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Androgen Levels Increase by Intratumoral De novo
Steroidogenesis during Progression of
Castration-Resistant Prostate Cancer
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Abstract

Introduction
Within the prostate, androgens act to regulate gene networks
that promote cell survival through the androgen receptor (AR), a
ligand-responsive transcription factor. Androgen deprivation therapy (ADT) triggers apoptotic regression of both benign and
malignant prostate epithelial cells. More than 80% of patients
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Although systemic androgen deprivation prolongs life in
advanced prostate cancer, remissions are temporary because
patients almost uniformly progress to a state of a castrationresistant prostate cancer (CRPC) as indicated by recurring
PSA. This complex process of progression does not seem to be
stochastic as the timing and phenotype are highly predictable,
including the observation that most androgen-regulated genes
are reactivated despite castrate levels of serum androgens.
Recent evidence indicates that intraprostatic levels of androgens remain moderately high following systemic androgen
deprivation therapy, whereas the androgen receptor (AR)
remains functional, and silencing the AR expression following
castration suppresses tumor growth and blocks the expression
of genes known to be regulated by androgens. From these
observations, we hypothesized that CRPC progression is not
independent of androgen-driven activity and that androgens
may be synthesized de novo in CRPC tumors leading to AR
activation. Using the LNCaP xenograft model, we showed
that tumor androgens increase during CRPC progression in
correlation to PSA up-regulation. We show here that all
enzymes necessary for androgen synthesis are expressed in
prostate cancer tumors and some seem to be up-regulated
during CRPC progression. Using an ex vivo radiotracing
assays coupled to high-performance liquid chromatographyradiometric/mass spectrometry detection, we show that
tumor explants isolated from CRPC progression are capable
of de novo conversion of [14C]acetic acid to dihydrotestosterone and uptake of [3H]progesterone allows detection of the
production of six other steroids upstream of dihydrotestosterone. This evidence suggests that de novo androgen synthesis
may be a driving mechanism leading to CRPC progression
following castration. [Cancer Res 2008;68(15):6407–15]

