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Abstract
The majority of prostate cancers (PCa) express high levels of androgen receptor (AR) and are
dependent for their growth on testosterone produced by the testes, which is reduced in the
prostate to the higher affinity ligand 5a-dihydrotestosterone (DHT). PCa growth can be
suppressed by androgen deprivation therapy, which involves removal of testicular androgens
(surgical or medical castration) or treatment with an AR antagonist (or a combination of both), but
patients invariably relapse with tumors that have been termed castration recurrent/resistant PCa
(CRPC). Importantly, AR transcriptional activity becomes reactivated at this CRPC stage of the
disease and remains essential for tumor growth. The objective of this review is to outline one
clinically important mechanism contributing to this AR reactivation, which is increased intratumoral
synthesis of testosterone and DHT from weak androgens produced by the adrenal glands and
possibly de novo from cholesterol. Early studies showed that a substantial fraction of CRPC
patients responded to adrenalectomy or medical suppression of adrenal androgen synthesis using
agents such as ketoconazole (CYP17A1 inhibitor), and a recent phase III study of a more potent
and selective CYP17A1 inhibitor (abiraterone) has demonstrated an improvement in survival. With
the pending FDA approval of abiraterone for CRPC, defining the molecular mechanisms
contributing to CYP17A1 inhibitor resistance/relapse and AR reactivation is now critical to build on
these advances.
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Androgen synthesis and metabolism in
normal prostate

The androgen receptor (AR) can be weakly stimulated

by high concentrations of multiple steroids including

weak androgens produced by the adrenal gland such

as androst-4-ene-3,17-dione (androstenedione) and

dehydroepiandrosterone (DHEA; Fig. 1). However,

AR has a much higher affinity for testosterone and

5a-dihydrotestosterone (DHT), and these are the major

physiological AR ligands. Most of the circulating

testosterone in healthy adult males is synthesized by

the testes, with only 5–10% being derived from the

adrenal glands. In contrast, human adrenal glands (but

not rodent adrenals that lack the enzyme CYP17A1;

van Weerden et al. 1992) are a major source of weak

androgens, with DHEA-sulfate (DHEA-S) circulating
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at levels that are w100-fold higher than testosterone.

These weak adrenal androgens can be reduced to

testosterone in some peripheral tissues including

prostate, although this does not appear to be a

significant source of testosterone in men with intact

testicular function. DHEA-S taken up by prostate cells

is converted to DHEA, which can then be reduced to

androstenedione by the enzyme 3b-hydroxysteroid

dehydrogenase 1 (HSD3B1) that is expressed in

prostate basal epithelial cells (Labrie et al. 2000).

Androstenedione in prostate can then be converted to

testosterone by the enzyme aldo-keto reductase family

1, member C3 (AKR1C3; Lin et al. 1997, 2004,

El-Alfy et al. 1999), which is also called 17b-

hydroxysteroid dehydrogenase type 5 (17b-HSD5 or

HSD17B5) or 3a-hydroxysteroid dehydrogenase
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Figure 1 Outline of steps mediating androgen synthesis and metabolism in prostate cancer cells. Pathways that may contribute to
androgen synthesis in prostate are outlined. Bold arrows and brackets outline what appears to be the major pathway for generation
of testosterone and DHT in PCa cells after ADT when adrenal synthesis of weak androgens is intact and there are high levels of
circulating DHEA-S. PCa cells can also synthesize at least trace amounts of testosterone directly from cholesterol through the
sequential actions of CYP11A1, CYP17A1, HSD3B1 or 2, and AKR1C3 through the pathway that is normally active only in the
adrenal glands and testes (also shown in brackets). It should be noted that testes uses 17b-hydroxysteroid dehydrogenase type 3
rather than AKR1C3 to generate testosterone (not shown). A possible alternative ‘backdoor’ pathway is also shown that may bypass
testosterone and generate DHT from androsterone. In some cases more than one enzyme can carry out a particular step (HSD3B1
or HSD3B2; AKR1C2 or AKR1C3; and SRD5A1 or SRD5A2). Inhibitors of enzymes in the pathways are also indicated.
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type 2. In contrast, testosterone synthesis by Leydig

