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In castration-resistant prostate cancer (CRPC) many androgen-regulated genes become re-expressed and
tissue androgen levels increase despite low serum levels. We and others have recently reported that
CRPC tumor cells can de novo synthesize androgens from adrenal steroid precursors or cholesterol and
that high levels of progesterone exist in LNCaP tumors after castration serving perhaps as an intermediate
in androgen synthesis.

Herein, we compare androgen synthesis from [>H-progesterone] in the presence of specific steroidoge-
nesis inhibitors and anti-androgens in steroid starved LNCaP cells and CRPC tumors. Similarly, we compare
steroid profiles in LNCaP tumors at different stages of CRPC progression.

Steroidogenesis inhibitors targeting CYP17A1 and SRD5A2 significantly altered but did not eliminate
androgen synthesis from progesterone in steroid starved LNCaP cells and CRPC tumors. Upon exposure to
inhibitors of steroidogenesis prostate cancer cells adapt gradually during CRPC progression to synthesize
DHT in a compensatory manner through alternative feed-forward mechanisms. Furthermore, tumors
obtained immediately after castration are significantly less efficient at metabolizing progesterone (~36%)
and produce a different steroid profile to CRPC tumors. Optimal targeting of the androgen axis may be
most effective when tumors are least efficient at synthesizing androgens. Confirmatory studies in humans
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are required to validate these findings.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Progression of prostate cancer (CaP) emerging after therapeu-
tic approaches to block testicular androgen synthesis leads to
“androgen-independent” or “castration resistant” prostate cancer
(CRPC) which is the lethal component of this disease [1]. Several
treatments targeting hormone synthesis and androgen receptor
activation have been used both individually and in combinations
in patients displaying CRPC disease [2-6]. These agents have been
shown to alleviate symptoms of the disease and evoke prostate
specific antigen (PSA) responses but have not yet proven to pro-
long survival [2-6]. In order to effectively treat CRPC patients and
improve survival, a better understanding of the underlying mech-
anisms of CaP progression to CRPC (and how drugs affect these
mechanisms) is necessary in order to strategically identify key tar-
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gets, develop drugs inhibiting these targets and administer effective
therapeutic interventions.

Analysis of CaP tumors from patients as well as human derived-
xenograft tumors from CRPC progression models such as LNCaP
has shown that many androgen-regulated genes, including the
steroid metabolizing enzymes HSD3B2, SRD5A1, CYP17A1, AKR1C1,
AKR1C2, AKR1C3 and SREBPs become re-expressed in CRPC tumors
[7-9]. Recently, Titus et al. used liquid chromatography-mass spec-
trometry (LC-MS) to show that tumors obtained from recurrent
CaP patients contain testosterone and dihydrotestosterone (DHT)
in high enough levels to activate the androgen receptor (AR) in
CRPC cells, despite observed low levels of circulating androgen in
the serum [10,11]. Labrie and others have shown evidence sug-
gesting that after castration steroid precursors obtained through
circulation from the adrenals can be captured and utilized by CaP
tumors to make these androgens [10,12,8]. We and others have
demonstrated using radiotracing techniques that CRPC tumor cells
can in fact de novo synthesize their own androgens from choles-
terol and upstream precursors of cholesterol [13-15]. Combined,
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Fig. 1. DHT synthesis pathway from cholesterol with characteristic enzymes and intermediates. Progesterone can be metabolized via the classical pathway or the backdoor

pathway to DHT. This figure has been adapted from [13].

these studies suggest that tumor cells can develop an ability to
evade castration induced steroid starvation by utilizing upregulated
androgen synthesis enzymes to produce their own androgens for AR
activation and progression to CRPC.

In concordance with these discoveries several drug candidates
targeting the androgen axis were being developed and evaluated
in their ability to treat CRPC patients. Ketoconazole, an azole anti-
fungal agent which exerts its clinical effects through inhibiting
CYP17A1 (and other cytochrome P450s) can induce reasonable
PSA response rates in CRPC patients but no studies have demon-
strated improvement in overall survival [ 16,17]. A new more specific
CYP17A1 hydroxlase and lyase inhibitor, abiraterone acetate, can
trigger declines in PSA of greater than 30%, 50% and 90% in 14,
12 and 6 CRPC patients (out of 21 patients total), respectively, in
Phase I and II clinical trials [6]. SRD5A1/2 inhibitors are used in
the treatment of hair loss, benign prostatic hyperplasia and pre-
vention of CaP [18-21]. Clinical trials evaluating the use of these
drugs, finasteride and dutasteride, in treating CRPC disease are cur-
rently underway [22-24]. These steroidogenesis inhibitor drugs and
other developing candidates targeting androgen synthesis path-
ways show significant promise in treating CaP advancing to CRPC
through androgen synthesis mechanisms.

In this study we evaluated the effects of various steroidogene-
sis inhibitors and anti-androgens on androgen synthesis pathways
in steroid-starved LNCaP cells and CRPC xenografts. Better under-
standing of how these agents alter androgen synthesis in CaP
tumors will optimize their use therapeutically. Using LC-MS,
we previously observed that LNCaP tumors excised shortly after
castration, as compared to tumors from intact (pre-castration)
mice, contain elevated levels of progesterone relative to testos-
terone and DHT, despite low serum levels [13]. Furthermore,
mRNA levels of enzymes responsible for progesterone synthesis
(CYP11A1, StAR and HSD3B2) and metabolism (CYP17A1, AKR1C1
and SRD5A2) increased during progression to CRPC [8,13,15], sug-
gesting that high progesterone levels may be involved in androgen
synthesis under steroid-deprived conditions. We therefore chose
to study progesterone as a key steroidal precursor and investi-

gate its downstream androgen synthesis mechanisms. Classically
progesterone is converted to 17-OH progesterone and androstene-
dione by CYP17A1 [25], subsequently converted to testosterone by
AKR1C3[26,27]/HSD17B3 [28] and finally DHT by SRD5A1/2 (Fig. 1).
Auchus et al. also described a second “backdoor” pathway to DHT
synthesis that bypasses testosterone as an intermediate (Fig. 1)
[29-31]. In this pathway progesterone is initially converted to
pregnan-3,20-dione by SRD5A1/2 before undergoing conversion to
pregnan-3a-0l-20-one by AKR1C2. This intermediate is then con-
verted by CYP17A1 to androsterone and further bioconversion by
HSD17B3 to androstanediol. Androstanediol can then be reversibly
converted to DHT by RDH5.

We aim herein to explore the effects of steroidogenesis
inhibitors on androgen production in this dynamic steroid synthe-
sis system in ex vivo CRPC tumors using progesterone as a steroidal
precursor. Further to these studies we aim to evaluate and compare
the ability of ex vivo LNCaP xenograft tumors from different stages
of the disease to synthesize androgens from progesterone.

2. Materials and methods
2.1. Materials

[1,2,4,5,6,7-3H (N)]-DHT (110.0Ci/mmol, PerkinElmer Life
Sciences, Inc., Wellesley, MA) and [1,2,6,7-3H (N)]-Progesterone
(90.0 Ci/mmol, PerkinElmer Life and Analytical Sciences, Wellesley,
MA) were used for in vitro incubations and radiometric stan-
dards. Stock solutions of testosterone-16,16,17-d3 (deuterated
testosterone) (CDN Isotopes, Pointe-Claire, Quebec, Canada);
4-pregnen-17-ol-3,20-dione, 53-pregnan-3a-27-diol-20-one and
5B-pregnan-3,20-dione (Steraloids, Inc.,, Newport, RI); andros-
terone, 4-androstene-3,17-dione, 5oa-androstan-173-ol-3-one,
pregnenolone, progesterone, testosterone and dihydrotestosterone
(Sigma-Aldrich, Oakville, Ontario, Canada); and R1881 (Dupont,
Boston, MA) were prepared in 100% methanol for use as standards
for mass spectrometry and 100% ethanol for in vitro incubations.
Inhibitors: ketoconazole, finasteride, cinnamic acid, RU-486 and



128 J.A. Locke et al. / Journal of Steroid Biochemistry & Molecular Biology 115 (2009) 126-136

casodex (Sigma-Aldrich, Oakville, Ontario, Canada) were prepared
in ethanol.

