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verexpression  of  aldo-keto  reductase  1C3  (AKR1C3)  in  LNCaP  cells  diverts
ndrogen  metabolism  towards  testosterone  resulting  in  resistance  to  the
�-reductase  inhibitor  finasteride�
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Type  5 17�-hydroxysteroid  dehydrogenase  (AKR1C3)  is  the major  enzyme  in  the  prostate  that  reduces
4-androstene-3,17-dione  (�4-Adione)  to the  androgen  receptor  (AR)  ligand  testosterone.  AKR1C3  is
upregulated  in  prostate  cancer  (PCa)  and  castrate  resistant  prostate  cancer  (CRPC)  that  develops  after
androgen  deprivation  therapy.  PCa  and  CRPC  often  depend  on  intratumoral  androgen  biosynthesis
and  upregulation  of AKR1C3  could  contribute  to intracellular  synthesis  of  AR  ligands  and  stimula-
tion  of  proliferation  through  AR  signaling.  To test  this  hypothesis,  we developed  an  LNCaP  prostate
cancer  cell  line  overexpressing  AKR1C3  (LNCaP-AKR1C3)  and  compared  its  metabolic  and  prolifera-
tive  responses  to �4-Adione  treatment  with  that  of  the parental,  AKR1C3  negative  LNCaP  cells.  In
LNCaP  and LNCaP-AKR1C3  cells,  metabolism  proceeded  via  5�-reduction  to  form  5�-androstane-3,17-
dione  and  then  (epi)androsterone-3-glucuronide.  LNCaP-AKR1C3  cells  made  significantly  higher  amounts
of testosterone-17�-glucuronide.  When  5�-reductase  was  inhibited  by  finasteride,  the  production  of
testosterone-17�-glucuronide was  further  elevated  in  LNCaP-AKR1C3  cells.  When  AKR1C3  activity
was  inhibited  with  indomethacin  the  production  of  testosterone-17�-glucuronide was  significantly
decreased.  �4-Adione  treatment  stimulated  cell  proliferation  in both  cell  lines.  Finasteride  inhibited
LNCaP  cell  proliferation,  consistent  with 5�-androstane-3,17-dione  acting  as the  major  metabolite  that
stimulates growth  by binding  to the  mutated  AR.  However,  LNCaP-AKR1C3  cells were  resistant  to  the
growth  inhibitory  properties  of  finasteride,  consistent  with  the  diversion  of  �4-Adione  metabolism  from
5�-reduced  androgens  to  increased  formation  of  testosterone.  Indomethacin  did  not  result  in differences

4
in  � -Adione  induced  proliferation  since  this  treatment  led  to the  same  metabolic  profile  in LNCaP  and
LNCaP-AKR1C3  cells.  We  conclude  that  AKR1C3  overexpression  diverts  androgen  metabolism  to  testos-
terone that  results  in  proliferation  in  androgen  sensitive  prostate  cancer.  This effect  is seen  despite  high
levels  of  uridine  glucuronosyl  transferases  suggesting  that  AKR1C3  activity  can  surmount  the effects  of
this  elimination  pathway.  Treatment  options  in  prostate  cancer  that  target  5�-reductase  where  AKR1C3
co-exists  may  be  less  effective  due  to the  diversion  of �4-Adione  to  testosterone.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction
A  critical step in the synthesis of androgen receptor (AR)
igands involves the conversion of 4-androstene-3,17-dione (�4-
dione) to testosterone, which is catalyzed by 17�-hydroxysteroid
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dehydrogenases type 3 (HSD17B3) and type 5 (aldo-keto reductase
(AKR) 1C3, Fig. 1) [1–4]. Testosterone can then be converted
to 5�-dihydrotestosterone (5�-DHT) by either type 1 or type 2
5�-reductase [5].  In testis, HSD17B3 is the predominant enzyme in
catalyzing testosterone formation, in prostate however, synthesis
of biologically active androgens proceeds via AKR1C3 [6–8].
Several studies indicate that AKR1C3 is overexpressed in prostate
cancer and that expression increases with the progression of the
disease [9–12].