achieve symptomatic and objective responses following ADT and
serum prostate-specific antigen (PSA) levels decrease in almost all
patients (1). However, some cancer cells survive and proliferate in
this androgen-depleted environment and consequently culminate
in an ‘‘androgen-independent’’ or ‘‘castration-resistant’’ prostate
cancer (CRPC) phenotype (2). Mechanisms underlying this tumor
growth during CRPC have been attributed to a complex network
of processes, including clonal selection (3), adaptive up-regulation
of antiapoptotic and survival gene networks (4–6), cytoprotective
chaperones (7, 8), and alternative mitogenic growth factor pathways (9–12). Almost uniformly, progression following an initial
response to castration involves the reactivation of androgenregulated processes, as illustrated by sentinel up-regulation of PSA,
a discretely androgen-regulated gene (13). With the use of genomewide expression profiling, evidence is mounting that in fact most
androgen gene networks are reactivated in CRPC progression
(14, 15). Two contending hypotheses stand to explain these
observations: AR is aberrantly activated by signaling pathways or
up-regulation of AR coactivators in the absence of androgens
(16–18) or that androgen-regulated pathways within prostate
cancer cells are activated by alternative sources of androgenic
steroids (19–21).
Many reports address the former with a variety of suspect
proteins and signaling pathways implicated (2, 22). The latter has
also been investigated, primarily with the suggestion that adrenal
androgens provide a systemic source of androgens to be used by
prostate cancer tumors (20, 23). Mechanisms involving androgen
production from an alternative source have been investigated in
many trials evaluating maximal androgen blockade (MAB), which
includes ketoconazole and/or antiandrogens, to block adrenal
steroidogenesis in addition to medical or surgical castration (24).
Results from these trials suggest that MAB leads to prolonged
survival after 5 years but observed adverse side effects and
decreased quality of life warrant further investigation of these
secondary hormonal therapies (24, 25). Work in this area pioneered
by Liu and colleagues and Labrie was reignited by Titus and
colleagues who used liquid chromatography-mass spectrometry
(LC-MS) to document levels of androgens, testosterone, and
dihydrotestosterone in prostate tissues obtained from radical
prostatectomy and recurrent prostate cancer patients who had
‘‘castrate’’ levels of serum androgens (26–28). We and others (14, 15,
29, 30) found that androgen-dependent genes become constitutively reexpressed in the absence of testicular androgens during
CRPC progression and that down-regulation of AR expression
following castration with small interfering RNA can suppress
prostate cancer tumor growth (29, 30). Furthermore, many
enzymes responsible for steroid synthesis have been observed to
be up-regulated leading to the potential reactivation of AR (23).
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Materials and Methods
Materials. [1,2,4,5,6,7-3H (N)]DHT (110.0 Ci/mmol; Perkin-Elmer Life
Sciences, Inc.), [1,2,6,7-3H (N)]progesterone (90.0Ci/mmol; Perkin-Elmer
Life and Analytical Sciences), and [1(2)-14C]acetic acid, sodium salt
(55.0 mCi/mmol; Amersham Biosciences) were used for in vitro and
ex vivo incubations and radiometric standards. Stock solutions of
testosterone-16,16,17-d3 (deuterated testosterone; CDN Isotopes), 4-androstene-3,17-dione (Sigma), 4-pregnen-17-ol-3,20-dione (Steraloids, Inc.),
5a-androstan-17h-ol-3-one (Sigma), dihydrotestosterone (Sigma), 5hpregnan-3a-27-diol-20-one (Steraloids), 5h-pregnan-3,20-dione (Steraloids),
androsterone (Aldrich), cortisol (Sigma), pregnenolone (Sigma), progesterone (Sigma), R1881 (DuPont), and testosterone (Sigma) were prepared in
100% methanol as MS standards.
In vitro model: LNCaP cells. LNCaP cells (passage 40–48; American
Type Culture Collection) were cultured in RPMI 1640 (without phenol red)
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with L-glutamine, penicillin-streptomycin, and 5% charcoal-stripped serum
(CSS; Hyclone).
In vivo model: LNCaP tumor progression to castrate resistance. All
animal experimentation was conducted in accord with accepted standards
of the University of British Columbia Committee on Animal Care. LNCaP
xenograft tumors were grown in athymic nude mice at four sites as
modified from a previously reported method (15). PSA levels were measured
by tail vein sera samples weekly using an immunoassay kit (ClinPro). At
6 wk after inoculation, mice were castrated. Tumors were harvested from
the same mouse (39 mice total) before castration (PSA pre-Cx), 8 d after
castration (PSA nadir), and 35 d after castration (PSA CRPC). Tumors were
excised and dissected, and fragments were either immediately frozen in
liquid nitrogen or placed in phenol red–free RPMI 1640 supplemented with
5% CSS.
Tumor homogenization. Frozen tumors were homogenized using a
PowerGen 125 homogenizer for 35 s in buffer (20 mmol/L EDTA, 20 mmol/L
NaCl, 20 mmol/L Tris) on ice. Internal standard (0.1 ng; deuterated
testosterone) was added to each homogenate before extraction.
Steroid extraction. Supernatants, pellets, sera, and homogenates
were extracted twice with ethyl acetate (1:1, v/v) and dried down using a
CentriVap centrifugal evaporation system (35jC). Samples were then
reconstituted in 100 AL of 50% methanol.
Steroid analysis by LC-MS. A Waters 2695 Separations Module coupled
to a Waters Quattro Micro was used for LC-MS analysis. All MS data were
collected in electrospray ionization positive (ESI+) mode with capillary
voltage at 3 kV, source and desolvation temperatures of 120jC and 350jC,
