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Background:Melanoma antigen-A11 (MAGE-A11) is a primate-specific steroid receptor coregulator.
Results: MAGE-A11 mediates the stimulatory effects of cyclic AMP on androgen receptor (AR) transcriptional activity in
prostate cancer and can rescue transcriptional activity of complementary inactive AR mutants.
Conclusion:MAGE-A11 increases AR transcriptional activity by linking AR dimers.
Significance:MAGE-A11 is a new target for prostate cancer treatment.

Prostate cancer growth and progression depend on androgen
receptor (AR) signaling through transcriptional mechanisms
that require interactions with coregulatory proteins, one of
which is the primate-specific steroid receptor coregulator mel-
anoma antigen-A11 (MAGE-A11). In this report, we provide
evidence how increased expression of MAGE-A11 during pros-
tate cancer progression enhances AR signaling and prostate
cancer growth. MAGE-A11 protein levels were highest in cas-
tration-recurrent prostate cancer. The cyclic AMP-induced
increase in androgen-dependent and androgen-independent
AR transcriptional activity correlated with an increase in
MAGE-A11 and was inhibited by silencing MAGE-A11 expres-
sion.MAGE-A11mediated synergisticAR transcriptional activ-
ity in LAPC-4 prostate cancer cells. The ability ofMAGE-A11 to
rescue transcriptional activity of complementary inactive AR
mutants and promote coimmunoprecipitation between unlike
forms of AR suggests that MAGE-A11 links transcriptionally
active AR dimers. Amodel for the AR�MAGE-A11multidimeric
complex is proposed in which one AR FXXLF motif of the AR
dimer engages in the androgen-dependent AR NH2- and car-
boxyl-terminal interaction, whereas the second FXXLF motif
region of the AR dimer interacts with dimeric MAGE-A11. The
AR�MAGE-A11 multidimeric complex accounts for the dual
functions of the AR FXXLF motif in the androgen-dependent
AR NH2- and carboxyl-terminal interaction and binding
MAGE-A11 and for synergy between reported AR splice vari-
ants and full-lengthAR.We conclude that the increased expres-

sion of MAGE-A11 in castration-recurrent prostate cancer,
which is enhanced by cyclic AMP signaling, increases AR-de-
pendent growth of prostate cancer by MAGE-A11 forming a
molecular bridge between transcriptionally active AR dimers.

The androgen receptor (AR)2 is a ligand-dependent tran-
scription factor that regulates androgen-dependent genes
required for male sexual development and is a principal regu-
lator in the development and progression of prostate cancer.
High affinity binding of testosterone or dihydrotestosterone
(DHT) induces the AR NH2- and carboxyl-terminal (N/C)
interaction important for androgen-dependent gene transcrip-
tion (1, 2). The androgen-dependent AR N/C interaction is
mediated by AR NH2-terminal FXXLF motif binding to activa-
tion function 2 (AF2) on the surface of the ligand binding
domain (3). TheARFXXLFmotif region also serves as the inter-
action site for melanoma antigen-A11 (MAGE-A11), a pri-
mate-specific coregulator of human AR (4). MAGE-A11 also
functions as an isoform-specific coregulator of full-length
human progesterone receptor-B through an interaction with
the progesterone receptor-B NH2-terminal LLXXVLXXLL
motif, which is absent in the shorter A form (5). MAGE-A11
increases steroid receptor transcriptional activity in primates
through interactionswith the p300histone acetyltransferase (6)
and p160 steroid receptor coactivators (7).
MAGE-A11 mRNA levels increase by �50-fold or more in

the CWR22 castration-recurrent prostate cancer xenograft
compared with an �5-fold increase in AR mRNA (8). MAGE-
A11 mRNA levels can increase by orders of magnitude in cas-
tration-recurrent prostate cancer clinical specimens during
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androgen deprivation therapy. The relative increase inMAGE-
A11 mRNA during prostate cancer progression exceeds the
increase in AR mRNA. Both AR andMAGE-A11 mRNA levels
are relatively high in androgen-sensitive prostate cancer cells in
culture; however, they have an inverse relationship in castra-
tion-recurrent prostate cancer tissue (8). MAGE-A11 stabilizes
AR at low androgen levels, which may account for the increase
in AR protein in castration-recurrent prostate cancer (9–11).
MAGE-A11 functions as an important coregulator that
increases AR transcriptional activity during prostate cancer
progression (12).
The dual functions of the AR NH2-terminal FXXLF motif in

binding AR AF2 in the N/C interaction and binding MAGE-
A11 presented a mechanistic dilemma because MAGE-A11
increases AR transcriptional activity in association with the AR
N/C interaction (6). Like other steroid receptors, AR binds as
a dimer to androgen response element (ARE) DNA regula-
tory regions of androgen-dependent genes (13). There also is
evidence that MAGE-A11 is a dimer (14). These findings led
to an investigation of how the MAGE-A11 dimer increases
AR dimer transcriptional activity in association with tran-
scriptional enhancing effects of the androgen-dependent AR
N/C interaction.
In this report, we show that MAGE-A11 can rescue tran-

scriptional activity of complementary inactive AR dimers that
have deletions of ARNH2-terminal activation function 1 (AF1)
or are defective in DNA binding. Amodel is proposed in which
one FXXLFmotif of the AR dimer engages in the androgen-de-
pendent AR N/C interaction, whereas the second AR dimer
FXXLF motif region interacts with dimeric MAGE-A11.
MAGE-A11 contributes to the cooperative function between
AR splice variants and full-length AR. The studies suggest that
MAGE-A11 increases AR transcriptional activity in human and
nonhuman primates by forming a molecular bridge between
transcriptionally active AR dimers.

EXPERIMENTAL PROCEDURES

DNA Vectors—pCMV5 expression vectors code for full-
length human AR (15) and the following human AR mutants:
androgen insensitivity mutant AR-D864G (16); nuclear trans-
port mutant AR-R617M,K618M,K632M,K633M (ARm4) (17);
AF2mutants AR-K720A andAR-V716R (18, 19); DNA binding
domain mutants AR�538–614 (AR�DNA binding domain
(DBD)), AR-C576A (17), and AR�589–628 (exon C deletion;
AR�C) (20); ARN/C interactionmutants AR-L26A,F27A (AR-
LFAA), AR-W433A,L436A,F437A (AR-AXXAA), and com-
bined mutant AR-LFAA-W433A,L436A,F437A (AR-LFAA-
AX) (3, 7); and AF1 deletion mutant AR�142–337 (AR�TR)
(17, 21, 22) with L26A,F27A (LFAA)-AR�TR and other muta-
tions (23). KpnI and Csp45 fragments of AR�DBD and ARm4
were cloned into the same sites of AR�14–83 and AR�TR to
make AR�14–83�DBD and AR�TRm4. The SmaI and KpnI
fragment of AR�TR was cloned into the same sites of
AR-C576A tomake AR�TR-C576A. AR-(1–660) codes for the
human AR NH2-terminal and DNA binding domains, and
AR-(1–503) codes for the ARNH2-terminal region (24) with or
without C576A, LFAA, and/or AXXAA mutations (4). pSG5-
MAGE codes for full-length wild-type human MAGE-A11 (4)

and previously described mutants (6, 7, 14). Human influenza
hemagglutinin (HA)-tagged wild-type and mutant pSG5-HA-
MAGE-2–429 and pSG5-HA-p300 and pSG5-transcriptional
mediator 2 (TIF2) were described (6, 7). Luciferase reporter
vectors include the human prostate-specific antigen (PSA)
enhancer in PSA-Enh-Luc, which contains the androgen-re-
sponsive core enhancer�3935 to�4326 bp cloned upstreamof
the E4 TATA box in pGL3 (25); PSA-ARE4-Luc, which con-
tains four copies of ARE-1 from the PSA promoter cloned
upstreamof the E4TATAbox in pGL3 (25); PSA-Enh-SIII-Luc,
which contains the GAL4DNA binding domain substituted for
high affinity ARE-III in the PSA enhancer (25); 300-bp andro-
gen response enhancer region of prostate stem cell antigen
(PSCA) in PSCA-TATA-Luc; PSCA androgen response en-
hancer element multimerized four times upstream of the E4
TATA box in PSCA-ARE4-Luc (26); and mouse mammary
tumor virus promoter vector MMTV-Luc (27).
Immunostaining—Benign prostate and prostate cancer tis-

