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Abstract
Residual tissue androgens are consistently detected within the prostate tumors of castrate individuals
and are thought to play a critical role in facilitating the androgen-receptor-mediated signaling
pathways leading to disease progression. The source of residual tumor androgens is attributed in part
to the uptake and conversion of circulating adrenal androgens. Whether the de novo biosynthesis of
androgens from cholesterol or earlier precursors occurs within prostatic tumors is not known, but it
has significant implications for treatment strategies targeting sources of androgens exogenous to the
prostate versus ‘intracrine’ sources within the prostatic tumor. Moreover, increased expression of
androgen-metabolizing genes within castration-resistant metastases suggests that up-regulated
activity of endogenous steroidogenic pathways may contribute to the outgrowth of ‘castration-
adapted’ tumors. These observations suggest that a multi-targeted treatment approach designed to
simultaneously ablate testicular, adrenal and intracrine contributions to the tumor androgen signaling
axis will be required to achieve optimal therapeutic efficacy.
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Androgen-deprivation therapy has been the primary treatment for patients with metastatic
prostate cancer since the seminal recognition of the disease as androgen-sensitive by Huggins
and Hodges in 1941.[1] Although initially effective, hormonal therapy for metastatic cancer is
marked by progression to castration-resistant disease over a period of 18–20 months, with an
ensuing median survival of 1–2 years. Importantly, substantial data indicate that in the setting
of ‘castrate’ serum testosterone levels, prostatic androgen concentrations remain at
approximately 10–25% of the levels found in untreated patients,[2–4] well within the range
capable of mediating continued androgen-receptor (AR) signaling and gene expression.[5]
Moreover, residual intra-prostatic androgens are implicated in nearly every mechanism
whereby AR-mediated signaling leads to the development of castration-resistant disease.[6]
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The source of residual androgens within the prostate tumors of castrate men has not been fully
elucidated, but has been attributed to the uptake and conversion of circulating adrenal
androgens.[7,8] Whether the de novo biosynthesis of androgens from cholesterol or earlier
precursors occurs within castration-resistant metastases is not known[9] but has significant
implications for treatment strategies targeting sources of androgens exogenous to the prostate
versus ‘intracrine’ sources active within the actual tumor tissue.

In this review we examine the data demonstrating the presence of residual tissue androgens
despite castration, as well as studies suggesting that residual tumoral androgens are active in
prostate cancer progression. Mechanisms by which tumoral androgen levels are maintained
despite castration are discussed, including the contribution of circulating adrenal androgens
and the potential contribution of de novo steroidogenesis. Finally, we discuss the therapeutic
implications of these observations for the optimal treatment of prostate cancer, including data
regarding novel steroidogenic enzyme inhibitors under development, and the need for
combinatorial treatment strategies targeting all intra-tumoral ligand sources as well as AR-
mediated contributions to the tumoral androgen axis.

INTRA-PROSTATIC ANDROGEN LEVELS AFTER CASTRATION
Geller and colleagues examined prostatic levels of dihydrotestosterone (DHT) in men with
localized prostate cancer and made several seminal observations: (1) castration by orchiectomy
or megace plus diethylstilbestrol (DES) reduced prostatic DHT levels by 75–80% in some but
not all patients; (2) protein synthesis in epithelial and stromal cells was strongly correlated with
tissue DHT levels; and (3) prostatic DHT levels were further reduced when castration was
combined with adrenal androgen blockade using ketoconazole.[5,10] Geller concluded that
even small amounts of residual DHT may be sufficient to stimulate tumor growth, and that the
goal of therapy for prostate cancer should be to decrease prostatic DHT levels to as low as
possible, a concept similarly framed in early studies by Labrie et al.[11]

Subsequent studies in men with normal prostate histology, men with benign prostatic
hypertrophy (BPH), and men with localized cancer have consistently demonstrated that
castration results in a 70–75% decrease in tissue testosterone levels and an 80–90% decrease
in tissue DHT.[2,4,7,12,13] Interestingly, tumor grade was associated with the degree of
change in tissue DHT in one report, with an 85% decrease observed in Gleason 6 tumors, but
only a 60% decrease in Gleason 7–10 tumors,[14] suggesting that tumor-specific alterations
in tissue androgen metabolism may influence the response to castration. In castrate patients
with locally recurrent prostate cancer, prostatic DHT levels were decreased approximately 80%
compared with untreated BPH tissues; however, testosterone levels were actually equivalent
to BPH tissues from untreated patients.[3] Furthermore, in a study evaluating metastatic tumors
obtained via rapid autopsy from anorchid men with castration-resistant prostate cancer
(CRPC), testosterone levels within metastases from the castrate men were approximately three-
fold higher than levels within primary prostate tumors from untreated (eugonadal) patients.
[15]

