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High cholesterol levels are associated with prostate cancer
development. Androgens promote cholesterol accumulation by
activating the sterol-regulatory element-binding protein iso-
form 2 (SREBP-2) transcription factor. However, SREBP-2 is in
balancewith the liver X receptor (LXR;NR1H2/NR1H3), a tran-
scription factor that prevents cholesterol accumulation. Here,
we show that LXR activity is down-regulated by the androgen
receptor (AR; NR3C4). In turn, this reduces LXR target gene
expression. This antagonism on LXR is also exerted by other
steroid hormone receptors, including the estrogen, glucocorti-
coid, and progesterone receptors. This suggests a generalizable
mechanism, but the AR does not affect LXR mRNA levels, pro-
tein degradation, or DNA binding. We also found that the AR
does not require protein synthesis to influence LXR, suggesting
a direct antagonism. However, the AR does not directly bind
LXR. The AR N-terminal domain (involved in transactivation),
but not its DNA-binding domain, is required to suppress LXR
activity, suggesting coactivator competition. Overall, this
androgen-mediated antagonism of LXR complements SREBP-2
activation, providing a more complete picture as to how andro-
gens increase cellular cholesterol levels in a prostate cancer set-
ting.Given the cross-talk between other steroid hormone recep-
tors and LXR, hormonal regulation of cholesterol via LXR may
occur in a variety of cellular contexts.

Although cardiovascular disease has been the main focus for
research into cholesterol regulation, there is now renewed
interest in the relationship between cholesterol and prostate
cancer (PCa).3 Epidemiological evidence associates PCa risk
with high fat diets and lipid accumulation, whereas taking cho-

lesterol-lowering drugs (e.g. statins) correlates with reduced
PCa risk (1, 2). Studies at the cellular level, beginning with the
1942 study by Swyer (3), have led to the general observation that
the aging prostate and PCa have elevated intracellular choles-
terol levels (4). This could contribute to PCa development by
providing a raw material for membrane synthesis, androgen
production, and other signaling pathways (5).
Within the cell, cholesterol levels are regulated by uptake,

synthesis, and efflux. A major homeostatic mechanism occurs
at the transcriptional level, governed by the transcription fac-
tors sterol-regulatory element binding protein 2 (SREBP-2) and
liver X receptor (LXR; NR1H2/NR1H3). SREBP-2 up-regulates
a suite of genes involved in cholesterol uptake (e.g. low density
lipoprotein receptor (LDLR)) and synthesis (e.g. HMG-CoA
reductase (HMGCR)) (6, 7), promoting cholesterol accumula-
tion. In contrast, as a heterodimer with the retinoid X receptor
(RXR), LXR down-regulates genes involved in cholesterol syn-
thesis (8) and increases those involved in efflux, such as the
ATP-binding cassette transporter A1 (ABCA1) and G1
(ABCG1) (9). Combinedwith promoting the degradation of the
LDLR (10), LXR thus prevents cholesterol accumulation. Con-
sequently, it is possible that PCa cells have increased SREBP-2
activity and reduced LXR activity, thus leading to elevated cho-
lesterol levels.
We previously investigated cholesterol homeostasis in two

PCa laboratory cell lines, PC-3 and LNCaP, in the context of
SREBP-2 (11). Although SREBP-2 responded to altered choles-
terol status in both cell lines, PC-3 cells had higher basal
SREBP-2 activity. Here, we began by further exploring how
these cell lines vary and subsequently observed that a critical
difference between these two cell lines, namely androgen recep-
tor (AR; NR3C4) activity, influences LXR. This adds another
level of complexity to cholesterol regulation in a PCa setting,
and given the role of the AR in both PCa development and
treatment (12), this has implications for PCa therapy.

EXPERIMENTAL PROCEDURES

Cell Culture—Cell lines used in this study were provided as
gifts, including AR-positive LNCaP cells (Dr. Pamela Russell,
Prince ofWalesHospital, Sydney, Australia), AR-negative PC-3
cells (Dr. Qihan Dong, University of Sydney), highly transfect-
able HeLa (HeLaT) cells (Dr. NoelWhitaker, University of New
SouthWales), and breast cancer MCF-7 cells (Dr. Ingrid Gelis-
sen, University ofNewSouthWales). LNCaP, PC-3, andHeLaT
cells weremaintained inMediumA (RPMI 1640, supplemented
with 10% (v/v) fetal calf serum (FCS), 100 units/ml penicillin,
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and 100 �g/ml streptomycin), whereas MCF-7 cells were
maintained in Medium B (high glucose DMEM, supple-
mented with 10% (v/v) FCS, 100 units/ml penicillin, and 100
�g/ml streptomycin). All medium components were
obtained from Invitrogen.
Hormones were removed from FCS with dextran-coated

charcoal (Sigma-Aldrich), using a method similar to that
described previously (13). Briefly, dextran-coated charcoal was
added to FCS (1 g/100 ml of FCS) and stirred gently at room
temperature for 1 h. This mixture was centrifuged (2,500 � g,
10 min), and the supernatant was similarly treated with dex-
tran-coated charcoal. This was centrifuged again, and the
supernatant was filter-sterilized (0.22-�m filter), generating
charcoal-stripped FCS.
Prior to plating LNCaP andPC-3 cells, plates and disheswere

treated with 25 �g/ml polyethyleneimine (Sigma-Aldrich) in
0.15 mM NaCl to enhance cellular adhesion (14). Treatment
was performed in either Medium A orMedium C (RPMI 1640,
supplemented with 10% (v/v) charcoal-stripped FCS, 100
units/ml penicillin, and 100 �g/ml streptomycin).
Plasmid Constructs and Transfection—The sources of plas-