2.2. In vitro models: LNCaP cells

LNCaP cells (passage 40-48; American Type Culture Collection,
Rockville, MD) were cultured in RPMI-1640 (without phenol red)
with L-glutamine, penicillin-streptomycin (PS) and 5% fetal bovine
serum (FBS, Hyclone, Logan, UT) or 5% charcoal stripped serum
(CSS, Hyclone, Logan, UT). Cells were maintained and grown in FBS;
however, prior to all treatments cells were cultured in 5% CSS for
48 h.

2.3. In vivo model: LNCaP tumor progression to
castration-resistance

All animal experimentation was conducted in accord with
accepted standards of the UBC Committee on Animal Care. LNCaP
xenograft tumors were grown in athymic nude mice at four sites
as modified from a previously reported method [9]. Also as done
before [13], PSA levels were measured by tail vein sera samples
weekly using an immunoassay kit (ClinPro, Union City, CA). At 6
weeks post-inoculation mice were castrated. Tumors were har-
vested from the same mouse (16 mice total) pre-castration (PSA
androgen-dependent-AD), 8 days post-castration (PSA nadir-N)
and 35 days post-castration (PSA castration-resistant-CRPC) (see
supplementary data section for PSA and tumor volume profiles).
Tumors were excised and immediately placed in phenol red-free
RPMI-1640 media supplemented with 5% CSS.

2.4. Treatments of LNCaP cells and castration-resistant xenograft
tumors

In every ex vivo assay cells were teased apart from a fixed weight
of xenograft tumor section and debris was removed prior to plat-
ing and treatment in CSS supplemented media. Steroid starved
(CSS) cells and AD, N and CRPC xenograft tumor cells were treated
with 1 wCi/mL [3H]-progesterone for 48 h. Steroid starved cells and
CRPC tumor cells were treated with an additional 1nM R1881 and
inhibitors of CYP17A1, SRD5A2, AKR1C3, steroid receptors and AR:
20 uM ketoconazole, 25 uM finasteride [32,33], 50 M cinnamic
acid [34], 10 uM RU-486 [35] and 25 uM casodex [36], respec-
tively for the same 48-h period to determine the effect of inhibitors
on steroidogenesis downstream of progesterone. Dose titrations of
steroid starved LNCaP cells with 10 wM progesterone and 0, 0.1,
1, 10, 20/25, 50, 100 and 1000 .M ketoconazole/finasteride, were
conducted in order to verify optimal dosing for metabolism studies.

2.5. Cell viability determination

Cell viability was determined by MTS [3-(4,5-dimethylthiazol-
2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] assay (Promega, Madison, WI). 20 nL of reagent
was added to each well (96-well plate) and left to incubate at 37 °C
in the dark for 1 h. The viability of the cells was determined based
on measuring spectrometer absorbances at 490 nm wavelength
and comparing these values to those measured for ethanol control
treated cells.

2.6. PSA determination

Secreted PSA levels were determined from 10 L of media or
sera diluted in 40 L of H,O using an immunoassay kit (ClinPro,
Union City, CA). Concentration was determined using a standard
curve (0-120 ng/L). The intra-assay and inter-assay coefficients of

variation for this assay were measured to be 3.4% and 4.8%, respec-
tively.

2.7. Steroid extraction for liquid chromatography-mass
spectrometry (LC-MS) and radiometric analysis

Pellets underwent a rigorous freeze-thaw protocol with lig-
uid nitrogen and boiling water three times. Then supernatants
and pellets were extracted twice with ethyl acetate (EtOAc) (v:v,
1:1), washed with H,0 (v:v, 1:1) once and dried down using a
Centrivap™ centrifugal evaporation system (35 °C). Samples were
then reconstituted in 100 pL of 50% methanol.

2.8. Steroid analysis by LC-MS

LC-MS protocols were carried out as developed previously [13].
A Waters 2695 Separations Module coupled to a Waters Quattro
Micro was used for LC-MS analysis. All MS data was collected in
electrospray ionization positive (ESI+) mode with capillary voltage
at 3kV, source and desolvation temperatures of 120°C and 350°C
respectively and N, gas flow of 450L/h. Chromatographic sepa-
rations were carried out using a Waters Exterra 2.1 mm x 50 mm
3.5 wm C18 column equilibrated with 20:80 ACN:H,0, ramped to
80:20 ACN:H,0 from 0.5 to 8.0 min, further to 95:5 from 8.0 to
9.0 min and returned to 80:20 ACN:H,0 from 10.0 to 10.5 min with a
total run time of 15 min. Flow rate was 0.3 mL/min, column temper-
ature 35°C and 0.05% formic acid was present throughout the run.
Extracted ion chromatograms from extracted samples of radiola-
beled alone (Hot) versus radiolabeled plus non-radiolabeled (Cold)
progesterone (H+C) spiked incubations were compared and LC
retention time alignments were used to identify potential metabo-
lites as conducted previously [13]. Precursor ions unique to the
H + C sample fractions collected by high-performance liquid chro-
matography (HPLC) radiometric detection were selected for further
collision induced dissociation (CID) at both 11 and 22V CE result-
ing in positive identification of progesterone, 17-OH progesterone,
pregnan-3,17-diol-20-one, androsterone and testosterone.

2.9. HPLC separation and radiometric detection of [*H]-labeled
steroids

HPLC-radiometric detection methods were developed previ-
ously [13]. A Waters 2695 Separations Module coupled with
a Packard (PerkinElmer, Wellesley, MA) Radiomatic™ Model
150TR detector equipped with a 0.5mL flow cell provided chro-
matographic separation and detection of radiolabeled analytes.
Separations of [3H]-labeled steroids were performed using a Waters
Exterra 2.1 mm x 150 mm C18 column equilibrated with 10:90 ace-
tonitrile (ACN):H,0, ramped to 25:75 ACN:H,0 (0.75-1.5min),
further to 35:65 ACN:H,0 (1.5-20 min), then to 45:55 ACN:H,0
(25-30min). Isopropanol (IPA) was introduced at this time
from 45:0:55 ACN:IPA:H,0 to 45:55:0 ACN:IPA:H,0 (30-50 min),
retained at 45:55:0 until 55 min and returned to starting conditions
at 57 min for re-equilibration up to a 70 min run length. LC flow rate
was 0.3 mL/min, column temperature was 30 °C and Radiomatic™
scintillation fluid (Ultima Flo M, PerkinElmer, Wellesley, MA) flow
rate was 1 mL/min. DHT identification was evidenced based on
RT match-up to available radiolabeled and non-labeled steroid
standards on the same LC gradient (Fig. 2 Table 1). Radiometric
retention times (RT) were observed to lag MS RT by ~1 min when
using this LC setup with the Quattro Micro and this normaliza-
tion factor was applied for the additional non-labeled standards.
Statistics on intra-run variation in the retention time (RT) of both
[3H-DHT] and [3H-Progesterone] standards were conducted by LC-
radiometric detection to ensure consistency in peak identification
and RT match up to steroidal standards by LC-MS. RT shift was
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Fig. 2. (a) Example chromatographic profile of metabolites from steroid starved LNCaP +[*H]-Progesterone by HPLC-radiometric detection. (b) Example chromatographic
profile of metabolites from LNCaP + [*H]-Progesterone and 1nM R1881 or inhibitors 20 uM ketoconazole (K) (CYP17A1), 25 uM finasteride (F) (SRD5A2), 50 uM cinnamic
acid (AKR1C3), 10 wM RU-486 (PR and AR), 25 pM casodex (AR), 20 wM ketoconazole +25 wM finasteride in combination, 10 wM RU-486 +20 wM ketoconazole (K)+25 M
finasteride (F) in combination and 25 wM casodex + 20 wM ketoconazole (K) + 25 wM finasteride (F) in combination by HPLC-radiometric detection. (c) Effect of 1 nM R1881 and
inhibitors: 20 wM ketoconazole (CYP17A1), 25 uM finasteride (SRD5A2), 20 .M ketoconazole and 25 pM finasteride in combination, 50 WM cinnamic acid (AKR1C3), 10 uM
RU-486 (RU) (PR and AR) and 25 wM casodex (AR) on the conversion of progesterone to downstream steroids in the classical pathway and backdoor pathway. Graph displayed
of each metabolite steroid as % of total counts in [*H-Progesterone] (P), P + ketoconazole (P + K), P + finasteride (P + F), P+ cinnamic acid (P + Cin), P+ RU-486 (P + RU), P + casodex
(P+Cas), P+ketoconazole + finasteride (P + K +F), P+ RU-486 + ketoconazole + finasteride (P +RU + K+F), P + casodex + ketoconazole + finasteride (P + Cas + K+F) treated LNCaP
cells (mean + SEM). *Statistically different from LNCaP cells with no treatment (P<0.01). All experiments were conducted in triplicate.
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Table 1