Prostate cancer is driven by androgens and can be effectively

suppressed by blocking androgen synthesis through orchiectomy
or the use of a luteinizing hormone-releasing hormone agonist (e.g.
leuprolide). However, in patients receiving androgen deprivation
therapy, the androgen signaling pathway is eventually reactivated,

dx.doi.org/10.1016/j.jsbmb.2011.12.012
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:penning@upenn.edu
dx.doi.org/10.1016/j.jsbmb.2011.12.012
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esulting in castrate resistant prostate cancer (CRPC), which is fatal
13]. Two general mechanisms that result in the reactivation of
he androgen axis in CRPC have been proposed [14]. One includes
hanges in AR signaling, such as AR mutations that result in
igand promiscuity [15,16], expression of a constitutively active
R [17], post-translational modification of the AR so it becomes

igand-independent [18], or AR gene amplification so that it can
espond to trace amounts of ligand [19]. The other mechanism
ocuses on changes in intratumoral androgen synthesis, involving
e novo synthesis of AR ligands from cholesterol, or increased
onversion of adrenal androgens (e.g. dehydroepiandrosterone or

4-Adione) to active androgens. In support of the latter, affymetrix
icroarray data, validated by qRT-PCR, suggested reprogramming

f the androgen biosynthetic pathway in advanced CRPC [9,10].
 dramatic increase in AKR1C3 expression was accompanied by a
et decrease in 5�-reductase expression. Furthermore, measure-
ent of intratumoral testosterone and 5�-DHT levels in castrate

esistant disease showed that, consistent with the transcript
evels, the ratio of these metabolites now favored testosterone
ver 5�-DHT synthesis [9] and that the key enzyme involved
ay  be AKR1C3. By virtue of its 17�-HSD activity, AKR1C3 also

onverts 5�-androstane-3,17-dione to 5�-DHT. Thus irrespective
f whether testosterone or 5�-DHT drives advanced disease the
ormation of these androgens must proceed through AKR1C3
Fig. 1).

To gain a deeper understanding of the putative role AKR1C3
lays in androgen responsive prostate cancer, we explored the

nfluence of upregulated AKR1C3 on intracellular androgen syn-
hesis and cell proliferation in the LNCaP prostate cancer cell
ine. We  monitored androgen metabolism and cell growth upon
ddition of the precursor �4-Adione in AKR1C3-negative LNCaP
ells and in stably transfected LNCaP-AKR1C3 cells. We  find that
KR1C3 overexpression resulted in the redirection of androgen
etabolism which now favored testosterone-17�-glucuronide

ormation. We  also find that LNCaP-AKR1C3 cells are now less sen-
itive to the growth inhibitory effects of the 5�-reductase inhibitor
nasteride suggesting that sufficient testosterone is produced
o override the effect of the drug, and overcome the elimination
athway catalyzed by uridine glucuronosyl transferases. Our data

ay  have clinical utility, since they suggest that if AKR1C3 is

verexpressed on a background of 5�-reductase activity this will
ead to the unintended diversion of �4-Adione to testosterone

ith a resultant growth phenotype.

ig. 1. Intratumoral androgen biosynthesis in prostate cancer that leads to the formation of
nactive  androgens dehydroepiandrosterone and/or 4-androstene-3,17-dione. The key 

o  be AKR1C2, while RODH-like short chain dehydrogenase/reductase (17�-HSD type 

�-hydroxysteroids but there is no evidence that it also catalyzes the reverse reaction.
try & Molecular Biology 130 (2012) 7– 15

2. Methods

2.1. Chemicals and reagents

Unlabeled steroids were purchased from Steraloids (Newport,
RI). [4-14C]-�4-Adione was  purchased from Perkin-Elmer Life Sci-
ences (Waltham, MA). Indomethacin, finasteride, bicalutamide and
�-glucuronidase (Type VII-A from E. coli; 5,292,000 units/g) were
purchased from Sigma (St. Louis, MO). Media and cell culture
reagents were from Invitrogen (Carlsbad, CA), except where noted
otherwise. Organic solvents were from Fisher Scientific (Fair Lawn,
NJ).

2.2. Stable transfection of LNCaP cells

Stable transfection of LNCaP cells with a pLNCX2-AKR1C3 vector
containing the coding sequence for AKR1C3 (human type 5 17�-
HSD) was accomplished using the methods previously described
for MCF-7 cells [20], except that following infection, cells were
maintained in RPMI with 10% FBS and 0.5 mg/mL geneticin. AKR1C3
expression levels in the parental and transfected cells were exam-
ined by RT-PCR using the isoform specific primer set: (forward
primer) 5′ dGTA AAG CTT TGG AGG TCA C 3′ and (reverse primer) 5′

dCAC CCA TCG TTT GTC TCG T 3′, and by Western blot analysis using
our isoform specific mouse monoclonal antibody against AKR1C3,
as previously described [20].