mids are listed in supplemental Table S1. For simplicity, the
plasmid names have been condensed (supplemental Table S1).
AR-�DBD (codons 555–612 deleted), AR-mDBD (codon 573
mutated from A to D, which disrupts the first zinc finger and
subsequently all DNA binding (15)), and AR-�NTD (codons
2–536 deleted) expression constructs were generated from
pcDNA-AR using PCR-based site-directed mutagenesis (16).
To generate an AR expression construct driven by the viral
thymidine kinase (TK) promoter (TK-AR), we replaced the
squalene monooxygenase gene in TK-SM with the AR gene
(frompcDNA-AR) using polymerase incomplete primer exten-
sion (PIPE) cloning (17). PIPE cloningwas also used to generate
the FLAG-LXR� expression construct, by inserting a FLAG tag
(DYKDDDDK) at the N terminus of the LXR� gene (in
pCMX-hLXR�).

To generateGluc fusion constructs, PIPE cloningwas used to
replace the GCN4 (zipper) gene in zipper-hGluc(1) with the
LXR� gene (from pCMX-hLXR�) and insert an N-terminal
FLAG tag, generating a FLAG-tagged LXR�-hGluc(1) fusion
construct. A similar protocol was used on zipper-hGluc(2) to
generate FLAG-tagged RXR�-hGluc(2) and AR-hGluc(2) con-
structs, with genes sourced from pCMX-hRXR� and
pcDNA-AR, respectively.
The primers used in these cloning andmutagenesis protocols

are available upon request. Successful constructs were con-
firmed by sequencing and expression by Western blotting.
Because our anti-AR antibody binds within the region deleted
in AR-�NTD, we also generated MycHis-tagged AR and
AR-�NTD expression constructs by (i) PIPE-cloning the AR
gene (from pcDNA-AR) into pcDNA4-MycHisC, generating
“AR-MycHis,” and then (ii) deleting codons 2–536 from AR-
MycHis as was done for pcDNA-AR, generating “AR-�NTD-
MycHis.” Expression was confirmed by probing against the Myc
tag, and the MycHis-tagged constructs had similar effects on
LXR activity as their respective untagged constructs (data not
shown).

For transfection, cells were plated as described and trans-
fected using TransIT-2020 reagent (MirusBio), according to
the manufacturer’s instructions. In addition, the media were
refreshed prior to the addition of reagent-DNA complexes.
Cholesterol Assay—Following treatment, cells were lysed

with radioimmune precipitation buffer (1% (v/v) Nonidet P-40,
0.1% (w/v) SDS, 1 mMNa3VO4, 150 mMNaCl, 20 mM Tris-HCl
(pH 7.4), 5 mM EDTA, 0.5% (w/v) sodium deoxycholate). Cho-
lesterol contentwas analyzed using theAmplex Red cholesterol
assay kit (Invitrogen) and normalized to protein content, which
was determined using the Pierce BCA protein assay (Thermo
Fisher Scientific).
Luciferase Assay—Cells were plated in 60-mm dishes for

transfection. HeLaT cells were transfected with 3.6 �g of lucif-
erase construct and 0.36 �g of expression construct, and
LNCaP cells were transfected with 6 �g of luciferase construct.
Following transfection, cells were trypsinized and seeded into
24-well plates in Medium C and allowed to adhere overnight.
As described previously (11), the treatment was delivered in a
small quantity of plating medium, added to the existing media
in the wells. Following treatment, cells were washed twice with
PBS and lysed with PPBT buffer (100 mM potassium phosphate
(pH 7.8) with 0.2% (v/v) Triton X-100) (18). Firefly luciferase
activity was determined using the luciferase assay system (Pro-
mega) and normalized to protein content, as determined using
the Pierce BCA protein assay. This was then made relative to
the vehicle condition to obtain “relative luciferase activity.”
This approach controls for both transfection efficiency (seed-
ing after transfection) and cell number (protein content).
Furthermore, because LXRE-luc is driven by both LXR

response elements (LXREs) and the viral TK promoter (19),
additional cells were transfected with the TK-luc construct
instead of LXRE-luc in the same experiment, and relative
LXRE-luc activity values were divided by those of TK-luc to
determine LXRE-specific promoter activity. For simplicity, this
has been depicted as “LXRE-luc activity” in the figures pre-
sented here.
Quantitative Reverse Transcription-Polymerase Chain Reac-