These data clearly demonstrate that achieving castrate levels of circulating testosterone does
not eliminate androgens from the prostate tumor microenvironment. Moreover, the persistent
and even elevated tumoral testosterone levels observed in castration-resistant tumors, along
with the recently reported association between tumor grade and the response to castration,
[14] suggest that alterations in androgen metabolism within the tumoral tissue may contribute
to residual tissue androgen levels observed in the castrate setting.
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EVIDENCE THAT RESIDUAL TISSUE ANDROGENS ARE PHYSIOLOGICALLY
ACTIVE

In-vitro and in-vivo data indicate that DHT levels in the 0.5–1.0 ng/g range observed in the
prostatic tissue of castrate patients are adequate to activate the AR, stimulate expression of
androgen-regulated genes, and support tumor-cell growth and survival.[16] In mice bearing
human prostate cancer xenografts, peripheral testosterone supplementation to maintain
prostate-tissue DHT levels in the 3–4 pmol/g range (~0.9 ng/g) stabilized tumor xenograft
volumes, with higher tissue DHT levels stimulating tumor growth.[17]

The activity of residual tissue androgens is also supported by the observation that AR-mediated
transcription is frequently detected in castration resistant-prostate tumors.[9] While this
observation has been attributed in part to the development of ligand-independent AR-activation
mechanisms,[6] the most parsimonious explanation for persistent AR signaling in the setting
of anorchid serum testosterone levels is the continued presence of intracellular androgens at
levels adequate to activate wild-type AR. In this regard, residual androgens and persistent
expression of AR target genes have been demonstrated in benign prostate tissue after short-
term castration, as well as in localized prostate tumors after neoadjuvant androgen suppression,
[18,19] tissues in which ligand-independent signaling mechanisms are unlikely to have had
the opportunity to develop through clonal selection of advantageous genomic alterations.

THE SIGNIFICANCE OF RESIDUAL ANDROGENS IN CASTRATION-
RESISTANT PROSTATE CANCER

Nearly every mechanism whereby persistent AR signaling is proposed to confer a castration-
resistant phenotype either still requires or is enhanced by the presence of residual AR ligands.
Mechanisms leading to AR activation in the castrate setting include AR over-expression, AR
mutations that broaden ligand specificity, alterations in AR co-regulator that modulate AR
stability and ligand sensitivity, and activation of the AR or downstream regulatory molecules
by ‘cross-talk’ with other signaling pathways.[6] Restoration of AR expression in a xenograft
model was instrumental in the progression from androgen-dependent to castration-resistant
growth: AR up-regulation allowed tumor-cell proliferation in 80% lower androgen
concentrations, and shortened the latency of xenograft tumor formation by >50%.[20]
Importantly, ligand binding was required for hormone-refractory growth, and modest increases
in AR expression were sufficient to support signaling in a low-androgen environment.

The physiologic role of tumor androgens in disease progression is further substantiated by the
observation that suppressing residual androgens with either secondary hormonal maneuvers
or combined androgen blockade (CAB) has clinical efficacy in treating advanced and/or
recurrent tumors. Nearly 30% of patients with recurrent prostate tumors demonstrate at least
transient clinical responses to secondary or tertiary hormonal manipulation, suggesting that
these tumors are not truly androgen-independent, but have maintained a clinically relevant
degree of androgen sensitivity.[21] Initial studies of CAB suggested significant improvements
in survival compared to historical controls.[11] Although subsequent randomized trials have
not all been conclusive, meta-analyses have consistently suggested a statistically significant
improvement in 5-year survival, on the order of 5%, in favor of CAB over castration alone,
[22,23] suggesting that more effective suppression of the androgen axis would improve the
degree of benefit observed in patients with advanced metastatic disease.

Thus, a substantial body of evidence suggests that castration-resistant tumors are not in fact
androgen-independent, but develop in a setting of continued AR-mediated signaling that is
driven by the presence of residual tumoral androgens derived from exogenous sources,
endogenous synthesis, or a combination of both.[6,11] Accordingly, therapeutic strategies
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designed to more effectively ablate tumoral androgen activity are likely to have improved
clinically efficacy in both treating hormone-naïve disease and in preventing disease
progression.