respectively, and N2 gas flow of 450 L/h. Shorter chromatographic
separations were carried out using a Waters Exterra 2.1  50 mm 3.5 Am,
C18 column equilibrated with 20:80 acetonitrile (ACN):H2O, ramped to 80:20
ACN:H2O from 0.5 to 8.0 min, further to 95:5 from 8.0 to 9.0 min, and
returned to 80:20 ACN:H2O from 10.0 to 10.5 min with a total run time of
15 min. Flow rate was 0.3 mL/min, column temperature was 35jC, and
0.05% formic acid was present throughout the run. MS scan data for
metabolite identification were collected using both 22 and 35 V for CV.
Extracted ion chromatograms from extracted samples of radiolabeled alone
(H) versus radiolabeled plus nonradiolabeled (cold) progesterone (H+C)
spiked incubations were compared and LC retention time (RT) alignments
were used to identify potential metabolites. Thus, precursor ions unique to
the H+C sample fractions collected by high-performance liquid chromatography (HPLC) radiometric detection could be selected for further
collision-induced dissociation (CID) at both 11 and 22 V CE for positive
identification.
PCR and Western blot analysis of cells and tumors. Steroidogenic
enzyme RNA quantification in tumor samples was assayed by quantitative
reverse transcription-PCR (Q-RT-PCR) with the following primers: HSD3B2,
5¶-cgggcccaactcctacaag-3¶ ( forward) and 5¶-ttttccagaggctcttcttcgt-3¶ (reverse); CYP17A1, 5¶-gggcggcctcaaatgg-3¶ ( forward) and 5¶-cagcgaaggcgaaggcgataccctta-3¶ (reverse); CYP11A1, 5¶-agttctcgggacttcgtcagt-3¶
( forward) and 5¶-ggagcccgccttcttga-3¶ (reverse); HSD17B2, 5¶-tttgccggagttttgaatgaa-3¶ ( forward) and 5¶-gcaggttcttcgcaattcct-3¶ (reverse); HSD17B3,
5¶-tgggacagtgggcagtga-3¶ ( forward) and 5¶-cgagtacgctttcccaattcc-3¶ (reverse);
HSD17B5, 5¶-tgggaggccatggagaag-3¶ ( forward) and 5¶-tttgacaccccaatggacttg-3¶
(reverse); RDH5, 5¶-gcccgccagcaatgc-3¶ ( forward) and 5¶-cgcccaaagcctgagtca-3¶ (reverse); SRD5A1, 5¶-acgggcatcggtgcttaat-3¶ ( forward) and 5¶ccaacagtggcataggctttc-3¶ (reverse); AKR1C2, 5¶-gggaggccatggagaagtg-3¶
( forward) and 5¶-gttggacaccccgatgga-3¶ (reverse); AKR1C1, 5¶-ggaggccgtggagaagtgta-3¶ ( forward) and 5¶-gttggacaccccgatgga-3¶ (reverse); CYB5, 5¶cacccgcttcctcaacga-3¶ ( forward) and 5¶-accagcttgttccagcagaac-3¶ (reverse);
and StAR, 5¶-gcccatggagaggctctatg-3¶ ( forward) and 5¶-ttccactcccccattgctt-3¶
(reverse). Reactions were conducted with 0.4 AL of RT-PCR cDNA, 0.4 AL
each of forward and reverse primers (10 Amol/L), 3.8 AL double-distilled
water, and 5 AL Invitrogen Platinum SYBR Green qPCR Supermix-UDG
with Rox. Triplicates of samples were run on the default settings of the ABI
real-time PCR machine. Analysis was done using the SDS 2.1 program.
For Western blot analysis, tumor tissue was homogenized in radioimmunoprecipitation assay buffer [PBS, 1% Igepal (Sigma), 0.5% deoxycholate, 0.1% SDS, protease inhibitor mixture (Roche)], and protein
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These data suggest that CRPC progression may not be entirely
independent of androgen-driven activity of AR but, in fact, nontesticular sources of androgens are being capitalized on for AR
activation. Furthermore, we hypothesize that androgens driving
CRPC progression are synthesized de novo within the prostate
cancer tumors and, in fact, may be increased by using a ‘‘feed
forward’’ biosynthesis pathway as many of the enzymes are
increased by androgens. In the prostate, androgens up-regulate the
expression of sterol response element-binding protein (SREBP), a
transcription factor that coordinately regulates cholesterol and
fatty acid synthesis (15, 31). Androgens also stimulate the expression of Acyl-CoA–binding protein in prostate cells, which provides
a rate-limiting step for steroidogenesis by facilitating the transport
of cholesterol into the mitochondria for conversion to steroids (32).
We have previously shown that the downstream genes coordinately
regulated by SREBP are reactivated during disease progression (15);
thus, de novo synthesis of steroids in prostate cancer cells may
provide a plausible rationale for CRPC progression in the absence
of testicular androgens.
Following these observations, we tested the hypothesis that
this lipogenesis pathway beginning at acetic acid is converted to
cholesterol and further metabolized to androgens in prostate
tumor cells through a series of well-characterized stepwise enzymatic events. Androgen synthesis is often described in terms of
the classic steroidogenic pathway through dehydroepiandrosterone and testosterone (Fig. 2); however, more recently, a ‘‘backdoor pathway’’ has been described as an alternative synthesis
pathway that uses progesterone as the primary steroidal precursor of dihydrotestosterone, bypassing testosterone as an intermediate (33).
Following the establishment of LNCaP xenografts in intact male
mice, mice were castrated and tumors were followed through
CRPC progression as defined by the reexpression of PSA (34).
In this report, we show that androgen levels within CRPC tumors
are sufficient for AR activation, whereas corresponding serum
androgens remain low in mice after castration (26–28). These
tumors also produce relatively high concentrations of progesterone
compared with downstream androgens, testosterone, and dihydrotestosterone. As adrenal cells are unable to synthesize progesterone without exogenous substrate addition (35) and these CPRC
tumors express the necessary enzymes for progesterone and
androgen synthesis at both the RNA and protein levels, we conducted further analytical assessments using metabolic radiotracing
combined with tandem LC-MS and confirmed that CRPC tumors
are indeed capable of de novo synthesis of androgenic steroids.