Radiometric standards [*H-DHT] and [?H-Progesterone] were analyzed for reten-
tion time (RT) match up to LC-MS standards. HPLC-radiometric detection identified
peaks (a-j) matched up to RT of steroidal standard as determined by LC-MS.
SIR/MRM precursor masses and fragment masses were used to identify and quantify
steroids listed. All experiments were conducted in triplicate.

5H peak Steroid standard Radiometric RT (min) SIR/MRM
a Metabolite 1 15.9 317

b Metabolite 2 17.9 331

C Testosterone 204 289>97
d 17-OH Progesterone 22.7 331>97
e DHT 25.2 287>97
f Pregran-3,17-diol-20-one 275 331>97
g Androsterone 29.4 273>255
h Progesterone 325 315>97

i [3H]-DHT standard 25.1+0.1 -

j [2H]-Progesterone standard 32.6+0.1 -

found to be +0.1 min SEM from run to run confirming the repro-
ducibility of this assay.

3. Results

3.1. Steroidogenesis enzyme inhibitors alter the de novo
conversion of [2H]-Progesterone to DHT in LNCaP cells and CRPC
tumors

We initially investigated the ability of steroidogenesis inhibitors
and anti-androgens to alter androgen synthesis pathways from
radioactively labeled progesterone in both steroid starved LNCaP
cells and CRPC tumor cells. Both ketoconazole and finasteride
but not R1881 or cinnamic acid appeared to alter progesterone
metabolism to DHT in serum starved LNCaP cells and CRPC
xenograft tumors (Figs. 2a,b and 3). Ketoconazole significantly
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inhibited progesterone conversion to downstream metabolites
(P=0.003) and also altered the relative amounts of progesterone
metabolites that were still able to form (Fig. 2c). Metabolite 1
was formed in a similar manner to that observed when cells
undergo progesterone treatment alone; however much less of
metabolite 2 formed (Fig. 2a and b). Furthermore, 17-OH proges-
terone formation was not inhibited by ketoconazole as predicted
by CYP17A1 inhibition (Fig. 2c), in fact it was increased (P=0.001),
as was pregnan-3,17-diol-20-one (not statistically significant). The
rate-limiting step of dual enzyme CYP17A1 is believed to be its
lyase action [30]. Formation of 17-OH progesterone and pregnan-
3,17-diol-20-one via hydroxylation of progesterone and other
progesterone-derived steroids upstream of CYP17A1 lyase action or
perhaps the existence of another enzyme that is capable of hydroxy-
lation at the 17-C site may therefore account for the increased levels
of these steroids (Fig. 2c). Nonetheless, this data suggests that keto-
conazole affects conversion of progesterone to DHT via both the
classical and backdoor pathways.

Finasteride inhibition of progesterone conversion (P=0.001)
appeared to affect formation of DHT by both the classical and
backdoor pathways (Fig. 2c). Formations of Metabolites 1 and 2
were both dramatically inhibited (Fig. 2a and b). As expected,
testosterone levels were significantly increased by finasteride treat-
ment (P=0.001) [22] (Figs. 1 and 2c). Both 17-OH progesterone
and pregnan-3,17-diol-20-one were also significantly increased by
finasteride treatment and this inhibition profile was similar to
that observed with ketoconazole (P=0.049, P<0.001 respectively).
These results suggest that finasteride inhibits the conversion of pro-
gesterone via both the classical and backdoor pathways and upon
inhibition of SRD5A2 activity, CYP17A1 conversion of progesterone
to 17-OH progesterone in the classical pathway and downstream
conversion pregnan-3,17-diol-20-one (via SRD5A1) in the backdoor
pathway are increased in a compensatory manner.

150.00

1 d W

100.00 1 : ':],
> 3 18 1| BhEt

€ 50.00 1 1R B

papcide

0.00 1 o G D v e

SN

¢ 191

[*H-Progesterone] alone

VNS

150.00 e
Emo.oo*

50.00 1
0.00 ——

Ketoconazole

150.00 —
100.00 b |
E 50.00 1

Y,

0.00 4

15000 ———————
100.00
>
€ 50.00°

000 —n——
150.00

Ketoconazole +
Finasteride

100.00 §
>

£
50.00 1

= U;_,,,E, _/\/':"% i \.n _f\-fj "\_,m

Standards

0.00 e
0.00 1000

20.00 30.00

7

40.00 50.00 60.00 70.00

Minutes
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Combined finasteride + ketoconazole treatment inhibited pro-
gesterone conversion to a greater extent than finasteride or
ketoconazole monotherapy (P=0.002) (Fig. 2a-c). In fact, the for-
mation of metabolites 1 and 2 was significantly blocked upon
combination treatment with ketoconazole +finasteride (P<0.001)
(Fig. 2a and b). Levels of pregnan-3,17-diol-20-one, albeit much
lower than in finasteride only treated cells, were still significantly
higher than those produced in the progesterone alone treated cells
(P<0.001) (Fig. 2c). Furthermore, upon combination treatment of
cells with finasteride and ketoconazle DHT levels became unde-
tectable (Fig. 2c).

Neither R1881 nor cinnamic acid significantly affected the in
vitro conversion of [3H-progesterone] by steroid starved LNCaP cells
in the presence of exogenous progesterone treatment (Fig. 2b). The
lack of effect observed by cinnamic acid treatment suggests that
either an alternative enzyme is capable of metabolizing steroids
similarly to AKR1C3 (such as HSD17B3) or that this compound is
not effective in inhibiting AKR1C3 in steroid starved LNCaP cells at
the dose previously reported by Brozic et al. [34].

In CRPC xenograft tumors [3H]-Progesterone also appeared to be
metabolized to DHT (Fig. 3) and inhibitors ketoconazole, finasteride
and ketoconazole + finasteride combination treatment appeared to
significantly inhibit this metabolism. This result demonstrates that
these inhibitors effect androgen synthesis intratumorally at CRPC
by altering steroid production via both the classical and backdoor
pathways.

In conclusion, conversion of progesterone to downstream
steroids is significantly and differentially altered by both ketocona-
zole and finasteride treatments in both steroid starved LNCaP and
CRPC xenograft tumors. When finasteride + ketoconazole were used
in combination, progesterone metabolism was inhibited to a much
larger extent. These results suggest that inhibition of enzymes in
either the classical or backdoor pathway may lead to a compen-
satory increase in the steroid levels of other respective pathways
which in turn can provide the cells with alternative androgen syn-
thesis mechanisms to AR activation.