sues were obtained with informed consent and approval by the
institutional reviewboard at Roswell ParkCancer Institute. Tis-
sue microarrays were constructed from formalin-fixed, paraf-
fin-embedded clinical specimens of benign and malignant
prostate (28, 29). Tissue microarray sections (6-�m thickness)
containing paraffin-embedded androgen-stimulated benign
prostate and androgen-stimulated and castration-recurrent
prostate cancer clinical tissues were deparaffinized, rehydrated
using an alcohol gradient, and antigen-retrieved using Reveal
Decloaker (Biocare Medical) for 10 min at 120 °C and 21 p.s.i.
pressure in a Decloaking Chamber (Biocare Medical) (28, 29).
The cooled sections were immunostained using the EnVision
G/2 Doublestain System (catalog number 5361, Dako,
Glostrup, Denmark). Sections were blocked for endogenous
peroxidase activity, labeled withMAGE-(94–108) anti-peptide
antibody (3 �g/ml) (30) for 1 h at 37 °C, amplified using a dex-
tran polymer, and visualized using diaminobenzidine. Sections
were counterstained with 50% hematoxylin (catalog number
H-3401, Vector Laboratories) and mounted using an aqueous
mounting medium.
Cell Culture, Expression, and Immune Analysis—LAPC-4

human prostate cancer cells were maintained in RPMI 1640
medium (Cellgro or Invitrogen) with 10% fetal bovine serum, 1
mM sodium pyruvate, 2 mM L-glutamine with penicillin and
streptomycin. Monkey kidney CV1 and COS1 cells were main-
tained in Dulbecco’s modified essential medium containing
10% bovine calf serum, 2mM L-glutamine, 20mMHepes, pH 7.2
with penicillin and streptomycin. Unless indicated otherwise,
LAPC-4 (1.8 � 105/well) and CV1 cells (104/well) in 12-well
plates were transfected with expression and luciferase reporter
vector DNA using 0.6 �l of X-tremeGENE 9 (Roche Applied
Science)/well. Twenty-four hours after transfection, cells were
incubated for 24 h in serum-free, phenol red-free mediumwith
or without 1 nMDHT.A Lumistar Galaxy luminometer (BMG
Labtech) automatically measured luciferase activity in 0.1 ml
from 0.25 ml of cell lysates prepared in 1% Triton X-100, 2
mM EDTA, 25 mM Tris phosphate, pH 7.8. Luciferase data
(mean � S.D.) are representative of at least three indepen-
dent experiments.
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Small inhibitory RNA (siRNA) inhibition was performed in
6-well plates with 4 or 4.5� 105 LAPC-4 cells/well or 4.5� 105
COS1 cells/well transfected in 1 ml of medium without anti-
biotics using Lipofectamine 2000 (Invitrogen) and 5 or 10 nM

nonspecific siRNA, MAGE-A11 siRNA-2, MAGE-A11
siRNA-3, AR siRNA-3, or AR siRNA-4 (Dharmacon RNA
Technologies) (6, 7). Lentivirus short hairpin RNA (shRNA)
knockdown of MAGE-A11 was performed in LAPC-4 cells
using virus prepared from the Open Biosystems TRC1 shRNA
library (5). LAPC-4 cells (3 � 106/well) in 6-well plates were
transduced with 0.15 ml of HEK293 cell medium containing
�106 lentivirus particles/ml. After 2 days, cells were passaged
to 10-cm plates in medium containing 3 �g/ml puromycin
dihydrochloride (Cellgro). After 4 days of selection, cell extracts
were analyzed on immunoblots. LAPC-4 cell growth assays
were performed after lentivirus shRNA knockdown and puro-
mycin selection by plating 4 � 105 cells/well in 24-well plates
with 0.5 ml of phenol red-free medium containing 10% char-
coal-stripped serum (Atlanta Biologicals, Inc.). The next day
and 2 days later, 0.1 ml of serum-free medium was added to a
final concentration of 0.1 nM DHT and 10 ng/ml EGF. Cell
growth was assayed using 20 �l of Cell Counting Kit-8 reagent/
well (Dojindo Laboratories) (31). Cells were incubated for 2.5 h
at 37 °C. Optical density was measured at 485 nm. Data are the
mean � S.D. of three independent measurements.
For immunoblot analysis, wild-type and mutant pCMV-AR

and pSG5-MAGE-A11 vectors were expressed in COS1 cells (5
�g of DNA/7 � 105 cells/6-cm dish or 8 �g of DNA/1.8 �
106/10-cm dish) using DEAE-dextran transfection unless indi-
cated otherwise (1, 32). COS1 cell extracts were prepared, ana-
lyzed on acrylamide gels containing SDS, and probed as
described (5). Coimmunoprecipitation was performed using
two dishes each of COS1 cells (1.8 � 106/10-cm dish) express-
ing FLAGempty vector or FLAG-ARwith pSG5-MAGE, pSG5-
HA-p300, and/or ARmutants. One day after transfection using
DEAE-dextran, cells were incubated in the absence or presence
of 10 nM DHT with 50 or 100 ng/ml EGF for 24 h. Cell extracts
and immunoprecipitateswere prepared as described (5, 6). Gels
were calibrated using dual color Precision Plus Protein Stan-
dards (Bio-Rad) and probed using the following antibodies:
peptide purified rabbit polyclonal MAGE-(94–108) antibody
against human MAGE-(94–108) peptide (10 �g/ml) (30), pep-
tide purified rabbit polyclonal FLAG-MAGE antibody-1
against baculovirus-expressed FLAG-MAGE (0.5 �g/ml for
expressed MAGE-A11 and 10 �g/ml for endogenous MAGE-
A11) (7), rabbit polyclonal AR32 (33) and AR52 (15) anti-pep-
tide antibodies (1�g/ml), rabbit polyclonal human p300 (C-20)
sc-585 antibody (Santa Cruz Biotechnology; 1:200 dilution),
mouse anti-FLAG M2 F3165 monoclonal antibody (Sigma;
1:2000 dilution), rabbit polyclonal HA antibody ab9110
(Abcam; 1:2000 dilution), and mouse monoclonal anti-�-actin
ab6276-100 (Abcam; 1:5000 dilution). Transblots were devel-
oped using SuperSignal West Dura Extended Duration Sub-
strate (Pierce).
Quantitative RT-PCR—Twenty-four hours after plating

LAPC-4 cells (2 � 106/6-cm dish) in serum-containing
medium, cells were harvested or transferred to phenol red-free
medium containing 10% charcoal-stripped serum, additives,

and increasing concentrations of dibutyryl-cyclicAMP (cAMP)
(Sigma). After 48 h, cells were harvested in 1 ml of TRIzol rea-
gent (Ambion). RNA was extracted using chloroform and iso-
propanol, and 4 �g of RNA was reverse transcribed using
SuperScript II reverse transcriptase (Invitrogen). Quantitative
RT-PCR ofMAGE-A11, PSA, and the peptidylprolyl isomerase
A housekeeping control was performed in 20-�l reactions with
4 �l of 100 ng/�l cDNA, 10 �l of SsoAdvanced SYBR Green
Supermix (Bio-Rad), 2 �l of RNase-free water, and 2 �l of the
following primers at 2 �M concentration (Integrated DNA
Technologies): MAGE-A11 forward primer (5�-GGAGACTC-
AGTTCCGCAGAG-3�), MAGE-A11 reverse primer (5�-TG-
GGACCACTGTAGTTGTGG-3�), peptidylprolyl isomerase
A forward primer (5�-ATCTTGTCCATGGCAAATGC-3�),
peptidylprolyl isomerase A reverse primer (5�-GCCTCCACA-
ATATTCATGCC-3�), PSA forward primer (5�-CTCATCCT-
GTCTCGGATTGT-3�), and PSA reverse primer (5�-ATGAA-
ACAGGCTGTGCCGAC-3�). Amplification was performed
using a Stratagene MX3000 thermal cycler with one cycle at
94 °C for 20 min and 40 cycles at 94 °C for 40 s, 58 °C for 40 s,
and 74 °C for 40 s. MAGE-A11 and peptidylprolyl isomerase A
mRNA levels were based on 10-fold serially diluted cDNA
standard curves.

RESULTS

MAGE-A11 Increases during Prostate Cancer Progression—
Previous studies showed an increase in MAGE-A11 mRNA in
the CWR22 xenograft after castration and in castration-re-
current prostate cancer clinical specimens, suggesting that
MAGE-A11 contributes to prostate cancer progression (8). The
intensity ofMAGE-A11 immunostainingwas relatively weak in
glandular epithelial cells of 17 samples of androgen-stimulated
benign prostate as shown for four representative samples (Fig.
1, A–D). MAGE-A11 staining increased in glandular epithelial
cells in�70% (11 of 16) of androgen-stimulated prostate cancer
samples (Fig. 1, E–H) andwasmore uniform and intense in 82%
(nine of 11) of castration-recurrent prostate cancer samples
(Fig. 1, I–L).