tion (qRT-PCR)—Total RNA was harvested and reverse tran-
scribed to cDNA, and mRNA levels were determined (from
cDNA) by qRT-PCR, as described previously (11). Primer
sequences used to amplify human porphobilinogen deaminase
(PBGD) (20), prostate-specific antigen (PSA) (21),ABCA1 (20),
ABCG1 (22), LDLR (22), and HMGCR (22) cDNA have been
previously described. Primer sequences for human
SREBP-1c and SREBP-2 were provided by Dr. Etienne Lefai
(Faculté de Médecine Lyon Sud). Primer sequences for
human LXR� and LXR� were also obtained fromDr Lefai but
slightly modified to increase stringency between LXR�/�
isoforms and transcript variants, LXR�-F (5�-GTTATAACC-
GGGAAGACTTTGCCA-3�), LXR�-R (5�-GCCTCTCTACC-
TGGAGCTGGT-3�), LXR�-F (5�-CGTGGACTTCGCTAAG-
CAAGTG-3�), and LXR�-R (5�-GGTGGAAGTCGTCCTTG-
CTGTAGG-3�). Primer sequences used to amplify human fatty
acid synthase (FASN) cDNAwere FASN-F (5�-GCAGAAGCT-
GTACACACTGCAG-3�) and FASN-R (5�-CAGGATGGGC-
ACCTGCTGCT-3�). Primer sequences used to amplify SREBP
cleavage activation protein (SCAP) were hSCAP-F (5�-CAAG-
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AGGCTGCGTGTTGTC-3�) and hSCAP-R (5�-CCAGGATG-
CCAATCCAGA-3�). Primer sequences used to amplify human
v-myb myeloblastosis viral oncogene homolog (avian)-like 1
(MYBL1) cDNAwereMYBL1-F (5�-AAAATGCGAGTGGGT-
CATTC-3�) andMYBL1-R (5�-CCAGGACATGTGTTGAAA-
AACT-3�), which detect both MYBL1 isoforms. All primers
were tested for amplification efficiency. Amplification data
were analyzed using Rotor-Gene Version 6.0 (Build 27) (Cor-
bett Research). Melting curve analysis was performed to con-
firm the production of a single product in each reaction. The
mRNA expression levels were normalized to that of PBGD and
made relative to the vehicle condition using the ��Ct method.
Western Blotting—Cells were plated in 6-well plates and

transfected and treated as described in the figure legends. Cells
were harvested with SDS lysis buffer (1% (w/v) SDS, 10 mM

Tris-HCl (pH 7.6), 100 mM NaCl), supplemented with 2% (v/v)
protease inhibitor mixture (Sigma-Aldrich). Protein content
was determined using the Pierce BCA protein assay. Protein
aliquots (30 �g) were subjected to 7.5% (w/v) SDS-PAGE and
transferred to Trans-Blot transfer medium (Bio-Rad), as
described previously (11). Membranes were blocked in 5%
(w/v) skimmilk in PBSTbuffer (0.1% (v/v) Tween 20 in PBS) for
1 h at room temperature. This was followed by incubation in
primary antibody for 1 h at room temperature, washing with
PBST six times for 5 min, incubation in secondary antibody for
1 h at room temperature, and washing with PBST six times for
5 min.
Primary antibodies included anti-FLAG (mouse clone M2,

Sigma-Aldrich), anti-Myc (mouse clone 9E10, Santa Cruz Bio-
technology, Inc.), anti-�-tubulin (mouse clone B-5-1-2, Sigma-
Aldrich), and anti-AR (rabbit clone, catalogue no. 3202, Cell
Signaling Technology). Peroxidase-conjugatedAffiniPure don-
key anti-mouse and anti-rabbit secondary antibodies were
obtained from Jackson ImmunoResearch Laboratories.
Antibodies were visualized on Hyperfilm (GE Healthcare)

using the ECL detection system (Millipore). Between antibod-
ies, membranes were treated with a stripping buffer (25 mM

glycine (pH 2), 1.5% (w/v) SDS). Films were scanned using the
HP Scanjet G3010 (Hewlett-Packard).
Electrophoretic Mobility Shift Assay (EMSA)—HeLaT cells

were plated in 100-mm dishes (2 dishes/condition) and trans-
fectedwith 5�g of each expression construct per 100-mmdish,
as described in the figure legends. Following transfection, cell
nuclei were isolated using a modified version of the protocol
described previously (23). Cells were harvested on ice. Cells
were washed with cold PBS, scraped, and pelleted by centrifu-
gation (1,000 � g, 5 min). Cell pellets were resuspended in 0.5
ml of resuspension buffer (10mMHEPES-KOH (pH7.4), 10mM

KCl, 1.5 mMMgCl2, 5 mMNa-EDTA, 5 mMNa-EGTA, 250 mM

sucrose, 5 mM dithiothreitol, supplemented with 2% (v/v) pro-
tease inhibitor mixture). The cell suspension was passed
through a 21-gauge needle 30 times and centrifuged (1,000� g,
7 min, 4 °C). The pellet was resuspended in 50 �l of nuclear
extract buffer (20mMHEPES-KOH (pH7.6), 25% (v/v) glycerol,
0.42 M NaCl, 1.5 mMMgCl2, 1 mM EDTA, 1 mM EGTA, supple-
mentedwith 2% (v/v) protease inhibitormixture) and rotated at
4 °C overnight, and supernatant was isolated after centrifuga-

tion (30,000� g, 30min, 4 °C). Protein content was determined
using the Pierce BCA protein assay.
For the EMSA, nuclear extract was incubated with binding

buffer (final concentrations: 10 mM Tris-HCl (pH 8), 40 mM

KCl, 0.1% (v/v) Nonidet P-40, 6% (v/v) glycerol, 1 mM dithio-
threitol, 0.25 mg/ml salmon sperm DNA in a 20-�l reaction,
adapted from Ref. 24) for 5 min at 25 °C. 1 pmol of Cy5–5�-
labeled LXRE probe (5�-AGCTTGAATGACCAGCAGTAAC-
CTCAGC-3�, bound to its reverse complement, obtained from
Ref. 25) was then added, and the mixture was incubated for 30
min at 15 °C. For the competition assay, 100 pmol of unlabeled
LXRE probe or mutant LXRE probe (5�-AGCTTGAAT-
GTTCAGCAGTATTCTCAGC-3� (mutations underlined),
obtained fromWhitney et al. (25)) were added, and themixture
was incubated for 5 min at 25 °C before the addition of labeled
probe. For the supershift assay, 5 �g of anti-FLAG antibody
(mouse clone M2, Sigma-Aldrich) was added after incubation
with the labeled probe, and the mixture was incubated for a
further 30min at 15 °C. Themixtureswere then subjected to 6%
(w/v) native PAGE at 75 V and 4 °C and visualized using the
FLA-5100 fluorescence scanner (Fujifilm, Tokyo, Japan).
Gaussia Luciferase Complementation Assay—HeLaT cells