2.3. Cell culture and Western blot of VCaP and CWR22Pc

VCaP cells were maintained in RPMI1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum (FBS,
HyClone Laboratories, Inc., Logan, UT), 1% l-glutamate, 0.8 nmol/L
5�-DHT and 100 units/mL penicillin/streptomycin. CWR22Pc cells
were maintained in DMEM medium supplemented with 10% FBS,
1% l-glutamate and 100 units/mL penicillin/streptomycin. Cells
were collected and a cell lysate prepared for Western blot analysis
as described before [21]. Protein concentration was determined by
Bradford assay.
2.4. Radiometric determination of androgen metabolism

To monitor the metabolism of radiolabeled �4-Adione in LNCaP
and LNCaP-AKR1C3 cells, 1 × 106 cells were plated in 6 well dishes

 the active androgens testosterone and 5�-dihydrotestosterone from the circulating
role of AKR1C3 is shown. *The primary reductive 3�-HSD in prostate is thought
6) is the oxidative 3�-HSD in the prostate. AKR1C1 converts 5�-androstanes to
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nd incubated overnight. Medium was replaced with 2 mL  phenol-
ree RPMI with 1% charcoal stripped FBS (HyClone Laboratories,
nc., Logan, NV). For inhibitor studies, this medium contained
ndomethacin (30 �M)  and/or finasteride (2 �M).  After a 30 min
quilibration period, [4-14C]-�4-Adione (0.096 �Ci) in 0.25% DMSO
as added alone or mixed with unlabeled �4-Adione to attain

 final concentration of 0.1 or 5 �M steroid, respectively. After
ncubation for 0, 6, 24, or 48 h, 1 mL  medium was  removed from
he cells and extracted twice with 2 mL  cold ethyl acetate. In
rder to determine the radioactivity in each phase, 100 �L each
f the organic and aqueous fractions were added to 5 mL  Ultima
old (Perkin Elmer Life Sciences) scintillation fluid and analyzed
ith a TriCarb 2100 (Packard Instrument, Perkin Elmer Life Sci-

nces) scintillation counter which detected [14C]-radioactivity with
 machine efficiency of 99%. The percentage of the blank corrected
pm in each phase was determined. The remainder of the organic
raction was dried under reduced pressure. The dried extracts
ere re-dissolved in 100 �L ethyl acetate containing 25 �g each

f steroid reference standards and applied to LK6D Silica TLC
lates (Whatman Inc., Clifton, NJ). TLC plates were developed using

 dichloromethane/ethyl acetate (80:20, v/v) solution and were
ounted with a Bioscan System 200 plate reader (Washington, DC).
dentification of products was determined by visualizing the ref-
rence standards with an acetic acid/sulfuric acid/anisaldehyde
100:2:1, v/v/v) solution and heating. This method did not achieve
eparation of androsterone and epiandrosterone. Quantification of
he individual steroid analytes was achieved by multiplying the
roportion of the radioactivity corresponding to each peak in the
adiochromatogram by the proportion of the corrected cpm for
he organic fraction from which it was derived. Three independent
xperiments were performed in triplicate for all data sets. Statistics
ere performed using a two-sided Student’s t-test.

The aqueous fraction was acidified to pH 6.5 with acetic acid and
hen subjected to treatment with 400 units of �-glucuronidase in

 mL  total volume at 37 ◦C for 24 h. Steroid extraction and analysis
f the fractions were performed as described above.

.5. Determination of cell proliferation

Medium from LNCaP and LNCaP-AKR1C3 cells was  removed,
ells were washed twice with DPBS (Dulbecco’s phosphate buffered
aline) and then maintained in phenol-free RPMI containing 5%

harcoal stripped FBS (HyClone Laboratories, Inc., Logan, NV) for
2 h. Cells were seeded at 1 × 104 cells per well in a 96-well plate
nd kept in culture for another 48 h. To monitor the growth
esponse of cells to androgens alone, steroid dissolved in DMSO

ig. 2. AKR1C3 expression in the parental LNCaP and stably expressing LNCaP-AKR1C3 c
nd  two LNCaP-AKR1C3 cell lines (lanes 1–3, respectively), and control plasmids contain
as  used as positive control. (B) Western blots for AKR1C3 protein expression using 45

ntensities of different amounts of pure recombinant AKR1C3 (lanes 4 and 5, respective
rotein expression in lysate of different prostate cancer cell lines.
try & Molecular Biology 130 (2012) 7– 15 9