The increase inMAGE-A11 immunostaining in themajority
of androgen-dependent and castration-recurrent prostate can-
cer samples is consistent with MAGE-A11 function as an AR
coregulator. Increased levels ofMAGE-A11 likely contribute to
greater AR transactivation and prostate cancer growth and
progression.
Cyclic AMP Increases MAGE-A11 and AR Activity—cAMP

increases AR transcriptional activity in prostate cancer cells
through mechanisms that are not well understood (34, 35).
Studies were performed to investigate whether MAGE-A11 is
regulated by and mediates the effects of prostate cancer cell-
derived signaling molecules, such as cAMP, that increase
androgen-dependent and androgen-independentAR transacti-
vation. In addition to effects on endogenous MAGE-A11 and
PSA mRNA levels, two androgen-responsive reporter genes
were used to assess AR transcriptional activity in response to
cAMP and/or DHT. MMTV-Luc contains the long terminal
repeat region of the MMTV promoter with complex DNA
binding elements for AR and other steroid receptors (36–39).
PSA-Enh-Luc contains the complex upstream enhancer of the
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human PSA gene withmultiple ARE binding sites that function
cooperatively (25). MMTV-Luc is more responsive than PSA-
Enh-Luc to endogenous AR (1, 40) and was used primarily to
study AR transactivation in LAPC-4 prostate cancer cells. PSA-
Enh-Luc was used in LAPC-4 cells that express endogenous AR
and in CV1 cells that lack AR.
LAPC-4 cells cultured in fresh medium daily showed a

30–40-fold increase in androgen-dependent transactivation of
MMTV-Luc by expressed and endogenous AR (Fig. 2A, left).
Cells maintained for 48 h without changing the medium
showed an 8-fold increase in ligand-independent transactiva-
tion by expressed AR (Fig. 2A, middle). LAPC-4 cells cultured
for 72 h without changing the medium exhibited an 18-fold
increase in ligand-independent transactivation by expressed
AR and a 3–6-fold increase in ligand-independent activity by
endogenous AR (Fig. 2A, right). The cell culture conditions had
less effect in the presence of 1 nMDHT. The results suggest that
signalingmolecules derived fromLAPC-4 cells increase ligand-
independent AR transactivation.
A variety of agents were tested in an attempt to mimic the

effects of conditionedmediumon ligand-independentAR tran-
scriptional activity in LAPC-4 cells. Small increases in andro-
gen-dependent and androgen-independent AR activity were
seenwith 50 ng/ml EGF, 50 ng/ml IL-6, or 10 ng/ml insulin-like
growth factor I, and a larger increase was seen in response to 6
mM dibutyryl-cAMP by endogenous and expressed AR (data
not shown). Endogenous AR activity was assayed in LAPC-4
cells with increasing concentrations of dibutyryl-cAMP to
determine whether the effects of conditioned medium on
ligand-independent AR transcriptional activity could be ex-
plained by cAMP signaling. There was a concentration-depen-
dent increase in endogenous AR transactivation in response to
0.2–6mMdibutyryl-cAMPwith orwithout 1 nMDHT (Fig. 2B).
Increasing concentrations of dibutyryl-cAMP from 0.5 to 8mM

increased MAGE-A11 mRNA in LAPC-4 cells measured using
quantitative RT-PCR (Fig. 2C) and increased MAGE-A11 pro-

FIGURE 1. MAGE-A11 immunostaining in benign prostate and prostate cancer. MAGE-A11 was immunostained using 3 �g/ml MAGE-(94 –108) antibody as
described under “Experimental Procedures.” The four samples shown are representative of 17 specimens of androgen-stimulated benign prostate (A–D), 16
specimens of androgen-stimulated prostate cancer (E–H), and 11 specimens of castration-recurrent prostate cancer (I–L). The brown positive reaction product
is shown against background staining using hematoxylin. Initial magnification, 400�.

FIGURE 2. Cyclic AMP-dependent increase in MAGE-A11 correlates with
increased AR transactivation of PSA in LAPC-4 cells. A, empty vector
pCMV5 (�) or pCMV-AR (0.1 �g) was expressed in LAPC-4 cells (2 � 105/well)
in 12-well plates with 0.2 �g of MMTV-Luc/well. The next day, medium was
exchanged or unchanged, and 24 h later, it was replaced with serum-free
medium or unchanged. Cells were then incubated for 24 h with or without 1
nM DHT, and luciferase activity was measured. B, LAPC-4 cells (4 � 105/well) in
6-well plates were transfected using Lipofectamine 2000 with 0.25 �g of
MMTV-Luc. The next day, cells were placed in serum-free medium with or
without 0.2, 0.5, 1, 3, or 6 mM dibutyryl-cAMP (dbcAMP) with or without 1 nM

DHT, and luciferase activity was measured. C, the day after plating LAPC-4
cells (2 � 106/6-cm dish), cells were transferred to medium containing 10%
charcoal-stripped serum, and the next day, cells were treated with or without
0.5, 2, or 8 mM dibutyryl-cAMP for 48 h. RNA was extracted and analyzed using
quantitative RT-PCR for MAGE-A11 as described under “Experimental Proce-
dures.” D, the day after plating LAPC-4 cells as in C, cells were transferred to
medium containing 5% charcoal-stripped serum and treated with or without
0.5, 2, or 8 mM dibutyryl-cAMP for 48 h. Cells were harvested in immunoblot
lysis buffer, and 40 �g of protein/lane was probed using FLAG-MAGE anti-
body (10 �g/ml). Lane 1 contains 0.1 �g of COS1 cell extract control (C) from
cells expressing pSG5-MAGE. E, complementary DNA used in C was analyzed
using quantitative RT-PCR for PSA as described under “Experimental Proce-
dures.” PPIA, peptidylprolyl isomerase A. Data in A–C and E are the mean �
S.D. (error bars) and are representative of three independent experiments.
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tein shown using immunoblot analysis (Fig. 2D). Increases in
MAGE-A11 mRNA and protein in response to 0.5 mM dibu-
tyryl-cAMP correlated with increases in endogenous PSA
mRNA (Fig. 2E) that declined at higher levels of dibutyryl-
cAMP, suggesting negative feedback regulation.
A direct relationship among cAMP signaling, increased

MAGE-A11 expression, and increased AR transcriptional
activity was shown using siRNA. MAGE-A11 siRNA-2, which
most effectively decreased levels of expressedMAGE-A11 (Fig.
3A, bottom panel), decreased androgen-dependent and andro-
gen-independent endogenous AR transcriptional activity in
LAPC-4 cells in response to 0.2 mM dibutyryl-cAMP (Fig. 3A,
top panel). MAGE-A11 siRNA-3 and nonspecific siRNA were
less effective in decreasing MAGE-A11 expression and endog-

enous AR transcriptional activity in LAPC-4 cells. The inability
of siRNA-3 to completely suppressMAGE-A11 expression and
its effects on AR transcriptional activity is in agreement with
previous studies (6). The stimulatory effect of EGF on endoge-
nous AR activity in LAPC-4 cells also was inhibited by siRNA
silencing of MAGE-A11 (Fig. 3B). This was in agreement with
EGF regulation of MAGE-A11 phosphorylation required for
steroid receptor coregulator activity (14).
The results suggest that the increase in MAGE-A11 in cas-

tration-recurrent prostate cancer is regulated by cAMP signal-
ing. The requirement for MAGE-A11 in the cAMP-dependent
increase in AR transcriptional activity suggests that MAGE-
A11 mediates the effects of cAMP.
MAGE-A11 Increases Prostate Cancer Cell Growth—A

requirement forMAGE-A11 in LAPC-4 cell growth in response
to DHT was demonstrated using lentivirus shRNA. Lentivirus
MAGE-A11 shRNA-947 and shRNA-169 inhibited endoge-
nous MAGE-A11 expression in LAPC-4 cells based on immu-
noblot analysis (Fig. 3C) and inhibited the growth of LAPC-4
cells (Fig. 3D). Nonspecific shRNAs and MAGE-A11 shRNA-
827 had little effect onMAGE-A11 protein levels (Fig. 3C) or on
LAPC-4 cell growth (Fig. 3D). However, LAPC-4 cell growth
was inhibited by lentivirus shRNA knockdown of AR (Fig. 3, C
and D). The results suggest that MAGE-A11 is required for
androgen-dependent AR-mediated LAPC-4 cell growth.
AR without a DNA Binding Domain Retains Transcriptional

