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Abstract

While androgen deprivation therapy (ADT) remains the primary treatment for metastatic prostate
cancer (PCa), castration does not eliminate androgens from the prostate tumor microenviron-
ment, and residual intratumoral androgens are implicated in nearly every mechanism by which
androgen receptor (AR)-mediated signaling promotes castration-resistant disease. The uptake and
intratumoral (intracrine) conversion of circulating adrenal androgens such as dehydroepi-
androsterone sulfate (DHEA-S) to steroids capable of activating the wild type AR is a recognized
driver of castration resistant prostate cancer (CRPC). However, less well-characterized adrenal
steroids, including |l-deoxcorticosterone (DOC) and | Ibeta-hydroxyandrostenedione
(I OH-AED) may also play a previously unrecognized role in promoting AR activation. In par-
ticular, recent data demonstrate that the 5a-reduced metabolites of DOC and | |OH-AED are
activators of the wild type AR. Given the well-recognized presence of SRD5A activity in CRPC
tissue, these observations suggest that in the low androgen environment of CRPC, alternative
sources of 5a-reduced ligands may supplement AR activation normally mediated by the canonical
5a-reduced agonist, 5a-DHT. Herein we review the emerging data that suggests a role for these
alternative steroids of adrenal origin in activating the AR, and discuss the enzymatic pathways and
novel downstream metabolites mediating these effects. We conclude by discussing the potential
implications of these findings for CRPC progression, particularly in context of new agents such as
abiraterone and enzalutamide which target the AR-axis for prostate cancer therapy.

Key  words: intracrine  steroidogenesis, adrenal androgen, deoxycorticosterone,
11beta-hydroxyandrostenedione, 11ketodihydrotestosterone, castration resistant prostate cancer,
androgen receptor.

Introduction

While androgen deprivation therapy (ADT) re-
mains the primary treatment for metastatic prostate
cancer (PCa), treatment is uniformly marked by pro-
gression to castration-resistant prostate cancer
(CRPC) over a period of about 18 months, with an
ensuing median survival of 1 to 2 years [1]. Im-
portantly, castration resistant tumors are character-
ized by elevated tumor androgens that are well within
the range capable of activating the androgen receptor
(AR), and by steroid enzyme alterations which may
potentiate de novo androgen synthesis or utilization of

circulating adrenal androgens [2-5]. The dependence
of CRPC on intratumoral androgen metabolism has
been modeled in vitro and in vivo, and residual intra-
tumoral androgens are implicated in nearly every
mechanism by which AR-mediated signaling pro-
motes castration-resistant disease [6].

The uptake and intracrine conversion of weak
circulating adrenal androgens such as dehydroepi-
androsterone sulfate (DHEA-S) to steroids capable of
activating the wild type AR is a recognized driver of
castration resistant prostate cancer (CRPC)[7]. How-
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ever, recent data suggest that additional, less
well-characterized steroids of adrenal origin, includ-
ing 1lbeta-hydroxyandrostenedione (110H-AED)
and 11-deoxcorticosterone (DOC) may also be con-
verted to downstream metabolites that mediate AR
activation[8-11]. Herein we briefly discuss the cur-
rently recognized role and metabolic pathways un-
derlying the generation and activity of residual tumor
androgens in CRPC. We review the emerging data
that suggests a role for alternative steroids of adrenal
origin in activating the AR, and discuss the enzymatic
pathways and novel downstream metabolites medi-
ating these effects. We conclude by discussing the
potential implications of these findings for under-
standing resistance and optimizing response to new
agents targeting the AR-axis for prostate cancer ther-

apy.

Current view of residual androgens in
castration resistant prostate cancer

The efficacy of ADT is routinely based on
achieving castrate levels of serum testosterone (T),
defined as < 20 ng/dl. However, incomplete sup-
pression of prostate tissue T and dihydrotestosterone
(5a-DHT) has been confirmed in numerous studies of
short and long term castration therapy, with levels
remaining at ~25% of pre-castration levels[12]. Ad-
renal androgens have also been detected at significant
levels in prostate tissue of castrate men. Prostatic lev-
els of dehydroepiandrosterone (DHEA),
DHEA-sulfate (DHEA-S), and androstenedione
(AED) were decreased by about 50% in castrate pa-
tients and far exceeded values of T and 5a-DHT in
recurrent tumor [2]. No decrease in prostatic levels of
5-androstenediol were found after castration [13],
which is of particular significance as this androgen
has been shown to bind wild type AR without being
inhibited by flutamide or bicalutamide [14].

Two recent studies demonstrate that the addi-
tion of adrenal-androgen synthesis inhibitors to cas-
tration therapy substantially lowered prostate an-
drogens below that achieved with standard testicular
androgen suppression, strongly suggesting a role for
circulating adrenal androgens in contributing to
post-castration tissue androgen levels. The addition of
dutasteride and ketoconazole to combined androgen
blockade (CAB) prior to prostatectomy lowered
prostate 5a-DHT from 0.92 ng/g (in the CAB arm) to
0.03ng/g [15], while the addition of the potent
CYP17A1 inhibitor abiraterone decreased prostate
tissue 5a-DHT from 1.3 ng/g (in men treated with
LHRH agonist therapy alone) to 0.18 ng/g and also
decreased prostate levels of AED and DHEA [16].

Locally recurrent and metastatic castration re-
sistant tumors also demonstrate significant levels of

residual androgens. Testosterone levels in locally re-
current tumors from castrate patients were equivalent
to those of patients with benign prostatic hypertro-
phy, and 5a-DHT levels were only reduced 80%, to
about 0.4 ng/g [2]. Compared to primary prostate
tumors from untreated patients (T 0.25ng/g, 5a-DHT
2.75ng/ g) androgen levels in metastatic CRPC tumors
obtained via rapid autopsy showed 3-fold higher T
levels and easily detected levels of 5a-DHT (T 0.74
ng/g; 5a-DHT 0.25ng/g) [3]. The source of residual
androgens within prostate tumors of castrate men has
not been fully elucidated, but is generally attributed
to the uptake and conversion of circulating adrenal
androgens [4, 13], and somewhat more controver-
sially, to de novo biosynthesis of androgens from
progesterone or cholesterol precursors [5].

