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a b s t r a c t
Adrenal C19 steroids, dehydroepiandrostenedione (DHEA(S)) and androstenedione (A4), play a critical
role in castration resistant prostate cancer (CRPC) as they are metabolised to dihydrotestosterone
(DHT), via testosterone (T), or via the alternate 5a-dione pathway, bypassing T. Adrenal 11OHA4
metabolism in CRPC is, however, unknown.
We present a novel pathway for 11OHA4 metabolism in CRPC leading to the production of 11ketoT
(11KT) and novel 5a-reduced C19 steroids – 11OH-5a-androstanedione, 11keto-5a-androstanedione,
11OHDHT and 11ketoDHT (11KDHT). The pathway was validated in the androgen-dependent prostate
cancer cell line, LNCaP. Androgen receptor (AR) transactivation studies showed that while 11KT and
11OHDHT act as a partial AR agonists, 11KDHT is a full AR agonist exhibiting similar activity to DHT at
1 nM. Our data demonstrates that, while 11OHA4 has negligible androgenic activity, its metabolism to
11KT and 11KDHT yields androgenic compounds which may be implicated, together with A4 and
DHEA(S), in driving CRPC in the absence of testicular T.
Ó 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Dihydrotestosterone (DHT), regarded as the most potent natural
androgen, is generally accepted to be produced by the reduction of
testosterone (T) by the steroid 5a-reductase (SRD5A) type 1 and 2
enzymes in peripheral tissue such as the prostate (Anderson and
Liao, 1968; Bruchovsky and Wilson, 1968). As such androgen
deprivation therapy is currently the primary treatment followed
in prostate cancer (Shariﬁ et al., 2005; Penning, 2010), and while
this clinical approach is initially effective, most cases progress to
castration resistant prostate cancer (CRPC) over time. CRPC is
androgen dependent and proliferates in the absence of testicular
T, the primary androgen source in men (Shariﬁ and Auchus,
2012). It has been postulated that the mechanism by which CRPC
persists in the absence of testicular T is due to the upregulation
of the androgen receptor (AR) as well as mutations in the AR. Both
these factors increase the sensitivity of the cancers to available
androgens. There is, however, growing evidence that C19 steroids
of adrenal origin play an important role in the proliferation of
CRPC, as these metabolites may serve as substrates for the intratumoral biosynthesis of potent AR agonists (Stanbrough et al., 2006;
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Luu-The et al., 2008; Montgomery et al., 2008; Stein et al., 2012).
Although the C19 steroids of adrenal origin are considered to be
weak androgens, or androgen precursors, they contribute signiﬁcantly to the pool of circulating androgens (Labrie, 2004). A recent
study by Chang et al. (2011) highlighted the role of the adrenal C19
steroids, DHEA(S) and androstenedione (A4), in the so called ‘‘alternate 5a-dione pathway’’ which bypasses T to produce DHT via 5aandrostanedione (5a-dione) (Chang et al., 2011). Indeed, SRD5A
preferentially metabolises A4 to 5a-dione rather than T to DHT
(Chang et al., 2011; Andersson and Russell, 1990; Thigpen et al.,
1993) substantiating the hypothesis that the 5a-dione pathway
may contribute signiﬁcantly to the production of DHT in the
healthy prostate (Luu-The et al., 2008). Data obtained from a
17bHSD deﬁcient patient who demonstrated normal to high DHT
levels, but substantially reduced T levels further corroborates these
ﬁndings (Rösler et al., 1992).
In addition to DHEA(S) and A4, the adrenal produces substantial
amounts of the C19 steroid, 11b-hydroxyandrostenedione
(11OHA4) (Axelrod et al., 1973; Holownia et al., 1992; Rege
et al., 2013), which is the product of the cytochrome P450 11bhydroxylase (CYP11B1) catalysed hydroxylation of A4 (Schloms
et al., 2012; Swart et al., 2013). 11OHA4 is in fact the second most
abundant C19 steroid detected in the adrenal vein of women, both
pre- and post-ACTH treatment (Rege et al., 2013).
To date, the physiological function of 11OHA4 is unknown and,
like DHEA(S) and A4, the steroid demonstrates negligible
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androgenic activity (Rege et al., 2013; Bélanger et al., 1993). While
DHEA(S) and A4 have been shown to be the precursors for potent
androgens, such as DHT (Chang et al., 2011), the possibility that
11OHA4 may serve as a potential precursor in the biosynthesis of
potent androgens in mammals has been overlooked. The hydroxylation of A4 has instead been suggested to be a mechanism by
which A4 is inactivated, thus preventing the production of potent
androgens (Bélanger et al., 1993; Goldzieher et al., 1978).
In teleosts, however, the role of 11OHA4 is well documented. It
is reported to be the most abundant steroid produced by isolated
gonads of many teleosts (Tesone and Charreau, 1980; Cavaco
et al., 1997; Blasco et al., 2008, 2009) and has been implicated in
sexual differentiation (Govoroun et al., 2001). Furthermore, the
testicular expression of CYP11B1 and 11b-hydroxysteroid dehydrogenase (11bHSD2) in teleosts results in the hydroxylation of T
by CYP11B1 to produce 11OHT, with the subsequent metabolism
of 11OHT by 11bHSD2 to 11-ketotestosterone (11KT), which is
considered to be the primary androgen in a number of teleost species (Tesone and Charreau, 1980; Cavaco et al., 1997; Blasco et al.,
2008; Blasco et al., 2009; Borg et al., 1989).
11KT has also been reported to be produced by the gonads of
mice, due to the expression of CYP11B1, and demonstrated comparable androgenic activity to that of T, when assayed using a mammalian AR promotor reporter system (Yazawa et al., 2008).
CYP11B1 is, however, primarily considered to be an adrenal enzyme in mammals. In the adrenal CYP11B1 has the ability to
hydroxylate the C19 steroids, A4 and T, with adrenal T being produced through the metabolism of A4 by 17b-hydroxysteroid dehydrogenase type 5 (AKR1C3) (Swart et al., 2013; Nakamura et al.,
2009). We have recently shown that 11bHSD2 converts both
11OHA4 and 11OHT to their respective keto metabolites (Swart
et al., 2013). AKR1C3 may also be responsible for the production
of 11KT in the adrenal by catalysing the conversion of 11KA4.
11KA4, 11OHT and 11KT have all been detected in adrenal vein
samples of woman, conﬁrming the production of these C19 steroids by the adrenal. The levels of 11KA4, 11OHT and 11KT produced by the adrenal are, however, signiﬁcantly lower than that
of 11OHA4 (Rege et al., 2013).
The peripheral metabolism of A4 to DHT, by both the conventional and the alternate 5a-dione pathways, relies on the activity
of 17bHSD and SRD5A (Chang et al., 2011). We hypothesised that
these enzymes, together with 11bHSD may metabolise the
11OHA4, which is produced by the adrenal, to potentially active
androgens as depicted in Fig. 1. Our results elucidated a previously
unidentiﬁed pathway for 11OHA4 metabolism, which yields the novel steroids 11b-hydroxy-5a-androstanedione (11OH-5a-dione),
11-keto-5a-androstanedione (11K-5a-dione), 5a-dihydro-11bhydroxytestosterone (11OHDHT) and 5a-dihydro-11-keto-testosterone (11KDHT). Notably, 11KDHT was found to act as a full AR
agonist, comparable to DHT, at physiologically relevant concentrations, thereby implicating it as a role player in CRPC.