Activity in the Presence of MAGE-A11 and Wild-type AR—We
showed previously using chromatin immunoprecipitation that
MAGE-A11 was recruited to the endogenous androgen-re-
sponsive PSA enhancer in LAPC-4 cells (6). However, the
mechanisms by which MAGE-A11 increases AR transcrip-
tional activity at an androgen-responsive enhancer remain
uncertain. To identify the mechanisms by which MAGE-A11
increases AR transcriptional activity in prostate cancer cells, a
series of AR single amino acid and deletion mutants (Fig. 4A)
was analyzed in LAPC-4 cells that express endogenous wild-
type AR and MAGE-A11 (8). A low level of the androgen-re-
sponsive MMTV-Luc was used to minimize activation by
endogenous AR.
AR-D864G is a naturally occurring mutation in the ligand

binding domain that decreases androgen binding and causes
complete androgen insensitivity (16). AR-R617M,K618M,
-K632M,K633M mutations (ARm4) interrupt the bipartite
nuclear targeting signal, causing cytoplasmic localization of AR
(17). Both of these ARmutants were inactive when expressed in
LAPC-4 cells (Fig. 4B).
The AR-K720A AF2 mutation in the ligand binding domain

blocks p160 coactivator LXXLL motif binding but does not
interfere with the androgen-dependent AR N/C interaction
(18). The AR-V716R AF2 mutation blocks p160 coactivator
recruitment and the AR N/C interaction. These AR AF2
mutants retained full (AR-K720A) or partial activity (AR-
V716R), suggesting a role for the androgen-dependent ARN/C
interaction for activity of AR expressed in LAPC-4 cells. A
requirement for the AR N/C interaction also was indicated
by the decreased activity of AR FXXLF motif mutant,
AR-L26A,F27A (AR-LFAA), and FXXLF and WXXLF motif

FIGURE 3. Requirement for MAGE-A11 in cyclic AMP-dependent AR tran-
scriptional activity and LAPC-4 prostate cancer cell growth. A, top, LAPC-4
cells (3 � 105/well) in 6-well plates were transfected with 0.25 �g of MMTV-
Luc and 5 nM nonspecific (NS) or MAGE-A11 siRNA-2 or siRNA-3 using Lipo-
fectamine 2000. The next day, cells were incubated for 24 h with or without 1
nM DHT and 0.2 mM dibutyryl-cAMP (dbcAMP) before assaying for luciferase.
Bottom, empty vector pSG5 (�) (lane 1) or pSG5-MAGE (1 �g; lanes 2–5) was
expressed in COS1 cells using Lipofectamine 2000 with or without a 5 nM

concentration of two nonspecific siRNAs (NS), MAGE-A11 siRNA-2 (M2), or
MAGE-A11 siRNA-3 (M3). Cell extracts (10 �g of protein/lane) were probed on
the transblot using 10 �g/ml MAGE-(94 –108) antibody incubated for 72 h at
4 °C. B, LAPC-4 cells were transfected with 0.5 �g of MMTV-Luc and 5 nM

nonspecific siRNA (NS), MAGE-A11 siRNA-2, or MAGE-A11 siRNA-3. Cells were
incubated with or without 1 nM DHT and 10 ng/ml EGF before assaying for
luciferase. C, LAPC-4 cells (3 � 106/well) in 6-well plates were transduced with
150 �l of lentivirus for MAGE-A11 shRNA-169 (M169), shRNA-827 (M827),
shRNA-947 (M947), and shRNA-964 (M964), AR shRNA-5, empty vector, or
18-bp nonspecific (NS) shRNA. Cells were selected using puromycin as
described under “Experimental Procedures.” Cell extracts (100 �g of protein/
lane) were analyzed on immunoblots using AR32 (1 �g/ml) and AR52 (10
�g/ml) antibodies, 10 �g/ml of FLAG-MAGE antibody, 5 �g/ml MAGE-(94 –
108) antibody, and a 1:5000 dilution of �-actin antibody. Lane 8 contains
extracts of COS1 cells expressing pCMV-AR (5 �g of protein/lane) or pSG5-
MAGE (0.1 �g of protein/lane) as control (C). D, LAPC-4 cells transduced with
lentivirus and selected as in C using puromycin were grown in the presence of
0.1 nM DHT and 10 ng/ml EGF in 24-well plates. Shown also is the no-hormone
control of LAPC-4 cells transduced with nonspecific lentivirus shRNA and
grown in the absence of DHT and EGF (�). Cell growth was assayed as
described under “Experimental Procedures.” NV, no virus. Data in A, B, and D
are the mean � S.D. (error bars) representative of at least three independent
experiments.
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combinedmutations in AR-LFAA-W433A,L436A,F437A (AR-
LFAA-AX) (Fig. 4C) (3, 7).
AR�538–614 (AR�DBD) is aDNAbinding domain deletion

mutant, and AR�589–628 (AR�C) has a deletion of exon C in
the DNA binding domain (20). Both AR mutants defective in
DNA binding retained transcriptional activity in LAPC-4 cells
(Fig. 4B) similar to AR-C576A, which also is defective in DNA
binding due to a single amino acid mutation in the AR DNA
binding domain (17). In contrast, AR activity was lost with dele-
tion of AR NH2-terminal AF1 in AR�142–337 (AR�TR) or
smaller AF1 deletions (Fig. 4D) except for AR�199–239, which
had a stimulatory effect.
Transcriptional activity ofARDNAbinding domainmutants

in LAPC-4 cells suggested that interaction with an androgen-
responsiveDNA regionmay not be required for activity. To test
this further, wild-type AR and AR�DBD were expressed in
LAPC-4 cells with the androgen-responsive PSA-Enh-Luc. AR
was more active than AR�DBD; however, AR�DBD retained
significant androgen-dependent activity (Fig. 4E, left). Disrup-
tion of high affinity ARE-III in the PSA enhancer in PSA-Enh-

SIII-Luc (25) resulted in similar AR and AR�DBD transcrip-
tional activity (Fig. 4E, middle). A requirement for the PSA
androgen response region for transactivation by AR�DBD was
demonstrated by loss ofAR andAR�DBDactivitywith deletion
of the PSA enhancer (Fig. 4E, right).
The inherent inactivity of AR�DBD and AR-C576A DNA

bindingmutants and AR�TRAF1 deletionmutant was verified
inCV1 cells that donot express endogenousARorMAGE-A11.
None of the AR DNA binding domain mutants or AR�TR was
active in CV1 cells with or without the expression of MAGE-
A11 and p300 (Fig. 5A). However, MAGE-A11 and p300, a
potent acetyltransferase that interacts with MAGE-A11 (6),
increased the androgen-dependent and androgen-independent
activity of wild-typeAR in the absence or presence of 1 nMDHT
(Fig. 5, A and B). The transcriptional enhancing effect of
MAGE-A11 and p300 in the absence of androgen was resistant
to inhibition by hydroxyflutamide and bicalutamide, two anti-
androgens used in the treatment of prostate cancer (Fig. 5C).
The results suggest that transcriptional activity of AR

expressed in LAPC-4 cells depends on AR nuclear localization,

FIGURE 4. AR requirements for transcriptional activity in LAPC-4 cells. A, schematic diagram of AR deletion mutants expressed in LAPC-4 cells. LBD, ligand
binding domain. B, top, pCMV5 (�) or pCMV-AR wild-type (WT) or mutants (0.1 �g) were expressed in LAPC-4 cells with 25 ng of MMTV-Luc. Cells were
incubated with or without 1 nM DHT. Bottom, pCMV5 (�) or pCMV-AR WT or mutants (5 �g) were expressed in COS1 cells. The transblot of cell extracts (15 �g
of protein/lane) was probed using AR32 antibody. C, top, pCMV5 (�) or pCMV-AR WT or mutants (0.1 �g) were expressed in LAPC-4 cells with 25 ng of
MMTV-Luc. Cells were incubated with or without 1 nM DHT. Bottom, pCMV5 (�) or pCMV-AR WT or mutants (5 �g) were expressed in COS1 cells as in B. The
transblot of cell extracts (15 �g of protein/lane) was probed using AR32 antibody. D, top, pCMV5 (�) or pCMV-AR WT or AR deletion mutants (0.1 �g) were
expressed in LAPC-4 cells with 25 ng of MMTV-Luc. Cells were incubated with or without 1 nM DHT. Bottom, pCMV5 (�) or pCMV-AR WT or AR deletion mutants
(6 �g) were expressed in COS1 cells. The transblot of cell extracts (20 �g of protein/lane) was probed using AR32 antibody. E, pCMV5 (�), pCMV-AR WT, or
pCMV-AR�DBD (0.1 �g) was expressed in LAPC-4 cells with 0.1 �g of PSA-Enh-Luc, PSA-Enh-SIII-Luc, or pGL3-E4-Luc. Cells were incubated with or without 1 nM