THE SOURCE OF RESIDUAL TISSUE ANDROGENS AFTER CASTRATION
The intra-prostatic uptake and conversion of adrenally derived androgens is thought to be the
most significant source of residual tissue androgens in anorchid patients.[24] While the
requisite metabolic enzymes involved in the conversion of adrenal androgens to testosterone
and DHT have been demonstrated in benign and neoplastic prostate tissue, an unresolved
question is whether intra-tumoral androgens are synthesized de novo from progesterone,
cholesterol or earlier precursors (Figure 1).

Prostatic utilization of adrenal androgens
In a seminal study designed to evaluate the prostatic uptake of circulating androgens,
Bruchovsky administered radioactively labeled androgens – including testosterone (T), DHT,
and the adrenal androgens dihydroepiandrosterone (DHEA) and androstenedione (AED) – to
castrate male rats, and evaluated prostatic metabolites at 60 minutes after injection.[25]
Following administration of DHEA, approximately 1% and 8% of the recovered radioactivity
was found in T and DHT respectively, with 2% and 12% found after AED injection, compared
to 37% conversion of exogenously administered T into DHT. In the Dunning R3327 prostate
carcinoma model, administration of adrenal androgens to castrate male rats increased tumor
DHT levels and stimulated tumor growth to the level of that in intact controls.[26]

In a remarkable report paralleling Bruchovsky’s animal studies, Harper et al evaluated prostate
androgen metabolism by infusing eugonadal men with 3H-T, 3H-AED or 3H-DHEA-sulfate
(DHEA-S) 30 minutes before performing radical prostatectomy for BPH.[27] The major
metabolite present in prostate tissue after 3H-T infusion was DHT (about 65% conversion).
Infusion of 3H-AED resulted in approximately 7–10% radioactivity associated with either T
or DHT. 3H-DHEA-S was primarily converted to DHEA (70–90%), with 1–3% conversion to
T, DHT and AED. Klein et al evaluated the presence of adrenal androgens and steroid
metabolizing activity ex vivo in hormone-naive tumors and lymph-node metastases. Although
malignant tissue had a subtotal loss of SRD5A activity, primary tumors and metastases
possessed the capacity to metabolize adrenal androgen precursors along the pathway to DHT.
[28]

Importantly, intra-prostatic adrenal androgens have been detected at significant levels in
patients treated to suppress testosterone.[3,7,13] Levels of DHEA, DHEA-S and AED were
decreased by about 50% in tumor tissue from castrate patients with recurrent prostate cancer,
and far exceeded the values of testosterone and DHT in the recurrent tumor tissue. Notably,
no decrease in tissue levels of 5-androstenediol (a primary metabolite of DHEA and a direct
precursor of testosterone) was observed in another study of prostate tissues after castration,
[13] which is of particular significance as this androgen has been shown to bind the wild-type
AR without being inhibited by flutamide or bicalutamide.[29]

The de-novo synthesis of tumoral androgens
Up-regulated expression of several genes involved in the rate-limiting steps of steroid precursor
biosynthesis have been reported in castration-resistant versus primary prostate tumors.[9]
Acevedo et al investigated the metabolism of 14C-progesterone in primary prostate cancer
tissues, but did not observe significant metabolic conversion beyond the formation of
immediate progesterone derivatives.[30] Conversely, Montgomery et al recently reported up-
regulated expression of CYP17A (a critical enzyme early in steroidogenesis) in castration-
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resistant tumor metastases, suggesting that castration-resistant tumors may have the ability to
utilize progesterone as androgenic precursors.[15] Furthermore, a novel inhibitor of CYP17A
has recently demonstrated relatively high clinical efficacy compared to historical studies of
adrenalectomy,[31] suggesting that its activity may be mediated via inhibition of tumoral as
well as adrenal CYP17A activity.