was added to yield the final concentration of steroid in 0.1% DMSO.
To monitor the effects of enzyme inhibitors, 0.1 �M �4-Adione
was added together with increasing concentrations of finasteride
(0–30 �M),  indomethacin (0–30 �M),  or bicalutamide (0–10 �M),
in a final concentration of 0.3% DMSO. Nine days after addition of
steroids, proliferation was  stopped and quantified with an MTT  (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell
proliferation kit (Roche), according to manufacturer’s protocol,
using a Synergy 2 multi-detection microplate reader (BioTek).
Growth response to androgens was  normalized to the lowest con-
centration of added androgen (which was not significantly different
from cells treated with either 0.1 or 0.3% DMSO).

3. Results

3.1. Establishment of the LNCaP prostate cancer cell line stably
expressing AKR1C3

LNCaP cells are a widely used and well established cell line
model to study prostate cancer and contain a mutated AR (T877A)
[22]. However, AKR1C3 expression is either very low or completely
absent in these cells as reported [1] (see also Fig. 2). As we  sought
to determine the effect of high, constitutive AKR1C3 expression
in a prostate cancer cell setting, we  generated an LNCaP cell line
stably expressing AKR1C3 so that its properties could be com-
pared to the parental LNCaP cells. We  stably transfected parental
LNCaP cells with a pLNCX2-AKR1C3 lentiviral vector and verified
AKR1C3 expression at the transcript and protein level by using
RT-PCR and immunoblot analyses, respectively (Fig. 2). RT-PCR
gave a clear signal for AKR1C3 mRNA expression in two LNCaP-
AKR1C3 cell lines (clone 1 and clone 2), while the parental cell line
was negative (Fig. 2A). The primers used for RT-PCR were AKR1C3
specific and did not amplify the closely related isoforms AKR1C1
and AKR1C2 [3].  Western blot analysis using an AKR1C3 specific,
monoclonal antibody [11], confirmed the expression of AKR1C3
in stably transfected cell lines and its absence in the parental
cell line (Fig. 2B). Based on the intensity of the band from the
LNCaP-AKR1C3 cells relative to those observed with 0.05 �g or
0.1 �g recombinant AKR1C3, we  estimate that the level of expres-
sion achieved is approximately 0.1% of the soluble protein in the
transfected cells. The level of AKR1C3 expression was  compara-
ble to that in VCaP and lower than in CWR22Pc cells (Fig. 2C).

VCaP cells are derived from advanced prostate cancer and CWR22Pc
cells can give rise to CRPC in murine xenograft models. All fur-
ther experiments were carried out with the LNCaP-AKR1C3 clone
2 cell line.

ell lines. (A) RT-PCR with AKR1C3 specific primers on cDNA generated from LNCaP
ing the complete coding sequence for AKR1C1-3 (lanes 4–6, respectively). GAPDH

 �g of LNCaP and LNCaP-AKR1C3 cell lysates (lanes 1–3, respectively), and signal
ly). As a loading control, �-actin was  used. (C) Western blot detection of AKR1C3
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.2. Metabolism of �4-Adione in LNCaP and LNCaP-AKR1C3 cells

We  followed the metabolism of 0.1 �M and 5.0 �M �4-Adione

n LNCaP and LNCaP-AKR1C3 cells over 48 h using radio-TLC to
eparate (Fig. 3A) and quantify the downstream metabolites. At the

 h time point, �4-Adione was the only detectable steroid in the

ig. 3. Metabolism of �4-Adione in LNCaP and LNCaP-AKR1C3 cells. (A) Authentic standar
enerated from 0.1 �M [14C]-�4-Adione were identified at (B) time 0 or after 48 h incub
ecovered from the aqueous phase after �-glucuronidase treatment and re-extraction w
reatment. Identification and quantification of steroids from both phases using 0.1 �M [1

KR1C3 cells (F). Identification and quantification of steroids from both phases using 5
NCaP-AKR1C3 cells (H). Note the increase in testosterone-17�-glucuronide in panels (F) an