Steroidogenesis Drives Prostate Cancer Progression
ACN:IPA:H2O (45–50 min), retained at 60:40:0 until 60 min, and returned
to starting conditions at 62 min for reequilibration up to a 70-min run
length. LC flow rate was 0.3 mL/min, column temperature was 30jC, and
Radiomatic scintillation fluid (Ultima-Flo M, Perkin-Elmer) flow rate was
1 mL/min. [3H]dihydrotestosterone and [3H]progesterone were used as
RT standards. Radiometric RTs were observed to lag MS RT by f1 min
and this normalization factor was applied for the additional nonlabeled
standards. For metabolite identification, [3H]progesterone radiolabeled (H)
versus radiolabeled plus nonradiolabeled (cold) progesterone (H+C) treated
extracts were fractionated using the above LC method by setting the splitter
of the Radiomatic detector to 20% with the remaining 80% of LC flow
being collected in 1-min fractions and dried by centrifugal evaporation
(CentriVap, 40jC for 3 h), and selected fractions were reconstituted in
100 AL of 50% methanol for subsequent MS analysis (above).

Results
Steroid levels are increased in LNCaP xenografts obtained
from mice exhibiting CRPC progression but remain low in
corresponding serum. Progesterone, testosterone, and dihydrotestosterone were quantified in LNCaP xenograft tissues obtained
from the same mouse (n = 5) before castration (pre-Cx), 7 days
after castration (N), and 28 days after castration (CRPC) when PSA
is reexpressed and defines CRPC gene expression in this model.
Both testosterone and dihydrotestosterone tissue levels seem to be
elevated in CRPC tumors compared with N (Fig. 1A). In fact, tumor
testosterone levels significantly decrease after castration (P = 0.007;
3.5% of pre-Cx) and then increase slightly once CRPC progression
is reached as defined by PSA (20.2% of pre-Cx). Dihydrotestosterone concentrations as low as f10 14 mol/L (2.92  10 6 ng/g)
have been shown to transactivate AR in prostate cancer cell lines
(37), and therefore, the levels observed in CPRC xenograft tumors
f6.5  10 10 mol/L (0.19 F 0.07 ng/g tissue) would seem
sufficient for AR activation (28). In agreement with previous studies
(38), serum testosterone and dihydrotestosterone concentrations
remarkably decrease following castration and remained low (<14%
and 12% of pre-Cx, respectively) in mice exhibiting CPRC
progression (Fig. 1B). Tumor progesterone levels were initially
quite high before castration (Fig. 1A) and seem to increase (201% of

Figure 1. Mean concentrations of
testosterone (T ), dihydrotestosterone
(DHT ), and progesterone (P ) in tumor
homogenates obtained from mice
before castration (pre-Cx; 5, n = 5), 8 d
after castration (N; , n = 5), and 35 d
after castration (CRPC; n, n = 8). A, serum
PSA was also monitored at time points
indicated. B, mean concentrations of
testosterone, dihydrotestosterone,
progesterone, and PSA in serum samples
obtained from pre-Cx (5, n = 5),
N ( , n = 5), CRPC (n, n = 5), castrate
(non–tumor-bearing mouse; , n = 3), and
intact (non–tumor-bearing mouse; , n = 3)
mice. Testosterone, dihydrotestosterone,
and progesterone concentrations
(ng/g tumor + SE or ng/mL serum + SE)
were normalized to internal standard
(deuterated testosterone). PSA
concentrations units were *10E 2 ng/mL.
Statistically significant differences
(P< 0.05) from AD and N groups are
indicated by * and **, respectively.

www.aacrjournals.org

6409

Cancer Res 2008; 68: (15). August 1, 2008

Downloaded from http://aacrjournals.org/cancerres/article-pdf/68/15/6407/2594752/6407.pdf by guest on 06 October 2022