An alternative mechanism for prostate tumor androgen production is the de-novo synthesis of
androgens via the ‘backdoor pathway’, wherein steroid flux to DHT bypasses the conventional
intermediates of AED and testosterone (Figure 1). In the classical pathway, C21 steroids such
as pregnenolone and progesterone are first converted to the C19 steroids DHEA and AED via
the sequential hydroxylase and lyase activity of CYP17A, followed by the activity of HSD17B
and SRD5A. In steroidogenic tissues in which both CYP17A and SRD5A are expressed, an
alternate route to DHT is possible, wherein C21 steroids are first acted upon by SRD5A,
followed by CYP17A and HSD17B.[32] Interestingly, the production of DHT in the mouse
testis via this mechanism is mediated specifically by the SRD5A1 and not the SRD5A2 isoform,
which is of relevance in that a clear shift from SRD5A2 to SRD5A1 expression occurs in the
transition from benign to neoplastic prostate tissue (see below). Moreover, recombinant human
CYP17A displays markedly more robust lyase activity for the 5α-reduced progesterone
intermediates than for the classical substrates 17α-OH pregnenolone or 17α-OH progesterone,
such that the combination of increased SRD5A1 activity in conjunction with the proposed
expression of CYP17A in prostate cancer tissue might actually favor de novo synthesis via the
backdoor pathway over the classical pathway, although this hypothesis remains to be tested.

These studies clearly demonstrate the uptake and conversion of adrenal androgens within
prostatic tumor tissue. Although Harper et al found only a 5–15% rate of adrenal androgen
metabolism to testosterone and DHT within prostatic tissue, intra-prostatic concentrations of
adrenal androgens substantially exceed those of testosterone and DHT, and therefore provide
a significant reservoir of substrate for conversion. Whether the de novo synthesis of tumoral
androgens from cholesterol or earlier precursors occurs to a substantial and/or clinically
relevant degree within prostate tumors requires further evaluation.

ALTERATIONS IN INTRACRINE ANDROGEN METABOLISM IN NEOPLASTIC
PROSTATE TISSUES

Alterations in a number of critical enzymes responsible for DHT synthesis and catabolism have
been identified in primary and castration–resistant prostate tumors, providing mechanistic
support for the role of intracrine steroid metabolism in modulating the tumor androgen
microenvironment. A subtotal loss of tumoral SRD5A activity, the primary isoform in benign
prostate tissue, has been consistently observed in neoplastic prostate tissues,[28] with a relative
shift to SRD5A1 in primary and recurrent prostate tumors;[8,33,34] however, some studies
have shown Gleason-grade-related increases in both SRD5A1 and SRD5A2.[35] These data
indicate that treatment strategies designed to inhibit DHT production must adequately suppress
the activity of both isoforms.

Differential expression of several 17β-hydroxysteroid dehydrogenase family members
(HSD17B) has been observed in prostate cancer, with increased tumoral expression of
reductive enzymes catalyzing conversion of precursors to active androgens (HSD17B3 and
HSD17B5 – also known as aldo-keto reductase AKR1C3), and decreased expression of
oxidative enzymes catalyzing the reverse reaction (HSD17B2),[8,36,37] suggesting a shift in
tumoral androgen metabolism to the formation of testosterone and DHT. Interestingly,
increased prostate tumor expression of the oxidative family member HSD17B4 has also been
observed; however, this isoform has a unique peroxisomal targeting sequence and acts
primarily in peroxisomal β-chain oxidation of fatty acids.[38] Differential expression of
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AKR1C1 and AKR1C2, which mediate the catabolism of DHT,[39] has also been observed in
prostate tumors. Ji et al have demonstrated a selective loss of AKR1C2 and AKR1C1 in primary
prostate tumors, accompanied by a reduced capacity to catabolize DHT and increased tumoral
DHT levels.[40] As these investigators also noted a decrease in SRD5A2 expression, the
elevated tissue DHT levels underscore how effectively the decrease in DHT catabolizing
activity can maintain tumoral DHT despite a relative decrease in the conversion of testosterone
to DHT.

In summary, androgen metabolism within primary prostate tumors is characterized by steroid
enzyme alterations which may potentiate the intracrine conversion of adrenal androgens to
testosterone and DHT and/or inhibit the conversion of DHT to inactive metabolites. These
observations suggest that tissue-based alterations in steroid metabolism may facilitate prostatic
tumor development and underscore these metabolic pathways as critical therapeutic targets.

NOVEL AGENTS FOR THE INHIBITION OF RESIDUAL TUMORAL
ANDROGENS

Historically, ketoconazole and glutethimide – or, more rarely, surgical approaches such as
adrenalectomy and hypophysectomy – have been utilized for suppression of residual tissue
androgens. Due to limited efficacy and significant treatment-related side-effects, only
ketoconazole (a weak inhibitor of CYP11A and CYP17A) remains in use in routine clinical
practice. However, the limited efficacy of ketoconazole in castration-resistant prostate cancer
has prompted the development of more potent inhibitors of androgen biosynthesis.