4-Adione; 5�-Adione: 5�-androstane-3,17-dione; 3�-diol: 3�-androstane-3,17-diol; 3
ree  steroid; �, (epi)androsterone-glucuronide; �, testosterone-17�-glucuronide; �, 5�-
try & Molecular Biology 130 (2012) 7– 15

medium (Fig. 3B). Within 48 h of incubation in LNCaP cells, 0.1 �M
�4-Adione was  almost completely consumed and concomitant
formation of 5�-androstane-3,17-dione and the appearance of a

large amount of radioactivity in the aqueous phase was observed
(Fig. 3C). The aqueous radioactivity could be recovered primarily
as either androsterone or epi-androsterone (which co-migrate),

ds run on TLC and imaged as described in Section 2. (B–D) Downstream metabolites
ation with (C) LNCaP and (D) LNCaP-AKR1C3 cells. Main panel shows metabolites
hile insets show chromatogram of the organic fractions before �-glucuronidase

4C]-�4-Adione as substrate gave rise to the time courses in LNCaP (E) and LNCaP-
 �M [14C]-�4-Adione as substrate gave rise to the time courses in LNCaP (G) and
d (H). Error bars represent standard deviation of the mean n = 3. 4-Androstenedione:
�-diol: 3�-androstane-3,17-diol; solid line: glucuronidated steroid; broken line:

DHT-17�-glucuronide; ©,  (epi)androsterone; �, 5�-androstane-3,17-dione.
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Fig. 4. Formation of androgens from �4-Adione in (A) LNCaP and (B) LNCaP-
AKR1C3 cells in the presence or absence of finasteride and indomethacin. Cells were
treated with 0.1 �M �4-Adione alone or in combination with 2.0 �M finasteride or
30  �M indomethacin. Error bars represent standard deviation of the mean n = 3.
*p  < 0.05 vs LNCaP cells without inhibitor; **p  < 0.05 vs LNCaP-AKR1C3 cells without
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ith a small amount of testosterone, following �-glucuronidase
reatment (Fig. 3C and E). When 5.0 �M �4-Adione was  used
s substrate (epi)androsterone could now be detected in the
rganic phase. Following �-glucuronidase treatment, a large
mount of (epi)androsterone and small amounts of testosterone
nd 5�-DHT could be detected (Fig. 3G). At 5.0 �M,  a larger
roportion of radioactivity remained in the aqueous fraction after
-glucuronidase treatment, suggesting the presence of sulfate
onjugates.

Metabolism of 0.1 �M �4-Adione in LNCaP-AKR1C3 cells also
ed to its complete consumption within 48 h and a large portion
f radioactivity was recovered in the aqueous phase (Fig. 3D),
imilar to that seen in the parental cells (Fig. 3C). Treatment
ith �-glucuronidase now gave two large peaks, corresponding

o (epi)androsterone and testosterone, showing that AKR1C3 func-
ioned as an efficient 17�-hydroxysteroid dehydrogenase in this
ell environment (Fig. 3D and F). A similar pattern of metabolism
as observed with 5.0 �M �4-Adione except that a small amount

f 5�-DHT could now be detected as its glucuronide and there
as more radioactivity remaining in the aqueous fraction after
-glucuronidase treatment (Fig. 3H). The LNCaP-AKR1C3 cells con-
istently made large amounts of testosterone-17�-glucuronide
ith both 0.1 �M and 5.0 �M �4-Adione, whereas the parental

ells did not.

.3. Metabolism of �4-Adione in LNCaP cells and LNCaP-AKR1C3
ells in the presence of finasteride

Finasteride is a mechanism based inhibitor of type 2 5�-
eductase that also competitively inhibits type 1 5�-reductase at
igh nanomolar concentrations [23,24]. Addition of 2 �M finas-
eride to LNCaP cells blocked metabolism of 0.1 �M �4-Adione to
�-andostane-3,17-dione and no (epi)androsterone was released
rom the aqueous phase following �-glucuronidase treatment
Fig. 4A). Finasteride treatment had little effect on the small amount
f testosterone-17�-glucuronide formed in the parental cells.
hen the experiment was replicated in the LNCaP-AKR1C3 cells

Fig. 4B), we observed similar effects. However, testosterone-17�-
lucuronide was now formed at much higher levels than in cells
hat did not receive finasteride. This suggests that in the presence
f AKR1C3, �4-Adione metabolism was diverted from the for-
ation of 5�-androstane-3,17-dione and the inactive metabolite

epi)androsterone in favor of the formation of testosterone-
7�-glucuronide and that this was exacerbated by finasteride
reatment.