2. Materials and methods
2.1. Reagents
COS-1 and CHO-K1 cells were purchased from the American
Type Culture Collection (Manassas, USA). Penicillin–streptomycin,
trypsin–EDTA, fetal calf serum and Dulbecco’s PBS were purchased
from Gibco-BRL (Gaithersburg, USA) and Difco Laboratories (Detroit, USA), respectively. 11-hydroxyandrostendione, 11-ketoandrostenedione, 11-hydroxytestosterone and 11-ketotestosterone
were purchased from Steraloids (Wilton, USA). Testosterone,
androstenedione, dihydrotestosterone, as well as Dulbecco’s modiﬁed Eagle’s medium and RPMI-1640 medium were purchased

Fig. 1. Schematic of the proposed metabolism of 11OHA4 by 17bHSD, 11bHSD and
SRD5A.

from Sigma–Aldrich (St. Louis, USA). Deuterated cortisol
(9,11,12,12-D4-cortisol) was purchased from Cambridge isotopes
(Andover, MA, USA). NucleobondÒ AX plasmid preparation kits
were purchased from Macherey–Nagel (Duren, Germany). All other
chemicals were of the highest analytical grade and purchased from
scientiﬁc supply houses.
2.2. Plasmid constructs
17bHSD3 and AKR1C3 pcDNA3 plasmid constructs were obtained from Prof. J. Adamski (Institute of Experimental Genetics,
Neuherberg, Germany). SRD5A1 and SRD5A2 pCMV7 plasmid constructs were obtained from Prof. D.W. Russell (UT Southwestern
Medical Centre, Dallas, USA). 11bHSD1 and 11bHSD2 pCR3 plasmids, as well a hexose-6-phosphate dehydrogenase (H6PD)
PUC19 plasmid, were all obtained from Prof P. Stewart (University
of Birmingham, Birmingham, UK). H6PD was subcloned into the
pcDNA3.2/V5/GW/D-TOPOÒ vector (Invitrogen Life Technologies,
Carlsbad, USA). The plasmid pTAT-GRE-E1b-luc, driven by the
E1b promoter that contains two copies of the rat TAT-GRE (Sui
et al., 1999) was obtained from Dr. G. Jenster (Erasmus University
of Rotterdam, Netherlands). A plasmid expressing the human
androgen receptor, pSVARo (Brinkmann et al., 1989), was obtained
from Prof. F. Claessens (University of Leuven, Leuven, Belgium).
2.3. Enzymatic assays in transiently transfected COS-1 and CHO-K1
cells
COS-1 cells and CHO-K1 cells were grown to conﬂuence in Dulbecco’s modiﬁed Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum, 1% penicillin–streptomycin, 4 mM L-glutamine
and 25 mM glucose. Cultures were maintained in 75 cm2 culture
ﬂasks (Greiner Bio-One International, Kremsmünster, Austria) at
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37 °C, in an atmosphere of 90% humidity and 5% CO2. Cells were
plated into 24 well plates (Greiner Bio-One International, Kremsmünster, Austria) at a concentration of 1  105 cells/ml, 0.5 ml/
well, and incubated for 24 h. The cells were subsequently transiently transfected with the appropriate plasmid constructs,
0.5 lg, using the TransITÒ-LT1 transfection reagent (Mirus Bio,
Madison, USA) as recommended by the manufacturer. COS-1 cells
were transfected with the plasmids expressing 17bHSD3 and
AKR1C3, while CHO-K1 cells were transfected with plasmids
expressing 11bHSD1 and 11bHSD2. 11bHSD1 (0.25 lg) was
cotransfected with H6PD in order to ensure the oxo-reductase
activity of 11bHSD1 (Bujalska et al., 2005). The pCIneo vector (Promega, Madison, USA), was used to access the basal activity of both
COS-1 and CHO-K1 cells and was included as a negative control in
all experiments. The cells were incubated for 48 h after transfection, after which 1 lM of the appropriate steroid substrate was
added to the medium. Stock solutions (2 mg/ml) of steroids dissolved in absolute ethanol were diluted in culture medium to the
desired concentration. After a 24 h incubation period, medium
(500 ll) was removed and the steroid metabolites were extracted
by liquid–liquid extraction using a 10:1 volume of dichloromethane to culture medium. Cortisol-D4, 15 ng, was added to each sample as an internal standard prior to extraction. The samples were
vortexed for 10 min, centrifuged at 500g for 5 min after which
the dichloromethane phase was dried at 45 °C under nitrogen.
The dried steroid residue was redissolved in 150 ll methanol prior
to analysis by UPLC–MS/MS. On the completion of each experiment, the cells were collected, washed with 10 mM phosphate buffer, pH 7.4 and homogenised prior to determining the protein
concentration by the Pierce BCA method (Pierce Chemical, Rockford, USA).
2.4. Conversion of 5a-reduced C19 steroids
2.4.1. Preparation of 5a-reduced C19 steroids
11OH-5a-dione, 11K-5a-dione, 11OHDHT and 11KDHT are not
commercially available and were therefore prepared in vitro by
expressing SRD5A1 and SRD5A2 in COS-1 and CHO-K1 cells.
COS-1 and CHO-K1 cells were cultured as described in Section 2.3
above. Cells were plated into 24 well plates (Greiner Bio-One
International, Kremsmünster, Austria) at a concentration of
1  105 cells/ml, 0.5 ml/well and incubated for 24 h. The cells
were transiently transfected with either 0.5 lg of SRD5A1 or
SRD5A2 using the TransITÒ-LT1 transfection reagent (Mirus Bio,
Madison, USA) as recommended by the manufacturer and 1 lM
of the appropriate steroid substrate was added in fresh medium
after 32 h and incubated for 4 h. COS-1 cells expressing SRD5A1
were used to convert 11OHA4 and 11KA4 to their respective
dihydro products (11OH-5a-dione and 11K-5a-dione), while
CHO-K1 cells expressing SRD5A1 were used to convert T,
11OHT and 11KT to their respective dihydro products (DHT,
11OHDHT and 11KDHT).
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in Section 2.3 and incubated. After 48 h the medium was removed,
and replaced with medium containing the relevant 5a-reduced
C19 steroids – the medium added to the transfected cells was taken directly from either the COS-1 or CHO-K1 cells expressing
SRD5A1 depending on the 5a-reduced steroids required. The cells
were subsequently incubated for 24 h, after which medium
(500 ll) was collected and steroid metabolites extracted as described in Section 2.3. Medium (500 ll), collected directly from
the SRD5A1 transfected cells at the time of the transfer, was analysed to conﬁrm the presence of the 5a-reduced substrates.
2.5. Steroid conversion assay in LNCaP cells
LNCaP cells (a gift from Dr. Antonio Seraﬁn, University of Stellenbosch, Tygerberg, South Africa) were cultured in RPMI-1640
media supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin using CorningÒ CellBINDÒ surface plates (Corning, NY, USA) at 37 °C, in an atmosphere of 90% humidity and 5%
CO2. Cells were plated into 12 well CorningÒ CellBINDÒ surface
plates (Corning, NY, USA) at a concentration of 2  105 cells/ml,
1 ml/well. After a 48 h incubation period, the medium was removed and replaced with 1 ml DMEM medium containing the following steroid substrates (1 lM): 11OHA4, 11OHT, 11KT, 11OH5a-dione and 11OHDHT. The cells were incubated for 36 h after
which medium (1 ml) was removed and the steroid metabolites
extracted after b-glucuronidase treatment.
The pH of the samples was adjusted to 5 by the addition of 1%
acetic acid. The samples were subsequently treated with 1500
units of b-glucuronidase (Helix Pomatia; Sigma–Aldrich) at 37 °C
for 1 h to deconjugate glucuronidated steroids prior to liquid–liquid extraction and subsequent solid phase extraction (SPE). Cortisol-D4, 15 ng, was added to each sample as an internal standard
prior to extraction. Samples were added to a mixture of acetonitrile
(1 ml) and ethyl acetate (4 ml), vortexed for 10 min and the resulting aqueous and organic phases were separated by centrifugation
at 500g for 10 min. The organic phase was removed and evaporated under nitrogen at 45 °C. The dried residue was resuspended
in methanol (250 ll), followed by the addition of deionised water
(1 ml). Steroids were subsequently isolated using SPE. SPE columns
(Strata-X 33l Polymetric Reversed Phase, 200 mg/3 ml; Phenomenex, Torrance, USA) were conditioned with 1 ml methanol, followed by 1 ml deionised water. The prepared samples were
applied to the columns, followed by sequential washes with 1 ml
deionised water and 1 ml 30% methanol. Steroids were eluted with
1 ml methanol and the eluent dried under nitrogen at 45 °C. The
resulting dried residues were resuspended in 150 ll methanol
and stored at 20 °C until UPLC–MS/MS analysis.
On the completion of each conversion experiment, the cells
were collected, washed with 10 mM phosphate buffer, pH 7.4
and homogenised prior to determining the protein concentration
by the Pierce BCA method (Pierce Chemical, Rockford, USA).
2.6. UPLC–MS/MS Steroid metabolite analyses