concentrations were assessed by the bicinchoninic acid method. Relative
enzyme levels were quantified using the following antibodies at the indicated dilutions: rabbit polyclonal CYP17A1 (1:1,500) and rabbit polyclonal
StAR (1:5,000) were both kindly donated by Dr. Hales (University of Illinois
at Chicago, Chicago, IL; ref. 36); rabbit polyclonal CYP11A1 (1:1,500; Corgen,
Inc.), goat monoclonal CYB5A (1:1,000; Abcam), goat polyclonal AKR1C3
(1:500; Abcam), and rabbit polyclonal HSD3B2 (1:20,000) were kindly
donated by Dr. Thomas (University School of Medicine, Macon, GA); goat
polyclonal SRD5A1 (1:1,000; Novus) and rabbit monoclonal HSD17B2 (1:500)
kindly donated by Dr. Tremblay (Centre de Recherche de CHUL, Unite
de Recherche en Ontogénie et Reproduction, Sainte-Foy, Quebec, Canada);
mouse monoclonal HSD17B3 (1:250; Abnova); and mouse monoclonal RDH5
(1:250 Abnova).
Ex vivo [3H]progesterone and [14C]acetic acid treatment of cells and
tumors. Freshly excised tumor specimens were teased apart in 5 mL phenol
red–free RPMI 1640 supplemented with 5% CSS. Excess debris and
connective tissue were discarded and the remaining cells were centrifuged
at 500  g for 4 min. The supernatant was aspirated and the pellet
was resuspended in fresh medium (2 mL per test condition) and transferred
to six-well tissue culture plates. One hour after plating cells, either
0.001 mCi/mL [3H]progesterone or 0.002 mCi/mL [14C]acetic acid was
added to the cultures. Samples for metabolite identification by MS received
additional 10 Ag/mL of unlabeled progesterone. After 4 d of incubation with
radioisotope at 37jC and 5% CO2, the cells were harvested and centrifuged
at 13,500  g for 10 min. The supernatant (medium) was transferred to a
fresh tube and both cell pellet and supernatant were stored at 80jC.
HPLC separation and radiometric detection of 3H- and 14C-labeled
steroids. A Waters 2695 Separations Module coupled with a Packard
(Perkin-Elmer) Radiomatic Model 150TR detector equipped with a 0.5 mL
flow cell provided chromatographic separation and detection of radiolabeled analytes. Separations of 3H-labeled steroids were performed using a
Waters Exterra 2.1  150 mm 5 Am, C18 column equilibrated with 10:90
ACN:H2O, ramped to 25:75 ACN:H2O (0.75–1.5 min), further to 35:65
ACN:H2O (1.5–20 min), and then to 45:55 ACN:H2O (25–30 min).
Isopropanol (IPA) was introduced at this time from 45:0:55 ACN:IPA:H2O
to 45:55:0 ACN:IPA:H2O (30–50 min), retained at 45:55:0 until 55 min, and
returned to starting conditions at 57 min for reequilibration up to a 70-min
run length. Separations of 14C-labeled steroids were performed using the
same C18 column equilibrated with 10:90 ACN:H2O and ramped to 25:75
ACN:H2O (0.75–1.5 min) and further to 60:40 ACN:H2O (1.5–45 min). IPA
was introduced at this time from 60:0:40 ACN:IPA:H2O to 70:30:0
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Figure 2. Schematic outline of the
steroidogenic pathway from cholesterol to
dihydrotestosterone, including the
‘‘backdoor’’ pathway (shown in bold italics ;
ref. 33). Standards were used for
analysis of the underlined steroids.