These findings clearly demonstrate that achiev-
ing castrate levels of circulating T does not eliminate
androgens from the prostate tumor microenviron-
ment. Residual tissue androgens are implicated in
driving the majority of mechanisms whereby persis-
tent AR-mediated signaling drives castration resistant
disease. These mechanisms include AR overexpres-
sion, AR mutations that broaden ligand specificity
and/or confer sensitivity to adrenal androgens, alter-
ations in AR coactivators and/or corepressors that
modulate AR stability and ligand sensitivity, and ac-
tivation of the AR or downstream regulatory mole-
cules by “cross talk” with other signaling pathways.
The ability of 5a-DHT in the range observed in cas-
trate tumors (~1nm, 0.5 to 1.0 ng/g) to activate the
AR, stimulate expression of AR-regulated genes, and
promote androgen mediated tumor growth has been
convincingly demonstrated in both in vitro and in vivo
studies [2, 17-20], and is evidenced by the nearly
universal rise in serum PSA that accompanies CRPC
progression.

The clinical relevance of intratumoral androgens
in promoting CRPC tumor growth is confirmed by the
clinical responses to agents targeting residual andro-
gen pathway activity. These include the striking clin-
ical response observed with novel ligand synthesis
inhibitors such as abiraterone, and potent AR inhibi-
tors such as enzalutamide [21, 22]. Perhaps most im-
portantly, emerging studies suggest that response and
resistance to abiraterone is associated with tumoral
evidence of upregulated androgen synthesis, clearly
demonstrating the importance of intratumoral an-
drogen metabolism in CRPC tumor survival [23-25].

Contemporary pathways of androgen
metabolism

The uptake of circulating androgens and the lo-
cal conversion of active steroids in steroid-responsive
peripheral target tissues such as breast, prostate, skin
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and hormonal tumors have been termed intracrinol-
ogy [26]. A general outline of androgen synthesis in
adrenal and peripheral tissues is provided in Figure 1
(reviewed in [27] and [28]). Here we briefly review the
adrenal (Figure 1), classical, 5a-dione and backdoor
pathways of androgen metabolism (Figure 2) to pro-
vide context for understanding adrenal generation
and downstream metabolism of the adrenal steroid
intermediates DOC and 110H-AED (hatched back-
ground, Figure 1).

Adrenal androgen synthesis

Steroid synthesis begins with transfer of choles-
terol from the outer to inner mitochondrial membrane
by steroidogenic acute regulatory protein (StAR), fol-
lowed by side chain cleavage to pregnenolone via
CYP11A1 (side-change cleavage enzyme) [27, 29].

Subsequent metabolism to progesterone, mineralo-
corticoids, glucocorticoids (all C-21steroids), andro-
gens (C-19) or estrogens (C-18) is dictated in a tis-
sue-specific manner, driven by the expression of spe-
cific enzymes and catalytic cofactors[27].

CYP17A1 catalyzes the sequential but inde-
pendent hydroxylase and lyase reactions required to
convert pregnenolone and progesterone to androgens
either along the delta-5 pathway from pregnenolone
or the delta-4 pathway from progesterone. The hy-
droxylase activity of CYP17A1 is similar for pregne-
nolone and progesterone, but its lyase activity re-
quires the presence of cytochrome b5, and is ap-
proximately 50 times more efficient for converting
delta-5 17-OH pregnenolone to DHEA than delta-4
17-OH progesterone to AED [27].
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Figure |. Steroid hormone synthesis pathways in the adrenal gland and testis. Steroid synthesis in the adrenal gland occurs in three zones, each with a specific
complement of enzymes. The zona glomerulosa contains the enzymes necessary to produce aldosterone. The zona fasciculata and reticularis additionally express CYPI7Al. The
hydroxylase activity of CYPI7Al is active in the zona fasiculata resulting in the production of cortisol. Due to tissue-specific expression of the cytochrome b5 coregulator, the
lyase activity of CYPI7AI is only present in the zona reticularis and drives efficient production of DHEA which is then sulfated to DHEA-S (dotted arrows indicate low activity).
17a-OH progesterone is a poor substrate for CYPI7Al lyase (dotted arrow) and thus androstenedione is formed at lower levels from this substrate than 17a-OH pregne-
nolone. Testicular androgen synthesis follows a similar pathway to DHEA formation as that in the zona reticularis, but due to the absence of SULT2AI, and the presence of
HSD3B2 and HSD17B3, DHEA is efficiently converted to testosterone. The primary product of each zone is denoted within the darker squares (aldosterone, cortisol, DHEA-S
in the adrenal gland, and testosterone from the testis). The adrenal steroids involved in the generation of novel 5a-reduced androgens with activity against the AR are depicted