2.4.2. Enzymatic conversion assays in transiently transfected COS-1
and CHO-K1 cells
The metabolism of the 5a-reduced C19 steroids was assessed by
assaying their conversion by 17bHSD3, AKR1C3, 11BHSD1 and
11bHSD2. The metabolism of 11OH-5a-dione and 11K-5a-dione
was assayed (i) in COS-1 cells expressing 17bHSD3 and AKR1C3
and (ii) in CHO-K1 cells expressing 11bHSD2 and 11bHSD1, respectively. The metabolism of 11OHDHT and 11KDHT was assayed in
CHO-K1 cells expressing 11bHSD2 and 11bHSD1, respectively.
Brieﬂy, COS-1 cells were transiently transfected with the plasmids expressing 17bHSD3 and AKR1C3, and CHO-K1 cells with
plasmids expressing 11bHSD1 and 11bHSD2. 11bHSD1 was
cotransfected with H6PD. The cells were transfected as described

Steroid metabolites, extracted from assay media, were separated by UPLC (ACQUITY UPLC, Waters, Milford, USA) using a Phenomenex UPLC Kinetex PFP (2.1 mm  100 mm, 2.6 lm) column.
The mobile phases consisted of 1% formic acid (A) and 49%: 49%:
2% methanol: acetonitrile: isopropanol (B). Steroids were eluted
at a ﬂow rate of 0.4 ml/min, using a linear gradient from 15% B
to 40% B in 1.0 min, followed by a linear gradient to 55% B in
2.5 min and a subsequent linear gradient to 100% B in 0.1 min.
The total run time was 5 min and the injection volume was 5 ll.
A Xevo triple quadrupole mass spectrometer (Waters, Milford,
USA) was used for quantitative mass spectrometric detection. All
steroids were analysed in multiple reaction monitoring (MRM)
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mode using an electrospray probe in the positive ionization mode
(ESI+). The following settings were used: capillary voltage of
3.5 kV, cone voltage 15–35 V, collision energy 4–32 eV, source
temperature 120 °C, desolvation temperature 400 °C, desolvation
gas 900 L h 1 and cone gas 50 L h 1. Calibration curves were constructed by using weighted (1/x2) linear least squares regression.
Data was collected with the MassLynx 4.1 software program.
2.7. Accurate mass determination of 5a-reduced C19 steroids
Accurate mass determinations were preformed on a Synapt G2
quadrupole time-of-ﬂight mass spectrometer (Waters, Milford,
USA) using ESI+. The steroids were introduced into the MS by an
ACQUITY UPLC (Waters, Milford, USA) using the same LC conditions described in Section 2.5. The capillary voltage was 2.5 kV,
cone voltage 15 V, source temperature 120 °C, desolvation temperature 275 °C, desolvation gas 650 L h 1 and cone gas 50 L h 1. The
rest of the settings were optimized for best sensitivity. The instrument was calibrated with sodium formate and leucine enkaphalkin
was used as the reference standard for lock mass.
2.8. AR transactivation assays
The COS-1 cell line was maintained as above and plated into
10 cm culture plates (Greiner Bio-One International, Kremsmünster, Austria) at 2  106 cells/plate. Following a 24 h incubation
period, the cells were transiently co-transfected with 9 lg luciferase reporter construct, pTAT-GRE-E1b-luc, and 0.9 lg hAR expression construct, pSVARo, using the TransITÒ-LT1 transfection
reagent (Mirus Bio, Madison, USA) as recommended by the manufacturer. The cells were incubated for 24 h and subsequently replated into 24 well plates (Greiner Bio-One International,
Kremsmünster, Austria), at a concentration of 1  105 cells/ml,
0.5 ml/well. The medium was removed after 24 h and replaced
with DMEM supplemented with 4 mM L-glutamine and 25 mM
glucose and the appropriate steroids. The 5a-reduced C19 steroids
were prepared as described in Section 2.4.1, with the exception
that the medium did not include fetal calf serum and penicillin–
streptomycin. After 24 h, cells were washed three times with
10 mM phosphate buffer, pH 7.4 and lysed with 50 ll passive lysis
buffer (Promega, Madison, USA). Plates were stored at 20 °C prior
to assaying luciferase activity. Luciferase activity in the lysate was
measured using the Luciferase Assay System (Promega, Madison,
USA) and a Veritas microplate luminometer (Turner Biosystems,
Sunnyvale CA, USA). The values obtained were normalised to protein concentration in the lysate, which was determined by the
Pierce BCA method (Pierce Chemical, Rockford, USA).
3. Results
3.1. The metabolism of A4, 11OHA4 and 11KA4 by 17bHSD3 and
AKR1C3
We investigated the ability of human 17bHSD3 and AKR1C3 to
metabolise 11OHA4 and 11KA4, since their products, 11OHT and
11KT, represent potentially active androgens (Rege et al., 2013;
Yazawa et al., 2008). The investigation of the conversion of
11OHA4 and 11KA4 to T derivatives, by 17bHSD3 and AKR1C3,
was carried out in the COS-1 and CHO-K1 cell model systems.
While COS-1 cells are considered to be non-steroidogenic (Zuber
et al., 1986, 1988), they express endogenous 17bHSD2, which functions as a dehydrogenase, converting T to A4 (Wu et al., 1993;
Miettinen et al., 1996). In COS-1 cells transfected with a vector
containing no insert cDNA, 97% of the T substrate was metabolised
to A4 in 24 h (Fig. 2A), while the conversion of 11OHT and 11KT