Cancer Res 2008; 68: (15). August 1, 2008

at N relative to pre-Cx (P = 0.005, 0.014, and 0.011, respectively),
whereas SRD5A1 and RDH5 significantly increase at CRPC relative
to N (P = 0.002 and 0.011, respectively). Several other trends appear
in the data. For example, CYP11A1, CYP17A1, CYB5A1, AKR1C1,
AKR1C2, AKR1C3, and HSD17B2 seem to increase at CRPC relative
to N. However, these trends did not reach statistical significance
due to the intermouse variability in absolute levels.
Western blot analysis verified that the enzymes necessary for the
de novo synthesis of steroids from cholesterol are expressed in
LNCaP xenografts (Fig. 3B). In this analysis, tumors from separate
inoculation sites were surgically removed at pre-Cx, N, and CRPC
stages from seven mice. Trends similar to the mRNA levels support
an increase in protein levels of nearly all of the steroidogenic
enzymes during transition to the CRPC state.
[14C]acetic acid is converted to dihydrotestosterone in
androgen-starved LNCaP cells and CRPC tumor cells. Initially,
androgen-starved in vitro LNCaP cells were incubated with
cholesterol precursor [14C]acetic acid and de novo conversion
profiles were characterized using HPLC-radiometric detection. In
these androgen-starved conditions, LNCaP cells synthesized large
quantities of hydrophobic molecules consistent with cholesterol
and a range of lipids (RT = 45–70 min; 91.0% conversion) as well as
further minor conversion into steroids: progesterone, 4-pregnen17-ol-3,20-dione, and dihydrotestosterone (0.4%, 0.6%, and 1.8%
conversion, respectively) as determined by RT agreement with MS
standards (Fig. 4A). Following this experiment, mice (n = 3), each
bearing three tumors, were serially excised at the time points of
pre-Cx, N, and CRPC, disaggregated, and cultured ex vivo with
[14C]acetic acid. The majority of de novo synthesis activity in preCx and N tumors (representative example Fig. 4B), like in vitro
LNCaP cells, appears in later eluting cholesterol and lipid peaks
(RT = 45–70 min; 84.7% and 92.8% conversion) and not in the
steroid eluting region (12.0% and 3.2% conversion) from RT of 18
to 45 min. However, in CRPC tumors, de novo synthesis of more
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pre-Cx) after castration. Furthermore, progesterone levels decrease
to 86% of pre-castrate levels during CRPC progression. This trend
opposing the characteristic PSA profile suggests that progesterone
may be involved in an adaptation mechanism whereby the cancer
cell initially adjusts to androgen deprivation by producing more
androgen precursor, progesterone. Furthermore, serum progesterone is high (2.0 F 1.3 ng/mL serum) in mice exhibiting CRPC
progression, whereas serum progesterone from castrated non–
tumor-bearing mice remains quite low (0.2 F 0.1 ng/mL serum),
suggesting that the tumor is the source of this progesterone surge
(Fig. 1B). Progesterone, like dihydrotestosterone, is known to
induce cholesterol synthesis in prostate cancer cells (39). It is
therefore postulated that increased progesterone levels observed in
tumors 7 days after castration and secreted in serum during CRPC
progression may be significantly contributing to the underlying
mechanisms of progression beyond cholesterol as an intermediate
in androgen synthesis. In addition, we determined that the adrenal
glands from mice exhibiting CRPC progression did not contain
testosterone, dihydrotestosterone, or any of their steroid precursors
at detectable levels by HPLC-MS/MS (data not shown) and thus do
not seem to be the source of the observed dihydrotestosterone
synthesis within our model. This is consistent with other studies as
anticipated (40, 41). Furthermore, as circulating serum testosterone
and dihydrotestosterone concentrations remain low after castration, the source of the increased androgen levels observed in
tumors during progression is most likely from the LNCaP tumor
itself.
mRNA and protein of the enzymes required to synthesize
dihydrotestosterone from cholesterol are detected in LNCaP
xenograft tumor tissues. Using Q-RT-PCR, we have verified the
presence of mRNA corresponding to each of the enzymes required
for dihydrotestosterone synthesis from cholesterol (Fig. 2) in preCx, N, and CRPC xenograft tumors (Fig. 3A). The expression of
StAR, HSD3B2, and RDH5 at the mRNA level significantly decrease

Steroidogenesis Drives Prostate Cancer Progression

with a fraction diverted and collected for further MS analysis.
Multiple reaction monitoring (MRM) analysis, ESI+ MS scans, and
fragment ion scans using the masses selected from scan data were
performed. Equivalent fractions from (H)- and (H+C)-labeled
samples from the same tumor were compared to identify unique
masses. Analysis of ex vivo cells from CRPC tumors incubated with
(H+C) progesterone, illustrated steroids predominant in both the
classic and backdoor pathways to dihydrotestosterone synthesis
(pregnenolone, 4-pregnen-17-ol-3,20-dione, pregnan-3,20-dione,
pregnen-3,17-diol-20-one, androsterone, and androstenedione)
was identified and semiquantitatively assessed by MRM data using
a two-point calibration versus standard. In addition, some peaks
were evident with RT, which differed from those determined for
known standards, representing different steroids with a common
transition (Fig. 5). Precursor mass and fragmentation patterns for
these unknowns are consistent with a steroidal entity; however,
their precise identities are currently being investigated.

Discussion
Castrate-resistant disease is defined by rising PSA following
ADT and by many lines of evidence suggests reactivation of the AR
(13, 14). In attempting to account for this observation, some
researchers hypothesize that adrenal androgens are synthesized
during CRPC progression and supply the prostate tumors with
androgen following ADT administered through either LHRH
agonist action or physical castration (20, 23). Consequently,
attempts have been made clinically to induce total suppression
of androgen blockade using ketoconazole to block adrenal
steroidogenesis and/or antiandrogens to directly antagonize the
AR in addition to castration (24). However, the basic premise of this
hypothesis has recently been met with skepticism. Research carried
out by Liu and colleagues and Labrie, and more recently by Titus
and colleagues, shows that substantial amounts of androgens,
testosterone, and dihydrotestosterone are present in human