in the hatched boxes (DOC, |1OH-AED, | 1-K-AED).
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Figure 2. Classical and non-classical pathways of androgen biosynthesis. Cholesterol is converted to C2| precursors (pregnenolone and progesterone) by the action
of StAR and CYPI IA. In the classical pathway (light gray arrows) C21 steroids are converted to the C19 adrenal androgens DHEA and androstenedione (AED) by the
sequential hydroxylase and lyase activity of CYPI7AI. The lyase activity of CYPI7AI (which requires the cytochrome b5 cofactor) favors production of DHEA rather than
17-OH pregnenolone (dotted arrows indicate low activity). DHEA (from intrinsic or circulating sources depending on the tissue) is subsequently acted on by HSD3B to form
AED and HSD17B3 (or AKRIC3) to form testosterone which is converted to 5a-DHT via SRD5A. In tissues with expression of CYPI9AI, estrone and estradiol can be
generated from AED and T, respectively. In the backdoor pathway (hatched arrows) the progesterone intermediates are acted on first by the activity of SRD5A and the
reductive activity of AKRIC2 prior to the lyase activity of CYPI7Al. Androsterone is then acted on by HSD17B3 (or AKRIC3) and must undergo an oxidative step mediated
by RL-HSD (or others) to generate 5a-DHT. In a third pathway, termed the 5a-Androstanedione pathway (dark gray arrows) DHEA and AED are produced as in the
classical pathway. However, instead of conversion of AED to T followed by the activity of SRD5A to produce 5a-DHT, the enzymatic sequence is reversed such that AED is
converted first by SRD5A to 5a-Androstanedione and then by HSD17B3 (or AKRIC3) to 5a-DHT. Modified from Best Practice & Research Clinical Endocrinology & Me-
tabolism, Volume 22, Issue 2, Elahe A. Mostaghel and Peter S. Nelson. Intracrine androgen metabolism in prostate cancer progression: mechanisms of castration resistance and
therapeutic implications. Pages No. 243-258, Copyright (2008), with permission from Elsevier.

HSD3B enzymes catalyze the conversion of del-
ta-5 to delta-4 steroids. HSD3B2 is the primary iso-
form expressed in adrenal, testis and ovary, while
HSD3B1 (10 fold more efficient) is the isoform ex-
pressed in peripheral tissues such as skin, breast,
prostate, placenta and brain [27]. In adrenal
steroidogenesis the zona glomerulosa lacks CYP17A1
activity and thus produces corticosterone and aldos-
terone via the sequential activity of HSD3B2,
CYP21A1, and CYP11B on pregnenolone [27, 30].

Both the zona fasiculata and zona reticularis ex-
press CYP17A1, but the zona fasiculata does not ex-
press cytochrome b5 required to augment the lyase
activity of CYP17A1, thereby channeling precursors to
production of glucocorticoids. The differential ex-
pression of cytochrome b5 in the zona reticularis cat-
alyzes the lyase activity of CYP17A1 10-fold, leading
to robust production of DHEA, followed by conver-
sion to DHEA-S via the sulfotransferase activity of
SULT2A1. The zona reticularis is characterized by low
expression of HSD3B2, favoring conversion of preg-
nenolone to DHEA and DHEA-S, although small

amounts are still converted to AED [31].

The human zona reticularis also expresses
HSD17B5 (called AKR1C3), which mediates the final
step in T synthesis from AED, with several studies of
adrenal vein sampling demonstrating adrenal to pe-
ripheral venous T gradients [32, 33]. Leydig cells of
the testis express a similar metabolic machinery, but
lack SULT2A1 (preventing conversion to DHEA-S)
with the final steps in T biosynthesis being catalyzed
by HSD17B3 (rather than AKR1C3 which mediates
production of T and 5a-DHT in other peripheral tis-
sues) [20].

Classical, backdoor and 5a-dione pathways of
androgen metabolism

In the classical pathway of androgen synthesis
(Figure 2, light gray arrows), cholesterol is converted
to C-21 precursors (pregnenolone and progesterone),
which are converted to the C-19 steroids DHEA (via
the sequential hydroxylase and lyase activity of
CYP17A1) and AED (through the action of HSD3B1,2
on DHEA), and then acted on by AKR1C3 (or poten-
tially HSD17B3) to generate T, with peripheral con-
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version of T to 5a-DHT carried out by SRD5A1 or 2 in
target tissues [34]. AKR1C2 mediates the reduction of
5a-DHT to 3a-diol (a metabolite with weak/low an-
drogenic activity), whereas AKR1C1 catalyzes the
conversion of 5a-DHT to 3B-diol [35]. The glucuroni-
dating enzymes UGT2B15 and UTG2B17 irreversibly
terminate the androgen signal by glucuronidation of
3a-diol (as well as T, 5a-DHT and other metabolites)
[36-38].

However, in steroidogenic tissues in which both
CYP17A1 and SRD5A are co-expressed, an alternate
route to 5a-DHT, called the ‘back-door’ pathway
(Figure 2, hatched arrows) is possible wherein C-21
steroids are acted on by the reductive activity of
SRD5A and AKRIC2 prior to the lyase activity of
CYP17A1 [29]. In fact, 17-OH progesterone is a better
substrate for SRD5A (especially SRD5A1) than either
AED or T [30]. Since 17-OH dihydroprogesterone (the
5a-reduced product of 17-OH progesterone) is a poor
substrate for the lyase activity of CYP17A1, synthesis
proceeds via ARK1C2, which yields 17-OH al-
lo-pregnanolone, an excellent substrate for CYP17A1
lyase activity that is minimally dependent on cyto-
chrome b5 [39]. Androsterone generated by the lyase
activity of CYP17Al is then acted upon by HSD17B3
or AKR1C3 to generate 3a-diol followed by, a reverse
oxidative step (not required in the classical pathway)
to generate 5a-DHT [27]. Candidate enzymes medi-
ating the reverse conversion of 3a-diol to 5a-DHT
include RL-HSD (17BHSD6), 17BHSD10, RODH4,
RDHS5, and DHRS9 [35, 40, 41]. RL-HSD also acts as an
epimerase to convert 3a-diol to 3p-diol, although at
much higher substrate concentrations [42], and can
directly catalyze conversion of physiologic levels of
5a-DHT to 3p-diol [43].