DHT. Shown in B–E are the mean � S.D. (error bars) representative of three independent experiments.
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NH2-terminal AF1, the androgen-dependent N/C interaction,
and binding to ARE DNA. However, transcriptional activation
by expressed AR does not require DNA binding in the presence
of wild-type endogenous AR. AR expressed in LAPC-4 cells
appears to cooperate with endogenous AR for transcriptional
activation.
AR Synergism in LAPC-4 Cells—To understand the basis for

AR�DBD activity in LAPC-4 cells, studies were performed
using AR siRNA-3, which targets the ligand binding domain
present in AR and AR�DBD, and AR siRNA-4, which targets
the AR DNA binding domain absent in AR�DBD (Fig. 6A).
Specificity for siRNA knockdown was shown using immuno-
blot analysis.

AR siRNA-3 and siRNA-4 diminished AR expression (Fig.
6B, lanes 2–5), whereas only AR siRNA-3 decreased AR�DBD
(Fig. 6B, lanes 7–10). In AR transcription assays, AR siRNA-3
and siRNA-4 diminished the weak activity of endogenous AR
(Fig. 6C, left) and the greater activity of expressed wild-type AR
and AR�DBD (Fig. 6C, right). MAGE-A11 siRNA-2, which
decreased MAGE-A11 expression (see Fig. 3A), also decreased
AR and AR�DBD activity in LAPC-4 cells (Fig. 6C).
The results suggest that transcriptional activity by AR�DBD

expressed in LAPC-4 cells is derived from cooperation with
endogenous AR. The decrease in AR�DBD activity upon
silencing MAGE-A11 suggests that MAGE-A11 contributes to
the cooperative activity of expressed and endogenous AR.
MAGE-A11 Mediates Synergism between Endogenous AR

and Theoretical AR Splice Variants—AR splice variants that
lack the ligand binding domain have been reported in prostate
cancer (41, 42). Constitutively active AR-(1–660) contains the
AR NH2-terminal and DNA binding domains and is of interest
because it is transcriptionally active in the absence of DHT and
is similar to reported AR splice variants. AR-(1–660) with or
without the inactivating C576A DNA binding mutation was
expressed in LAPC-4 cells to determine whether MAGE-A11
promotes synergism between wild-type AR and AR splice
variants.
AR-(1–660) was active in the absence or presence of 1 nM

DHT (Fig. 7A), whereas AR-(1–660)-C576A retained activity
only in the presence of DHT. Androgen-dependent activity of
AR-(1–660)-C576A was lost with AR-(1–660)-LFAA-C576A
in which the ARNH2-terminal FXXLFmotif wasmutated. This
suggests synergism in LAPC-4 cells between endogenous AR
and AR-(1–660) that requires the AR-(1–660) NH2-terminal
FXXLF motif.
To test the requirement for endogenous AR andMAGE-A11

in AR-(1–660)-C576A activity in LAPC-4 cells, siRNA inhibi-
tion was performed. AR siRNA-3 and siRNA-4 target the AR
ligand and DNA binding domains, respectively (Fig. 6), and
eliminated AR-(1–660)-C576A activity (Fig. 7B). This sug-
gested thatAR-(1–660)-C576A activity in the presence ofDHT
results from synergism with endogenous AR. MAGE-A11
siRNA-2, which decreases MAGE-A11 expression (Fig. 3), also
inhibited AR-(1–660)-C576A activity, implicatingMAGE-A11
in the synergism between AR and AR splice variants.

FIGURE 5. AR requirements for transactivation in CV1 cells. A, pCMV-AR WT, �DBD, C576A, or �TR (25 ng) was expressed in CV1 cells with 0.25 �g of
PSA-Enh-Luc with or without 0.1 �g of pSG5 (�) or 50 ng of pSG5-MAGE (M) and 50 ng of pSG5-HA-p300 (P). Cells were incubated with or without 1 nM DHT.
B, pCMV-AR (50 ng) was expressed in CV1 cells (3 � 104/well) in 12-well plates with 0.1 �g of PSA-Enh-Luc and 0.1 of �g pSG5 (�) or 50 ng of pSG5-MAGE (M)
and/or 50 ng of pSG5-HA-p300 (P). Cells were incubated with or without 1 nM DHT. C, CV1 cells were plated in phenol red-free medium containing 5%
charcoal-stripped fetal calf serum, and the medium was not changed. pCMV-AR (25 ng) was expressed with 0.25 �g of PSA-Enh-Luc and 0.1 �g of pSG5 (�) or
50 ng of pSG5-MAGE (M) and 50 ng of pSG5-HA-p300 (P). Twenty-four hours before harvest, DHT was added to 0.1 or 1 nM with or without 0.5 �M hydroxyflu-
tamide (HF) or 1 �M bicalutamide (BIC). Data shown are mean � S.D. (error bars) representative of three independent experiments.

FIGURE 6. Dependence of AR�DBD activity on endogenous AR and
MAGE-A11 in LAPC-4 cells. A, schematic diagram of human AR (hAR) with
the 23FXXLFXXVXXV33 interaction site for MAGE-A11, AF1, DBD, ligand bind-
ing domain (LBD), and AF2. The target position is indicated for AR siRNA-3 in
the ligand binding domain and for AR siRNA-4 in the DBD. B, pCMV5 (�) (lanes
1 and 6), pCMV-AR (lanes 2–5), or pCMV-AR�DBD (lanes 7–10) (0.5 �g) was
expressed in COS1 cells using Lipofectamine 2000 with or without 10 nM AR
siRNA-3, AR siRNA-4, or nonspecific (NS) siRNA. Cells were incubated without
DHT, and cell extracts (15 �g of protein/lane) were probed on transblots
using AR32 antibody. C, pCMV5 (�) or pCMV-AR WT or �DBD (25 ng) was
expressed in LAPC-4 cells (4 � 105/well) in 6-well plates using Lipofectamine
with 25 ng of MMTV-Luc with or without 10 nM AR siRNA-3 (AR3), AR siRNA-4
(AR4), MAGE-A11 siRNA-2 (MAG2), or nonspecific (NS) siRNA. Cells were incu-
bated with or without 1 nM DHT. Data are the mean � S.D. (error bars) and are
representative of three independent experiments.
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A requirement for the AR FXXLF motif and DNA binding
domain was tested simultaneously using AR-(1–503), which
contains only theARNH2-terminal region. Despite the absence
of the AR DNA and ligand binding domains, AR-(1–503)
increased androgen-dependent transcriptional activity in
LAPC-4 cells in the presence of DHT that was inhibited by
AR-(1–503) FXXLF or WXXLF motif mutations (Fig. 7C).
Dependence on AR splice variant AF1 and the FXXLF motif

for activity with MAGE-A11 and AR was investigated by
expressing AR-(1–660)-C576A with full-length AR with an
AF1 deletion (AR�TR) orwithAF1 andAF2 inactivatingmuta-
tions (AR�TR-V716R) that disrupt both major AR activation
domains. MAGE-A11 activated AR-(1–660)-C576A expressed
with AR�TR or AR�TR-V716R to a similar extent (Fig. 7D),
suggesting that AR-(1–660)-C576A AF1 provides the major
transactivation function. However, the effects of MAGE-A11
were lost with AR-(1–660)-LFAA-C576 in which the AR
FXXLF motif was mutated. The results suggest that the coop-
erative function amongMAGE-A11, AR, and an AR splice var-
iant depends on AR splice variant AF1 and FXXLF motif.
MAGE-A11 interacts with the AR NH2-terminal FXXLF

motif (4), increases AR-(1–660) activity directly (Fig. 7E, left),
and increases the activity of wild-type AR in the absence or

presence of androgen (Fig. 7E, middle). However, when
MAGE-A11 was expressed with low levels of AR and constitu-
tively activeAR-(1–660), the greatest effect relative toAR alone
was aMAGE-A11-dependent increase in activity in the absence
of androgen (Fig. 7E, right).