.4. Metabolism of �4-Adione in LNCaP cells and LNCaP-AKR1C3
ells in the presence of indomethacin

Indomethacin and indomethacin analogues are selective com-
etitive inhibitors for AKR1C3 yielding KI values in the low
icromolar range [25]. We  therefore measured the metabolism

f 0.1 �M �4-Adione in LNCaP and LNCaP-AKR1C3 cells in the
resence and absence of 30 �M indomethacin to determine the
ontribution of AKR1C3 to the observed metabolic profiles (Fig. 4).

e found that indomethacin only slightly reduced the metabolism
f �4-Adione in parental LNCaP cells (Fig. 4A). By contrast,
ndomethacin greatly reduced the formation of testosterone-
7�-glucuronide in the LNCaP-AKR1C3 cells, down to the levels
bserved in parental cells (Fig. 4B).

.5. Effect of finasteride and indomethacin on �4-Adione induced

roliferation of LNCaP and LNCaP-AKR1C3 cells

We  studied the proliferation of LNCaP and LNCaP-AKR1C3
ells in steroid depleted medium in response to increasing
inhibitor. 4-Androstenedione: � -Adione; 5�-Adione: 5�-androstane-3,17-dione;
-Gluc: glucuronidated form.

concentrations of ketoandrogens (�4-Adione and 5�-androstane-
3,17-dione) and hydroxyandrogens (testosterone and 5�-DHT).
LNCaP cells were more responsive to the ketoandrogens than
the hydroxyandrogens, with the trend being: �4-Adione = 5�-
androstane-3,17-dione » testosterone > 5�-DHT. In LNCaP-AKR1C3
cells the dose-response curve for 5�-androstane-3,17-dione was
now significantly shifted to the right, consistent with AKR1C3
enhancing reduction of the 3- and/or 17-ketones leading to
the glucuronidation of the corresponding alcohols. Surprisingly,
there was no significant difference in the ability of �4-Adione
to induce proliferation in the LNCaP and LNCaP-AKR1C3 cells
and EC50 values observed were 8.3 nM and 8.9 nM, respectively
(Fig. 5).

Upon addition of increasing concentrations of finasteride
(0–30 �M),  �4-Adione induced proliferation was  significantly
inhibited in both cell lines, and at 30 �M finasteride, the effect
of the drug was identical to the no-steroid control (Fig. 6A and
B). However, LNCaP-AKR1C3 cells were significantly less suscep-
tible than parental cells to the inhibitory effects of finasteride and
required higher concentrations to achieve the same level of inhibi-
tion. This observation was consistent with the increased production
of testosterone observed in these cells. Upon addition of increas-
ing concentrations of indomethacin, �4-Adione induced growth
in LNCaP cells was  unaffected (Fig. 6C), and LNCaP-AKR1C3 cell
growth was only slightly susceptible to inhibition of AKR1C3 by
indomethacin (Fig. 6D). This suggests that indomethacin treat-
ment redirected �4-Adione metabolism in these cells back towards
5�-androstanedione-3,17-dione and thus the growth properties

were indistinguishable from the parental cells treated with �4-
Adione. In both cell lines, �4-Adione induced growth could be
inhibited to a similar extent by administration of bicalutamide
(Fig. 6E and F).
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. Discussion
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the most highly expressed genes in advanced prostate cancer and

CRPC [9–12]. However, functional studies on its role in prostate
cancer have been lacking. In our study we  sought to illuminate
the functional role of AKR1C3 in prostate cancer by investigating
the effects of its overexpression on androgen metabolism and cell

asteride, indomethacin and bicalutamide. Cell growth was induced by addition of
e monitored. Values were normalized to 100% for growth response observed in the
one vs LNCaP with �4-Adione and finasteride; (B) LNCaP-AKR1C3 cells treated with
nd finasteride; **p < 0.01 LNCaP-AKR1C3 with �4-Adione and finasteride vs LNCaP
KR1C3 cells treated with indomethacin; (E) LNCaP cells treated with bicalutamide;
ells with �4-Adione and bicalutamide. Error bars are mean ± SD, n = 3–11. �4-AD:
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Fig. 7. Androgen metabolism and AR stimulated growth in LNCaP and LNCaP-AKR1C3 cells. (A) The major routes of �4-Adione mediated metabolism and AR activation in
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suppression; the role of the minor amount of testosterone formed is not shown for clarity. (B) The major routes of �4-Adione mediated metabolism and AR activation in
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NCaP-AKR1C3 cells; two ligands for the AR are now produced, testosterone and 5�-
o  5�-reduced steroids is blocked, testosterone accumulates and cells are resistant
ith  indomethacin, testosterone is no longer produced and metabolism and growth

roliferation in the androgen sensitive LNCaP prostate cancer cell
ine. In this model we find that AKR1C3 redirects the metabolism of