In a third pathway, termed the
S5a-androstanedione (5a-dione) pathway (Figure 2,
dark gray arrows) DHEA and AED are produced as in
the classical pathway. However, AED is converted
first by SRD5A to 5a-dione and then by AKR1C3 (or
potentially HSD17B3) to 5a-DHT, rather than conver-
sion of AED to T followed by the activity of SRD5A to
produce DHT. Consistent with prior findings that
SRD5A activity in PCa cells has a preference for AED
rather than T [44-46], Sharifi recently demonstrated
that SRD5A1 mediated 5a-reduction of AED
toba-dione is required for 5a-DHT synthesis in PCa
cells, and that T and AED are actually negligible sub-
strates for SRD5A2 [47] (possibly related to the altered
redox environment of tumor cells as SRD5A1 and 2
have different pH optima). The subtotal loss of
SRD5A?2 and upregulation of SRD5A1 observed in the
transition from benign prostate to CRPC may thus
reflect selection of tumors cells capable of efficiently
synthesizing 5a-DHT via this pathway [4, 48-50]. The

classical pathway primarily refers to the production of
T by the testes. After castration, the backdoor and
5a-dione pathways allow for the production of DHT
from steroids of adrenal origin. Importantly, regard-
less of which pathway is operative in CRPC tissues,
inhibition of steroidogenesis via the backdoor and
5a-dione pathways requires inhibition of the same en-
zymatic conversions which produce 5a-DHT via the
conventional pathway.

Novel derivatives of adrenal steroids ca-
pable of activating the androgen receptor

While the well-understood products of the ad-
renal gland are mineralocorticoids (aldosterone, cor-
ticosterone), glucocorticoids (cortisol), and the adren-
al androgens (DHEA-S, AED and small amounts of T),
the activity of several other intermediates with poten-
tial relevance to CRPC have recently been elucidated.
These include DOC, the immediate precursor to cor-
ticosterone in the mineralocorticoid pathway, and
110H-AED, derived from the hydroxylase activity of
adrenal CYP11B1 on AED (Figure 1) [8-11]. In partic-
ular, recent data demonstrate that the 5a reduced
metabolites of DOC and 110H-AED can mediate wild
type AR activation [8-11]. Given the well-recognized
presence of SRD5A activity in CRPC tissue, these ob-
servations suggest that in the low androgen envi-
ronment of CRPC, alternative sources of 5a-reduced
ligands may supplement AR activation normally me-
diated by the canonical 5a-reduced agonist 5a-DHT.
Moreover, whereas a number of non-canonical lig-
ands, including pregnenolone, glucocorticoids, AED,
androstenediol, and estradiol can cause promiscuous
activation of mutated AR, the 5a-reduced metabolites
of 110H-AED discussed herein have nM activity to-
ward the wild type AR.

| Ideoxycorticosterone (DOC) and
5a-dihydro-deoxycorticosterone
(5a-DH-DOC)

In a screen designed to identify novel ligands
capable of initiating AR signaling, Uemura et al iden-
tified the immediate precursor of corticosterone,
DOC, as a novel substrate for SRD5A1, and showed
that DOC and 5a-DH-DOC could stimulate both wild
type and mutated AR activity in CRPC cell lines [8].
Although aldosterone is considered the final step and
primary product of adrenal mineralocorticoid syn-
thesis, serum levels of its precursor DOC (2-19 ng/d]l,
0.06-6 nM) are equivalent to that of aldosterone (3-16
ng/dl 0.08-0.4 nM), and in the range of serum con-
centrations of T in castrate men (20ng/dl or 0.69 nM).
Moreover, in primary adrenal cultures, DOC occupies
a similar percentage of the basal steroid output as
AED (3% and 4%, respectively) and shows a 12.8 fold
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increase upon ACTH stimulation [51]. In adrenal vein
sampling of corticosteroids, DOC showed an 82-fold
post-ACTH increase [52].

Both  DOC and 5a-DH-DOC  showed
trans-activation of mutant AR (T877A in LNCaP,
HB874Y in 22RV1 cells) and of wild type AR (PC3 cells
transfected with wild-type AR). There was no activity
in mock-transfected PC3 cells, and transactivation
was blocked by the AR antagonist bicalutamide.
Whereas DOC was more effective than 5a-DH-DOC
in activation of mutant AR (activation achieved at
10nM vs 100nM), the 5a-reduced metabolite was more
effective than DOC against wild-type AR (activation
achieved at 10nM vs 100nM, Table 1) [8].

CRPC is characterized by a shift away from
SRD5A2 (the principle isoform expressed in benign
prostate tissue [48]) to increased expression of
SRD5A1 [4, 49, 50] and the more recently described
SRD5A3 [53, 54]. To investigate whether the in-
tra-cellular conversion of DOC to 5a-DH-DOC could
be mediated by SRD5A isoforms present in CRPC,
Uemura evaluated conversion of DOC to 5a-DH-DOC
in COS cells transfected with SRD5A1 or SRD5AS3,
demonstrating robust conversion with SRD5A1 but
none with SRD5A3. Conversion could be blocked by
dutasteride, a dual SRD5A1 and 2 inhibitor, or by
knockdown of basal SRD5A1 expression in 22RV1
cells by siRNA, confirming the endogenous ability of
PCa cells to generate 5a-DH-DOC from DOC.

Additional support for the potential clinical rel-
evance of these observations was provided by

LC-MS/MS studies demonstrating the presence of
measurable 5a-DH-DOC levels in CRPC tissue. While
5a-DHT levels were comparable to those previously
reported (100-800pg/g tissue) [2], 5a-DH-DOC, alt-
hough at much lower levels, was also detected in 8 of
13 fresh-frozen tumor samples (in concentrations
ranging from 2-16pg/g, 0.01-0.05nM). Intriguingly,
there was a strong inverse correlation between tissue
levels of 5a-DHT and 5a-DH-DOC (Pearson r= -0.57,
p<0.05), suggesting DOC and its conversion to
5a-DH-DOC may contribute to facilitating AR sig-
naling in cells with relatively lower levels of 5a-DHT.

| Ibeta-hydroxyandrostenedione (1 1 OH-AED)
and its 5a-reduced metabolites

In addition to producing the C-19 steroids
DHEA-S, DHEA and AED, the adrenal gland secretes
110H-AED, derived from the CYP11B1 mediated
hydroxylation of AED (Figure 1) [9, 11]. The low an-
drogenic potential of this metabolite (with 35-fold less
androgen activity than 5a-DHT) [55] had historically
rendered it of little biologic interest, and its produc-
tion from AED was primarily viewed as a mechanism
to inactivate AED and regulate adrenal androgen
output [56]. However, subsequent work has demon-
strated that 5a reduced metabolites of 110H-AED are
produced in prostate cancer cell lines, and can activate
wild type AR, some with a predicted potency similar
to 5a-DHT, suggesting these metabolites may have an
unappreciated role in maintaining AR-axis activity in
CRPC [10, 11].