were plated in 6-well plates and transfected with hGluc fusion
constructs (1�g for one construct alone and 0.5�g/construct if
two constructs per well), as specified in the figure legends. Fol-
lowing transfection, cells were harvested and assayed as
described previously (26), with slight modifications. Cells were
trypsinized and pelleted in cold PBS (4 °C, 2,000 � g, 5 min).
The pellet was washed with cold PBS before resuspension in
500 �l of phenol red-free RPMI (supplemented with 2% (v/v)
protease inhibitor mixture). Cells were flash-frozen at �80 °C
for 10 min and then thawed in a 37 °C water bath for 10 min.
This freeze-thaw cycle was repeated twice more before centri-
fugation (4 °C, 10,000 � g, 5 min). The supernatant (20 �l) was
assayed by the addition of 50 �l of Gaussia luciferase assay
reagent (Targeting Systems) with a 0.4 s delay before integrat-
ing signal intensity over 10 s using the Veritas luminometer
(Promega).

RESULTS

Cholesterol EffluxGenes, ABCA1 andABCG1, AreNegatively
Regulated by Androgens—Following on from our previous
work, in which we found that PC-3 cells had higher basal
SREBP-2 activity than LNCaP cells (11), we predicted that PC-3
cells would have higher cholesterol levels. However, in the cur-
rent study, we found that both cell lines had similar cholesterol
content (Fig. 1A), with little esterified cholesterol (data not
shown). Given the increased cholesterol uptake and synthesis
associated with greater SREBP-2 activity, PC-3 cells may also
have higher cholesterol efflux to maintain similar cholesterol
levels to LNCaP cells. Two key efflux proteins are ABCA1 and
ABCG1. We found that ABCA1 mRNA expression was �60-
fold higher in PC-3 than LNCaP cells (Fig. 1B), which confirms
previous findings (27); this study also showed that PC-3 cells
have greater ABCG1mRNA expression.
In contrast, mRNA expression of PSA, an androgen-regu-

lated gene, was significantly (�2000-fold) lower in PC-3 than
LNCaP cells (Fig. 1B). Because PC-3 cells lack significant AR
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activity (28), whereas LNCaP cells are androgen-responsive
(29), we hypothesized that the AR is down-regulating ABCA1
andABCG1mRNA expression in LNCaP cells. Treatment with
dihydrotestosterone (DHT), a potent androgen, caused a signif-
icant decrease in mRNA expression of these genes in LNCaP
cells (Fig. 1C). This effect was abolished by casodex, an AR
antagonist. As a control, PSAmRNA expression increased with
DHT treatment and was lowered to control levels with casodex
cotreatment (Fig. 1C). In contrast, DHT and casodex had little
effect in PC-3 cells (Fig. 1C). Thus, ABCA1 and ABCG1 tran-
scription are negatively regulated by androgens in LNCaP cells.
TheAndrogen Receptor Antagonizes Liver X Receptor Activity—

Because both ABCA1 and ABCG1 are LXR target genes, we
hypothesized that AR antagonizes LXR. To explore this, we
employed hABCA1-luc, a luciferase reporter construct driven
by the ABCA1 promoter (�928/�10) (30). The LXR agonists,
GW683965 and TO901317, increased promoter activity, which
was reduced by DHT treatment in LNCaP cells (Fig. 2A).
Mutating the LXRE abolished most of the ABCA1 promoter
activity (Fig. 2A, hABCA1-mutLXRE-luc), including the DHT
effect. Thus, it appears that DHT acts through the LXRE.
We tested this hypothesis using the LXRE-luc construct,

which has three LXREs in tandem upstream of a viral TK pro-
moter (19). We utilized GW683965 alone because TO901317
antagonizes the AR (31), as observed with our own assays (data

not shown). Cotreatment with DHT reduced the response to
GW683965, but this was overcome by concurrent casodex
treatment (Fig. 2B, left). Also, DHT and casodex had the reverse
effect on AR-specific activity, assayed using ARE-luc (Fig. 2B,
right), which is driven by five tandem AR response elements.
Thus, the AR may mediate this androgen-induced antagonism
of the LXRE.
To further demonstrate the role of the AR, we employed an

AR-negative, highly transfectable cell line, HeLaT. Transfect-
ing an AR expression construct made these cells androgen-
responsive (Fig. 2C, bottom), which in turn allowed DHT to
suppress GW683965-induced LXRE activity (Fig. 2C, top left).
This effect was not observed without the AR expression con-
struct (Fig. 2C, top right). Thus, using pharmacological (Fig. 2B)
and genetic (Fig. 2C) approaches, we have shown that the AR
antagonizes LXR target gene expression via the LXRE.
Other Steroid Hormone Receptors Antagonize LXRActivity at

the Promoter Level—To gain insight into how AR antagonizes
LXR, we examined whether this negative effect could be
exerted by other steroid hormone receptors (type I nuclear
receptors). Analogous to androgens in LNCaP cells, treatment
with a potent estrogen, 17�-estradiol (E2), decreased ABCA1
and ABCG1mRNA expression in estrogen-receptor (ER)-pos-
itive MCF-7 cells (Fig. 3A), whereas up-regulating a known
estrogen-responsive gene, MYBL1 (32). Furthermore, similar