cells in the testes is mediated by a distinct enzyme,

HSD17B3. AKR1C3 in normal prostate has been

localized to stromal, endothelial, and perineural cells

(Lin et al. 2004). In men with intact testes, the signi-

ficance of prostatic AKR1C3 as a source of testoster-

one is not clear. However, the enzyme has other

functions such as reduction of estrone to 17b-estradiol

and reduction of prostaglandin D2 to prostaglandin F2,

which may be significant in normal prostate (Matsuura

et al. 1998). In particular, through the latter reaction

AKR1C3 can decrease prostaglandin J2 ligands for

PPARg, as these are normally derived from prosta-

glandin D2 (Desmond et al. 2003).

While testosterone produced by the testes is the

physiological high-affinity ligand for AR in many

tissues, in some tissues including prostate it is reduced

to the higher affinity ligand DHT (approximately

eightfold higher affinity) by type 1 or 2 5a-reductases,

with the type 2 5a-reductase (SRD5A2) being the

major enzyme in prostate (Fig. 1). This production of

DHT presumably allows the prostate to maintain

constitutive high levels of AR activity in luminal

epithelium. Indeed, treatment with a 5a-reductase

inhibitor (finasteride or dutasteride) reduces prostate

volume and decreases serum levels of androgen-

regulated prostate-specific antigen by w50%. DHT
R176
in prostate is inactivated by the enzyme AKR1C2,

which is also termed 3a-hydroxysteroid dehydro-

genase type 3 (3a-HSD type 3). Although closely

related to AKR1C3 and capable of reducing androste-

nedione to testosterone, it appears to primarily reduce

DHT to 5a-androstane-3a,17b-diol (3a-androstane-

diol; Ji et al. 2003, Rizner et al. 2003), which is then

glucuronidated to form 3a-androstanediol glucuronide

by the enzymes UDP glycosyltransferase 2, B15

(UGT2B15) or UGT2B17 (Belanger et al. 2003).

Alternatively, 3a-androstanediol may be oxidized

back to DHT by enzymes including retinol dehydro-

genase like 3a-hydroxysteroid dehydrogenase

(HSD17B6), which is expressed primarily in prostatic

stromal cells and appears to be the major oxidase

carrying out this function (Bauman et al. 2006b). A

third AKR1C family enzyme, AKR1C1, is also

expressed in prostate. However, in contrast to

AKR1C2, it converts DHT primarily to 5a-andros-

tane-3b,17b-diol (3b-androstanediol; Steckelbroeck

et al. 2004), which is a potential endogenous ligand

for the estrogen receptor b (Weihua et al. 2002).

Genetic differences in several of these enzymes

mediating androgen biosynthesis and metabolism

have been identified, but their contribution to prostate

cancer (PCa) development remains to be firmly

established (Lindstrom et al. 2007).
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Androgen synthesis and metabolism in
PCa before androgen deprivation therapy

Studies using paired PCa and benign prostate tissues

have found reductions in AKR1C1 and AKR1C2

mRNA, as well as reduced metabolism of 3H-DHT in

malignant versus benign tissues (Ji et al. 2003, 2007).

In contrast, significant changes in AKR1C2,

AKR1C1, or AKR1C3 transcript levels were not

found in studies using epithelial cells cultured from

benign prostate versus PCa, although expression

levels in the cultured cells could differ from those

in vivo (Bauman et al. 2006a). Significantly,

immunohistochemical studies with an AKR1C3

specific monoclonal antibody indicate that AKR1C3

protein is absent in benign luminal epithelial cells and

expressed in primary PCa cells (Lin et al. 2004).

Overall, these results suggest that decreased DHT

catabolism (due to lower AKR1C2 expression) and

increased tumor cell synthesis of testosterone

(mediated by AKR1C3), may contribute to increased

testosterone in primary PCa, although the importance

of intraprostatic or intratumoral synthesis as a source

of testosterone before androgen deprivation therapy

(ADT) remains unclear.