Table . Relative predicted potency of canonical and non-canonical AR ligands against wild type and mutated AR*.

Levels in castrate tissue** wild type AR LnCaP (T877A) 22Rv1 (H874Y)
Canonical Ligands
Dihydrotestosterone (5a-DHT) 0.86 nM [3] 0.01-0.1 nM [13, 64, 66] 0.1-1 nM [66-68] 0.01 nM [66]
Testosterone 2.57 nM [3] 0.1-1 nM [13, 66] 1nM [13] 0.01-0.1 nM [66]
60% of DHT at 1nM [10]
Non-canonical Ligands
Pregnenolone (P5) 20.82 nM [16] 0.2-2nM [65]
Progesterone (P4) 0.35 nM [16] 10-100 nM [8, 66, 68] 1-10 nM [66-68] 10 nM [66]
Aldosterone >10 nM [68] >10 nM [68]
Cortisol >10 nM [68] >10 nM [68]
DHEA 88.8 nM [16] >100 nM [13] 100 nM [66] 10-100 nM [66]
Androstenedione (AED) 0.94 nM [16] 1-10 nM [13, 66] 10 nM [65, 66] 1-10 nM [66]
Androstenediol (A5-diol) 9.66 nM [13] 0.1-1 nM [14] 0.1 nM[13]
Estradiol >10 nM [66, 68] 1-10 nM [66-68] 0.1-1 nM [66]
Flutamide >10 nM [66, 68] 1-10 nM [66-68] 10 nM [66]
Novel derivatives of DOC and AED
11-deoxycorticosterone (DOC) 100 nM [8] 10 nM [8] 10-100 nM [8]
5aDH-DOC 0.01-0.05 nM [8] 10-100 nM [8] 100 nM [8] 1uM [8]
110H-AED 0% of DHT at 1nM [10]
110H-T 10-100nM [64]
30% of DHT at 1nM [10]
11K-T 1-10nM [64]
62% of DHT at 1nM [10]
110H-5a-DHT 47% of DHT at 1nM [10]
11K-5a-DHT 96% of DHT at 1 nM [10]

*By necessity, estimates of agonist activity are drawn from multiple different studies with differing methods of measuring predicted potency. Values are intended only to

provide a reasonable likelihood for the range of activity.

**Values for T, DHT and 5aDH-DOC are from CRPC metastases, remaining androgen values are from prostate tissue resected after neoadjuvant medical castration therapy.
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Recent studies (employing ultra-sensitive mass
spectrometry techniques) in adrenal cell-line models,
primary adrenal cultures, and in adrenal vein sam-
pling studies have confirmed that 110H-AED is a
major product of adrenal steroidogenesis [51, 57, 58].
Circulating levels of 110H-AED (4.4 nM) are similar
to that of AED (1.5-6.5 nM) [57], and its output is ele-
vated in response to ACTH [51]. Forskolin stimulation
of adrenal H295R cells (which produce steroids from
all three zones of the adrenal gland, but are insensitive
to ACTH) demonstrated a 3.4 fold increase in preg-
nenolone (to 799 nM), 2 fold increase in DHEA (to 465
nM), 1.4 fold increase in AED (to 1338 nM), and a 3.5
fold increase in 110H-AED (to 330 nM) [51]. In pri-
mary adrenal cultures, while glucocorticoids are the
predominant steroids produced (45%), AED (4%) and
110H-AED (9%) are the two most abundant andro-
gens produced under basal conditions, and upon
ACTH stimulation showed a 25 fold and 16.6 fold
increase in production, respectively[51]. Evaluation of

adrenal vein samples after ACTH stimulation like-
wise showed adrenal production of 110H-AED (811
nM) similar to that of AED (585 nM) [58].

The metabolic pathways downstream of
110H-AED have also been the subject of recent in-
vestigation. A schematic of the pathways mediating
adrenal conversion of AED to 110H-AED by
CYP11B1, and the conversion (likely peripheral) of
110H-AED to 11K-AED by HSD11B2, and the down-
stream metabolites of each is presented in Figure 3.
Notably, adrenal output of 11K-AED is low [58],
whereas expression of HSD11B2 has been observed in
prostate cancer cells [59, 60], in prostate tissue [61, 62],
and in CRPC metastases (Mostaghel, unpublished
data), suggesting conversion of 110H-AED to
11K-AED may be peripherally mediated. According-
ly, Swart et al demonstrated conversion of 110H-AED
to 11K-AED in LNCaP cells, confirming the intracel-
lular activity of HSD11B2 [11].

