocorticoids upstream of CYP17 were increased
along with a decrease in cortisol. Management of excessive min-
eralocorticoids was achieved through administration of exogenous
corticosteroids such as hydrocortisone or prednisone. The highest
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valuated dosage, 1000 mg/d, did not create dose limiting toxicities
nd was also used in additional trials [37,75,80,81].

In addition to chemotherapy-naïve patients, a multicenter
hase II study evaluated the efficacy of abiraterone in patients
ith docetaxel-treated CRPC [81]. All patients were treated with

000 mg/d. Forty seven patients were enrolled, and treatment
esulted in observed PSA declines ≥50% in 51% (24/47) of patients
t least once, whereas 68% (32/47) and 15% (7/47) had PSA declines
30% and ≥90%, respectively. Partial responses (by RECIST crite-

ia) were reported in 27% (8/30) patients with measurable disease.
ecreases in circulating tumor cell (CTC) counts were also observed

81].
Another phase II trial was conducted to evaluate the safety and

fficacy of abiraterone acetate in combination with prednisone
o reduce the symptoms of secondary hyperaldosteronism asso-
iated with abiraterone acetate monotherapy [80]. The subject
opulation consisted of 58 CRPC patients who had progressed dur-

ng chemotherapy. All subjects had undergone hormonal therapy
ncluding antiandrogens (91%), ketoconazole (47%) and estrogens
16%). Additionally, all subjects previously experienced failure on
ocetaxel-based chemotherapy, with 24% having undergone sec-
ndary chemotherapy. The addition of prednisone to the treatment
egimen resulted in significant decreases in symptoms related to
yperaldosteronism including lower incidence of hypokalemia (5%
s 55%), hypertension (5% vs 17%), and fluid retention (10% vs
5%) relative to the aforementioned study of abiraterone acetate
ithout prednisone [81]. Abiraterone showed activity similar to
revious studies, with observed PSA declines ≥50% in 36% (22/58) of
atients, and CTC conversion from ≥5 to <5 in 34% (10/29) patients.

nterestingly, patients pretreated with ketoconazole experienced
SA progressed in 99 days, as opposed to a 198 day time to pro-
ression observed in ketoconazole-naïve patients. The possibility
f cross resistance is planned to be addressed in a future trial
80].

Two phase III clinical trials of abiraterone acetate are now
n progress. The first of these trials is designed to evaluate abi-
aterone + prednisone against a placebo + prednisone in patients
ith progressive CRPC after docetaxel chemotherapy. This trial
as an estimated study completion date of June 2011 [82]. The
econd study will evaluate abiraterone + prednisone against a
lacebo + prednisone in CRPC patients prior to chemotherapy [83].
he estimated study completion date is in 2014. Both trials list prior
etoconazole treatment in their exclusion criteria.

.3. VN/124-1 (TOK-001)

VN/124-1 (3�-hydroxy-17-(1H-benzimidazole-1-yl)androsta-
,16-diene, now called TOK-001) (Fig. 4) was rationally designed
s an inhibitor of androgen biosynthesis via inhibition of CYP17.
N/124-1 is one of a series of novel �16-17-azolyl steroids which
nlike previously known 17-heteroaryl steroids, the azole moiety

s attached to the steroid nucleus at C-17 via a nitrogen of the
zole. Utilizing intact CYP17 expressing Escherichia coli, VN/124-

was shown to be a potent inhibitor of the enzyme with an
C50 value of 300 nM, being 6-fold less potent that our previously
eported VN/85-1 (IC50 = 50 nM). Under the same assay conditions,
biraterone had an IC50 value of 800 nM. However, VN/124-1 was
ubsequently found to disrupt androgen signaling through multi-
le targets [84,85]. The synthesis of VN/124-1 has previously been
eported [84] and a facile and large scale preparation (commercial
rocess) of the compound has recently been developed but is yet
o appear in the literature.
The increased efficacy of VN/124-1 in several prostate cancer
odels both in vitro and in vivo is believed to arise from its abil-