yielded 11OHA4 (84%) and 11KA4 (64%) during the same period
(Fig. 2B and C), demonstrating the ability of the endogenous
17bHSD2 to metabolise the 11hydroxy and 11keto C19 steroids.
Notably, while the endogenous 17bHSD2 expressed in COS-1 cells
can metabolise both 11OHT and 11KT to their respective 17-keto
forms, the metabolism of 11OHT was more efﬁcient than that of
11KT (Fig. 2B and C). The metabolism of 11OHT to 11OHA4 by
COS-1 cells also resulted in the production of 11KA4 (Fig. 2B)
due the expression of endogenous 11bHSD2 in COS-1 cells, which
converts 11hydroxy-steroids to their corresponding 11keto-steroids (Swart et al., 2013; Mercer and Krozowski, 1992; Stewart
et al., 1994).
Converse to COS-1 cells, endogenous 17bHSDs expressed in
CHO-K1 cells, which include 17bHSD1 and 17bHSD7, function primarily as reductases (Zhang et al., 1996; Peltoketo et al., 1999). In
CHO-K1 cells, transfected with a vector containing no insert cDNA,
A4 and 11KA4 were metabolized to T (82%) and 11KT (92%),
respectively (Fig. 3A and C). Interestingly the endogenous 17bHSDs
demonstrated negligible activity towards 11OHA4 (Fig. 3B).
After establishing the endogenous 17bHSD activity in the COS-1
and CHO-K1 cell lines, the human enzymes 17bHSD3 and AKR1C3
were expressed in COS-1 cells and assayed for activity using A4,
11OHA4 and 11KA4 as substrates. The expression of 17bHSD3 in
COS-1 cells resulted in 75% of the A4 substrate being converted
to T in 24 h, conﬁrming the activity of the expressed 17bHSD3
(Fig. 4A). Twenty-four hours after the addition of 11OHA4 as substrate, the metabolites 11OHT (5%) and 11KT (21%) were detected
in the medium (Fig. 4B). While it is possible that 11OHA4 is metabolised by 17bHSD3, the activity of the enzyme towards the substrate is questionable. A contributing factor to the low 11OHT
levels may be the conversion of the product back to 11OHA4 by
the endogenous 17bHSD2. However, this data still suggests that
the metabolism of 11OHA4 by 17bHSD3 is low and although
endogenous 17bHSD2 readily converts 11OHT to 11OHA4
(Fig. 2B), it also converted all the available T substrate to A4
(Fig. 2A), yet the expression of 17bHSD3 results primarily in the
production of T (Fig. 4A). The metabolism of 11OHA4 by COS-1
cells transfected with 17bHSD3 did, however, result in the production of 11KT (Fig. 4B), which is due to the metabolism of either
11OHA4 to 11OHT by 17bHSD3 followed by the conversion of
11OHT to 11KT by 11bHSD2, or due to the conversion of 11OHA4
to 11KA4 by 11bHSD2, followed by the subsequent conversion of
11KA4 to 11KT by 17bHSD3. A combination of both pathways is
also possible and will depend on the substrate afﬁnities and catalytic efﬁciencies of the enzymes in question, which will be elucidated by apparent Km and V values of the enzymes for their
respective substrates. Unlike 11OHA4, 11KA4 was metabolised
efﬁciently by 17bHSD3 resulting in the production of 90% 11KT
after 24 h (Fig. 4C).
The expression of AKR1C3 in COS-1 cells yielded comparable results to those obtained with 17bHSD3, however, AKR1C3 demonstrated signiﬁcantly less activity towards A4 than 17bHSD3,
resulting in only 8% T being detected after 24 h (Fig. 5A). This is
in agreement with previous studies that have shown that both
17bHSD3 and AKR1C3 convert A4 to T, but that 17bHSD3 is substantially more efﬁcient (Dufort et al., 1999). AKR1C3 demonstrated negligible activity towards 11OHA4 as substrate (Fig. 5B)
while efﬁciently converting 11KA4 to 11KT (Fig. 5C). Our data suggests that AKR1C3 is more efﬁcient at metabolising 11KA4 than it
is at metabolising A4.
The observation that 11OHA4 is not readily metabolised by
either 17bHSD3 or AKR1C3, while 11KA4 is efﬁciently converted
to 11KT by both enzymes is consistent with the results obtained
with the endogenous reductive 17bHSDs expressed in CHO-K1
cells, which readily accepted 11KA4 as a substrate (Fig. 3). Furthermore, transfection of CHO-K1 cells with either 17bHSD3 or AKR1C3
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Fig. 2. Analysis of endogenous 17bHSD2 activity in COS-1 cells. Conversion of 1 lM (A) T, (B) 11OHT and (C) 11KT (substrates are underlined) was assayed after 24 h in cells
transiently transfected with the pCIneo vector without insert DNA. Results are representative of three independent experiments performed in triplicate and are expressed as
the mean ± SEM (n = 3).

A

B

C

Fig. 3. Analysis of endogenous 17bHSD activity in CHO-K1 cells. Conversion of 1 lM (A) A4, (B) 11OHA4 and (C) 11KA4 (substrates are underlined) was assayed after 24 h in
cells transiently transfected with the pCIneo vector without insert DNA. Results are representative of three independent experiments performed in triplicate and are
expressed as the mean ± SEM (n = 3).