Type 2 5a-reductase (SRD5A2) is the major form

expressed in normal prostate. However, work from

several groups indicates that the type 1 5a-reductase

(SRD5A1) is increased in primary PCa based on

transcript and protein levels (Titus et al. 2005a). In

contrast, levels of SRD5A2 in PCa are not increased

and were decreased in some studies. Increased

expression of SRD5A1 may have clinical implications

as the commonly used 5a-reductase inhibitor (finas-

teride) is relatively specific for the type 2 enzyme,

while dutasteride inhibits both enzymes. Significantly,

two large clinical trials showed that both finasteride

and dutasteride could decrease the incidence of

detectable PCa, although use of these drugs for PCa

prevention is not yet recommended as it remains

controversial whether they are primarily preventing

the detection of low-grade indolent tumors (Gleason

score 6) while possibly slightly increasing the

incidence of higher grade PCa (Thompson et al.

2003, Andriole et al. 2010). Results from another

large clinical trial in men with low-grade PCa who are

candidates for surveillance, which is assessing

whether dutasteride can prevent tumor progression,

should soon be available (Fleshner et al. 2007). Given

the prevalence of PCa, and in particular low-grade

PCa that may not need to be treated aggressively with

radical prostatectomy or radiation, it will be important

to address whether all or particular subsets of healthy
www.endocrinology-journals.org
men or men with low-grade PCa can benefit from

treatment with a 5a-reductase inhibitor. Interestingly,

a recent study that assessed gene expression in PCa

patients who were treated with dutasteride before

prostatectomy found highly variable effects on the

expression of AR and androgen-regulated genes,

despite comparable marked declines in DHT levels,

and suggested that AR levels may be a predictor of

efficacy (Mostaghel et al. 2010).
Androgen synthesis and metabolism in
primary PCa after ADT

Although testes are the major source of testosterone in

normal men, the intratumoral synthesis of testosterone

from weak adrenal androgens appears to be a

substantial source of prostatic testosterone after

ADT. Several studies have shown that intraprostatic

testosterone and DHT levels do not decline as

markedly as serum levels after ADT. Prostatic DHT

in an early study was found to decline by only 75%

after castration versus 86% after ketoconazole

(CYP17A1 inhibitor) to suppress both testicular and

adrenal androgen production (Geller & Albert 1987).

Additional studies have similarly found that prostate

tissue levels of DHT in PCa patients treated with

ADT therapy before prostatectomy declined by only

w75% versus declines of w95% in serum levels

(Belanger et al. 1989, Mizokami et al. 2004,

Nishiyama et al. 2004). In a recent study in healthy

men, treatment for 1 month with a GnRH antagonist

to suppress testicular androgen synthesis caused a

94% decline in serum testosterone, but only a 70–80%

decline in prostate tissue testosterone and DHT (Page

et al. 2006). Taken together, these data demonstrate

that intraprostatic testosterone synthesis, which pre-

sumably serves to maintain high testosterone levels in

normal prostate, can be a significant source of

testosterone and may buffer primary PCa against the

acute effects of ADT. Indeed, an analysis of

AR-regulated gene expression in PCa cells from

radial prostatectomy specimens in patients receiving

neoadjuvant ADT (treatment before prostatectomy)

found that while several androgen-regulated genes

(NDRG1, FKBP5, and TMPRSS2) were reduced,

many others were not suppressed after short- or

long-term neoadjuvant ADT (Mostaghel et al. 2007).

Based on these findings, current clinical trials are

assessing the effects of more aggressive neoadjuvant

ADT using a GnRH agonist in combination with

CYP17A1 inhibition.
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Increased intratumoral conversion of weak
adrenal androgens to testosterone and
DHT in local and metastatic castration
recurrent/resistant PCa