Inhibitors of CYP17A
CYP17A is a single enzyme which catalyzes sequential steps in the conversion of C21
precursors to the C19 adrenal androgens DHEA and AED. A number of CYP17A inhibitors
have been reported,[41] including a series of novel agents exhibiting both CYP17A inhibition
and anti-androgen activity.[42] The most potent of these, VN/124-1, effectively inhibited the
binding of the synthetic androgen R1881 to either mutant or wild-type AR, acted as a pure AR
antagonist in vitro, and was more effective than castration in suppressing growth of the
androgen-dependent LAPC prostate tumor xenograft in vivo.

To date, abiraterone is the only CYP17A inhibitor to have been evaluated in phase-I studies,
and it shows promising efficacy in reducing circulating androgen levels and achieving PSA
responses. In dose-finding studies, castrate men treated with a single 500-mg dose (n = 6)
demonstrated suppression of testosterone levels by ≥75% within 48 hours; this was maintained
for 2–5 days, and was accompanied by a moderate decrease in serum AED levels. In eugonadal
men treated with the same 500-mg dose (n = 3), testosterone levels were suppressed by >50%
within 48 hours, and recovered to baseline in 6–9 days, accompanied by a corresponding rise
and then decline in luteinizing hormone (LH) levels. Baseline cortisol levels remained normal,
although all patients treated in a 12-day continuous dosing regimen developed an abnormal
response to adrenocorticotropic hormone (ACTH) provocation.[43] In a small study reported
by Ryan et al, 16 patients with CRPC (nine previously treated with ketoconazole) were treated
with abiraterone 500 mg per day orally for 28 days. Five of the nine ketoconazole-treated
patients experienced a >50% decline in PSA. A rise in mineralocorticoids and a decline in
adrenal androgens was observed, with four patients developing grade-1 hypertension and two
patients requiring steroid replacement for mild symptoms related to adrenal insufficiency.
[44]

Attard et al have reported a phase-I continuous dosing study of abiraterone in men with
metastatic CRPC treated for up to 14 months. Doses from 300 to 1000 mg orally per day
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suppressed DHEA levels by approximately 75%, and suppressed AED and testosterone to
undetectable levels. Durable PSA declines ≥50% were observed in 21/34 patients (60%), with
PSA declines ≥90% in 11/34 (32%). As observed in studies of ketoconazole,[45] patients
achieving ≥50% PSA declines had higher baseline DHEA-S, DHEA and AED levels compared
to patients in whom PSA declines did not occur. Of patients evaluable by response evaluation
criteria in solid tumors (RECIST) criteria, 12/21 had radiological partial responses and 8/21
had stable disease. Of patients evaluable for toxicity, side-effects were generally mild and
primarily related to symptoms of mineralocorticoid excess, including grade-1 and -2
hypertension (11/38), hypokalemia (31/38), edema (10/38) and fatigue (14/38).[31]

Abiraterone resulted in the expected increases in C21 steroids upstream of CYP17A – including
deoxycorticosterone (up ten-fold) and corticosterone (up 40-fold) – and the expected decreases
in C19 steroids downstream of CYP17A – including DHEA, AED and testosterone. However,
a significant decrease in 17-OH pregnenolone (derived from the 17α-hydroxylase activity of
CYP17A) was not observed, and cortisol levels (downstream of 17-OH pregnenolone) were
decreased only about two-fold, accompanied by a five-fold increase in ACTH levels. These
observations suggest that cortisol-driven feedback mechanisms may compensate for the
inhibition of 17α-hydroxylase activity caused by abiraterone. As the two reactions catalyzed
by CYP17A are independently regulated, an ACTH-mediated feedback mechanism
specifically leading to increased CYP17A hydroxylase (but not lyase) activity could maintain
17-OH pregnenolone levels without concomitant elevation of C19 adrenal androgens.

These observations are of relevance in that progestins and corticosteroids have been reported
to act as non-canonical AR ligands,[46] consistent with the preliminary observation of Attard
et al that the addition of dexamethasone at 0.5 mg per day (in eight patients with disease
progression while on abiraterone) suppressed ACTH, deoxycorticosterone, and corticosterone
levels and was associated with PSA responses. Furthermore, in contrast to studies with
ketoconazole, in which disease progression has been accompanied by a rise in circulating
adrenal androgen levels[47] – no increase in testosterone, AED or DHEA levels has been
observed at progression in abiraterone-treated patients, further suggesting non-canonical AR
activation in disease progression. In this respect, clinical development of CYP17A inhibitors
such as VN/124-1, which additionally display AR binding and antagonism, is of significant
interest.