A
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C

Fig. 4. Analysis of 17bHSD3 activity in transiently transfected COS-1 cells. Conversion of 1 lM (A) A4, (B) 11OHA4 and (C) 11KA4 (substrates are underlined) was assayed
after 24 h. Results are representative of three independent experiments performed in triplicate and are expressed as the mean ± SEM (n = 3).

did not confer any signiﬁcant reductase activity, conﬁrming that
11OHA4 is a poor substrate for both enzymes (data not shown).
3.2. The production of 5a-reduced C19 steroids by SRD5A1 and
SRD5A2
The C19 steroids 11OHA4, 11KA4, 11OHT and 11KT all contain
the D4, 3-keto moiety which can potentially be reduced by SRD5A.
We have recently shown that both SRD5A1 and SRD5A2 were able
to reduce 11OHA4 to 11OH-5a-dione (Swart et al., 2013). We
therefore investigated the ability of both enzymes to reduce
11KA4, 11OHT and 11KT to their respective dihydro forms. In order
to eliminate the confounding activity of the endogenously expressed 17bHSD2 in COS-1 cells, as well as 17bHSD1 and 17bHSD7

in CHO-K1 cells (Wu et al., 1993; Miettinen et al., 1996; Peltoketo
et al., 1999), SRD5A1 and SRD5A2 activity towards 11OHA4 and
11KA4 was assayed in transiently transfected COS-1 cells, while
CHO-K1 cells were used to assay the activity of SRD5A1 and
SRD5A2 towards 11OHT and 11KT.
Both SRD5A1 and SRD5A2 converted 11OHA4, 11KA4, 11OHT
and 11KT to their respective dihydro forms, 11OH-5a-dione,
11K-5a-dione, 11OHDHT and 11KDHT (Fig. 6), C19 steroid metabolites, which have not been previously reported. The identities of
these novel 5a-reduced C19 steroids were subsequently conﬁrmed
by accurate mass determination. It should be noted that the accurate mass determination cannot distinguish between the a and b
conformations, and that a conformation was assumed based on
the known stereospeciﬁcity of SRD5A. Fragmentation of the
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Fig. 5. Analysis of AKR1C3 activity in transiently transfected COS-1 cells. Conversion of 1 lM (A) A4, (B) 11OHA4 and (C) 11KA4 (substrates are underlined) was assayed after
24 h. Results are representative of three independent experiments performed in triplicate and are expressed as the mean ± SEM (n = 3).

products allowed us to set up multiple reaction monitoring (MRM)
for the subsequent UPLC–MS/MS detection of these dihydro steroids (Table 1). Interestingly our data suggests that the A4 derivatives, 11OHA4 and 11KA4, were metabolised more efﬁciently by
both SRD5A1 and SRD5A2 than the T derivatives, 11OHT and
11KT, which is in agreement with the previously reported preference of SRD5A1 for A4 over T (Chang et al., 2011; Andersson and
Russell, 1990; Thigpen et al., 1993). This will, however, need to
be further investigated during future studies.
3.3. The conversion of 11OH-5a-dione, 11K-5a-dione, 11OHDHT and
11KDHT, by 17bHSD and 11bHSD
The ability of SRD5A to metabolise 11OHA4, 11KA4, 11OHT and
11KT to their respective dihydro products, yielded novel 5a-reduced C19 steroids which are potential substrates for 17bHSD
and 11bHSD. We therefore investigated the conversion of these
steroids by 17bHSD and 11bHSD expressed in COS-1 and CHO-K1
cells, respectively.
17bHSD3 and AKR1C3, expressed in COS-1 cells, resulted in the
conversion of 11K-5a-dione to 11KDHT (Fig. 7). Interestingly, neither enzyme was able to metabolise the conversion of 11OH-5adione to 11OHDHT (data not shown). Similarly, the endogenous
17bHSDs expressed in CHO-K1 cells were not able to metabolise
11OH-5a-dione (data not shown). In contrast, the endogenous
17bHSD2 expressed in COS-1 cells metabolised both 11OHDHT
and 11KDHT to their respective products, 11OH-5a-dione and
11K-5a-dione, though the metabolism of 11OHDHT was seemingly
more efﬁcient (data not shown).
We previously showed that 11bHSD1 and 11bHSD2 have the
ability to convert the 11-hydroxysteroids, 11OHA4 and 11OHT, to
their respective 11-ketosteroids, 11KA4 and 11KT (Swart et al.,
2013). In the current study we therefore assayed the ability of
11bHSD1 to convert 11K-5a-dione and 11KDHT, and 11bHSD2 to
convert 11OH-5a-dione and 11OHDHT to their respective products. Interestingly, while 11bHSD1 was unable to convert 11K5a-dione and 11KDHT to their respective 11-hydroxysteroids (data
not shown), 11bHSD2 metabolised 11OH-5a-dione and 11OHDHT
to 11K-5a-dione and 11KDHT (Fig. 8), respectively.
3.4. The 11OHA4 pathway leads to the production of 11KT and
11KDHT
Our results showing the metabolism of 11OHA4 and its metabolites by 17bHSD, 11bHSD and SRD5A enabled us to identify a novel steroid pathway for the metabolism of 11OHA4 (Fig. 9) which
has potential implications in CRPC. We subsequently conﬁrmed
the presence of the 11OHA4 pathway in an androgen dependent
prostate cancer cell line, LNCaP by assaying the metabolism of

11OHA4 (1 lM). As DHT and its metabolites are inactivated by glucuronidation in the prostate (Stanbrough et al., 2006; Barbier and
Bélanger, 2008), all samples were treated with glucuronidase prior
to extraction and analysis in order to remove any potential conjugated glucuronosyl groups. 11KA4 and 11KT were both formed in
LNCaP cells incubated with 11OHA4 for 36 h (Fig. 10A), while no
11OHT was detected, suggesting the preferential conversion of
11OHA4 to 11KA4 by 11bHSD2 and the subsequent conversion of
11KA4 to 11KT by 17bHSD. This was conﬁrmed when 11KA4 was
used as substrate, yielding 11KT with no 11OHT being detected
(data not shown). Interestingly when 11OHT was used as substrate, it was metabolised to 11KT by 11bHSD2 and 11OHA4 by
17bHSD2 (Fig. 10B). This data is consistent with our ﬁndings that
11KA4 is the preferred substrate for the dehydrogenase activity
of 17bHSD3 and AKR1C3, while 11OHT is the preferential substrate
for the reduction catalysed by 17bHSD2 (Section 3.1).
The conversion of 11OHA4, 11KA4, 11OHT and 11KT to their
dihydro products by SRD5A produces the second tier in the
11OHA4 pathway (Fig. 9). Although the 11-hydroxy and 11-keto
steroids may all serve as substrates for SRD5A, our data indicates
that 11OHA4 and 11KA4 may be the preferred substrates, yielding
11OH-5a-dione and 11K-5a-dione, respectively. Although the levels of the dihydro metabolites formed in the metabolism of the D4
parent steroids could not be measured in LNCaP cells due to the
unavailability of commercial standards, conversion by SRD5A
was nevertheless detected as is shown in Fig. 11 for the conversion
of 11KT to 11KDHT.
We subsequently conﬁrmed the second tier of the 11OHA4
pathway in LNCaP cells by assaying the metabolism of 11OH-5adione. Both 11K-5a-dione and 11KDHT were detected, indicating
conversion of 11OH-5a-dione by 11bHSD2 and the subsequent
metabolism of 11K-5a-dione by 17bHSD (Fig. 12A). The only product detected when 11K-5a-dione was assayed as substrate was
11KDHT, due to conversion by 17bHSD (data not shown), while
the addition of 11OHDHT as substrate yielded 11KDHT by
11bHSD2 as well as 11OH-5a-dione (Fig. 12B).
Taken together, the conversion assays performed in COS-1 and
CHO-K1 cells transfected with 17bHSD, 11bHSD as well as SRD5A,
together with the assays conducted in LNCaP cells, indicate that
the principal metabolites originating from the 11OHA4 pathway
are 11KT and the novel steroid 11KDHT.
3.5. 11KDHT is a full AR agonist for transactivation, while 11OHT,
11OHDHT and 11KT are partial AR agonists
Since the 5a-reduction of T to DHT results in the production of
an even more potent androgen than the substrate (Anderson and
Liao 1968; Bruchovsky and Wilson 1968), it is possible that the
5a-reduction of 11OHA4, 11KA4, 11OHT and 11KT may also lead
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Fig. 6. Overlaid UPLC–MS/MS chromatograms of substrates (1 lM) and metabolites of SRD5A1 and SRD5A2. Chromatograms are shown in multiple reaction monitoring
(MRM) mode and show the conversion of (A) 11OHA4 and (B) 11KA4 in COS-1 cells and (C) 11OHT and (D) 11KT in CHO-K1 cells after 4 h. Substrate chromatograms (solid
trace) are scaled according to the left Y-axis, and product chromatograms (dashed trace) are scaled according to the right Y-axis. Retention times of steroids are indicated on
the chromatograms. MRM transitions: 11OHA4 (303.2 > 121.0); 11KA4 (301.2 > 241.0); 11OHT (305.3 > 121.0); 11KT (303.2 > 121.0); 11OH-5a-dione (305.0 > 269.2); 11K5a-dione (303.2 > 241.0); 11OHDHT (307.0 > 253.0); 11KDHT (305.2 > 121.0).