Early studies in men with castration recurrent/resistant

PCa (CRPC) and intact prostates found that intrapro-

static DHT levels in a small subset were increased

relative to those in men immediately after castration,

although these findings were not interpreted as

providing evidence for increased androgen synthesis

(Geller et al. 1984, Geller 1985). A subsequent

comprehensive and seminal study by more reliable

mass spectrometry methods examined prostatic tes-

tosterone and DHT levels in a series of castrated men

with CRPC who had tissue obtained from transurethral

resections performed to relieve obstruction. Signi-

ficantly, intraprostatic testosterone levels were not

substantially reduced relative to controls with normal

serum androgen levels, although DHT levels were

reduced to 18% of controls (Mohler et al. 2004, Titus

et al. 2005b). In a second critical study, androgen

levels were assessed in metastatic CRPC samples

obtained through a ‘warm autopsy’ program. Remark-

ably, testosterone levels in many of the CRPC samples

were actually increased relative to control tissues

(Montgomery et al. 2008). While DHT levels were less

markedly increased, this may have reflected DHT

catabolism in the postmortem tissues or other artifacts.

Indeed, the analysis of steroid levels in tissues by mass

spectrometry remains technically challenging due to

issues including steroid metabolism, controlling for

losses during extraction and processing, background

produced by various biological matrices, poor ion-

ization, and analytical challenges in the separation,

detection, and definitive identification of particular

steroids amongst highly related compounds. In any

case, these data indicated that the progression to CRPC

was associated with increased intratumoral accumu-

lation or synthesis of testosterone.

In parallel with these assessments of androgen

levels, gene expression studies have identified

increased expression of enzymes mediating testoster-

one and DHT synthesis from weak adrenal androgens

as a molecular mechanism mediating the restoration of

testosterone (and possibly DHT) levels in CRPC. The

initial study used Affymetrix oligonucleotide micro-

arrays to compare global gene expression in a

relatively large series of CRPC bone marrow metas-

tases versus laser microdissected primary PCa, and

found striking and consistent increases in the levels of

AKR1C3 mRNA (approximately fivefold median

increase; Stanbrough et al. 2006). The increased
R178
expression of AKR1C3 protein in local and metastatic

CRPC was further confirmed by immunohistochem-

istry. This study also found significant increases in type

1 5a-reductase (SRD5A1) and in HSD3B2, which

converts DHEA to androstenedione (Stanbrough et al.

2006; Fig. 1). Subsequent studies of CRPC have

similarly observed increased expression of enzymes

mediating testosterone and DHT synthesis, including

AKR1C3 and SRD5A1 (Montgomery et al. 2008,

Hofland et al. 2010). Finally, there is a report of a novel

5a-reductase (SRD5A3), which is structurally distinct

from SRD5A1 and 2 and not blocked by finasteride or

dutasteride, being increased in CRPC (Uemura et al.

2008). However, the extent to which SRD5A3

functions in vivo as a 5a-reductase and its contribution

to CRPC remain to be established.

In addition to increased synthesis, one study found

that SLCO1B3, a membrane transporter for steroids

including testosterone and DHEA-S, was increased in

PCa. Moreover, a common SLCO1B3 polymorphism

causing decreased testosterone transport was associ-

ated with improved survival, suggesting a significant

role for increased transport of steroids in CRPC

(Hamada et al. 2008). Finally, expression of enzymes

mediating DHT catabolism, including AKR1C2,

AKR1C1, and UGT2B15, are also increased in

CRPC (Stanbrough et al. 2006). Increased expression

of another enzyme mediating androgen inactivation,

HSD17B2, was also observed in another study of

CRPC obtained from transurethral resections (Fromont

et al. 2005). These increases are presumably secondary

to the increased intracellular androgen synthesis,

although it is possible that AKR1C1 or AKR1C2 is

functioning in CRPC as steroid reductases (similarly to

AKR1C3) to increase androgen synthesis.
Intratumoral de novo androgen synthesis
in CRPC

It now seems clear that PCa cells can adapt to ADT by

enhancing their ability to take up and metabolize weak

androgens produced by the adrenal glands. Previous

studies have also indicated that cholesterol synthesis

may be increased in CRPC (Ettinger et al. 2004,

Holzbeierlein et al. 2004), but whether CRPC cells can

synthesize physiologically significant amounts of

androgen de novo from cholesterol has been less

clear. Studies conducted primarily in LNCaP cells and

xenografts indicate that enzymes required for de novo

steroid synthesis, including CYP11A1 and CYP17A1,

are expressed and may be increased in castration

resistant sublines (Dillard et al. 2008, Locke et al.