Inhibitors of HSD17B3 and AKR1C3
HSD17B3 and AKR1C3 catalyze reduction of 17-ketosteroids, including AED and
androstanedione, to the more active 17-OH steroids, testosterone and DHT. Increased
expression of these enzymes in prostate tumors suggests they may be important targets for
inhibition. Poirier and colleagues recently reported a novel hybrid strategy in which an
adenosine moiety (to interact with the cofactor-binding site) is linked via an alkyl spacer to
AED in order to obtain a bi-substrate inhibitor of HSD17B3, yielding several compounds with
micromolar inhibitory potency in cell-free assays.[48] Lorenzi et al have identified several
small-molecule inhibitors of HSD17B3 with nanomolar cellular potency, able to decrease
testosterone levels in intact rats by 70% within 3 hours, although with subsequent recovery
through unidentified mechanisms.[49]

Interestingly, the AKR1C family members are inhibited by pharmacologic doses of non-
steroidal anti-inflammatory drugs (NSAIDs), in rank order of their anti-inflammatory potency,
and the COX-2 selective inhibitor, celecoxib.[50] The two most potent classes of NSAIDs
targeting the AKR1C and COX isozymes are the indoleacetic acids (e.g. indomethacin) and
the N-phenylanthranilic acids. Penning and colleagues generated a series of N-
phenylanthranilic acid analogs that retained specificity for inhibition of AKR1C enzymes
without inhibiting COX-1 or COX-2, and identified key substituents required for selective
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inhibition of AKR1C isoforms (which share 86% homology).[50] More recently, an
indomethacin analog, N-(4-chlorobenzoyl)-melatonin (CBM) – predicted to prevent inhibition
of AKR1C1, AKR1C2 and the COX isoenzymes while retaining the preferential inhibition of
AKR1C3 observed with indomethacin – has been described.[51] A number of additional agents
with inhibitory activity against AKR1C3 has been reported, including phytoestrogens and
cinnamic acid derivatives, but specificity with respect to other AKR1C family members and
COX enzymes has not been described.[52,53]

Inhibitors of HSD3B and SRD5A
Isoform-specific differences in tissue expression and/or pharmacogenetic activity of HSD3B
and SRD5A have yielded important insight into factors relevant to the effective development
of steroidogenic enzyme inhibitors. HSD3B is a dimeric bifunctional enzyme required for the
biosynthesis of all classes of steroid hormones. The two human isoforms, encoded by distinct
genes, share 93% homology and have an isoform-specific tissue distribution, with HSD3B1
expressed in the placenta and peripheral tissues such as skin, breast and prostate, and HSD3B2
almost exclusively expressed in the adrenal, testis and ovary.[54] Despite differing by only
one residue in the catalytic site, HSD3B1 has 14–16-fold higher affinity for the dehydrogenase
substrate and three-fold higher affinity for the isomerase substrate versus 3BHSD2. Reciprocal
residues in the dimer subunit interface responsible for the differential activity of the two
isoforms have been identified, and selective inhibition of HSD3B1 without inhibition of
HSD3B2 has been experimentally demonstrated.[55] The isoform-specific differences in tissue
distribution and catalytic efficiency of the HSD3B isoforms are particularly relevant to
designing HSD3B inhibitors for prostate cancer therapy, as either or (most likely) both sites
of androgen synthesis, the adrenal and the prostate, are thought to be important targets for
inhibition.

SRD5A1 and SRD5A2, encoded by distinct genes, share 50% amino acid identity and catalyze
the 5α-reduction of testosterone to DHT with different pH optima and kinetics.[34] Finasteride
(an inhibitor of SRD5A2) and dutasteride (a dual SRD5A inhibitor) are 4-azasteroids used
extensively in clinical prostate studies. Significant genetic and pharmacogenetic variation in
the SRD5A2 locus has been reported, with several SRD5A2 mutations resulting in increased
enzyme activity and reduced inhibition by finasteride. Dutasteride displays significantly less
pharmacogenetic variation than finasteride in its inhibitory activity, as well as significantly
lower inhibition constants for nearly all SRD5A2 variants examined.[56] These observations
underscore the importance of tissue-specific isoform expression and pharmacogenetic
variability in enzyme activity in the effective application of steroidogenic enzyme inhibitors.
Recently, a third SRD5A isoenzyme has been reported,[57] although the clinical significance
of this isoform is unknown.