FIGURE 1. Androgens influence cholesterol efflux gene expression in LNCaP, but not PC-3 cells. A, cells were grown in full serum (FCS, Medium A) for 24 h,
after which cellular (total) cholesterol content was determined. B, cells were grown in Medium A for 24 h before ABCA1 and PSA mRNA expression levels were
quantified by qRT-PCR. For each experiment, the �Ct values, relative to the PBGD housekeeping gene, were normalized to that of the LNCaP cells in FCS to
obtain the ��Ct values. These were converted into relative mRNA expression levels, whereby a one-unit decrease in ��Ct results in a 2-fold increase in mRNA
expression. The scale on the y axis is logarithmic. C, cells were starved in androgen-deficient medium (Medium C) for 24 h, before treatment with DHT (1 nM),
with or without casodex (CDX) (10 �M), in Medium C for another 24 h. Following treatment, ABCA1, ABCG1, and PSA mRNA expression levels were measured by
qRT-PCR. Data are presented as mean � S.E. (error bars), from three separate experiments, each performed with triplicate wells per condition. Veh, vehicle.
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to androgens in Fig. 2C, E2 reduced LXR activity in HeLaT cells
only when the LXRE-luc construct was cotransfected with
either an ER� or ER� expression construct (Fig. 3B). We
observed a similar phenomenon with exogenous progesterone
receptor (PR) and glucocorticoid receptor (GR) as well as
endogenousGR (p� 0.05, paired t test) (Fig. 4). Thus, it appears
that other steroid hormone receptors also antagonize LXR
activity, via the LXRE. In addition, LXR activation decreased
ER� (Fig. 3B), PR and GR (Fig. 4) activity (p � 0.05, paired t
test), andAR slightly (Fig. 2C, p�0.08, paired t test), suggesting
that the antagonism is mutual.

The AR Does Not Influence LXR Expression or LXR-DNA
Binding or Bind LXR Directly—Our next set of experiments
aimed to dissect the mechanism by which AR influences LXR
activity. The AR did not influence the mRNA expression of
either LXR isoform in LNCaP cells (Fig. 5A). In subsequent
experiments, we focused on LXR�, the ubiquitous isoform,
which is also expressed at higher levels than LXR� in PCa cells
(27). The AR did not affect the protein degradation of LXR�
(Fig. 5B).
Next, we tested whether AR influences LXR-DNA binding

using EMSA. Proteins were overexpressed in HeLaT cells, and
nuclear extracts were mixed prior to determining binding to a
Cy5-labeled LXRE probe (Fig. 5C). Nuclear extract from cells
transfectedwith FLAG-LXR� andRXR� generated a shift (lane
2), whichwas diminished by competitionwithwild type (lane 3)
but not mutated (lane 4) unlabeled probe. Furthermore, incu-
bationwith an anti-FLAGantibody generated a supershift (lane
5). Together, these controls confirm that the EMSA can detect
LXR-DNA binding.Mixing the FLAG-LXR�/RXR� lysate with
AR lysate affected neither the shift nor supershift (lanes 6 and
7). In contrast, the addition of (untagged) LXR�/RXR� lysate
diminished the supershift band (lane 9). Furthermore, AR
lysate alone did not generate a shift (lane 10). Collectively, this
indicates that AR does not affect LXR-DNA binding, interact-
ing with neither LXR nor the LXRE.
To further test a direct interaction between AR and LXR, we

employed a Gaussia luciferase complementation assay (26).
The two putative interaction partners are fused to different

FIGURE 2. The androgen receptor influences the liver X receptor activity
at the promoter level. A, LNCaP cells were transfected with a luciferase con-
struct containing the human ABCA1 promoter, either wild type (hABCA1-luc)
or with the LXRE mutated (hABCA1-mutLXRE-luc). LNCaP (B) and HeLaT cells
(C) were transfected with LXRE-luc or ARE-luc. HeLaT cells were also trans-
fected with or without an AR expression vector. Following transfection, cells
were treated for 24 h with DHT (1 nM), casodex (CDX) (10 �M), GW683965 (GW)
(1 �M), or TO901317 (TO) (1 �M) in androgen-deficient medium (Medium C),
after which relative firefly luciferase levels were assayed. Data are presented
as mean � S.E. (error bars) from at least three separate experiments, with
each experiment performed with triplicate wells per condition. Veh, vehi-
cle.

FIGURE 3. The estrogen receptor also reduces liver X receptor promoter
activity. A, MCF-7 cells were starved in steroid hormone-deficient medium
(Medium C) for 24 h before treatment with E2 (1 nM), with or without
GW683965 (GW) (1 �M), in Medium C for another 24 h. Following treatment,
ABCA1, ABCG1, and MYBL1 mRNA expression levels were measured by qRT-
PCR. B, HeLaT cells were transfected with LXRE-luc or ERE-luc, with or without
an ER� or ER� expression vector. Following transfection, cells were treated for
24 h with E2 (1 nM) or GW683965 (1 �M), in androgen-deficient media
(Medium C), after which relative firefly luciferase levels were assayed. Data are
presented as mean � S.E. (error bars) from three separate experiments, each
performed with triplicate wells per condition. Veh, vehicle.
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halves ofGaussia luciferase (either the N-terminal hGluc(1) or
C-terminal hGluc(2)). These fusion constructs have no lucifer-
ase activity alone (Fig. 5D). However, when co-expressed, if
there is an interaction between the putative partners, the hGluc
halves are brought within close proximity, enabling luciferase
activity. This can be seen with LXR and RXR but not between
LXR and AR (Fig. 5D), confirming that there is no direct inter-
action between LXR and AR.
The AR Requires the N-terminal Domain to Antagonize LXR