Figure 3. A, Q-RT-PCR analysis of twelve
enzymes involved in the steroidogenic
pathway in pre-Cx (5), N ( ), and CRPC
(n) tumor homogenates taken from the
same mouse (n = 7). Columns, mean fold
change in fluorescence readings from
pre-Cx group for each enzyme; bars, SE.
Statistically significant differences
(P < 0.05) from pre-Cx and N groups
are indicated by * and **, respectively.
B, protein analysis of the 10 indicated
enzymes in pre-Cx, N, and CRPC tumors
from each mouse (n = 7). Fluorescence
and Western blot readings were normalized
to PSA of each mouse at time of tumor
excision. Sometimes, two tumors were
taken from the same mouse at CRPC.
Vinculin was used as a loading control.
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hydrophilic species with shorter RTs, including steroids (54.0%
conversion), was observed. In fact, overall CRPC tumors (n = 3)
were capable of de novo synthesis of analytes with matching RTs to
standards 4-pregnen-17-ol-3,20-dione, progesterone, and dihydrotestosterone (4.0%, 1.5%, and 8.3% conversion, respectively) by MS.
[3H]progesterone is converted to steroid precursors of
dihydrotestosterone in both the classic and backdoor pathways in CRPC tumor cells. As tumor progesterone levels seem
high after castration and enzymes necessary for progesterone
synthesis from cholesterol (CYP11A1and StAR) and metabolism
(CYP17A1 and SRD5A1) seem to be increased in CRPC tumors,
it was hypothesized that progesterone is an important mediator of
de novo synthesis of dihydrotestosterone in prostate cancer progression. To investigate the pathway (backdoor or classic) whereby
progesterone leads to dihydrotestosterone synthesis, androgenstarved LNCaP cells were incubated with [3H]progesterone and
de novo conversion profiles were obtained (data not shown).
These cells were capable of de novo synthesis of analytes with
matching RT to that of our testosterone, 4-pregnene-17-ol-3,20dione, 5-pregnan-3,17-diol, androsterone, pregnan-3,20-dione, and
dihydrotestosterone standards by MS. We further incubated
excised CRPC tumors ex vivo with [3H]progesterone in a time
course experiment to explore the kinetics of this conversion to
downstream steroids. Medium was sampled from radiolabeled
tumors at 3, 18, 24, 48, and 96 h with corresponding radiometric LC
profiles of extracts shown in Fig. 4C. Major steroid products are
evident at 18, 21, 34, 36, 39, 41, and 44 min in addition to intact
progesterone, which remained after 96 h. These data reflect a
complex series of steroidogenic metabolic steps ongoing in this
CRPC tumor model system over time.
To conclusively identify the de novo synthesized steroids in
either the classic or backdoor pathway from [3H]progesterone to
dihydrotestosterone, extracts from supernatants of both [3H]progesterone (H) and 3H plus nonlabeled progesterone (H+C)
treatment also underwent radiometric HPLC analysis (Fig. 4D)
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Figure 4. Example chromatographic
analysis of extracted supernatants of in vitro
(n = 3; A ) and ex vivo pre-Cx (n = 3),
N (n = 3), and CRPC (n = 3; B ) LNCaP cells
(from the same mouse) cultured in
[14C]acetic acid for 96 h in vitro . Identification
of steroids in underlying LC radiometrically
detected peaks (in vitro LNCaP, 1–5 ;
pre-Cx, N, and CRPC, 1–3 ) by RT matchup
to LC-MS standard analysis, along with %
of total 14C counts, is illustrated for in vitro
and ex vivo chromatograms in A and B ,
respectively. Both the LC-radiometric and
LC-MS runs are 70 min (f1 min lag time
between LC-radiometric and LC-MS
analysis). C, example chromatographic
analysis of extracted supernatants of ex vivo
CRPC LNCaP cells (n = 3) cultured in
[3H]progesterone for 3, 18, 24, 48, and 96 h
in vivo. D, example chromatographic
analysis of extracted supernatant from
ex vivo CRPC LNCaP tumor cells (n = 3)
cultured in 3H + 10 Ag/mL progesterone for
96 h in vivo. C, 1 to 15, peaks detected
by radiometric detection; A to J, LC fractions
collected for further LC-MS analysis. The
LC-MS run is 15 min compared with the
70-min radiometric run. Correct combined
MRM/RT variables are the basis for all
identifications. S1 and S2 designations
indicate presence of analyte in shoulder of
peak. Quantitation is via two-point
calibration. No steroids were observed in
fractions E and J.
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prostate tissues in levels capable of activation of AR despite
castrate circulating androgen levels in serum (26–28). We show
that CRPC tumors develop compensatory mechanisms during
androgen deprivation, tailored to the synthesis of intratumoral
androgens, triggering AR activation and disease progression. The
increased testosterone and dihydrotestosterone levels observed in
CRPC LNCaP tumors reinforce the observations in patients, with
corresponding low-level circulating testosterone and dihydrotestosterone in sera. In addition, the reported intratumoral concentrations of testosterone and dihydrotestosterone seem to be
sufficient for AR transactivation and the further observed induction
of androgen-regulated genes (37). This suggests that androgens are
not supplied via circulation from an external source such as the
mouse adrenal glands (which were shown to lack steroid precursors
of dihydrotestosterone as well; data not shown) to the prostate.
Furthermore, using LC-MS, we show that tumor progesterone levels
are high immediately after castration when circulating progesterone
remains low. Therefore, we postulate that progesterone produced
through extension of the cholesterol synthesis pathway may be
crucial for the de novo synthesis of dihydrotestosterone within the
local environment of the tumor. In keeping with this, in 2004, Payne
and Hales (42) reviewed past studies investigating the de novo
synthesis of hormones in diseased forms of cardiac tissues and
nerves as a potential compensatory mechanism for cell survival.
We observed that LNCaP tumors contain all enzymes necessary
for dihydrotestosterone synthesis. Furthermore, SRD5A1 and
RDH5, enzymes responsible for progesterone metabolism to dihydrotestosterone via the backdoor pathway, were up-regulated in
mRNA during transition to CRPC state as defined by reactivation of