HSD17B3
AKR1C3
A4, AED — | Testosterone
(~%2) HSD17B2 (61%)
JL SRD5A1 JL SRD5A1
— | HSD17B3 E—
. AKR1C3 oL-
5a-dione (100%)

HSD17B3
AKR1C3
11I_)Dce)ocX _ 110H-AED | -eeeeseeeesences > 110H-T
conicosterﬁne 0% HSD17B2 30%
JL SRD5A1 ﬂl SRD5A1
HSD17B3 ey
5a-DH AKR1C3 ) / 110H
e sgdione (0%) | o 50-DHT (47%)
11K-AED
T
(2%) HSD17B2 (62%)
JL SRD5A1 / l SRD5A1
HSD17B3
11K AKR1C3 11K
Sa-dione (15%) «rrrmeeernees gl 50-DHT (96%)
HSD17B2

Figure 3. Conversion of AED to | | OH-AED and subsequent conversion to 5a-reduced metabolites. AED is converted to its | lhydroxy (I |OH-AED) and | | keto
(I 1K-AED) derivatives (hatched squares) via the activity of CYPIIBI and HSD | I B2. Testosterone can be acted on by either CYPIIBI and CYPI1B2. | IOH-AED and | IK-AED
(as well as | IOH-T and | IK-T) are then converted to their 5a-reduced metabolites via pathways that essentially parallel the conversion of AED to 5a-DHT. The activity of
17BHSD2 favors conversion of the | |OH derivatives (I |OH-T and |1OH-5a-DHT) to | IOH-AED and | 1OH-5a-dione, whereas activity of 17BHSD3/AKRIC3 favors
conversion of the | 1K (I IK-AED and | IK-5a-dione) tol IK-T and | IK-5a-DHT (unfavored reaction denoted by dashed horizontal arrows). | IBHSD| can mediate conversion
of the keto-derivatives back to the hydroxy forms, but is not expressed in LNCaPs (long dashed arrows).
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Storbeck el al further demonstrated that down-
stream metabolism of these two AED derivatives es-
sentially parallels the intracrine metabolism of AED to
T, 5a-dione, and 5a-DHT (Figure 3), ultimately re-
sulting in production of the novel C-19 steroids, 11K
5a-dione, 11-OH 5a-DHT and 11-K-5a-DHT, which
had not been previously described [10]. Overexpres-
sion of HSD17B3 in COS-1 cells resulted in 75% con-
version of AED to T in 24 hours, 90% conversion of
11K-AED to 11K-T (consistent with a prior report), but
demonstrated poor conversion of 110H-AED (5%).
Overexpression of AKR1C3 similarly yielded efficient
conversion of 11K-AED to 11K-T (80%) and poor
conversion of 110H-AED (5%), but had less activity
toward AED than did HSD17B3 (8%; consistent with
prior findings that AED is a better substrate for
HSD17B3 than AKR1C3) [63]. Both SRD5A1 and
SRD5A2 mediated conversion of 110H-AED,
110H-T, 11K-AED, and 11K-T to their respective di-
hydro forms: 110H-5a-dione, 110H-5a-DHT,
11K-5a-dione and 11K-5a-DHT. Consistent with prior
observations that AED is a better substrate for
5a-reduction than T [44, 46, 47], 110H-AED and
11K-AED were metabolized more efficiently than
110H-T and 11K-T. 110H-T and 110H-5a-DHT were
metabolized to 110H-AED and 110H-5a-dione, con-
sistent with the reductive activity of 17BHSD2 for T
and 5a-DHT, while this enzyme exhibited poor activ-
ity towards 11K-T and 11K-5a-DHT.

The authors confirmed these findings in LNCaP
cells, demonstrating conversion of the 110H deriva-
tives of AED, T, 5a-dione and 5a-DHT to the 11K de-
rivatives, 11K-AED, 11K-T, 11K-5a-dione and
11K-5a-DHT, respectively, consistent with the known
dehydrogenase action of 11BHSD2 in LNCaP cells
(while 11BHSD1 mediates conversion of the ke-
to-derivative back to the hydroxy form, this enzyme is
not expressed in LNCaPs)[59]. Interestingly the activ-
ity of 17BHSD2 favored conversion of the 110H de-
rivatives (110H-T and 110H-5a-DHT) to 110H-AED
and 110H-5a-dione, whereas activity of
17BHSD3/ AKR1C3 favored conversion of the 11K
derivatives (11K-AED and 11K-5a-dione) to11K-T and
11K-5a-DHT. Finally, 110H-AED was converted to
110H-5a-dione, and 11K-T was converted to
11K-5a-DHT, consistent with the activity of SRD5A.

Despite the negligible androgen activity of
110H-AED, generation of the potent AR agonist
5aDHT, via 5a-reduction of the relatively weak AR
agonist AED (Table 1) led Storbeck et al to question
whether the b5a-reduced products of known
110H-AED metabolites might be similarly potent AR
agonists. In COS cells expressing full-length wild type
AR and an ARE-driven luciferase reporter construct,
110H-AED, 110H-5a-dione, and 11K-AED at 1nM

elicited no agonist activity, while 11K-5a-dione
showed weak agonist activity (16% of 1nM 5a-DHT).
110H-T demonstrated moderate activity (30%), while
110H-5a-DHT (47%) and 11K-T (62%) demonstrated
agonist activity comparable to InM T (61%), similar to
earlier findings of Yazawa et al who found 11K-T to
have similar agonist activity as T [64]. Notably, the
agonist activity of 11K-5a-DHT at the wild-type AR
was comparable to that of 5a-DHT (96%). Activity
against a mutated AR was not tested, and to date,
levels of these novel metabolites in prostate or CRPC
tissue have not been reported, although quantitative
evaluation is limited by the lack of commercially
available standards.

Significance of DOC and 110H-AED
steroid derivatives in CRPC progression

The observation that circulating DOC and
11-OH-AED are significant products of adrenal
steroidogenesis, that wild type AR can be activated by
their 5a-reduced metabolites, and that SRD5A1 is
highly expressed in CRPC tissue, all suggest that
5a-reduced ligands other than 5a-DHT may facilitate
AR activation in the low androgen environment of
CRPC. The significance of this hypothesis, however, is
subject to a number of important questions. How does
activation of wild-type or mutated AR by these lig-
ands compare to AR activation by other non-canonical
ligands? Are these ligands present in serum or tissue
at levels likely to achieve AR activation? Is generation
of these ligands inhibited by new ligand synthesis
inhibitors such as abiraterone, or is their activity in-
hibited by new AR inhibitors such as enzalutamide? Is
specific therapeutic targeting of these ligands
achievable and/ or likely to be clinically relevant?