4-Adione to testosterone-17�-glucuronide, and cells also become
esistant to the growth inhibitory effects of finasteride. This implies
hat AKR1C3 produces sufficient testosterone to override the effects
f finasteride on growth, and override the elimination of testos-
erone catalyzed by the uridine glucuronosyl transferases (UGTs)
hich are also highly overexpressed in CRPC [10]. We  also find

hat indomethacin, a selective AKR1C3 inhibitor, can block the for-
ation of testosterone in this setting. Thus, LNCaP-AKR1C3 cells

rovide a useful tool in which to screen AKR1C3 inhibitors.
Recently, a study of �4-Adione metabolism in different prostate

ancer cell lines showed that the synthesis of 5�-DHT by-passed
estosterone since the immediate precursor 5�-androstane-3,17-
ione was formed [26]. However, that study did not directly
onduct metabolism using 5�-androstane-3,17-dione as a pre-
ursor of 5�-DHT, and the expression level of AKR1C3 was not
ddressed. In agreement with this study we find that metabolism
f �4-Adione in LNCaP cells mainly proceeds via the 5�-reduction
athway and identified 5�-androstane-3,17-dione as the major
rganic soluble metabolite formed. However, due to presence of
ndrogen conjugating UGT2B15 and UGTB2B17 in LNCaP cells
27], additional examination of glucuronidated metabolites in
he aqueous phase was necessary. Our results revealed that
epi)androsterone-glucuronide is the principle product formed by
NCaP cells and that only basal amounts of testosterone-17�-
lucuronide are formed (Fig. 7A).

These findings suggest that LNCaP cells contain endogenous
�-reductase, reductive 17�-HSD, and reductive 3�- or 3�-HSD
ctivities. Real-time PCR analyses in these cells detected 5�-
eductase type 1, but not type 2, as the 5�-reductase responsible
nd also detected 17�-HSD types 1, 4, 7 and 10 [28]. However, of
hese only the type 1 enzyme has been shown to have a low capac-

ty to reduce �4-Adione to testosterone [29,30].  AKR1C isoforms
an act as reductive 3�/�-HSD and could be responsible for the
ormation of (epi)androsterone but their expression could not be
etected by RT-PCR (data not shown). Therefore, the identity of
. (C) When LNCaP-AKR1C3 cells are treated with finasteride, �4-Adione metabolism
e growth inhibitory effects of this drug. (D) When LNCaP-AKR1C3 cells are treated
s revert back to that seen for the parental cells, where 5�-dione drives proliferation.

the enzymes responsible for the observed reductive 17�-HSD and
3�/�-HSD activities in parental LNCaP cells remains unknown.

Growth of LNCaP cells in response to �4-Adione relies on the
5�-reduced steroids. Lack of substantial 17�-HSD activity leads
to the formation of 5�-androstane-3,17-dione that activates the
mutated AR present in LNCaP cells. It has been shown that the
T877A mutation in the AR ligand binding domain present in LNCaP
is a common mutation that occurs in about 18% of all prostate can-
cer [15,31], and it renders the receptor ligand permissive [28,32].
The significance of 5�-reduced steroids in regulating LNCaP cell
growth is demonstrated by the finding that finasteride treatment
inhibited cell growth (Fig. 7A). Although testosterone formation in
LNCaP cells was increased slightly upon finasteride treatment this
was insufficient to surmount the effects of 5�-reductase inhibition.
Testosterone formation in LNCaP cells treated with finasteride has
been observed before [26] and has been ascribed to background
levels of AKR1C3. However, indomethacin treatment inhibited less
than one-third of the testosterone formed suggesting involvement
of another 17�-HSD isoform in the basal formation of this hormone.

Expression of AKR1C3 in LNCaP cells redirected �4-Adione
metabolism so that a significant amount of testosterone, in the form
of testosterone-17�-glucuronide, was now produced (Fig. 7B). The
lack of effect of AKR1C3 on cell proliferation in response to �4-
Adione might be explained by the formation of the active androgen
testosterone offsetting the decreased levels of 5�-androstane-3,17-
dione produced. While testosterone was  not as effective at inducing
proliferation as either �4-Adione or 5�-androstane-3,17-dione
when added directly to the cells, it is likely that the slow generation
of low levels of testosterone over time might be more efficacious
than adding a single bolus of testosterone that would be rapidly glu-
curonidated. Notably, proliferation of LNCaP and LNCaP-AKR1C3
cells was found to be less responsive to 17�-hydroxyandrogens
(testosterone and 5�-DHT) probably due to high glucuronidation

activity, which will lead to rapid inactivation of added testosterone
and 5�-DHT.