Table 1
Accurate mass determination of 5a-reduced steroids. Accurate mass, calculated mass, chemical formula and detected fragments are given.
Compound

Retention time (min)

Observed accurate mass (M+H)+

Calculated mass

Formula

Fragments (M+H)+

11OH-5a-dione
11K-5a-dione
11OHDHT
11KDHT

2.60
2.62
2.47
2.38

305.2121
303.1969
307.2279
305.2122

305.2117
303.1960
307.2273
305.2117

C19H29O3
C19H27O3
C19H31O3
C19H29O3

269.2
241; 259
253; 271; 299
121; 243; 269

to the production of active androgens. We therefore investigated
the androgenic activity of 11OHA4, 11KA4, 11OHT, 11KT, 11OH5a-dione, 11K-5a-dione, 11OHDHT and 11KDHT on an androgen
response element (ARE) via expressed hAR in COS-1 cells. Due to
the commercial unavailability of the 5a-reduced C19 steroids,

these metabolites were produced by ﬁrstly incubating both COS1 and CHO-K1 cells transiently transfected with SRD5A1, with
the parent steroids. The conversion of the steroids to their respective dihydro forms was conﬁrmed by UPLC–MS/MS (data not
shown).
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A

B

Fig. 7. UPLC–MS/MS analyses of 11K-5a-dione (underlined) in transiently transfected COS-1 cells. Conversion of 11K-5a-dione (1 lM) by (A) 17bHSD3 and (B)
AKR1C3 after 24 h. Chromatograms are shown in MRM mode. The retention time of
11KDHT is indicated on the chromatograms. MRM transitions: 11K-5a-dione
(303.2 > 241.0); 11KDHT (305.2 > 121.0).

A

B

Fig. 8. UPLC–MS/MS analysis of 11bHSD2 metabolites (substrates are underlined)
in transiently transfected CHO-K1 cells. Chromatograms are shown in MRM mode
and show the substrate (1 lM) and products in the conversion of (A) 11OH-5adione and (B) 11OHDHT after 24 h. Retention times of steroids are indicated on the
chromatograms. MRM transitions: 11OH-5a-dione (305.0 > 269.2); 11K-5a-dione
(303.2 > 241.0); 11OHDHT (307.0 > 253.0); 11KDHT (305.2 > 121.0).

COS-1 cells were transiently transfected with a glucocorticoid
response element (GRE)/ARE-driven reporter construct containing
two copies of the rat TAT-GRE-luc, a promoter-reporter construct
containing a simple promoter linked to the luciferase reporter
gene, and a full-length hAR expression vector. The cells were subsequently exposed to 1 nM of the C19 steroids and their dihydro
derivatives for 24 h and the luciferase activity measured. The results showed that 1 nM DHT, produced by the 5a-reduction of T
in CHO-K1 cells, displayed a 42-fold induction (Fig. 13 insert),
while T only showed a 25-fold induction, validating the experimental design. The activity of the natural androgen, DHT, at 1 nM
was set as 100%, and thus considered to be the full agonist, while

all other steroids were set relative to DHT. Neither 11OHA4,
11OH-5a-dione nor 11KA4 elicited any agonist activity at 1 nM,
while 11K-5a-dione demonstrated relatively weak agonist activity
(16%) (Fig. 13). However, at a higher concentration (10 nM) both
11KA4 and 11OHA4 demonstrated partial agonist activity with
11KA4 displaying a 7-fold higher induction than 11OHA4 (data
not shown).
Consistent with the results from a previous study, showing that
11KT could elicit an androgenic response comparable to that of T,
while 11OHT elicits weaker androgenic activity (Yazawa et al.,
2008), our results showed that 11KT and T displayed partial agonist activity of 62% and 61%, respectively. In our hands 11OHT
demonstrated only 30% agonist activity at 1 nM, 2-fold less than
that of T and 11KT (Fig. 13). 11OHDHT exhibited 47% agonist activity, a signiﬁcant increase in the androgenic activity resulting from
the 5a-reduction of 11OHT. Moreover, 11KDHT, the product of the
5a-reduction of 11KT, demonstrated activity comparable to DHT
(96%) (Fig. 13). These results indicate that at physiologically relevant concentrations (1 nM), 11OHT, 11OHDHT and 11KT act as partial AR agonists for transactivation, while 11KDHT, like the natural
androgen DHT, is a full AR agonist.