Inhibitors of steroid sulfatase
Steroid sulfatase (STS) hydrolyzes inactive sulfates of estrogen and DHEA to biologically
active steroids. Although not yet tested in prostate cancer, STS inhibitors have been evaluated
in patients with breast cancer,[58] and may have efficacy in preventing prostatic utilization of
the adrenal androgen DHEA, which circulates primarily as the inactive sulfate, DHEA-S. STS
activity has been demonstrated in prostate cancer cell lines and in prostate tissue homogenates,
[59] and immunohistochemical expression of STS in 85% of prostatic tumors examined (n =
52) was recently reported.[60] Given the proposed importance of adrenal androgens in
maintaining prostate tumor androgen metabolism in anorchid patients, the clinical efficacy of
preventing tumoral DHEA-S utilization by STS inhibitors warrants examination.

In summary, agents designed to inhibit critical enzymes in the androgen metabolic pathway
are currently under development. Further study is required to delineate which steroidogenic

Mostaghel and Nelson Page 8

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pathways represent the most critical targets for inhibition, as well as elucidating the relative
contribution of adrenal versus tumoral sites of intracrine androgen production. In this regard,
the relatively high clinical efficacy observed in initial studies of the CYP17A inhibitor
abiraterone, compared to historical studies of medical and surgical adrenalectomy, suggests
that the clinical activity of this agent may be derived from suppressing tumoral as well as
adrenal sources of CYP17A activity.

THE IMPLICATIONS OF INTRACRINE ANDROGEN METABOLISM FOR
PROSTATE CANCER THERAPY

Residual androgens are consistently detected within the prostate tumors of castrate individuals
and may play a critical role in facilitating the AR-mediated signaling pathways leading to
disease progression. Moreover, substantial data demonstrate that multiple and parallel
intracrine metabolic pathways are active within prostate tumors and could serve as a primary
source of residual tissue androgens in the castrate microenvironment. The increased expression
of androgen-metabolism genes within castration-resistant metastatic tumors[8,9,15] strongly
suggests that up-regulated activity of endogenous steroidogenic pathways is driving the
outgrowth of ‘castration-adapted’ tumors. Furthermore, recent data emphasize the molecular
heterogeneity exhibited by both early- and advanced-stage prostate tumors in the response to
castration.[14,18,61] These observations suggest that a multi-targeted treatment approach
designed to maximally ablate all contributions to the AR signaling axis within the prostate
tumor will be required to achieve optimal anti-tumor efficacy.

Important questions requiring further study include determining: (1) which steroidogenic
enzymes represent the most critical targets for inhibition; (2) whether these targets are the same
or different in different patients or at different time points in therapy; and (3) whether the most
relevant sites of extra-testicular steroidogenic inhibition are within the adrenal gland, or are
more proximal, within the locally active metabolic pathways of the tumor tissue itself.
Currently, the parallel nature of the steroidogenic pathways active within prostate tumors, as
well as the underlying heterogeneity observed among individuals in the response to castration,
indicate that a combined-treatment approach targeting multiple contributions to the androgen
axis is most likely to be successful in achieving a uniform and sustained ablation of the tumoral
androgen axis.[62] Such a strategy would include targeting all potential contributors to the
prostatic androgen milieu, including testicular, adrenal and intra-prostatic sources, as well as
novel agents targeting the stability, degradation and activity of the AR.[6,62]

The data also suggest that initiating therapy with a simultaneous combinatorial approach, rather
than the sequentially additive approach more commonly practiced today, will be most effective
in preventing castration-adapted disease progression. The minor clinical benefit observed in
historical studies of combined androgen blockade versus monotherapy is clearly attributable
to the relatively weak efficacy of standard anti-androgens in stably inhibiting the AR, resulting
in suboptimal inhibition of residual androgen activity. The incorporation of potent
steroidogenic inhibitors such as abiraterone, or the dual CYP17A/AR inhibitor such as the
compound VN/124-1, in combination with novel AR inhibitors (such as Hsp90 and histone
deacetylase inhibitors), holds promise for significantly improved therapeutic efficacy.
Moreover, in contrast to palliative application in advanced disease, androgen suppression is
now being applied with potentially curative benefit in the neoadjuvant and adjuvant setting,
raising the question as to whether more potent suppression of the androgen axis could result
in more significant survival gains than those already observed.