The results suggest thatMAGE-A11 is required for the coop-
erative function of AR and AR splice variants reported in pros-
tate cancer (10). The increase in AR transcriptional activity
depends on the AR-(1–660) NH2-terminal FXXLF motif and
AF1.
MAGE-A11 Rescues Complementary Inactive AR Mutants—

One explanation for the synergistic effects of MAGE-A11 on
AR activity is thatMAGE-A11mediates an interaction between
AR dimers. This was investigated by expressing complemen-
tary inactive ARmutants in CV1 cells. AR�TR has a deletion of
NH2-terminal AF1 (see Fig. 4A) andwas inactive in CV1 cells in
the presence of DHTwith or without the expression ofMAGE-
A11 and p300 (Fig. 8A). AR-C576A or AR�DBD DNA binding
mutants also were inactive in CV1 in the presence of DHTwith
or without MAGE-A11 and p300. However, transcriptional
activity of AR�TR expressed with AR-C576A or AR�DBDwas
rescued with the expression of MAGE-A11 and p300 in the
presence of DHT (Fig. 8A).

FIGURE 7. Cooperativity between endogenous AR and AR-(1– 660) in LAPC-4 cells. A, top, pCMV5 (�) or pCMV-AR-(1– 660) WT, C576A, or L26A,F27A
(LFAA)-C576A (0.1 �g) was expressed with 25 ng of MMTV-Luc in LAPC-4 cells. Cells were incubated with or without 1 nM DHT. Bottom, pCMV5 (�) or
pCMV-AR-(1– 660) WT, C576A, or LFAA-C576A (5 �g) was expressed in COS1 cells. Cell extracts (20 �g of protein/lane) were probed on transblots using AR32
antibody. B, pCMV-AR-(1– 660)-C576A (25 ng) was expressed in LAPC-4 cells using Lipofectamine 2000 with 25 ng of MMTV-Luc and 5 nM nonspecific (NS)
siRNA, AR siRNA-3 (AR3), AR siRNA-4 (AR4), MAGE-A11 siRNA-2 (M2), or MAGE-A11 siRNA-3 (M3). Cells were incubated with or without 1 nM DHT. C, top, pCMV5
(�) or pCMV-AR-(1–503) WT, LFAA, W433A,L436A,F437A (AX), or LFAA-AX combined mutant (0.1 �g) was expressed in LAPC-4 cells with 25 ng of MMTV-Luc.
Cells were incubated with or without 1 nM DHT. Bottom, pCMV5 (�) or pCMV-AR-(1–503) WT, LFAA, AXXAA (AX), or combined mutant (5 �g) was expressed in
COS1 cells. The transblot of cell extracts (10 �g of protein/lane) was probed using AR32 antibody. D, pCMV5 (�) or pCMV-AR-(1– 660)-C576A or -AR-(1– 660)-
LFAA-C576A (10 ng) was expressed with 0.25 �g of PSA-Enh-Luc with or without 25 ng of pCMV-AR�TR or AR�TR-V716R with 50 ng of pSG5 (�) or pSG5-MAGE
(M). Cells were incubated with or without 1 nM DHT. E, 10 ng of pCMV5 (�) or 2 ng of pCMV-AR-(1– 660) was expressed in CV1 cells with 0.25 �g of PSA-Enh-Luc
with or without 10 ng of pCMV-AR and 50 ng of pSG5 (�) or pSG5-MAGE (M). Cells were incubated with or without 1 nM DHT. Data in A–E are the mean � S.D.
(error bars) and are representative of three independent experiments.
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AR�TR and AR-C576A were expressed with MAGE-A11,
p300, or MAGE-A11 and p300 together to differentiate the
effects ofMAGE-A11 andp300. The similar increase inAR�TR
activity expressed with AR-C576A andMAGE-A11 alone com-
pared with MAGE-A11 and p300 (Fig. 8B) suggests that
MAGE-A11 is the principal catalyst in the rescue of androgen-
dependent transcription by complementary inactive AR mu-
tants. A contributing role for p160 coactivator TIF2 in the
effects of MAGE-A11 was not evident in these experiments
(Fig. 8C). Indeed, activity of AR�TR expressed with AR�DBD
was rescued in a dose-dependent fashion by increasing
amounts of MAGE-A11 (Fig. 8D).
The transcriptional enhancing effects of MAGE-A11 on AR

activity depend on the ARNH2-terminal FXXLFmotif that also
mediates the androgen-dependent AR N/C interaction (4).
Dependence on the AR FXXLF motif for transcriptional rescue
by MAGE-A11 of complementary inactive forms of AR was
shownwithmutations in the FXXLFmotifs of one or both inac-
tive AR mutants. Androgen-dependent transcriptional activity
was seen in the presence of MAGE-A11 and the expression
of AR�TR with AR-LFAA�DBD or the expression of
AR-LFAA�TRwith AR�DBD (Fig. 9A). However, MAGE-A11
did not rescue the activity of AR-LFAA�DBD expressed with
AR-LFAA�TR where both contained FXXLF motif mutations.
Rescue byMAGE-A11 also was lost whenAR nuclear transport
mutant AR�TRm4 was expressed with AR�DBD or when two
DNA binding domainmutants, AR�TR-C576A and AR�DBD,
were coexpressed (Fig. 9B).
Specificity for MAGE-A11 to rescue the complementary

inactive AR mutants was demonstrated by introducing muta-

tions into established interaction sites for the AR FXXLF motif
(4), p300 (6), and TIF2 (7). Mutations of MAGE-A11 Lys-240
and Lys-245 monoubiquitination sites, Thr-360 Chk1 phos-
phorylation site, or hydrophobic F box residues that block
MAGE-A11 interaction with AR (7, 14) blocked the ability of
MAGE-A11 to rescue transactivation by AR�TR expressed
with AR�DBD (Fig. 9C). Mutation of the MAGE-A11 interac-
tion site for p300 (MAGE-I188A,F189A) (6) or TIF2 (MAGE-
F260A andMAGE-F264A) (7) eliminated the synergistic effect
ofMAGE-A11 on transcriptional activity by AR�TR expressed
with AR�DBD (Fig. 9D).
The ability of MAGE-A11 to rescue transactivation by com-

plementary inactive AR mutants suggests that MAGE-A11
increases AR transcriptional activity by forming a molecular
bridge between AR dimers. Specificity was demonstrated using
loss of function AR FXXLF motif mutants and mutants of
MAGE-A11 interaction sites for the AR FXXLF motif or p300
or p160 coactivators.
MAGE-A11 Links AR Dimers—The ability of MAGE-A11 to

rescue the transcriptional activity of complementary inactive
AR mutants suggests that it functions as a molecular bridge
between AR dimers. This model is supported by evidence that
MAGE-A11 itself is a dimer (14). FLAG-ARwas expressedwith
AR�DBD, which migrates slightly faster than FLAG-AR, to
investigate the effect ofMAGE-A11 on AR complex formation.
Coimmunoprecipitation of AR�DBD with FLAG-AR was seen
only in the presence of MAGE-A11 (Fig. 10A, lanes 7 and 8).
AR�14–83�DBD with a deletion of the AR FXXLF motif
region (Fig. 10B) andAR-LFAA�DBDwith anARFXXLFmotif

FIGURE 8. MAGE-A11 rescues complementary inactive AR mutants. A, pCMV5 (�), pCMV-AR�TR, -C576A, and/or -�DBD (25 ng) were expressed in CV1 cells
with 0.25 �g of PSA-Enh-Luc and 0.1 �g of pSG5 (�) or 50 ng of pSG5-MAGE (M) and 50 ng of pSG5-HA-p300 (P). Cells were incubated with or without 1 nM DHT.
Inset, pCMV5 (�) or pCMV-AR WT, �TR, or �TR-C576A (8 �g) was expressed in COS1 cells. Cells were incubated with 10 nM DHT. The transblot of cell extracts (20
�g of protein/lane) was probed using AR32 antibody. B, pCMV-AR�TR and -AR-C576A alone (first dash, 25 ng; second dash, 50 ng) or AR�TR and AR-C576A (25
ng each) were expressed in CV1 cells with 0.25 �g of PSA-Enh-Luc with or without 0.1 �g of pSG5 or 50 ng of pSG5-MAGE (M) and/or 50 ng of pSG5-HA-p300
(P). Cells were incubated with or without 1 nM DHT. C, pCMV-AR�TR and -AR�DBD (25 ng) were expressed in CV1 cells with 0.25 �g of PSA-Enh-Luc and 50 ng
of pSG5 (�), pSG5-MAGE (MAG), pSG5-HA-p300, and/or pSG5-TIF2. Cells were incubated with or without 1 nM DHT. D, pCMV-AR�TR and/or -AR�DBD (25 ng)
were expressed in CV1 cells with 0.25 �g of PSA-Enh-Luc and 100 ng of pSG5 (�) or 25, 50, or 100 ng of pSG5-MAGE. Cells were incubated with or without 1 nM