3.2. Receptor antagonists in combinational treatments with
steroidogenesis inhibitors alter the de novo conversion of
[3H]-Progesterone to DHT in steroid starved LNCaP cells

Steroid receptor antagonists RU-486 (inhibits PR and AR) and
casodex (inhibits AR) [35,36] dosed individually did not appear
to alter progesterone metabolism to DHT synthesis via either
pathway, however they did appear to enhance the production
of more hydrophobic metabolites (longer RT) (Fig. 2a and, b).
Furthermore, while we saw large variation in results, combination
treatment with RU-486 +finasteride + ketoconazole appeared to
significantly inhibit progesterone metabolism (P<0.001) but not
to the same extent as finasteride + ketoconazole alone (Fig. 2c).
Casodex +finasteride + ketoconazole also inhibited progesterone
metabolism (P<0.001) more so than finasteride + ketoconazole
alone (Fig. 2¢). All combinational treatments increased the amount
of pregnan-3,17-diol-20-one produced in the backdoor pathway

(Pﬁnasteride+ket0c0nazole <0.001, PRU—486+ﬁnasteride+ketoconazole <0.001,
Pcasodex+finasteride+ketoconazole < 0.001) (Fig. 3¢).

3.3. Steroidogenesis inhibitors and receptor antagonists
significantly decrease but do not eliminate progesterone-induced
secretion of PSA in steroid starved LNCaP cells

We and others have previously hypothesized that cancer cells
synthesize DHT at levels high enough to activate AR leading to
a cascade of events linked to tumor growth and proliferation
[8,10,12-15]. Thus we deemed that the effect of steroidogenesis
inhibitors and receptor antagonists on PSA secretion is appropriate
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Fig.4. (a)Effect of 0,0.1, 1, 10, 20/25, 50, 100 and 1000 wM ketoconazole/finasteride
on LNCaP cell viability and progesterone-induced secretion of PSA. *Statisti-
cally different from progesterone treated LNCaP cells (P<0.01). All experiments
were conducted in triplicate. (b) Effect of 1nM R1881 and inhibitors: 20 uM
ketoconazole, 25 uM finasteride, 50 WM cinnamic acid, 10 wM RU-486 (PR and
AR) and 25 uM casodex (AR) on progesterone-induced secretion of PSA. Graph
displayed as EtOH, R1881, Progesterone (P), P+ketoconazole (P +K), P +finasteride
(P+F), P+cinnamic acid (P+Cin), P+RU-486 (P+RU) and P+casodex (P+Cas),
P +ketoconazole +finasteride (P+K+F), P+RU-486 +ketoconazole +finasteride
(P+RU+K+F) and P+ casodex + ketoconazole + finasteride (P +Cas + K+F). *Statisti-
cally different from [3H-Progesterone] treated LNCaP cells (P<0.01). All experiments
were conducted in triplicate.

to verify AR activation since PSA is androgen regulated target gene
[37]. Progesterone treatment of LNCaP cells led to a significant
increase in PSA secretion into media as compared to ethanol
treatment (P<0.001) (Fig. 4a and b).

Initially we evaluated the effect of increasing doses of ketocona-
zole and finasteride on cell viability and progesterone-induced PSA
secretion. As demonstrated in Fig. 4a at doses of 20 wM ketocona-
zole and 25 wM finasteride cell viability was reduced to 38.6 + 0.03%
and 60.0 &+ 0.03%, respectively. Progesterone induced PSA secretion
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was also inhibited by increasing doses of each drug. Both keto-
conazole and finasteride treatment led to decreases in measured
PSA levels even at a dose of 0.1 wM and at 1000 wM progesterone-
induced PSA secretion was completely inhibited as compared to
ethanol treated cells (Fig. 4a).

In Fig. 4b ketoconazole, finasteride, RU-486, casodex, finasteride
+Kketoconazole, RU-486 +finasteride + ketoconazole and casodex
+finasteride + ketoconazole treatments significantly inhibited
progesterone-induced PSA  secretion into the media
(Pketoconazole <0.001, Pfnasteride <0.001, Pry-4g6 <0.001, Pcasodex <
0.001,  Pinasteride+ketoconazole < 0-001,  PRry.486+finasteride+ketoconazole <
0.001, Pcasodex+finasteride+ketoconazole < 0.001) but do not Completely
abrogate AR activation at the doses evaluated. The observed
decrease in PSA secretion upon treatment with ketoconazole,
finasteride, RU-486 and casodex suggests that progesterone in
part induces PSA secretion through downstream conversion to
androgens, and not entirely through direct binding to PR or AR in
steroid starved LNCaP cells as suggested by Grigoryev et al. [38].
Grigoryev et al. previously showed that AR found in LNCaP cells
contains a mutation in the form of T877A and with this mutation
can bind and be activated by ligands such as progesterone in high
concentrations [38,39]. Our result does not necessarily demon-
strate that progesterone is mediating its effects solely through
metabolism to DHT prior to AR activation but does show that at
least some of the effect on PSA secretion is mediated through
this mechanism. Furthermore, cinnamic acid did not significantly
inhibit progesterone-induced PSA secretion suggesting also that
this particular compound does not affect steroidogenesis leading
to AR activation at the dose used (10 wM).

From this experiment it was determined that progesterone-
induced PSA secretion (via AR activation) was decreased but not
completed inhibited by the presence of steroidogenesis inhibitors
ketoconazole and finasteride and anti-androgens RU-486 and
casodex at the doses evaluated.

3.4. [3H]-Progesterone metabolism in AD, N and CRPC LNCaP
xenograft tumors cells occurs via different enzymatic reactions
and steroidal intermediates

In order to determine whether tumors growing at different
stages of progression to CRPC have differential abilities to synthe-
size androgens we evaluated the progesterone metabolism profiles
in AD (pre-castration; n=3), N (8 days post-castration, n=3) and
CRPC (upon PSA relapse or 35 days post-castration; n=3) tumors
obtained using the LNCaP xenograft model (see supplementary data
section for PSA and tumor volume profiles). When we compare the
chromatographic profiles of AD, N and CRPC tumors shown in Fig. 5a
the AD and CRPC tumor metabolism of progesterone appears to be
similar with only very subtle differences. In contrast, the N tumor
metabolism of progesterone is significantly less extensive (~22%
of AD or CRPC) (P=0.04) and yields more hydrophobic metabolites
(later retention times) (Fig. 5b). Furthermore, N tumors produce
significantly more 17-OH progesterone (~5-fold, P<0.001) and
pregnan-3,17-diol-20-one (~62-fold, P=0.008) and significantly
less DHT (P=0.002) than both AD and CRPC tumors. In fact, in N
tumors there was no evidence of DHT formation while pregnan-3-
17-diol-20-one was formed in such large quantities that it is likely
to be the main end product of progesterone metabolism in these
tumors. In contrast, metabolites 1 and 2 are likely to be the final end
products of progesterone metabolism in AD and CRPC tumors. As
demonstrated by this study N tumors obtained immediately after
castration have a significantly hampered capacity to de novo metab-
olize progesterone as compared to AD tumors obtained prior to
castration and CRPC tumors obtained once PSA had relapsed which
we have previously shown have the potential ability to de novo
synthesize androgens themselves [13]. In fact N tumors exhibit sev-

eral different steroidal intermediates likely undergoing alternative
enzymatic biotransformation than those seen in both AD and CRPC
tumors.

Upon comparison of the AD and CRPC tumor progesterone
metabolism profiles (Fig. 2a) they appear relatively similar with per-
haps more testosterone produced by AD tumors than CRPC tumors
(not statistically different) (Fig. 2b). This suggests that the enzy-
matic systems utilized by AD and CRPC tumors are similar.

In summary, itappears that steroid intermediates and enzymatic
reactions in both classical and backdoor steroidogenesis pathways
are utilized by AD, N and CRPC tumors. However, because more
testosterone (classical pathway) was produced by the AD tumors
than the N and CRPC tumors, prior to castration tumors utilize
the classical pathway more predominantly. The predicted steroidal
end product (pregnan-3,17-diol-20-one) in N tumor progesterone
metabolism is principally observed in the backdoor pathway and
because it forms in such a large amount it appears to act as a sink.
This may indicate an inability of N tumor cells to utilize CYP17A1
lyase to produce downstream steroids. Furthermore, both AD and
CRPC tumors were able to de novo produce DHT (albeit in small
amounts compared to other steroid intermediates). Likely this low
production reflects the cell’s need for only minimal androgen for
AR activation.