ty to downregulate the AR as well as competitively block androgen
inding. In competitive binding studies against the synthetic andro-
ry & Molecular Biology 125 (2011) 23–31 29

gen [3H]R1881, VN/124-1 was equipotent to bicalutamide in LNCaP
cells, but had a slightly higher affinity for the wild-type receptor in
PC3-AR cells. Transcriptional activation assays utilizing a luciferase
reporter showed VN/124-1 to be a pure AR antagonist of the wild-
type AR and the T877A mutation found in LNCaP cells [79,80]. In
prostate cancer cell lines, VN/124-1 inhibited the growth of CRPCs,
which had increased AR and were no longer sensitive to bicalu-
tamide. In addition, VN/124-1 demonstrated superior synergy for
growth inhibition in combination with everolimus or gefitinib com-
pared with bicalutamide [86].

VN/124-1 (0.13 mmol/kg twice daily) caused a 93.8% reduction
(P = 0.00065) in the mean final LAPC-4 xenograft volume compared
with controls, and this efficacy was significantly more effective than
castration or VN/85-1 [79]. In another anti-tumor efficacy study,
treatment of VN/124-1 (0.13 mmol twice daily) was very effective
in preventing the formation of LAPC4 tumors (6.94 vs 2410.28 mm3

in the control group). VN/124-1 (0.13 mmol/kg twice daily) and
VN/124-1 (0.13 mmol/kg twice daily) + castration induced regres-
sion of LAPC4 tumor xenografts by 26.55 and 60.67%, respectively
[85]. On the basis of these impressive preclinical data, VN/124-
1 is currently in further preclinical and clinical development by
Tokai Pharmaceutical Cambridge, Mass. Indeed, Tokai Pharmaceu-
ticals recently (November 5, 2009) initiated ARMOR1 (Androgen
Receptor Modulation Optimized for Response 1) phase 1/2 trials in
castrate resistant prostate cancer patients. We eagerly await the
trial findings.

4.4. TAK-700

TAK-700 [(1S)-1-(6,7-dimethoxy-2-naphthyl)-1-(1H-imidazol-
4-yl)-2-methylpropan-1-ol] (Fig. 4) is a non-steroidal imidazole
CYP17 inhibitor (IC50 = 28 nM) currently in clinical trials in prostate
cancer patients [87–89]. The compound was found to be selective
for CYP17 over 11�-hydroxylase by an impressive 260-fold, and
exhibited suppressive effects on testosterone biosynthesis in rats
and reduction in the weight of prostate and seminal vesicles in
the rat. TAK-700 was also capable of reducing serum testosterone
levels down to castration level after 8 h following a single oral
administration of 1 mg/kg to monkeys [90]. A practical asymmet-
ric synthesis of TAK-700 has been established in eight steps from
2,3-dihydroxynaphthalene [91].

5. Structure activity relationship

A close look at the structures of CYP17 inhibitors with promis-
ing outlook, including ketoconazole, abiraterone, VN/124-1 and
TAK-700 suggests that compounds that are capable of forming coor-
dination to the heme-iron of CYP17 (type-II competitive inhibitors)
may be superior to other types of inhibitors. This also seems to be
true for other CYP inhibiting drugs such as antifungal agents and
aromatase inhibitors.

6. Current usage and future development

The quest for more potent inhibitors of CYP17 continues
with many new compounds in preclinical development. As of
date, however, ketoconazole remains the only approved CYP17
inhibitor in clinical use, with abiraterone acetate, TAK-700, and
the multi-mechanistic VN/124-1 in clinical trials. Although usage of
ketoconazole was limited by toxicities, it remains one of the most
active second line hormonal therapies for CRPC, and recent studies
have investigated its usage in lower dosage and/or in combina-

tion with other PC treatment regimens. Overall, the CYP17 enzyme
remains a largely untapped target with a growing body of data sup-
porting the development of further novel inhibitors with potential
benefit as single, sequential or concomitant PC therapy.
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