www.aacrjournals.org

PSA. In agreement with Stanbrough and colleagues’ findings (23),
up-regulation of ARK1C1, AKR1C2, and AKR1C3 also appears
during CRPC progression. We are, however, limited in our ability to
determine statistically conclusive trends in enzyme expression at
both the mRNA and protein level due to interanimal variability in
time to progression observed in our xenograft mouse model.
Nonetheless, the LNCaP tumors were confirmed to express
steroidogenic enzymes with a trend of increase in CRPC and this
was validated at both the mRNA and protein level.
We also show [14C]acetic acid conversion to steroids and verify
that CRPC tumors are capable of de novo androgen synthesis,
albeit the downstream androgenic metabolites are detectable in
moderate proportions. Acetic acid is a precursor to many molecules, including cholesterol, lipids (triacylglycerides and phospholipids), and fatty acids, and therefore a significant dilution of
signal to steroids is expected (39). Furthermore, rate-limiting
enzymatic reactions involving CYP11A1 and helper enzyme, StAR,
recognized for their ability to shuttle cholesterol into the cell and
convert it to upstream steroid pregnenolone, are known to regulate
androgen biosynthesis (43, 44) and may be the rate-limiting
enzymes in our acetic acid conversion to steroids. Previously,
Acevedo and Goldzieher (45) also reported low conversion rates of
steroidogenic metabolite precursors to androgens. Nonetheless,
we have definitively shown conversion of [14C]acetic acid to
dihydrotestosterone in CRPC LNCaP xenograft cells using LCradiometric detection. Testosterone did not seem to be synthesized
in [14C]acetic acid conversion assays, whereas the formation of two
upstream steroids, progesterone and 4-pregnen-17-ol-3,20-dione,
was observed. Lack of testosterone synthesis in tumor cells
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Figure 5. Fragment ion scans of
positively identified steroid
4-pregnen-17-ol-3,20-dione (peak 7) as
well as unknown 1 (peak 2) from the
extract of the 3H + 10 Ag/mL
progesterone-treated ex vivo LNCaP
cells (n = 3) supernatant compared with
steroids standards. Unknown 1 shows
high similarity to 5-pregnan-3,20-dione and
less to pregnenolone, however, RTs differ.
Steroid structures are also depicted.
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tumor cells. On MS/MS analysis of samples from HPLCradiometric fractionation, the identities of most dihydrotestosterone precursors (with the exception of testosterone) in both the
classic and backdoor pathways were confirmed as being
synthesized in LNCaP cells and CRPC tumors. The lack of
testosterone observed suggests that prostate cancer cells use the
backdoor pathway to dihydrotestosterone synthesis and we
further propose that this may result from inefficient CYP17A1
lyase activity as suggested by Auchus (33). Further investigations
of this potential mechanism to backdoor synthesis of dihydrotestosterone as well as the identification of steroidal unknowns
are currently under way. Our ability to identify steroids
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