2008, 2009). Moreover, these tumors could also
www.endocrinology-journals.org
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synthesize progesterone and detectable levels of DHT,

although lower levels of testosterone, ex vivo from

labeled precursors. The lower levels of testosterone

suggested that these cells may produce DHT through a

‘backdoor’ pathway to generate DHT without going

through testosterone (Auchus 2004, Locke et al. 2008;

Fig. 1), although the relevance of such a pathway in

CRPC is not clear as relatively high testosterone levels

are found in clinical CRPC samples. It should also be

noted that LNCaP cells express a mutant AR (T877A)

that can be strongly activated by progesterone, so may

experience less selective pressure for synthesis of

testosterone (Veldscholte et al. 1990).

Although PCa cell lines and xenografts can

synthesize detectable levels of androgens de novo, it

is not yet clear whether this occurs in CRPC patients at

levels that are adequate to fully reactivate AR. One

study found that CYP17A1 and HSD3B1 mRNA were

extremely low in locally recurrent CRPC, which

suggested that these tumors may not produce physio-

logically significant levels of androgens de novo

(Hofland et al. 2010). However, mRNA for both

enzymes as well as CYP11A1 mRNA were readily

detected in metastatic CRPC bone marrow biopsy

samples (Stanbrough et al. 2006), and appeared to be

increased in some advanced tumors obtained from

warm autopsies (Montgomery et al. 2008). These

observations suggest that de novo intratumoral andro-

gen synthesis may play a limited or variable role

initially as tumor cells adapt to conventional ADT

(surgical or medical castration), where high levels of

circulating weak androgens from the adrenal glands

provide a readily available source of substrate for

conversion to testosterone and DHT. In any case, it will

be important to determine whether surgical (adrena-

lectomy or hypophysectomy) or medical (aminoglu-

tethimide, ketoconazole, abiraterone, or other agents in

development) suppression of this adrenal synthesis

generates selective pressure for tumor cells that are

relatively resistant to these agents due to mechanisms

including increased expression of CYP17A1, with

subsequent increases in de novo androgen synthesis

being a potential mechanism for relapse.
Conclusions

Prostate expresses the enzymatic machinery for

synthesis of testosterone from weak adrenal androgens,

but the importance of this as a source of testosterone

for normal prostate epithelium or for PCa development

in men with normal testicular function is uncertain. In

contrast, the intraprostatic synthesis of testosterone

from adrenal-derived precursors likely accounts for the
www.endocrinology-journals.org
relatively high testosterone levels in prostate after

ADT, and may buffer PCa cells from the loss of

testicular androgen. The CRPC cells that emerge after

ADT upregulate enzymes that convert adrenal andro-

gens to testosterone and DHT (in particular AKR1C3),

further enhancing their intratumoral androgen

synthesis and reactivating AR transcriptional activity.

In addition, AR activity in these cells is likely further

enhanced by multiple mechanisms that sensitize AR to

low levels of androgens (Yuan & Balk 2009).

Secondary hormonal therapies that suppress adrenal

gland synthesis of weak androgens are effective in

many CRPC patients, and a recent study showing a

survival advantage in advanced CRPC patients treated

with abiraterone will likely lead to approval of this

drug in the near future (Attard et al. 2009, Danila et al.

2010, Reid et al. 2010). While de novo intratumoral

androgen synthesis may make a variable contribution

to the restoration of intratumoral androgens in patients

with intact adrenal gland function, it may become a

major source in patients treated with CYP17A1

inhibitors whose adrenal synthesis of weak androgens

is blocked. Further studies are clearly needed to

determine whether CRPC cells develop relative

resistance to CYP17A1 inhibitors (through increased

expression of CYP17A1, mutations in CYP17A1,

altered drug metabolism, or other mechanisms),

resulting in increased de novo androgen synthesis and

relapse. Such tumors may then respond to other

CYP17A1 inhibitors or to the addition of agents that

inhibit other steps in androgen synthesis (Sartor et al.

2009, Taplin et al. 2009).
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