Importantly, treatment strategies intended to ablate prostate tumor AR activity should ideally
be demonstrated to have end-organ tissue and molecular effects before conclusions are drawn
regarding clinical efficacy. In this regard, neoadjuvant studies, the development of novel AR-
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based imaging agents (e.g. fluoro-DHT PET), or protocol designs with biopsies of primary
and/or metastatic tissues are of paramount importance in evaluating the pharmacodynamics,
molecular activity and anti-tumor efficacy of new agents, as well as in identifying potential
serum biomarkers of tissue effect.

Practice points
• serum testosterone levels in the castrate range (<50 ng/dL or, ideally, undetectable)

should be confirmed prior to a diagnosis of CRPC
• secondary hormonal maneuvers are effective in up to one third of patients with CRPC
• anorchid patients with higher baseline androgen levels at disease progression (e.g.

serum testosterone 30–50 ng/dL; adrenal androgens in the mid to upper tertile) may
have a higher likelihood of response to secondary hormonal maneuvers

• combinatorial strategies targeting the androgen/AR axis (anti-androgens, metabolic
enzyme inhibitors) may have benefits in subpopulations of patients and should be
considered at the time of hormone manipulation therapy

Research agenda
• non-invasive correlates of tumor androgen ablation (such as AR or angiogenesis-

based imaging methods, or novel serum metabolites of tissue androgen metabolism)
should be developed

• studies should be undertaken to determine: (1) which steroidogenic enzymes represent
the most critical targets for inhibition; (2) whether these targets are the same or
different in different patients or at different time points in therapy; and (3) whether
the most relevant sites of extra-testicular steroidogenic inhibition are within the
adrenal gland, or are more proximal, within the locally active metabolic pathways of
the tumor tissue itself

• the efficacy of novel steroidogenic inhibitors should be evaluated in clinical studies
employing biopsies of primary and/or metastatic tissues in order to confirm
anticipated alterations in tissue androgen levels and metabolism

• the efficacy of novel steroidogenic inhibitors should be evaluated in clinical studies
employing biopsies of primary and/or metastatic tissues in order to confirm
anticipated alterations in tissue androgen levels and metabolism

• longitudinal studies evaluating tissue markers or surrogate assays of intracrine
androgen metabolism should be established to determine mechanisms by which
disease progression occurs in response to hormonal therapy

• inter-patient variations in intracrine metabolic pathways (due to tumor-specific
metabolic features or inherited variations in steroidogenic enzyme activity) should be
identified as potential targets for individualized therapy

SUMMARY
Data regarding the molecular response of prostate cancer to hormone therapy continues to
emerge, providing critical insight into growth and signaling pathways that may be exploited
as therapeutic targets. Accumulated data emphasize the presence of residual androgens and
persistent activation of the AR signaling axis in advanced prostate tumors despite castration.
The activity of critical enzymes responsible for DHT synthesis and catabolism has been
identified in prostate tumors, providing mechanistic support for intracrine steroid metabolism
as a primary source of residual tissue androgens in the castrate microenvironment. Moreover,
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increased expression of steroidogenic enzymes within castration-resistant metastases suggests
that up-regulated activity of endogenous androgen metabolic pathways may contribute to the
outgrowth of ‘castration-adapted’ tumors, further underscoring the importance of these
enzymes as treatment targets. Together, the basic, translational and clinical studies reviewed
in this report indicate that the androgen axis remains an important therapeutic pathway for drug
development in advanced prostate cancer.
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Figure 1.
The classical and back-door pathways of androgen biosynthesis. In the classical pathway (solid
gray arrow), C21 precursors (pregnenolone and progesterone) are converted to the C19 adrenal
androgens dihydroepiandrosterone (DHEA) and androstenedione (AED) by the sequential
hydroxylase and lyase activities of CYP17A1. Circulating adrenal androgens (including the
sulfated form of DHEA, DHEA-S), enter the prostate and can be converted to testosterone by
a series of reactions involving the activity of HSD3B, HSD17B and AKR1C enzymes.
Testosterone is then converted to the potent androgen DHT by the activity of SRD5A. In the
back-door pathway to DHT synthesis (short gray arrows), C21 precursors are first acted upon
by SRD5A and the reductive 3α-hydroxysteroid dehydrogenase (3α-HSD) activity of AKR1C
family members, followed by conversion to C19 androgens via the lyase activity of CYP17A,
and subsequently to dihydrotestosterone (DHT) by the action of HSD17B3 and an oxidative
3α-HSD enzyme.
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