This work uniquely demonstrates using the LNCaP CRPC pro-
gression model that tumors of different stages of classical disease
progression possess differential abilities to synthesize androgens
and do so using different steroidal intermediates and enzymatic
reactions.

4. Discussion

Increasing lines of evidence indicate that androgens remain
important mediators of CRPC progression despite the low lev-
els of androgens observed in serum after castration therapy
[10,12,15,40-42]. It has recently been shown that DHT synthesis can
occur intratumorally from both adrenal steroid precursors and de
novo from cholesterol [8,10,12-15]. We identified progesterone as
an important intermediate steroid that can be metabolized by CRPC
LNCaP xenograft tumors through both the classical and backdoor
pathways (Fig. 1) [13].

We further demonstrate here that inhibitors targeting the
androgen synthesis axis alter the metabolism of progesterone
to downstream androgens in steroid starved LNCaP cells and
CRPC LNCaP xenograft tumors. Using progesterone as a steroidal
precursor we demonstrate that inhibitors of enzymes CYP17A1
(ketoconazole) and SRD5A2 (finasteride), alter the levels of given
intermediates in these two pathways and thereby the steroidoge-
nesis profile observed in CRPC cells. In contrast, anti-androgens
targeting AR (casodex and RU-486) did not alter progesterone
metabolism profiles significantly. Furthermore, the steroidogenesis
inhibitors used did not completely eliminate progesterone-induced
PSA secretion at the doses evaluated suggesting that DHT synthe-
sis from progesterone is not completely inhibited and can occur
via alternative pathways in a compensatory manner. Survival and
proliferation of evading tumor cells is therefore a likely event and
we propose that inhibition of steroidogenesis enzymes in patient’s
displaying CRPC disease might result in disease relapse through
mechanisms such as these described. Using the LNCaP progres-
sion model we also compared the ability of tumors at different
stages of disease progression to synthesize steroids from proges-
terone and found that immediately after castration tumor cells
utilize different enzymatic reactions to produce different steroid
metabolites compared to progressing CRPC tumors. Because of
these dramatic differences observed immediately post-castration
as compared to when they have become CRPC, targeting the
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Fig. 5. (a) Example chromatographic profile of metabolites from LNCaP xenograft androgen-dependent (AD), nadir (N) and castration-resistant (CRPC) tumor cells +[3H]-
Progesterone by HPLC-radiometric detection. (b) Levels of steroidal intermediates measured in androgen-dependent (AD), nadir (N) and castration-resistant (CRPC) tumor
progesterone metabolism profiles as a % of total counts (Mean + SEM). *Statistically different from AD tumor (P<0.01). All experiments were conducted in triplicate.

CaP tumors in patients prior to PSA relapse with steroidogene-
sis inhibitors may offer a more effective method in prolonging
the progression of the disease and improving overall survival of
patients.

Steroidogenesis drugs such as ketoconazole and aminog-
lutethimide and anti-androgens such as flutamide, nilutamide
and casodex have been widely used in treating patients with
CRPC disease because of their demonstrated PSA responses
even after androgen deprivation therapies has become exhausted
[2,16,43-46]. The development and evaluation of several other

steroidogenesis inhibitors such as statins [47], abiraterone acetate
[6], VN/124-1 [48,49], cinnamic acid [34], finasteride and dutas-
teride [22] as well as anti-androgens such as MDV3100 (Medivation,
Inc., San Francisco, CA) and BMS-641988 (Bristol-Myers Squibb,
New York, NY) [50-52] and AR chaperone proteins like Hsp27
[53] are on the rise. Therapeutic responses demonstrated in this
study using the LNCaP progression model for CaP suggest that
CRPC tumors that respond initially to steroidogenesis inhibitors
such as these are likely to develop resistance and the disease
will ultimate progress. We demonstrate that inhibitors targeting
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CYP17A1 (ketoconazole) and SRD5A2 (finasteride) do indeed alter
the metabolism of progesterone to downstream androgens but do
not completely inhibit it as other alternative steroidal pathways
to DHT synthesis become utilized. Furthermore, progesterone-
induced PSA response, although decreased by these inhibitors, is
not completely eliminated even at their IC5g doses. Previously, it
has been shown that CRPC patients who initially respond to keto-
conazole display reduced amounts of CYP17A1 produced steroids
in their serum and when they develop resistance to ketocona-
zole these steroids once again increase in the serum [48,54,55].
In this manuscript we provide mechanistic rationale as to how
some CRPC patients on ketoconazole treatment might become
resistant to therapy as tumor cells develop an ability to produce
these androgens by alternative mechanisms. Upon ketoconazole
treatment CRPC LNCaP tumor cells produce more 17-OH proges-
terone and pregnan-3,17-diol-20-one than in the absence of this
CYP17A1 targeting inhibitor. In humans 17-OH progesterone is a
poorer substrate for CYP17A1 lyase activity than pregnan-3,17-
diol-20-one [56] and in the presence of 20 WM ketoconazole it
appears that the CRPC cells convert progesterone via 17-OH pro-
gesterone to pregnan-3,17-diol-20-one for further bioconversion
to DHT, thus demonstrating an escape mechanism after keto-
conazole treatment. Furthermore, although finasteride has not yet
been evaluated in a large population of CRPC patients as a poten-
tial treatment, according to our metabolism study CRPC cells will
likely develop a steroid synthesis escape mechanism similar to
that observed with ketoconazole treatment. In fact, we have found
that significantly greater amounts of pregnan-3,17-diol-20-one and
testosterone are produced in the presence of finasteride in steroid
starved LNCaP cells and CRPC LNCaP xenograft tumors as compared
to ethanol control or ketoconazole treatment. Interestingly, DHT
levels do not appear altered by finasteride treatment suggesting
that 17-OH progesterone is converted to pregnan-3,17-diol-20-one
and through step-wise reactions in the backdoor pathway to DHT
for AR activation, even in the presence of inhibitors blocking the
SRD5A2 conversion of testosterone to DHT in the classical pathway.
Conversion of 17-OH progesterone to pregnan-3,17-diol-20-one is
predominantly mediated by SRD5A1 (Fig. 1) [57] while finasteride
is known to predominantly target SRD5A2 [22,58] suggesting that
CRPC cells find alternative pathways to produce DHT by utilizing
more readily available steroid substrates such as pregnan-3,17-
diol-20-one and enzymatic reactions such as those mediated by
SRD5A1 rather than SRD5A2. SRD5A1 and SRD5A2 are both known
to be expressed in LNCaP cells [58], however SRD5A2 to a much
lower degree suggesting that the backdoor pathway may be the
predominant (but not sole) route utilized in LNCaP cells. Further-
more, although SRD5A2 expression is the predominant isoform
found in the healthy human prostate, SRD5A1 tissue expression
has been shown to increase and surpass SRD5A2 expression during
progression of the disease to CRPC [59,60]. Clinical trials evaluating
treatment inhibition of SRD5A2 with finasteride in CRPC patients
may yield further insight into whether this mechanistic hypothesis
is valid in human CaP disease progression.