Notably, the relative androgen activity of these
derivatives at wild type AR (10nM for 5aDH-DOC,
1InM for thel1OH-AED derivatives) is comparable to
that of noncanonical ligands such as progesterone,
estradiol and flutamide for activating mutated AR
(summarized in Table 1) [14, 65-68]. As mutated AR is
expressed in 10-30% of CRPC tumors [69, 70], this
suggests the activity of these novel 5a-reduced deriv-
atives may actually be relevant in the larger propor-
tion of CRPC tumors in which wild type AR continues
to be expressed.

Levels of DOC and | lOH-AED metabolites in
CRPC tissue

Whether the 5a-reduced metabolites of DOC or
110H-AED are present in CRPC tumors at levels ca-
pable of contributing to AR activation depends on
several factors, including the serum and tissue levels
of upstream precursors available for conversion, and
tumor expression of enzymes mediating conversion of

http://www.ijbs.com



Int. J. Biol. Sci. 2014, Vol. 10

610

precursors to downstream metabolites. In particular,
while the presence of SRD5A1, AKR1C3 and
HSD17B3 in CRPC tissue (described above) is well
established, the expression of CYP11B1/B2 and
11BHSD1 has not been rigorously evaluated.

Depending on factors such as the magnitude of
AR amplification or overexpression, and residual
levels of canonical ligands still present in the tumor,
even low levels of these metabolites may serve to in-
crease the overall androgenicity to a threshold capable
of maintaining AR activity. From this perspective, the
data of Uemura et al would suggest that given the
predicted potency of 5a-DH-DOC for activating wild
type AR (~10nM), the absolute level of 5a-DH-DOC
detected in CRPC tissue (0.01-0.05nM) is not high
enough (alone) to activate wild-type AR [8]. However,
the strong inverse correlation noted between tissue
levels of 5a-DHT and 5a-DH-DOC is consistent with
the hypothesis that 5a-DH-DOC may serve to facili-
tate AR signaling in cells with relatively lower levels
of 5a-DHT.

In contrast, the predicted potency of the
110H-AED derivatives for activating wild type AR
(InM) is much higher than that of 5a-DOC
(10-100nM), and serum levels of the key precursor,
110H-AED, are higher than levels of DOC. Whereas
serum levels of DOC are relatively low
(0.06-0.6nM)[8], serum levels of 1T10H-AED prior to
castration are much higher (4.4nM)[57], and are simi-
lar to levels of AED (1.5-6.5 nM) and 5a-DHT (1.0-2.9
nM). While absolute tissue levels of 110H-AED have
not been reported, extrapolation from available data
on AED suggests that serum and tissue levels of
110H-AED are likely to be unchanged after castra-
tion. In particular, although serum and tissue levels of
5a-DHT decrease markedly following castration (to
0.18 nM in serum; 15 to 5.3 nM in tissue), serum and
tissue levels of the adrenal androgens AED do not
(AED: 1.2 nM in serum, 0.9 to 0.9 nM in tissue) [15,
16]. These observations suggest that serum and tissue
levels of adrenally-derived 110H-AED may also be
preserved following castration.

Whereas tissue levels of AED following castra-
tion are within the 1nM concentration range at which
the 5a-reduced metabolites of 110H-AED activated
wild-type AR, it is unknown whether uptake and
levels of 110H-AED (or its metabolites) in tissue is
similar to levels of AED. The relatively high serum
level of 110H-AED suggests tissue levels will be
primarily contributed by adrenal sources. However,
although primarily expressed in the adrenal gland,
some expression of the CYP11B1 and CYP11B2 en-
zymes (which mediate conversion of AED and T to
the 110H derivatives) in CRPC tissue and cell lines
has been reported [71, 72], suggesting uptake of

adrenally-derived 110H-AED could potentially be
supplemented by intracrine generation of 110H-AED
and 110H-T (from AED and T, respectively).

In contrast, serum levels of 11K derivatives are
quite low [58], suggesting that clinically relevant tis-
sue levels of these metabolites would likely be de-
rived from peripheral HSD11B2-mediated conversion
of the 110H derivatives to 11K-AED and 11K-T. In
this regard, expression of HSD11B2 has been observed
in prostate cancer cells [59, 60], in murine and human
prostate tissue [61, 62], and in CRPC metastases (Mo-
staghel, unpublished data). Moreover, peripheral ex-
pression of HSD11B2 in steroidogenic tissues, such as
placenta, testis, ovary, skin, and kidney is
well-recognized; suggesting its expression in the
steroidogenic environment of CRPC is plausible.

These data suggest that a larger pool of residual
androgens may be available to activate the AR in
CRPC than previously anticipated, and that meas-
urements of residual T and 5a-DHT may underesti-
mate the contribution of ligand-mediated activation of
wild type AR. Although these pathways remain to be
more fully elucidated, including evaluation of tissue
steroid levels and expression of the relevant enzymes,
available data, particularly for 110H-AED, are con-
sistent with the proposed intracrine generation and
activity of these novel 5a-reduced metabolites.

Rationale for targeting 5a-reduced me-
tabolites of DOC and 110H-AED

As the target of these novel 5a-metabolites re-
mains the AR, and the enzymatic pathways mediating
conversion of DOC and110H-AED to their respective
5a-reduced metabolites essentially parallel the me-
tabolism of AED to 5a-DHT, the activity of these me-
tabolites should theoretically be abrogated by the po-
tent AR, CYP17A1 and SRD5A1/2 inhibitors already
in clinical practice (e.g. enzalutamide, abiraterone,
and dutasteride). However, SRD5A inhibition has
failed to demonstrate significant clinical efficacy in
CRPC [73, 74], and while clinical responses to en-
zalutamide and abiraterone have been impressive, not
all patients respond, the duration of response is vari-
able, and a majority of men eventually progress with a
rising PSA suggestive of AR axis reactivation [7, 75].