DHT. Data in A–D are the mean � S.D. (error bars) and are representative of three independent experiments.
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mutation (Fig. 10C) did not associate with FLAG-AR in the
absence or presence of MAGE-A11.
Transcriptional consequences of MAGE-A11 linking AR

dimers might be expected to be most evident with multim-
erized AREs. In agreement with this, the greatest effect of
MAGE-A11 on AR�TR coexpressed with AR�DBD was seen
with the PSA enhancer (PSA-Enh-Luc) that contains multiple
AREs (25) and with the four-times multimerized PSAARE-1 in
PSA-ARE4-Luc (Fig. 11A). The effect of MAGE-A11 on
AR�TR and AR�DBD activation of the PSA enhancer was

minimized by replacing high affinity enhancer ARE-III in
PSA-Enh-SIII-Luc.
The androgen-responsive PSCA enhancer in PSCA-TATA-

Luc and a four-timesmultimerized PSCAARE in PSCA-ARE4-
Luc (26) served as additional androgen response regions to test
whether the maximal effects of MAGE-A11 to rescue comple-
mentary inactive AR mutants can be seen with multimerized
AREs. MAGE-A11 rescued transcriptional activation of PSCA-
TATA-Luc by AR�TR expressed with AR�DBD where each
complementary inactivemutant alone had little activity with or

FIGURE 9. Site-specific requirements for synergistic effects of AR and MAGE-A11. A, pCMV-AR�TR, -�DBD, -LFAA�DBD, and/or -LFAA�TR (25 ng) were
expressed in CV1 cells with 0.25 �g of PSA-Enh-Luc and 50 ng of pSG5 (�) or pSG5-MAGE. Cells were incubated with or without 1 nM DHT. Inset, pCMV5 (�) or
pCMV-AR WT, �TR, LFAA�TR, �DBD, or LFAA�DBD (5 �g) was expressed in COS1 cells. Cells were incubated with 10 nM DHT. Cell extracts (20 �g of
protein/lane) were probed on the transblot using AR32 antibody. B, pCMV-AR�DBD, -�TR, -�TRm4, and/or -�TR-C576A (25 ng) was expressed in CV1 cells with
0.25 �g of PSA-Enh-Luc and 50 ng of pSG5 (�) or pSG5-MAGE (MAG). Cells were incubated with or without 1 nM DHT. Inset, pCMV5 (�) or pCMV-AR WT or
mutants (5 �g) were expressed in COS1 cells. Cells were incubated with 2 nM DHT, and extracts (20 �g of protein/lane) were probed on transblots using AR32
antibody. C, top, pCMV-AR�TR and -AR�DBD (25 ng) were expressed alone or together with 0.25 �g of PSA-Enh-Luc and 50 of ng pSG5 (�) or pSG5-MAGE WT
or mutants. Cells were incubated with or without 1 nM DHT. Bottom, pSG5 (�) or pSG5-MAGE WT or mutants (8 �g) were expressed in COS1 cells. Cell extracts
(20 �g of protein/lane) were probed on the transblot using 0.5 �g/ml FLAG-MAGE antibody. D, top left and right, pCMV-AR�TR and -AR�DBD (25 ng) were
expressed in CV1 cells with 0.25 �g of PSA-Enh-Luc and 50 ng of pSG5 (�), pSG5-MAGE WT or mutants (left), or pSG5-HA-MAGE WT or mutants (right). Cells were
incubated with or without 1 nM DHT. Bottom, pSG5 (�) or pSG5-HA-MAGE WT or mutants (8 �g) were expressed in COS1 cells. Cell extracts (20 �g of
protein/lane) were probed on transblots using HA antibody. Data in A–D are the mean � S.D. (error bars) and are representative of three independent
experiments.

FIGURE 10. MAGE-A11 links AR dimers. FLAG empty vector or FLAG-AR (2 �g) was expressed in COS1 cells with 2 �g of pCMV-AR�DBD (A), pCMV-AR�14 –
83�DBD (B), or pCMV-AR-LFAA�DBD (C) with or without 2 �g of pSG5-MAGE and 4 �g of pSG5-HA-p300. Cells were incubated in the presence of 0.1 �g/ml EGF
with or without 10 nM DHT. The cell extract (20 �g of protein/lane) and immunoprecipitate (IP) transblots were probed using AR32, FLAG-MAGE, and p300
antibodies.
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without MAGE-A11 (Fig. 11B). However, the greatest effect of
MAGE-A11 was seen using the multimerized androgen
response region in PSCA-ARE4-Luc. In this case, AR�TR alone
was activated by MAGE-A11, and MAGE-A11 synergistically
increased activity of AR�TR coexpressed with AR�DBD.
The results support the concept that MAGE-A11 increases

AR transcriptional activity by forming a molecular bridge
between AR dimers. The activity of MAGE-A11 with multim-
erizedAREs supports amodel inwhich the synergistic effects of
MAGE-A11 are mediated through an AR�MAGE-A11 multidi-
meric complex (Fig. 12).

DISCUSSION

Multidimeric AR�MAGE-A11 Complex—The experimental
paradigm in which MAGE-A11 can rescue the transcriptional
activity of complementary inactive AR mutants suggests that
MAGE-A11 increases AR activity by linking AR dimers. Tran-
scriptionally inactive AR�TR with a deletion of NH2-terminal
AF1 acquired activity when expressed with MAGE-A11 and
transcriptionally inactive AR�DBD or other DNA binding
mutants. Each of the complementary inactive AR mutants
retained the ligand binding domain for high affinity DHT bind-
ing. Transcriptional synergy between AR and MAGE-A11
depended on the AR FXXLF motif that interacts with MAGE-
A11 and mediates the androgen-dependent AR N/C interac-

tion. A functional AR DNA binding domain that binds ARE
DNA was required in at least one complementary inactive AR
mutant for the synergistic effects of MAGE-A11. The ability of
MAGE-A11 to rescue complementary inactive AR mutants
suggests that MAGE-A11 functions as a molecular bridge
between transcriptionally active AR dimers. This was sup-
ported by dependence of AR�DBD coimmunoprecipitation
with FLAG-AR on the MAGE-A11-binding AR FXXLF motif
and expression of MAGE-A11.
A model is proposed in which AR and MAGE-A11 form a

multidimeric complex (Fig. 12). The model suggests that each
monomer of the MAGE-A11 dimer (14) interacts with an AR
FXXLF motif region of different transcriptionally active AR
dimers. The second FXXLF motif of the active AR dimers
engages the androgen-dependent AR N/C interaction. The
model provides a molecular explanation for the dual functions
of theARFXXLFmotif to bindMAGE-A11 andmediate theAR
N/C interaction. The model accounts for how MAGE-A11
increases AR transcriptional activity in association with the AR
N/C interaction (6). The two FXXLF motifs present in the AR
dimer appear to serve distinct functions, i.e. (i) to mediate the
ARN/C interaction to form an antiparallel AR dimer and (ii) to
bind MAGE-A11 and stabilize a multidimeric complex. The
AR�MAGE-A11 complex increases AR transcriptional activity
through the stabilization of transcriptionally active AR dimers
bound to ARE DNA in enhancer and promoter regions of
androgen-responsive genes.
Although itwas not feasible to validate themodel using solely

endogenous AR and MAGE-A11, transcriptional synergy
involving ternary complexes of steroid receptors, coactivators,
and transcription factors has been suggested previously as a
mechanism to increase hormone-dependent gene regulation
(43). The p160 coactivators, such as SRC-1, function as multi-
variant proteins for estrogen receptor � and tether activated
nuclear receptor dimers for greater stability (44) andmost likely
greater transcriptional activity. Enhancers are speculated to
contact target promoters through chromatin structure (45).
MAGE-A11may provide a scaffold to link AR dimers bound to
AREs to coordinate function between enhancer and promoter
regions of androgen-responsive genes. MAGE-A11 interacts
with p300 and p160 coactivators, contributing to the assembly
of a transcriptionally competent ternary complex anchored by
AR binding to ARE DNA. MAGE-A11 also may stabilize AR
dimers bound to weaker ARE half-sites, which are common
among androgen-regulated genes (46, 47). The effectiveness of
AR andMAGE-A11 in activating multimerized AREs supports
a mechanism in which MAGE-A11 dimers act as a molecular
bridge to increase the transcriptional activity of AR dimers.
Mechanisms for AR Rescue by MAGE-A11—Rescue of com-

plementary inactive AR mutants by MAGE-A11 required that
both mutants retain a nuclear targeting signal and that at least
one has a functional DNA binding domain. Because AR binds
ARE DNA as a dimer (13), AR�TR likely bound ARE DNA as a
dimer. It was not clear, however, whether the AR�DBD or
AR-C576A DNA binding domain mutant was a monomer or
dimer. Absence of the DNA binding domain in AR�DBD may
precludeARdimerization because dimerization of theARDNA
binding domain is mediated by a dimerization or D box in the