Androgen signaling may be eliminated by the development of
more potent steroidogenesis inhibitors like abiraterone acetate.
Interestingly CRPC patients who developed resistance follow-
ing initial response to abiraterone acetate treatment did not
have increased levels of CYP17A1 mediated steroid production in
their serum as previously observed in the ketoconazole relapsing
patients [48]. Furthermore in a Phase I clinical trial reported by Ryan
et al. 52% of patients (total 19) who previously became resistant
to ketoconazole treatment displayed further PSA response (>50%
decline) to abiraterone acetate treatment despite the fact that both
drugs target the same enzyme [61]. Abiraterone acetate is a 20
times more potent inhibitor of CYP17A1 than ketoconazole [55]
which is a broad spectrum inhibitor of steroid drug metabolism and

this may explain why ketoconazole resistance can occur through
alternative synthesis mechanisms while abiraterone acetate may
completely block all androgen synthesis pathways downstream of
CYP17A1. Furthermore, as we demonstrated a potential resistant
mechanism of CRPC tumors to finasteride whereby the cells poten-
tially divert to SRD5A1 driven metabolism upon SRD5A2 inhibition,
dutasteride (targets both SRD5A1 and 2) may be able to elimi-
nate androgen synthesis by blocking both classical and backdoor
metabolism to DHT [22,23,58,62]. Assessment of more potent and
targeted steroidogenesis inhibitors and anti-androgens may pro-
vide more effective “maximal androgen blockade” than the drugs
studied here. These detailed metabolism studies also provide ratio-
nale for the use of combination therapies targeting steroidogenesis
enzymes and AR in CRPC patients. Ketoconazole combined with
finasteride treatment as well as in both/either drug combined with
anti-androgens RU-486 and casodex was observed to alter andro-
gen synthesis through progesterone metabolism to a much greater
extent than ketoconazole or finasteride alone. Perhaps by utilizing
these inhibitors or other inhibitors targeting rate-limiting CYP17A1,
SRD5A1/2 and AR in combination “maximal androgen blockade”
can be facilitated [63]. In support of this, a Phase Il clinical trial in 57
CRPC patients investigating ketoconazole and dutasteride combina-
tion treatment versus ketoconazole alone previously demonstrated
a prolonged time to relapse in the combination treated patients
(13.7 months) as compared to ketoconazole alone treated patients
(8.6 months) [64].

Lastly, we propose that the timing of treatment with steroidoge-
nesis inhibitors and anti-androgens might be better optimized and
further evaluation of the timely emergence of de novo steroidogene-
sis mechanisms is warranted during disease progression in humans.
Our data demonstrating a significant difference in the ability of
tumors at different stages of the disease to synthesize androgens
suggests that targeting the androgen axis with potent inhibitors
such as abiraterone acetate or combinations of these inhibitors may
be more optimally administered in patients prior to PSA relapse
than when they have already reached CRPC. Increased PSA levels
after castration is a measure of AR activation [7,65] and patients
displaying PSA relapse likely exhibit tumors that are already capa-
ble of androgen synthesis. Since we demonstrate that immediately
after castration tumors are significantly worse at producing andro-
gens (testosterone and DHT) from progesterone than tumors that
are already castration-resistant perhaps targeting the androgen
axis immediately after castration with steroidogenesis inhibitors
and anti-androgens will prevent acquired mechanisms of de novo
steroidogenesis from developing.

In summary we demonstrate that current steroidogenesis
inhibitors do alter androgen synthesis mechanisms in CRPC tumor
cells. However, we also identify potential mechanisms by which
tumor cells can evade these drug treatments. Based on these
results we suggest that targeting the androgen axis with combi-
nation treatments before cells develop the ability to make their
own androgens may be optimal for improving CaP patient sur-
vival rather than waiting to treat patients with these inhibitors
individually once the cancer has relapsed. While future clinical
trials evaluating these combination therapies and their effect on
overall survival should also consider drug-drug interactions and
their resulting side effects, this research provides rationale for the
evaluation of combined steroidogenesis inhibitors concomitant to
androgen deprivation therapy with a goal to preventing the emer-
gence CRPC.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jsbmb.2009.03.011.


http://dx.doi.org/10.1016/j.jsbmb.2009.03.011

J.A. Locke et al. / Journal of Steroid Biochemistry & Molecular Biology 115 (2009) 126-136 135

References

[1] A. So, M. Gleave, A. Hurtado-Col, C. Nelson, Mechanisms of the develop-
ment of androgen independence in prostate cancer, World ]. Urol. 23 (2005)
1-9.

[2] TJ. Daskivich, W.K. Oh, Recent progress in hormonal therapy for advanced
prostate cancer, Curr. Opin. Urol. 16 (2006) 173-178.

[3] L. Klotz, Combined androgen blockade: an update, Urol. Clin. North Am. 33
(2006) 161-166, v-vi.

[4] N. Sharifi, W.L. Dahut, W.D. Figg, Secondary hormonal therapy for prostate
cancer: what lies on the horizon? BJU Int. 101 (2008) 271-274.

[5] D.J. Samson, J. Seidenfeld, B. Schmitt, V. Hasselblad, P.C. Albertsen, C.L. Ben-

nett, T.J. Wilt, N. Aronson, Systematic review and meta-analysis of monotherapy

compared with combined androgen blockade for patients with advanced

prostate carcinoma, Cancer 95 (2002) 361-376.

G. Attard, A.H. Reid, T.A. Yap, F. Raynaud, M. Dowsett, S. Settatree, M. Barrett, C.

Parker, V. Martins, E. Folkerd, J. Clark, C.S. Cooper, S.B. Kaye, D. Dearnaley, G. Lee,

J.S. de Bono, Phase I clinical trial of a selective inhibitor of CYP17, Abiraterone

acetate, confirms that castration-resistant prostate cancer commonly remains

hormone driven, J. Clin. Oncol. 26 (2008) 4563-4571.

E.A. Mostaghel, S.T. Page, D.W. Lin, L. Fazli, LM. Coleman, L.D. True, B. Knud-

sen, D.L. Hess, C.C. Nelson, A.M. Matsumoto, W.J. Bremner, M.E. Gleave, P.S.

Nelson, Intraprostatic androgens and androgen-regulated gene expression

persist after testosterone suppression: therapeutic implications for castration-

resistant prostate cancer, Cancer Res. 67 (2007) 5033-5041.

M. Stanbrough, GJ. Bubley, K. Ross, T.R. Golub, M.A. Rubin, T.M. Penning, P.G.

Febbo, S.P. Balk, Increased expression of genes converting adrenal androgens to

testosterone in androgen-independent prostate cancer, Cancer Res. 66 (2006)

2815-2825.

S.L. Ettinger, R. Sobel, T.G. Whitmore, M. Akbari, D.R. Bradley, M.E. Gleave,

C.C. Nelson, Dysregulation of sterol response element-binding proteins and

downstream effectors in prostate cancer during progression to androgen inde-

pendence, Cancer Res. 64 (2004) 2212-2221.

[10] J.L. Mohler, C.W. Gregory, O.H. Ford 3rd, D. Kim, C.M. Weaver, P. Petrusz, E.M.
Wilson, F.S. French, The androgen axis in recurrent prostate cancer, Clin. Cancer
Res. 10 (2004) 440-448.

[11] M.A. Titus, M.J. Schell, EB. Lih, K.B. Tomer, J.L. Mohler, Testosterone and dihy-
drotestosterone tissue levels in recurrent prostate cancer, Clin. Cancer Res. 11
(2005) 4653-4657.

[12] F.Labrie, Adrenal androgens and intracrinology, Semin. Reprod. Med. 22 (2004)
299-309.

[13] J.A.Locke, E.S.Guns, A.A. Lubik, H.H. Adomat, S.C. Hendy, C.A. Wood, S.L. Ettinger,
M.E. Gleave, C.C. Nelson, Androgen levels increase by intratumoral de novo
steroidogenesis during progression of castration-resistant prostate cancer, Can-
cer Res. 68 (2008) 6407-6415.

[14] PR. Dillard, M.F. Lin, S.A. Khan, Androgen-independent prostate cancer cells
acquire the complete steroidogenic potential of synthesizing testosterone from
cholesterol, Mol. Cell. Endocrinol. 295 (2008) 115-120.

[15] R.B.Montgomery, E.A. Mostaghel,R. Vessella, D.L. Hess, T.F. Kalhorn, C.S. Higano,
L.D. True, P.S. Nelson, Maintenance of intratumoral androgens in metastatic
prostate cancer: a mechanism for castration-resistant tumor growth, Cancer
Res. 68 (2008) 4447-4454.