4. Discussion
The physiological role of 11OHA4 has, to date, remained obscure with earlier studies showing that the steroid exhibits minimal androgenic activity leading to the metabolite receiving scant
further attention. Increasing evidence for the role of adrenal C19
steroids in both the healthy prostate (Luu-The et al., 2008) and in
prostate cancers, especially CRPC (Chang et al., 2011), led us to propose that 11OHA4 may be a possible substrate for the production
of androgenic C19 steroids in the prostate. The enzymes required
for the putative metabolism of 11OHA4 (Fig. 1) are expressed in
the prostate and in most cases up-regulated during CRPC (Montgomery et al., 2008; Stanbrough et al., 2006; Fung et al., 2006;
Lin et al., 2004; Penning et al., 2006; Mitsiades et al., 2012; Thomas
et al., 2008; Titus et al., 2005; Dovio et al., 2009; Pagé et al., 1994).
The number of potential C19 metabolites produced from
11OHA4 is greater than that of other adrenal C19 steroids such
as A4 or DHEA(S) due to the presence of the C11 hydroxyl group.
We recently showed that the conversion of 11OHA4 as well as
11OHT is catalysed by human 11bHSD2 and that the respective
keto products are substrates of human 11bHSD1. In addition,
11OHA4 was metabolised to 11KA4 as well as 11KT in LNCaP cells,
conﬁrming the conversion of 11OHA4 by 11bHSD2 while indicating possible 17b-hydroxysteroid dehydrogenase activity towards
the 11KA4 (Swart et al., 2013).
Both 17bHSD3 and AKR1C3 function primarily as reductases
and convert the androgen precursor, A4, to the androgen T (Mindnich et al., 2004). Mindnich et al. (2005) showed that both human
and zebraﬁsh 17bHSD3 enzymes have the ability to convert
11OHA4 and 11KA4 to their respective 17-hydroxy products
(Mindnich et al., 2005). In humans, the primary function of
17bHSD3 is the production of T in the testes, however, its expression has also been detected in the prostate (Montgomery et al.,
2008; Mindnich et al., 2004; Moeller and Adamski, 2009). Perhaps
more important than 17bHSD3, is AKR1C3, which is expressed in
healthy prostate and is up-regulated in prostate cancers (Stanbrough et al., 2006; Luu-The et al., 2008; Lin et al., 2004; Fung
et al., 2006; Penning et al., 2006; Mitsiades et al., 2012).
In this study we conﬁrmed the ﬁndings that human 17bHSD3
catalyses the conversion of 11KA4 to 11KT (Mindnich et al.,
2005). However, while Mindnich et al. (2005) report the conversion of 11OHA4 to 11OHT by 17bHSD3, we detected negligible conversion. We have shown for the ﬁrst time that human AKR1C3 is
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Fig. 9. Biosynthesis of 11KDHT in LNCaP cells from the adrenal steroid 11OHA4. In the pathway 11OHA4 is metabolised by 11bHSD, 17bHSD and SRD5A. 11OHA4 is
metabolised to 11KA4 by 11bHSD2, followed by the conversion of 11KA4 to 11KT by 17bHSD. 11OHT is converted to either 11OHA4 by 17bHSD or 11KT by 11bHSD2.
11OHA4, 11OHT, 11KA4, and 11KT are also substrates for SRD5A, resulting in the production of the respective 5a-reduced metabolites. 11OH-5a-dione, 11OHDHT, 11K-5adione are substrates for 11bHSD2 and 17bHSD, resulting in the production of 11KDHT. Both 11KA4 and 11KT are substrates for 11bHSD1 (dashed lines), but this enzyme is not
expressed in LNCaP cells.

A

B

Fig. 10. UPLC–MS/MS analysis of steroid metabolism in LNCaP cells. Chromatograms are shown in MRM mode and show the substrate (1 lM) and products in the
conversion of (A) 11OHA4 and (B) 11OHT (substrates are underlined) after 36 h.
Retention times of steroids are indicated on the chromatograms. MRM transitions:
11OHA4 (303.2 > 121.0); 11KA4 (301.2 > 241.0); 11OHT (305.3 > 121.0); 11KT
(303.2 > 121.0).

able to accept 11OHA4 and 11KA4 as substrates, with 11KA4 being
the preferred substrate over both 11OHA4 and A4. Furthermore, in
our assays with 17bHSD we detected the preferential reduction of

Fig. 11. UPLC–MS/MS analysis of 11KT (1 lM) (underlined) conversion by endogenous SRD5A in LNCaP cells after 36 h. Overlaid chromatograms of 11KT and
11KDHT are shown in MRM mode. The 11KT chromatogram (solid trace) is scaled
according to the left Y-axis, and the 11KDHT chromatogram (dashed trace) is scaled
according to the right Y-axis. Retention times of steroids are indicated on the
chromatograms. MRM transitions: 11KT (303.2 > 121.0); 11KDHT (305.2 > 121.0).

substrates with a keto group at C11 while 11-hydroxyl substrates
were more readily oxidised.
The 5a-reductase enzymes, SRD5A1 and SRD5A2, catalyse the
conversion of T to the most potent natural androgen DHT (Bruchovsky and Wilson, 1968; Andersson and Russell, 1990). SRD5A2
is the dominant SRD5A isoform expressed in the healthy prostate,
while in CRPC the up-regulation of SRD5A1 expression is accompanied by a concurrent down-regulation of SRD5A2 expression. This
change in SRD5A expression has been shown to occur during the
transition from prostate cancer to CRPC (Stanbrough et al., 2006;
Montgomery et al., 2008; Titus et al., 2005; Thomas et al., 2008).
SRD5A plays a vital role in the 5a-dione pathway, which results
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Fig. 12. UPLC–MS/MS analysis of substrate (1 lM) conversion by 11bHSD2 and
17bHSD in LNCaP cells. Chromatographic separation of (A) 11OH-5a-dione and (B)
11OHDHT (substrates are underlined) and respective metabolites formed after 36 h.
Chromatograms are shown in MRM mode. Retention times of steroids are indicated
on the chromatograms. MRM transitions: 11OH-5a-dione (305.0 > 269.2); 11K-5adione (303.2 > 241.0); 11OHDHT (307.0 > 253.0); 11KDHT (305.2 > 121.0).

Fig. 13. Activation of the human AR by C19 steroids. COS-1 cells, transiently cotransfected with an ARE-luc and an AR expression vector, were incubated with
1 nM of the test compounds for 24 h. Induction is shown as% with DHT set as 100%.
Results are representative of two independent experiments performed in quadruplicate and are expressed as the mean ± SEM (n = 2). One-way ANOVA, followed by
Tukey’s multiple comparison test was used for statistical analysis. Statistical
signiﬁcance of differences (p < 0.01) is indicated by the letters a, b and c, where
values which differ signiﬁcantly from others are assigned a different letter.

in the intratumoral production of DHT from the adrenal steroids A4
and DHEA(S), while bypassing T entirely (Luu-The et al., 2008;
Chang et al., 2011). A4 is instead reduced by SRD5A to 5a-dione
followed by the 17-keto reduction to DHT. A4 is furthermore preferred as a substrate of SRD5A1 over T (Chang et al., 2011; Thigpen
et al., 1993). In this study we proposed that 11OHA4, 11KA4,
11OHT and 11KT are potential substrates for SRD5A since these
C19 steroids all contain the D4, 3-keto moiety. Both SRD5A1 and
SRD5A2 were able to convert 11OHA4, 11KA4, 11OHT and 11KT
to their respective dihydro forms, 11OH-5a-dione, 11K-5a-dione,