FIGURE 11. Synergy between AR and MAGE-A11 on multiple AREs. pCMV-
AR�TR and/or -AR�DBD (25 ng) were expressed in CV1 cells with 50 ng of
pSG5 (�) or pSG5-MAGE (M) and 0.25 �g of pGL3-E4-Luc, PSA-Enh-Luc, PSA-
ARE4-Luc, and PSA-Enh-SIII-Luc (A) or 0.25 �g of PSCA-TATA-Luc or PSCA-
ARE4-Luc (B). Cells were incubated with or without 1 nM DHT. Data are the
mean � S.D. (error bars) and are representative of three independent
experiments.

FIGURE 12. Model of synergistic effects of MAGE-A11 bridging AR dimers.
The AR dimer undergoes an androgen-dependent interaction between the
NH2-terminal 23FXXLF27 motif and AF2 in the ligand binding domain. The AR
N/C interaction is important for AR transactivation of androgen-dependent
genes (67). MAGE-A11 forms a dimer (14) and interacts through its F box-like
region with the extended 23FXXLFXXVXXV33 motif region in the AR dimer. The
ability of MAGE-A11 to rescue transcriptional activity of complementary inac-
tive AR mutants that lack activation function 1 or the DNA binding domain
provides evidence that MAGE-A11 links AR dimers. This function of MAGE-
A11 was supported by coimmunoprecipitation of unlike AR dimers that
required MAGE-A11.
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second zinc finger (48). However, AR-C576A retains the D box
and thereforemaydimerize. There also is evidence thatMAGE-
A11 exists as a dimer (14). This suggests that in the rescue
experiments one monomer of MAGE-A11 interacts with
AR�TR bound to DNA as a dimer. Rescue of transcriptional
activity by the additional expression of AR�DBDor AR-C576A
DNA binding mutants demonstrates that the other monomer
in the MAGE-A11 dimer complex interacts with another AR
monomer or dimer.
AR dimerization also involves the androgen-dependent AR

N/C interaction between the NH2-terminal FXXLF motif and
AF2 in the carboxyl-terminal ligand binding domain. Fluores-
cence resonance energy transfer studies have confirmed that
AR dimerization in the nucleus between distinct ARmolecules
is mediated predominantly by an intermolecular ARN/C inter-
action (49, 50). These findings are consistent with the originally
proposed antiparallel AR dimer (2). However, some evidence
suggests an intramolecular N/C interaction in an ARmonomer
in the cytoplasm (49, 50) and that D box association with
another AR monomer D box drives a monomer to dimer tran-
sition of theARN/C interaction (51).However, high affinityAR
binding of testosterone or DHT is required for the AR N/C
interaction and for the rapid redistribution ofAR from the cyto-
plasm to the nucleus. Thus, the physiological significance of an
N/C interaction in a cytoplasmic AR monomer is unclear.
It also was suggested that the AR N/C interaction occurs

whenAR ismobile in the nucleus rather than transiently bound
toDNAand that coregulator interactions occur withAR after it
binds DNA (50). Themultidimeric AR�MAGE-A11model pro-
posed here is consistent with MAGE-A11 competing for AR
FXXLF motif binding to AF2 in the N/C interaction and open-
ing AR for interaction with other coactivators. MAGE-A11 is
adept at increasing AR transcriptional activity in association
with the AR N/C interaction. It seems likely that these interac-
tions are dynamic at the DNA binding interface.
The requirements for AR dimerization differ in additional

respects from other steroid receptors. X-ray crystal structures
of most nuclear receptor ligand binding domains have shown a
dimer (52–57) rather than the monomer of the agonist-bound
AR ligand binding domain (58, 59). Structure analysis indicates
thatARamino acid residues carboxyl-terminal to helix 12 in the
AR ligand binding domain project into the region involved in
dimerization by other steroid receptor ligand binding domains
(44). Instead, the region of AR proximal to AF2 is involved in
stabilizing AR FXXLF motif binding by interacting with resi-
dues NH2-terminal to the AR FXXLF motif (60, 61).
The requirements for MAGE-A11 to rescue complementary

inactive AR forms include the AR FXXLF motif and one AR
dimer that binds DNA. This suggests that recruiting another
AR monomer or dimer that lacks DNA binding activity to the
vicinity of response element DNA was sufficient to increase
activity. However, the model predicts that synergy between
MAGE-A11 and wild-type AR dimers with functional DNA
binding domains is enhanced by the proximity of closely posi-
tioned AREs. This was supported in studies using the PSA
enhancer or artificiallymultimerizedAREs. The results support
the concept that MAGE-A11 increases AR transcriptional

activity by bridging transcriptionally activeARdimers bound to
AREs.
Cyclic AMP Up-regulation of AR Transcriptional Activity by

IncreasedMAGE-A11—MAGE-A11 is required for normal AR
function during human male fetal development. This conclu-
sion is based on a naturally occurring missense mutation in the
AR NH2-terminal domain that causes partial androgen insen-
sitivity and inhibits the ability of MAGE-A11 to increase AR
activity (62).MAGE-A11 levels increase during prostate cancer
progression as shown using tissue microarrays of benign pros-
tate and prostate cancer. The increase in MAGE-A11 during
prostate cancer progression results from DNA hypomethyla-
tion at the MAGE-A11 gene transcription start site (8) and
from cAMP signaling.
The increase in MAGE-A11 mRNA and protein in response

to cAMP suggests that the cAMP-dependent increase in AR
transactivation is mediated by MAGE-A11 in the absence or
presence of androgen. This was supported by knockdown
experiments that showed MAGE-A11 was required for the
cAMP-dependent increase in AR transcriptional activity. The
studies also provide evidence that MAGE-A11 is required for
the cooperative effects of full-length ARwith AR splice variants
reported in prostate cancer. The ability of MAGE-A11 to
increase AR transcriptional activity in response to cAMP
appears to result from the formation of a transcriptionally supe-
rior multidimeric AR�MAGE-A11 complex that augments
androgen-regulated gene transcription.
Our findings are consistent with previous reports that cAMP

or forskolin, which activates adenylate cyclase to increase intra-
cellular cAMP, increases AR transactivation in the absence or
presence of androgen through mechanisms not well under-
stood (34, 35, 63). In addition to cross-talk between cyclic AMP
and AR in prostate cancer through protein kinase A-mediated
phosphorylation, cAMP levels may increase during prostate
cancer progression based on the increase in cAMP in LNCaP
prostate cancer cells grown in androgen-deprived medium (64,
65). It was suggested that the forskolin-activated AR has a
higher affinity for ARE DNA due to interactions between the
ARNH2-teminal region and a previously unknown coregulator
(64). Our studies suggest that MAGE-A11 is the coregulator
that interacts with the AR NH2-terminal region to mediate the
effects of cAMP.
However, not all studies showed that cAMP increases ligand-

independent AR transcriptional activity (66). Discrepancies
among previous reports may be explained by the striking dose
dependence of cAMPup-regulation of endogenous PSAmRNA
in LAPC-4 cells. The more effective lower concentrations of
cAMP suggest a negative feedback mechanism that may have
complicated interpretation of previous results. Forskolin also
was reported to influence an indirect interaction between AR
and the cAMP-responsive element-binding protein mediated
by p300 (66). In unpublished studies,3 MAGE-A11 did not
interact with cAMP-responsive element-binding protein, but
MAGE-A11 interacted strongly with p300 and was present in a
complex with p300 and p160 steroid receptor coactivators (6,

3 E. M. Wilson, unpublished data.
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7). Our findings suggest that MAGE-A11 is a principal media-
tor of the cAMP-dependent increase in AR transcriptional
activity duringmale sexual development and in prostate cancer
by linking transcriptionally active AR dimers. The increase in
MAGE-A11 in prostate cancer may contribute to ligand-inde-
pendent AR activity resistant to antiandrogen therapy.
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