[16] K.A. Harris, V. Weinberg, R.A. Bok, M. Kakefuda, E.J. Small, Low dose ketocona-
zole with replacement doses of hydrocortisone in patients with progressive
androgen independent prostate cancer, J. Urol. 168 (2002) 542-545.

[17] ].S. Lam, ].T. Leppert, S.N. Vemulapalli, O. Shvarts, A.S. Belldegrun, Secondary
hormonal therapy for advanced prostate cancer, J. Urol. 175 (2006) 27-34.

[18] N.E. Rogers, M.R. Avram, Medical treatments for male and female pattern hair
loss, . Am. Acad. Dermatol. 59 (2008) 547-66, quiz 567-568.

[19] G. Bartsch, R.S. Rittmaster, H. Klocker, Dihydrotestosterone and the concept of
5alpha-reductase inhibition in human benign prostatic hyperplasia, World J.
Urol. 19 (2002) 413-425.

[20] M. Musquera, N.E. Fleshner, A. Finelli, A.R. Zlotta, The REDUCE trial: chemopre-
vention in prostate cancer using a dual 5alpha-reductase inhibitor, dutasteride,
Exp. Rev. Anticancer Ther. 8 (2008) 1073-1079.

[21] .M. Thompson, D. Pauler Ankerst, C. Chi, PJ. Goodman, C.M. Tangen, S.M. Lipp-
man, M.S. Lucia, H.L. Parnes, C.A. Coltman Jr., Prediction of prostate cancer for
patients receiving finasteride: results from the Prostate Cancer Prevention Trial,
]. Clin. Oncol. 25 (2007) 3076-3081.

[22] DJ.Tindall, R.S. Rittmaster, The rationale for inhibiting 5alpha-reductase isoen-
zymes in the prevention and treatment of prostate cancer, J. Urol. 179 (2008)
1235-1242.

[23] A.C. Hsieh, CJ. Ryan, Novel concepts in androgen receptor blockade, Cancer J.
14 (2008) 11-14.

[24] J.E.Thorpe, S.]Jain, T.H. Marczylo, A J. Gescher, W.P. Steward, ]. K. Mellon, A review
of phase IlI clinical trials of prostate cancer chemoprevention, Ann. R. Coll. Surg.
Engl. 89 (2007) 207-211.

[25] RJ. Auchus, W.L. Miller, Molecular modeling of human P450c17 (17alpha-
hydroxylase/17,20-lyase): insights into reaction mechanisms and effects of
mutations, Mol. Endocrinol. 13 (1999) 1169-1182.

[26] F. Labrie, V. Luu-The, S.X. Lin, J. Simard, C. Labrie, M. El-Alfy, G. Pelletier, A.
Belanger, Intracrinology: role of the family of 17 beta-hydroxysteroid dehy-
drogenases in human physiology and disease, ]J. Mol. Endocrinol. 25 (2000)
1-16.

[27] T.M. Penning, M.C. Byrns, Steroid hormone transforming aldo-keto reductases
and cancer, Ann. N.Y. Acad. Sci. 1155 (2009) 33-42.

[6

(7

[8

[9

[28] E. Koh, T. Noda, J. Kanaya, M. Namiki, Differential expression of 17beta-
hydroxysteroid dehydrogenase isozyme genes in prostate cancer and
noncancer tissues, Prostate 53 (2002) 154-159.

[29] RJ. Auchus, The backdoor pathway to dihydrotestosterone, Trends Endocrinol.
Metab. 15 (2004) 432-438.

[30] A.P. Mathieu, RJ. Auchus, ].G. LeHoux, Comparison of the hamster and human
adrenal P450c17 (17 alpha-hydroxylase/17,20-lyase) using site-directed muta-
genesis and molecular modeling, ]J. Steroid Biochem. Mol. Biol. 80 (2002)
99-107.

[31] H.K. Ghayee, RJ. Auchus, Basic concepts and recent developments in human
steroid hormone biosynthesis, Rev. Endocr Metab. Disord. 8 (2007) 289-300.

[32] D.N. Grigoryev, B.J. Long, I.P. Nnane, V.C. Njar, Y. Liu, A.M. Brodie, Effects of new
17alpha-hydroxylase/C(17,20)-lyase inhibitors on LNCaP prostate cancer cell
growth in vitro and in vivo, Br. J. Cancer 81 (1999) 622-630.

[33] ].D. Stuart, EW. Lee, D. Simpson Noel, S.H. Kadwell, LK. Overton, C.R. Hoffman,
T.A. Kost, TK. Tippin, R.L. Yeager, K.W. Batchelor, H.N. Bramson, Pharmacoki-
netic parameters and mechanisms of inhibition of rat type 1 and 2 steroid
5alpha-reductases: determinants for different in vivo activities of GI198745
and finasteride in the rat, Biochem. Pharmacol. 62 (2001) 933-942.

[34] P. Brozic, B. Golob, N. Gomboc, T.L. Rizner, S. Gobec, Cinnamic acids as new
inhibitors of 17beta-hydroxysteroid dehydrogenase type 5 (AKR1C3), Mol. Cell.
Endocrinol. 248 (2006) 233-235.

[35] M.E. Lin, M.H. Kawachi, M.R. Stallcup, S.M. Grunberg, FF. Lin, Growth inhibi-
tion of androgen-insensitive human prostate carcinoma cells by a 19-norsteroid
derivative agent, mifepristone, Prostate 26 (1995) 194-204.

[36] C. Vicentini, C. Festuccia, A. Angelucci, G.L. Gravina, P. Muzi, E. Eleuterio, R.
Miano, A. Marronaro, A. Tubaro, M. Bologna, Bicalutamide dose-dependently
inhibits proliferation in human prostatic carcinoma cell lines and primary cul-
tures, Anticancer Res. 22 (2002) 2917-2922.

[37] W. Huang, Y. Shostak, P. Tarr, C. Sawyers, M. Carey, Cooperative assembly of
androgen receptor into a nucleoprotein complex that regulates the prostate-
specific antigen enhancer, J. Biol. Chem. 274 (1999) 25756-25768.

[38] D.N. Grigoryev, B.J. Long, V.C. Njar, A.H. Brodie, Pregnenolone stimulates LNCaP
prostate cancer cell growth via the mutated androgen receptor, ]. Steroid
Biochem. Mol. Biol. 75 (2000) 1-10.

[39] ].S. Sack, K.F. Kish, C. Wang, R.M. Attar, S.E. Kiefer, Y. An, G.Y. Wu, J.E. Scheffler,
M.E. Salvati, S.R. Krystek]r., R. Weinmann, H.M. Einspahr, Crystallographic struc-
tures of the ligand-binding domains of the androgen receptor and its T877A
mutant complexed with the natural agonist dihydrotestosterone, Proc. Natl.
Acad. Sci. U.S.A. 98 (2001) 4904-4909.

[40] H.I. Scher, C.L. Sawyers, Biology of progressive, castration-resistant prostate
cancer: directed therapies targeting the androgen-receptor signaling axis, J.
Clin. Oncol. 23 (2005) 8253-8261.

[41] H.Huang, DJ. Tindall, The role of the androgen receptor in prostate cancer, Crit.
Rev. Eukaryot. Gene Exp. 12 (2002) 193-207.

[42] M.E. Taplin, J. Manola, W.K. Oh, PW. Kantoff, G.J. Bubley, M. Smith, D. Barb,
C. Mantzoros, E.P. Gelmann, S.P. Balk, A phase II study of mifepristone (RU-
486) in castration-resistant prostate cancer, with a correlative assessment of
androgen-related hormones, BJU Int. 101 (2008) 1084-1089.

[43] EJ. Small, A.D. Baron, L. Fippin, D. Apodaca, Ketoconazole retains activity in
advanced prostate cancer patients with progression despite flutamide with-
drawal, J. Urol. 157 (1997) 1204-1207.