11OHDHT and 11KDHT (Fig. 6). These C19 steroids have not been
previously reported and represent potentially active androgens.
However, before addressing the androgenic activity of these novel
steroids, we investigated their inter-conversion through the enzymatic activity of 17bHSD and 11bHSD. From our results it is clear
that the metabolism of the dihydro steroids by 17bHSD mimics
that of their respective D4 parent compounds (Section 3.1). Moreover, it is also clear that the hydroxyl or keto group at the C11 position inﬂuences the ability of the 17bHSD isoforms to accept the
5a-reduced steroid metabolites as substrates. Our data shows that
the reductive activity of the 17bHSDs favours a keto group at C11,
while the dehydrogenase activity favours a hydroxy group at C11.
Interestingly, in the case of 11bHSD1, the D4 parent steroids were
readily metabolised by 11bHSD1 (Swart et al., 2013), but their
dihydro derivatives were not (data not shown). This implies that
the reduction of these steroids may interfere with either the binding or catalytic activity of the enzyme. Conversely, 11bHSD2 readily metabolised 11OH-5a-dione and 11OHDHT to 11K-5a-dione
and 11KDHT, respectively.
The enzymatic activities described in this study led to the identiﬁcation of the 11OHA4 pathway shown in Fig. 9. Our data to date
clearly shows that 11OHA4 serves as a substrate for 11bHSD2 and
SRD5A, yielding 11KA4 and 11OH-5a-dione, while conversion by
17bHSD to 11OHT is negligible. 11KA4 is, however, subsequently
metabolised to 11KT by 17bHSD or to 11K-5a-dione by SRD5A.
Although the conversion of 11KA4 back to 11OHA4 by 11bHSD1
is possible, 11bHSD2 expression is dominant in androgen-dependent LNCaP cells (Nath et al., 1993; Dovio et al., 2009). The conversion of 11KT to 11OHT by 11bHSD1 is therefore unlikely and
11OHT is instead converted to 11KT by 11bHSD2. Both 11OHT
and 11KT are also metabolised to their respective dihydro forms
by the activity of SRD5A. While, both 11KT and 11OHT are metabolised to 11KA4 and 11OHA4 by 17bHSD2, which is expressed in
the prostate (Moeller and Adamski, 2009), our data suggests that
11OHT is the preferred substrate (Fig. 2).
Looking at the second tier of the 11OHA4 pathway our data
shows that 11OH-5a-dione can serve as the substrate for 11bHSD2,
yielding 11K-5a-dione. The conversion of 11OH-5a-dione by
17bHSD3 and AKR1C3 was negligible, similar to that of 11OHA4.
11K-5a-dione is, however, readily converted to 11KDHT by
17bHSD3 and AKR1C3. Neither 11K-5a-dione nor 11KDHT are substrates for 11bHSD1 (data not shown). 11OHDHT can, however,
serve as the substrate for either 17bHSD2 yielding 11OH-5a-dione,
or 11bHSD2 yielding 11KDHT (Fig. 8) as conﬁrmed in LNCaP cells
(Fig. 12).
Taken together our ﬁndings show that the metabolism of
11OHA4 by 17bHSD, 11bHSD2 and SRD5A, in the 11OHA4 pathway
(Fig. 9) leads to the production of 11KT and 11KDHT via a number
of C19 intermediates. Notably, both 11KT and 11KDHT exhibited
signiﬁcantly higher androgenic activity compared to the other
metabolites which were produced, with 11KDHT acting as a full
AR agonist comparable to DHT at physiologically relevant concentrations. These data supports our hypothesis that while 11OHA4 itself demonstrates negligible androgenic activity, it’s metabolism in
peripheral tissue, possessing the necessary enzymatic machinery,
gives rise to the formation of novel androgens. This ﬁnding may
have signiﬁcant implications in CRPC as it implicates 11OHA4 as
an additional source of adrenal derived androgens, other than
DHEA(S) and A4, which may drive CRPC though the activation of
the AR (Scher and Sawyers, 2005). 11KDHT in particular represents
a novel androgen which may play an important role in driving
CRPC through AR mediated gene expression.
When comparing the androgenic activity of the 11OHA4 metabolites, our data suggests that the C11-keto forms of A4, T and DHT
are more androgenic than their respective 11-hydroxy forms, indicating that a keto group at C11 may be preferential for optimal
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interaction with the AR ligand binding domain. This ﬁnding implicates the activity of the 11bHSD isoforms, which interconvert 11hydroxy and 11-keto steroids, as a potential regulatory point in
the activation or inactivation of 11-hydroxy and 11-keto androgens, respectively. It is important to note that 11bHSD plays an
essential role in the regulation of downstream glucocorticoid action, catalysing the conversion of the active 11-hydroxy glucocorticoids, cortisol and corticosterone, to their respective inactive
11-keto glucocorticoid forms, cortisone and 11-dehydrocorticosterone (Mercer and Krozowski, 1992; Stewart et al., 1994). It is also
interesting to note that while the 11-hydroxy glucocorticoids are
active as glucocorticoid receptor (GR) and mineralocorticoid (MR)
agonists, and the 11-keto glucocorticoids are inactive, our data reveals the opposite trend in the case of the C19 steroids regarding
the AR, in which the 11-keto androgens exhibit greater androgenic
activity than the 11-hydroxy androgens, though the 11-hydroxy
androgens are not completely inactive. This is particularly evident
since 11KDHT demonstrates 2-fold higher androgenic activity than
11OHDHT at 1 nM. Moreover, the presence of 11bHSD2, which
functions as a dehydrogenase, has been demonstrated in the
androgen-dependent prostate cancer cell line, LNCaP (Dovio
et al., 2009; Pagé et al., 1994). Pagé et al. (1994) have proposed that
11bHSD2 acts as a ‘‘gatekeeper’’ in LNCaP cells protecting the
endogenous MR as well as the mutant AR (AR T868A) from the high
concentrations of circulating cortisol. The authors suggest that the
protection of the AR from cortisol would enable selective androgen
action (Pagé et al., 1994). However, as we have demonstrated that
the presence of 11bHSD2 in LNCaP cells contributes to the formation of more active 11keto-C19 steroids (Section 3.4), we propose
that 11bHSD2 expression is a mechanism whereby active androgens are produced in these androgen-dependent cells.
5. Conclusion
The adrenal androgens A4 and DHEA have previously been
shown to play a vital in driving CRPC by serving as precursors for
the intratumoral production of DHT. For many years the importance of the adrenal steroid, 11OHA4, in the prostate has been
overlooked. The results presented in this study implicate this orphan steroid as a novel precursor adding to the pool of androgens
in CRPC. We have demonstrated that 11OHA4 is metabolised to
11KT and the novel androgen 11KDHT, through the action of the
enzymes 17bHSD, 11bHSD and SRD5A in the 11OHA4 pathway.
While DHT is considered to be the primary natural androgen leading to AR activation, 11KDHT demonstrated androgenic activity
equal to that of DHT, thereby implicating this androgen as a contributing factor to AR driven gene expression in CRPC. It is evident
that 11OHA4 and its metabolites can no longer be ignored when
investigating steroid metabolism and AR activation in CRPC.
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