Although mechanisms of resistance have not
been fully elucidated, the involvement of these alter-
native ligands in activating the AR has precedent in
the activation of mutated AR by non-canonical lig-
ands, and may even be more clinically relevant, given
that the b5a-reduced metabolites of DOC and
110H-AED are capable of activating wild type AR.
While progression on abiraterone is not associated
with an increase in serum levels of adrenal androgens,
studies in xenograft models demonstrate that in-
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creased tissue androgens and steroidogenesis at least
partially underlie resistance to abiraterone (16-18).
Moreover, the ability of new AR antagonists such as
enzalutamide to inhibit AR activation by these ligands
cannot necessarily be assumed, as 5-androstenediol
has been shown to activate wild type AR with nM
potency without being inhibited by flutamide or bi-
calutamide [14].

Recent data evaluating serum and tissue steroid
levels in abiraterone-treated patient suggests genera-
tion of these 5a-reduced metabolites would not be
abrogated. In particular, although residual levels of
DHEA-S in abiraterone-treated men are markedly
decreased compared to eugondal levels (from ~5 uM
to 424 nM in serum, and 1 uM to 42.4 nM in tissue)
[16], a substantial reservoir of this precursor clearly
remains available for adrenal or peripheral conver-
sion to 110H-AED. Likewise, residual prostate levels
of 5a-DHT (0.65 nM) are consistent with ongoing ac-
tivity in the AKR1C3/HSD17B3 and SRD5A path-
ways necessary for conversion of 110H-AED to its
5a-reduced metabolites.

Elevated levels of DOC and its subsequent con-
version to 5a-DH-DOC may also play a role in re-
sistance if abiraterone is given without prednisone.
Abiraterone, which inhibits both the lyase and hy-
droxylase activity of CYP17Al, results in an
ACTH-stimulated increase in mineralocorticoids in-
cluding a 10 fold increase in DOC [76]. In men who
have progressed on abiraterone alone, addition of
dexamethasone (which suppresses ACTH to less than
baseline and DOC to < 5ng/dL) has been associated
with secondary PSA responses [76]. This has been
attributed to reversal of promiscuous activation of
mutated AR by high levels of upstream steroids, but
may potentially reflect reversal of wild type AR acti-
vation by 5a-reduced metabolites of DOC.

Targeting HSD11B2 and CYPI IBI, enzymes
unique to the generation of | |lOH-AED

Collectively, these observations suggest that
simultaneously targeting multiple nodes of androgen
production will be required to truly abrogate genera-
tion of all AR activating downstream metabolites.
Moreover, the significant activity of 110H-5a-DHT
and 11K-5a-DHT in activating the AR suggests that
inhibiting the enzymes unique to the production of
these metabolites might significantly decrease the
overall androgenicity of the CRPC tumor microenvi-
ronment. Enzymatic targets specific to these metabo-
lites include the adrenal activity of CYP11B1 in con-
verting AED to 110H-AED, and the (most likely) pe-

ripheral action of HSDI11B2 in yielding the
11K-derivatives.
While endogenous selective inhibitors of

11BHSD isoforms have been described [77, 78], inhi-
bition of HSD11B2, which metabolizes cortisol to its
inactive form cortisone, may not be a viable thera-
peutic target. Aldosterone and cortisol have similar
affinity for the mineralocorticoid receptor, and the
presence of this enzyme in mineralocorticoid target
tissues prevents excess stimulation of the receptor by
cortisol [77, 78]. Notably, mutations in HSD11B2
which affect enzyme activity result in a rare autoso-
mal dominant disorder, the syndrome of apparent
mineralocorticoid excess (AME), and inhibition of this
enzyme by chronic licorice ingestion results in pseu-
dohyperaldosteronism [79].

In contrast, inhibition of CYP11B1 is likely to be a
clinically feasible target; in fact, metyrapone is a
CYP11B1 inhibitor already in use for treatment of
hypercortisolism associated with Cushing’s syn-
drome. Of more relevance to the treatment of prostate
cancer however, is the recent development of dual
CYP17A1 and CYP11B inhibitors [80, 81]. A dual
CYP17A1/CYP11B2 inhibitor (Novartis, CFG920),
intended to ameliorate the mineralocorticoid side ef-
fects of CYP17A1 inhibition, is currently under clinical
evaluation (NCT01647789). Although this agent
would not be anticipated to have efficacy in sup-
pressing generation of 110H-AED, specific inhibitors
of CYP17A1 and CYP11B1 have also been reported
[80, 81], and the potential androgenicity associated
with the downstream metabolites of 110H-AED
would support clinical evaluation of these dual in-
hibitors as well.

Conclusions

Data regarding the molecular response of PCa to
hormone therapy continues to emerge, providing
critical insight into cellular growth and signaling
pathways that may be exploited as therapeutic tar-
gets. The presence of residual androgens and persis-
tent activation of the AR signaling axis in CRPC sug-
gest that a multi-targeted treatment approach to ab-
late all contributions to AR signaling within the
prostate tumor will be required for optimal an-
ti-tumor efficacy. Emerging data demonstrate that
novel 5a-reduced derivative of the adrenal steroids
DOC and 110H-AED can activate the wild type AR,
and suggest that a larger pool of residual androgens
may be available to activate the AR in CRPC than
previously anticipated. Although these pathways
remain to be more fully elucidated, available data are
consistent with the proposed intracrine generation
and activity of these novel 5a-reduced metabolites.
Moreover, these data suggest that measurements of
residual T and 5a-DHT may underestimate the con-
tribution of ligand-mediated activation of wild type
AR. Importantly, the significant activity of
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110H-5a-DHT and 11K-5a-DHT in activating the
wild type AR suggests that inhibiting the enzymes
unique to the production of these metabolites may
significantly decrease the overall androgenicity of the
CRPC tumor microenvironment and thereby improve
clinical outcomes.
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