Activity—We next shifted our focus toward the AR; since both
AR and ligand (DHT) are needed for antagonizing LXR activity

(Fig. 2), what aspects of AR activation are required to influence
LXR? The stages of AR activation are summarized in Fig. 6A.
Briefly, a ligand (e.g. DHT) binds to AR, displacing a bound
heat-shock protein (e.g. Hsp90) chaperone. This allows AR to
migrate into the nucleus and dimerize, subsequently binding to
DNA and up-regulating target gene expression (12).
To test if AR target expression is required, LNCaP cells were

treated with cycloheximide to inhibit protein translation. Even
in the presence of cycloheximide, DHT reduced ABCA1 and
ABCG1 expression (Fig. 6B), suggesting that AR does not
antagonize LXR as a secondary effect.
We tested different aspects of AR activity by determining if

mutating the AR could protect LXR activity, as measured by
LXRE-luc in HeLaT cells (Fig. 2C). The DNA-binding domain
(DBD) wasmutated by direct deletion (AR-�DBD) or the point
mutation A573D (AR-mDBD), which has been shown to ablate
theDNA-binding capacity of the first zinc finger of the AR (15).
Neither DBD mutation ablated the LXR antagonism (Fig. 6C,
left and middle), suggesting that AR-DNA binding is not
required, thus confirming that 1) AR does not bind to the LXRE
(Fig. 5C), 2) AR does not influence gene expression of LXR (Fig.
5A) or an intermediate, and 3) AR does not requiremicroRNA-
associated mechanisms.
However, deleting theN-terminal domain (NTD) ofAR (AR-

�NTD) abolished the AR-LXR interaction (Fig. 6C, right).
Because a transactivation domain, which interacts with tran-
scriptional coregulators, is the major feature found within the
NTD (33), this suggests that coregulator interaction is crucial
for this antagonism.
This would suggest that differences in AR expression would

influence LXR activity. To explore this, we compared the cyto-
megalovirus (CMV)-driven AR expression construct (CMV-
AR, used previously in Figs. 2C and 6C) with one that is TK-
driven (TK-AR). The CMV promoter is stronger than the TK
promoter, resulting in higher AR expression with CMV-AR
(not shown). Although the relative response to androgens was
higher forTK-AR (Fig. 6D, top), TK-ARantagonizedLXRactiv-
ity less than CMV-driven AR (Fig. 6D, bottom). Thus, AR
expression influences the LXR antagonism, which does not
directly correlate with relative androgen responsiveness.
Androgens Influence SREBP-2andSREBP-1c Inversely to LXR—

Wenext examined the impact that androgens have on the other
lipogenic transcription factors, the SREBPs. All SREBP iso-
forms are activated when an escort protein, SCAP, facilitates
migration to the Golgi apparatus (34). It is known that andro-
gens up-regulate SCAP mRNA expression, thus promoting
SREBP activation (35). This is confirmed in Fig. 7A, whereby
androgens increase mRNA levels of SCAP and the SREBP-2-
target genes, LDLR and HMGCR, while having little effect on
SREBP-2 expression itself (Fig. 7A).
Increased SCAP expression also influences SREBP-1c, which

targets genes in fatty acid metabolism, including FASN and
SREBP-1c itself. However, in contrast to the SREBP-2, both
SREBP-1c and FASN are also LXR target genes. Thus, it is inter-
esting to consider the net effect of AR on SREBP-1c activity
(Fig. 7B), because AR up-regulates SCAP mRNA (Fig. 7A) yet
down-regulates LXR activity (Figs. 1 and 2). We found that
altering androgen status had little effect on SREBP-1c mRNA

FIGURE 4. Other steroid hormone receptors also influence the liver X
receptor at the promoter level. A, HeLaT cells were transfected with LXRE-
luc or PRE-luc, with or without a PR expression vector. Following transfection,
cells were treated for 24 h with progesterone (Prog) (1 �M) or GW683965 (GW)
(1 �M), in steroid hormone-deficient media (Medium C). B, HeLaT cells were
transfected with LXRE-luc or GRE-luc, with or without a GR expression vector.
Following transfection, cells were treated for 24 h with dexamethasone (Dex)
(100 nM) or GW683965 (1 �M), in Medium C. Following treatment in A and B,
relative firefly luciferase levels were assayed. Data are presented as mean �
S.E. (error bars) from three separate experiments, each performed with tripli-
cate wells per condition. Veh, vehicle.
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expression, whereas DHT slightly increased FASN expression
(Fig. 7C).
The AR-LXR Interaction Influences Cellular Cholesterol

Levels—Returning our focus to cholesterol regulation, our
results show that the AR down-regulates LXR activity (Figs. 1
and 2) and up-regulates SREBP-2 activity (Fig. 7A), which
togetherwould lead to increased cholesterol accumulation (Fig.
8A). Our investigation beganwith a comparison of cellular cho-
lesterol levels (Fig. 1A), thus we last examined whether AR and
LXR have opposing effects on cholesterol levels. Although
treatment with LXR agonist (GW683965) reduced cholesterol
levels in both LNCaP and PC-3 cells, androgen (DHT) treat-
ment only reversed this effect in LNCaP cells and not in andro-
gen-insensitive PC-3 cells (Fig. 8B). These results demonstrate
that the AR-LXR interaction has a significant impact on cho-
lesterol homeostasis.