[44] F.Labrie, A. Dupont, L. Cusan, G. Manhes, N. Bergeron, Y. Lacourciere, S. Pineault,
A. Belanger, G. Monfette, ]. Emond, Combination therapy with flutamide and
castration: its benefits at various stages of prostate cancer, Prog. Clin. Biol. Res.
303 (1989) 161-167.

[45] C. Mabhler, ]. Verhelst, L. Denis, Clinical pharmacokinetics of the antiandrogens
and their efficacy in prostate cancer, Clin. Pharmacokinet. 34 (1998) 405-417.

[46] N.Dawson, W.D. Figg, O.W. Brawley, R. Bergan, M.R. Cooper, A. Senderowicz, D.
Headlee, S.M. Steinberg, M. Sutherland, N. Patronas, E. Sausville, W.M. Linehan,
E. Reed, O. Sartor, Phase II study of suramin plus aminoglutethimide in two
cohorts of patients with androgen-independent prostate cancer: simultaneous
antiandrogen withdrawal and prior antiandrogen withdrawal, Clin. Cancer Res.
4 (1998) 37-44.

[47] E.A. Platz, MLF. Leitzmann, K. Visvanathan, E.B. Rimm, M.J. Stampfer, W.C. Wil-
lett, E. Giovannucci, Statin drugs and risk of advanced prostate cancer, J. Natl.
Cancer Inst. 98 (2006) 1819-1825.

[48] TA. Yap, C.P. Carden, G. Attard, J.S. de Bono, Targeting CYP17: established
and novel approaches in prostate cancer, Curr. Opin. Pharmacol. 8 (2008)
449-457.

[49] V.D. Handratta, T.S. Vasaitis, V.C. Njar, LK. Gediya, R. Kataria, P. Chopra, D.
Newman Jr., R. Farquhar, Z. Guo, Y. Qiu, A.M. Brodie, Novel C-17-heteroaryl
steroidal CYP17 inhibitors/antiandrogens: synthesis, in vitro biological activity,
pharmacokinetics, and antitumor activity in the LAPC4 human prostate cancer
xenograft model, J. Med. Chem. 48 (2005) 2972-2984.

[50] Y. Chen, C.L. Sawyers, H.I. Scher, Targeting the androgen receptor pathway in
prostate cancer, Curr. Opin. Pharmacol. 8 (2008) 440-448.

[51] M.E.Taplin, Androgen receptor: role and novel therapeutic prospects in prostate
cancer, Exp. Rev. Anticancer Ther. 8 (2008) 1495-1508.

[52] E.K.Beardsley, K.N. Chi, Systemic therapy after first-line docetaxel in metastatic
castration-resistant prostate cancer, Curr. Opin. Support. Palliat. Care 2 (2008)
161-166.

[53] A. Zoubeidi, A. Zardan, E. Beraldi, L. Fazli, R. Sowery, P. Rennie, C. Nelson, M.
Gleave, Cooperative interactions between androgen receptor (AR) and heat-
shock protein 27 facilitate AR transcriptional activity, Cancer Res. 67 (2007)
10455-10465.



136 J.A. Locke et al. / Journal of Steroid Biochemistry & Molecular Biology 115 (2009) 126-136

[54] CJ. Ryan, S. Halabi, S.S. Ou, NJ. Vogelzang, P. Kantoff, EJ. Small, Adrenal
androgen levels as predictors of outcome in prostate cancer patients treated
with ketoconazole plus antiandrogen withdrawal: results from a cancer and
leukemia group B study, Clin. Cancer Res. 13 (2007) 2030-2037.

[55] R.A. Madan, P.M. Arlen, Abiraterone. Cougar biotechnology, IDrugs 9 (2006)
49-55,

[56] M.K. Gupta, O.L. Guryev, RJ. Auchus, 5alpha-reduced C21 steroids are sub-
strates for human cytochrome P450c17, Arch. Biochem. Biophys. 418 (2003)
151-160.

[57] H.K.Ghayee, R]. Auchus, Clinical implications of androgen synthesis via 5alpha-
reduced precursors, Endocr. Dev. 13 (2008) 55-66.

[58] Y.Xu,S.L.Dalrymple, R.E. Becker, S.R. Denmeade, ].T. Isaacs, Pharmacologic basis
for the enhanced efficacy of dutasteride against prostatic cancers, Clin. Cancer
Res. 12 (2006) 4072-4079.

[59] M.A. Titus, C.W. Gregory, O.H. Ford 3rd, M.J. Schell, S.J. Maygarden, J.L. Mohler,
Steroid 5alpha-reductase isozymes I and II in recurrent prostate cancer, Clin.
Cancer Res. 11 (2005) 4365-4371.

[60] K. Wako, T. Kawasaki, K. Yamana, K. Suzuki, S. Jiang, H. Umezu, T. Nishiyama, K.
Takahashi, T. Hamakubo, T. Kodama, M. Naito, Expression of androgen receptor

through androgen-converting enzymes is associated with biological aggres-
siveness in prostate cancer, ]. Clin. Pathol. 61 (2007) 448-454.

[61] C. Ryan, M. Smith, J. Rosenberg, A. Lin, M. Taplin, P. Kantoff, V. Huey, ]. Kim,
E. Small, Impact of prior ketoconazole therapy on response proportion to abi-
raterone acetate, a 17-alpha hydroxylase C17,20-lyase inhibitor in castration
resistant prostate cancer (CRPC), J. Clin. Oncol. 26 (2008).

[62] F. Arena, Dutasteride in the treatment of hormone refractory prostate cancer,
Minerva Urol. Nefrol. 60 (2008) 71-76.

[63] L. Klotz, Maximal androgen blockade for advanced prostate cancer, Best Pract.
Res. Clin. Endocrinol. Metab. 22 (2008) 331-340.

[64] M. Taplin, M. Ko, M. Regan, M. Beer, A. Carducci, M. Bubley, K. Oh, W.
Kantoff, S. Balk, Phase II trial of ketoconazole, hydrocortisone, and dutas-
teride (KHAD) for castration resistant prostate cancer (CRPC), J. Clin. Oncol. 26
(2008).

[65] D.P. Petrylak, D.P. Ankerst, C.S. Jiang, C.M. Tangen, M.H. Hussain, P.N. Lara
Jr., J.A. Jones, M.E. Taplin, P.A. Burch, M. Kohli, M.C. Benson, E.J. Small, D.
Raghavan, E.D. Crawford, Evaluation of prostate-specific antigen declines for
surrogacy in patients treated on SWOG 99-16, J. Natl. Cancer Inst. 98 (2006)
516-521.



	Steroidogenesis inhibitors alter but do not eliminate androgen synthesis mechanisms during progression to castration-resistance in LNCaP prostate xenografts
	Introduction
	Materials and methods
	Materials
	In vitro models: LNCaP cells
	In vivo model: LNCaP tumor progression to castration-resistance
	Treatments of LNCaP cells and castration-resistant xenograft tumors
	Cell viability determination
	PSA determination
	Steroid extraction for liquid chromatography-mass spectrometry (LC-MS) and radiometric analysis
	Steroid analysis by LC-MS
	HPLC separation and radiometric detection of [3H]-labeled steroids

	Results
	Steroidogenesis enzyme inhibitors alter the de novo conversion of [3H]-Progesterone to DHT in LNCaP cells and CRPC tumors
	Receptor antagonists in combinational treatments with steroidogenesis inhibitors alter the de novo conversion of [3H]-Progesterone to DHT in steroid starved LNCaP cells
	Steroidogenesis inhibitors and receptor antagonists significantly decrease but do not eliminate progesterone-induced secretion of PSA in steroid starved LNCaP cells
	[3H]-Progesterone metabolism in AD, N and CRPC LNCaP xenograft tumors cells occurs via different enzymatic reactions and steroidal intermediates

	Discussion
	Supplementary data
	References