Effects of AKR1C3 expression on cell proliferation were how-
ever evident by the loss of sensitivity in growth response to
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�-androstane-3,17-dione. AKR1C3 has a high catalytic efficiency
or this substrate and can reduce the 3- and 17-ketone groups to
lcohols leading to their glucuronidation [3,6] and rapid clearance
f 5�-androstane-3,17-dione which acts as a ligand for the mutated
R in this cell line.

AKR1C3 expression led to the increased production of testos-
erone which was doubled in the presence of finasteride. As a
esult, the levels of testosterone observed in the LNCaP-AKR1C3
ells treated with this drug were now elevated by five-fold over the
arental cells (Fig. 4). Consistent with the metabolism data, LNCaP-
KR1C3 cells were now more resistant to the growth inhibiting
roperties of finasteride, most likely due to redirection of �4-
dione metabolism away from the 5�-reduced androstanes to

estosterone formation mediated by AKR1C3 (Fig. 7C).
Importantly, the conversion of �4-Adione to testosterone-17�-

lucuronide was blocked by indomethacin, indicating that this drug
locks the formation of active androgens in a prostate cancer cell
etting. However, indomethacin had only a limited effect on LNCaP-
KR1C3 cell growth mediated by �4-Adione because the overall
etabolic profile had now reverted to that of the parental cells

Fig. 7D). As a result, formation of 5�-androstane-3,17-dione once
gain became the preferred ligand responsible for activating the
utated AR [28].
CRPC is characterized by changes in AR signaling and/or adap-

ive intratumoral androgen biosynthesis that includes increased
xpression of AKR1C3 [9,10].  Consistent with these expression
rofiles intratumoral androgens showed a shift from 5�-DHT to
estosterone as the predominant AR ligand present. Overexpres-
ion of AKR1C3 in LNCaP cells provides a functional explanation
or this clinical finding, since it leads to a shift in the dominant
�-reductase pathway that leads to 5�-androstane-3,17-dione to a
ignificant production of testosterone. Most importantly, although
KR1C3 expression in itself did not result in changed growth in
esponse to �4-Adione, production of an alternative AR ligand (e.g.
estosterone) decreased susceptibility of the cells to the growth
nhibitory effects of the 5�-reductase inhibitor finasteride. The
rowth effects observed in the LNCaP and LNCaP-AKR1C3 cells were
locked by the AR antagonist bicalutamide showing that they were
R mediated.

Our results may  have therapeutic consequences for the use of
nhibitors that target type 1 and/or type 2 5�-reductase, e.g. finas-
eride or dutasteride, to block intratumoral androgen synthesis
n prostate cancer. Prevention of the sequential 5�- and 3�/�-
eduction of �4-Adione to (epi)androsterone by 5�-reductase
nhibitors could cause a build-up of substrate that would pro-

ote the formation of the AR ligand testosterone when AKR1C3
s also present. However, inhibition of AKR1C3 would prevent the
onversion of �4-Adione to testosterone and the conversion of
�-androstane-3,17-dione to 5�-DHT which are potent ligands for
he AR. Under these conditions �4-Adione and 5�-androstane-
,17-dione would accumulate. These steroids are poor ligands for
he wild type AR but could still activate the mutated AR receptor
T877A) present in prostate cancer. This sequence would explain
hy indomethacin blocks the conversion of �4-Adione to testos-

erone but has little or no effect on cell growth in LNCaP-AKR1C3
ells.

We  conclude that the beneficial effects of 5�-reductase
nhibitors in the treatment of prostate cancer will depend on

hether AKR1C3 is expressed or not. In its presence �4-Adione
etabolism will be redirected to testosterone. We  also conclude

hat an AKR1C3 inhibitor will be beneficial for the treatment
f prostate cancer if the AR is wild type since the AR will be

eprived of the AKR1C3 products testosterone and 5�-DHT. How-
ver, an AKR1C3 inhibitor would be deleterious in the presence
f 5�-reductase and mutated, ligand promiscuous AR since 5�-
ndrostane-3,17-dione would now accumulate and activate this

[
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form of the receptor. Thus personalized approaches to androgen-
deprivation therapy will require a determination of 5�-reductase,
AKR1C3 and wild type AR expression within the tumor.
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