DISCUSSION

In this study, we investigated theAR, a key hormone receptor
in PCa, and its role in lipid metabolism. Androgens down-reg-
ulateABCA1mRNA expression (Fig. 1); although this has been
observed previously at the transcriptional (36–38) and pro-
moter (36) levels, our study sheds light on the mechanism. We
demonstrate that this antagonism requires the AR and occurs
via LXR (Fig. 2).
Other steroid hormone receptors down-regulate LXR activ-

ity (Figs. 3 and 4), suggesting a generalizable mechanism. It has

been shown that ER down-regulates LXR� mRNA in mouse
macrophages (39–40), through an ER response element in the
LXR� promoter (39), but we found that E2 treatment did not
influence LXR� or LXR� mRNA expression in MCF-7 cells
(data not shown). Likewise, GR down-regulates LXR� inmouse
macrophages, through multiple GR response elements in the
LXR� promoter, but GR agonists did not influence LXR� or
LXR� expression in human liver cell lines (41). To the best of
our knowledge, little is known about the cross-talk between PR
and LXR. In contrast to these steroid hormone receptors, the
AR influences LXR directly (Figs. 2 and 6) but does not affect
LXR mRNA levels, protein degradation, or LXR-DNA binding
(Fig. 5). Also, there is no direct interaction between AR and
LXR (Fig. 5D). Thus, we suggest that LXR and AR compete for
coactivators, based on several lines of evidence.
First, mutating the AR DBD did not abolish the antagonism,

whereas deleting the NTD did (Fig. 6C). The NTD is responsi-
ble for coactivator recruitment (33) and dimerization by inter-
action with the C terminus (42). Second, casodex treatment
overcame the androgen effect onABCA1/G1mRNA levels (Fig.
1) and LXRE-specific activity (Fig. 2). Although the casodex
mode of action remains controversial, one group has shown
that casodex allows translocation of AR into the nucleus and
DNA binding in LNCaP cells (43) but prevents NH2/COOH-
terminal interaction and coactivator recruitment (43, 44). This
casodex antagonism occurred independently of the corepres-

FIGURE 5. The androgen receptor does not influence LXR expression or LXR-DNA binding. A, RNA harvested in the experiments described in Fig. 1C were
analyzed for LXR� and LXR� mRNA expression levels by qRT-PCR. B, LNCaP cells were transfected with 2 �g of FLAG-LXR� expression vector. Following
transfection, cells were starved in Medium C for 24 h before treatment with DHT (1 nM), with or without casodex (CDX) (10 �M), in Medium C for another 24 h.
Following treatment, protein was harvested and subjected to SDS-PAGE and immunoblotting. C, HeLaT cells were transfected with FLAG-LXR�, LXR�, RXR�, or
AR expression constructs or empty vector (pcDNA3.1). After transfection, nuclear extract was harvested. For each condition, 5 �g of nuclear extract was used
and made up to 10 �g using the nuclear extract of cells transfected with the empty vector. The EMSA was performed as described under “Experimental
Procedures.” The band in the first lane (indicated by an asterisk) is bromophenol blue, used to track the progress of the electrophoresis. D, to perform the
Gaussia luciferase complementation assay, HeLaT cells were transfected with the LXR�-hGluc(1), RXR�-hGluc(2), AR-hGluc(2), or empty vector (pcDNA3.1).
After transfection, cells were harvested, and Gaussia luciferase was assayed. Luciferase activity was made relative to the LXR�-hGluc(1) � RXR�-hGluc(2)
condition. Data in A are presented as mean � S.E. (error bars) from three separate experiments, with each experiment performed with triplicate wells per
condition. Data in B and C are representative of two independent experiments each. Data in D are presented as mean � S.D. (error bars), representative of two
separate experiments, with each experiment performed with triplicate wells per condition. Veh, vehicle.
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FIGURE 6. The androgen receptor influences the liver X receptor by a direct mechanism involving the N-terminal domain. A, schematic depicting
different stages of AR activation. Details are provided under “Results.” The requirement of different stages in LXR antagonism are tested. B, LNCaP cells were
starved in androgen-deficient media (Medium C) for 24 h, before treatment with DHT (1 nM), with or without cycloheximide (CHX) (10 �g/ml), in Medium C for
another 24 h. Following treatment, ABCA1 and ABCG1 mRNA expression levels were measured by qRT-PCR (left and middle, respectively). The percentage
decreases in ABCA1 and ABCG1 mRNA expression due to DHT are depicted on the right. C, HeLaT cells were transfected with LXRE-luc and either AR-�DBD,
AR-mDBD, or AR-�NTD expression constructs. Following transfection, cells were treated for 24 h with DHT (1 nM) or GW683965 (GW) (1 �M), in androgen-
deficient media (Medium C), after which relative firefly luciferase activity was assayed. As a control, the AR expression construct was included in these
experiments, yielding results similar to those shown in Fig. 2C. D, HeLaT cells were transfected with either ARE-luc or LXRE-luc and either CMV-AR or TK-AR
expression constructs. Following transfection, cells were treated and relative firefly luciferase activity was assayed as in C. The percentage decreases in LXRE-luc
luciferase activity due to DHT treatment are depicted at the bottom right. Data are presented as mean � S.E. (error bars) from three separate experiments, with
each experiment performed with triplicate wells per condition. Veh, vehicle.
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sors NCoR and SMRT (44), suggesting competition for coacti-
vators rather than corepressors. Third, weaker AR expression
results in a higher androgen response but weaker LXR antago-
nism (Fig. 6D), suggesting that the antagonism is dependent
upon the stoichiometry of AR in relation to other cellular com-
ponents rather than relative levels of AR activity alone. Last, a
subtle mutual antagonism was seen between the LXR and AR
(Fig. 2C), more strongly observed with ER� (Fig. 3B), PR, and
GR (Fig. 4), suggesting that this is a global mechanism.
Furthermore, if the AR is competing with LXR for coactiva-

tors, then theremay be similar cross-talk betweenAR and other
type II nuclear receptors (e.g. PPAR�, FXR, PXR, andCAR). For
instance, AR competes with PPAR� for ARA70 (45), whereas
the interaction may instead involve direct binding to the
nuclear receptor, such as between AR and PXR (46) or RXR
(47), the latter of which may influence LXR. Thus, the precise
mechanism by which androgens antagonize LXR remains to be
fully elucidated.
Nevertheless, this antagonism explains the increased LXR

target gene expression in (AR-negative) PC-3 cells (48) andwhy
androgens down-regulate ABCA1/G1 expression in vitro (36–
38) (this study). This correlates with in vivo findings, including
reduced ABCA1 expression when hypogonodal (androgen-de-
ficient) mice were treated with testosterone (49), increased
ABCA1/G1 expression in PCa xenografts when mice were

treated with the androgen synthesis inhibitor dutasteride (50),
and increased ABCA1 mRNA levels in PCa tissues from
patients receiving androgen deprivation therapy (38). Thus, the
cross-talk between AR and LXR is observed in vivo and hence
has biological relevance.
In turn, the AR reverses LXR-mediated cholesterol loss in

(AR-positive) LNCaP cells (Fig. 8B). This adds another layer of
complexity to cholesterol homeostasis in a PCa setting.
Whereas a suite of hormone receptorswas shown to antagonize
LXR activity (Figs. 3 and 4), the AR has also been shown to
up-regulate SREBP-2 activity (35) (Fig. 7A). Thus, the AR acts
throughmultiple avenues to promote cholesterol accumulation
in PCa (Fig. 8A), which in turn provides raw material for PCa
cell growth and signaling (5).
There is also great interest in the regulation of fatty acid

metabolism in PCa (51–53) and in cancers in general (54, 55).
LXR differentially influences cholesterol and fatty acid homeo-
stasis; while LXR promotes cholesterol depletion, it promotes
fatty acid synthesis by directly up-regulating FASN and
SREBP-1c expression. Thus, the AR-LXR antagonism should
negatively influence SREBP-1c activity, but the AR also pro-
motes SREBP-1c activation by increasing SCAP mRNA levels
(35). We found that androgen treatment increased FASN
expression and had little influence on SREBP-1c expression
(Fig. 7C); this resembles the SREBP-2 axis (Fig. 7A), suggesting

FIGURE 7. The SREBP-2 and SREBP-1c axes are stimulated by androgens. A and C, RNA harvested in the experiments described in Fig. 1C were analyzed for
SCAP, SREBP-2, LDLR, and HMGCR (A) and SREBP-1c and FASN (C) mRNA expression. B, schematic showing how AR and LXR influence SREBP-1c and FASN
expression. Details are provided under “Results.” Data presented in A and C are mean � S.E. (error bars) from three separate experiments, with each experiment
performed with triplicate wells per condition. Veh, vehicle.
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that increased SCAP expression outweighs LXR antagonism by
the AR. Overall, it appears that LXR antagonism by AR impacts
differently upon the cholesterol (ABCA1/ABCG1) and fatty
acid (SREBP-1c/FASN) axes, probably due to the interaction
between AR and other transcription factors.
Given that the AR plays a major role in prostate cell biology

andPCadevelopment, its antagonismof LXR suggests that acti-
vating LXRhas therapeutic potential. Indeed, it has been shown
that LXR reduces growth of PCa cells and xenografts (56, 57),
delaying the progression to androgen independence in a xeno-
graft model (58). This has been attributed to cholesterol
depletion, which disrupts cholesterol-rich lipid rafts and thus
down-regulates Akt activity (57). Cholesterol-independent
mechanisms have also been proposed (59), such as influencing
G1-S transition via Skp (56). The antiproliferative effect of LXR
has also been described outside the cancerous setting, in the
regenerating liver, whereby LXR lowers cholesterol required
for hepatocyte proliferation (60).
In view of AR-LXR cross-talk, whereas we have shown here

that AR antagonizes LXR, the relationship is bidirectional; LXR
inhibited androgen-dependent PCa cell growth in vitro and
prostate regeneration in mice by up-regulating sulfotrans-
ferases (e.g. sult2a1) and down-regulating steroid sulfatase (sts),
the net effect being deactivated androgens (61). An analogous
LXR effect has been found with estrogens (62, 63), albeit liver-
specific, suggesting that this cross-talk extends beyond differ-
ent androgens in a PCa setting. LXR reduces the growth of
breast cancer cells (56, 62, 64), particularly ER�-positive cells
(64), partially through an ER-dependent mechanism. Collec-

tively, this supports the idea of two-way cross-talk between
LXR and steroid hormone receptors, between lipidmetabolism
and hormonal signaling, with implications not only for PCa
therapy but for a variety of cellular contexts.
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