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Gene activation by steroid hormone receptors involves the recruitment of the steroid receptor coactivator
(SRC)/p160 coactivator LXXLL motifs to activation function 2 (AF2) in the ligand binding domain. For the
androgen receptor (AR), AF2 also serves as the interaction site for the AR NH,-terminal FXXLF motif in the
androgen-dependent NH,-terminal and carboxyl-terminal (N/C) interaction. The relative importance of the AR
AF2 site has been unclear, since the AR FXXLF motif interferes with coactivator recruitment by competitive
inhibition of LXXLL motif binding. In this report, we identified the X chromosome-linked melanoma antigen
gene product MAGE-11 as an AR coregulator that specifically binds the AR NH,-terminal FXXLF motif.
Binding of MAGE-11 to the AR FXXLF «-helical region stabilizes the ligand-free AR and, in the presence of
an agonist, increases exposure of AF2 to the recruitment and activation by the SRC/p160 coactivators.
Intracellular association between AR and MAGE-11 is supported by their coimmunoprecipitation and colo-
calization in the absence and presence of hormone and by competitive inhibition of the N/C interaction. AR
transactivation increases in response to MAGE-11 and the SRC/p160 coactivators through mechanisms that
include but are not limited to the AF2 site. MAGE-11 is expressed in androgen-dependent tissues and in
prostate cancer cell lines. The results suggest MAGE-11 is a unique AR coregulator that increases AR activity

by modulating the AR interdomain interaction.

The androgen receptor (AR) is a member of the steroid
receptor subfamily of nuclear receptors. Like other steroid
receptors, AR has multiple domains involved in ligand and
DNA binding and transcriptional activation. Recently, several
unique properties of AR that distinguish it from other steroid
receptors have gained attention. High-affinity androgen bind-
ing stabilizes AR (26), which is in contrast to most steroid
receptors that are down regulated by agonist binding. Agonist-
induced AR stabilization results in part from the NH,-terminal
and carboxyl-terminal (N/C) interdomain interaction mediated
by the androgen-dependent interaction between the AR NH,-
terminal FXXLF motif and activation function 2 (AF2) in the
ligand binding domain (16, 17). The FXXLF motif *FQNLF*’
is part of an amphipathic a-helical region that is similar in
structure to the LXXLL motifs of the steroid receptor coacti-
vator (SRC)/p160 family of coactivators. The AR FXXLF mo-
tif is highly conserved among vertebrates, supporting its func-
tional importance across species (13, 18). Recent cocrystal
structures and binding studies have confirmed preferential
binding of the FXXLF motif to the AR AF?2 site and adapt-
ability of AF2 to coactivator LXXLL motif binding through an
induced-fit mechanism (15, 22). FXXLF motif binding to AF2
requires binding of ligands that display agonist activity in vivo
(27). In transient transfection reporter gene assays, the N/C
interaction is required for the activation of some, but not all,
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androgen-regulated genes (2, 18). One consequence of the AR
interdomain interaction is inhibition of recruitment of the
SRC/p160 family of coactivators by competitive binding of
FXXLF at the coactivator LXXLL motif binding site in AF2
(14). AR activation by the SRC/p160 family of coactivators is
reduced by the interdomain interaction and by sequence
changes in AF2 during evolution that favor FXXLF over
LXXLL motif binding (15, 20).

Preference for FXXLF binding by AF2 but adaptability to
coactivator LXXLL motif binding brings into question the role
of the SRC/p160 family of coactivators in AR functional activ-
ity. The level of transcriptional intermediary factor 2 (TIF2)
(also known as SRC2 or glucocorticoid receptor [GR] inter-
acting protein 1 [GRIP1]) is low in normal prostate epithelial
cells (9). In contrast, a majority of advanced prostate cancers
that recur after androgen deprivation therapy can have in-
creased levels of SRC1 and TIF2 (SRC2 or GRIP1) (10),
suggesting that these coactivators have an important role in
AR action that contributes to prostate tumor development and
progression (1, 8). Increased expression of the SRC1 and TIF2
coactivators increases AR transactivation at gene promoters in
transient transfection assays, even when the promoter depends
on the AR N/C interaction for maximal activation (18). This is
attributed to overall conservation of the AR AF2 binding site
that allows coactivator LXXLL motif binding, albeit with lower
affinity than for the FXXLF motif (15, 20).

These observations led us to postulate the existence of an
AR coregulator that binds the AR FXXLF motif that would
expose the AF2 site for coactivator binding. In this report, we
made use of the AR NH,-terminal FXXLF peptide as bait in
a Saccharomyces cerevisiae two-hybrid screen of a human testis
library to identify the melanoma antigen gene product
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MAGE-11 as a novel AR coregulator. MAGE-11 competes for
the androgen-induced AR N/C interaction by specifically bind-
ing the AR FXXLF motif and relieves inhibition at AF2.

MATERIALS AND METHODS

Plasmids. Expression vectors previously described include pPCMVhAR (31);
pCMVhARI1-660 (42); pPCMVhAR-FXXAA (14); GAL-AR1-503 (30); VP-
AR1-660; VP-AR1-660FXXAA (17); GAL-AR20-30, GAL-AR20-36, GAL-
AR16-30 and GAL-AR16-36 (20); pcDNA3HA-AR624-919 (17, 18); pCM-
VhAR-C576A; pCMVhAR-R617M-K618M-K632M-R633M  (ARm4) (52);
pSGS5-TIF2 (47); and the thyroid hormone receptor activator molecule expres-
sion vector pSG5-TRAM1 (44). pPCMVhARI1-660FXXAA was prepared by di-
gestion of pCMVhAR-FXXAA with TthIIl and Xbal and blunt ending and
religating the plasmid. GAL-AR16-36 mutants were described previously (20) or
were prepared by cloning annealed complementary oligonucleotides into
pGALO, which expresses S. cerevisiae GAL4 DNA binding domain residues 1 to
147. pCMV5-Flag-hAR was constructed by cloning a PCR-amplified BglII- and
Afill-digested AR NH,-terminal fragment containing the Flag tag sequence
DYKDDDDK, following the first methionine into pPCMVhAR digested with the
same enzymes. GR-FXXLF and GR-FXXAA contain human AR residues 1 to
132 with the wild-type and mutant FXXLF motif expressed as a fusion protein
with human GR residues 132 to 777 in pCMVS5. They were constructed by
cloning the PCR-amplified AR NH,-terminal region into the KpnI and Sall sites
of pCMV5hGR. pCMVhGR1-550 was prepared by inserting a Kpnl- and
BamHI-digested human GR fragment into the same sites of pPCMVS5. pSmPRB-
1-688 was prepared by digestion of pSmPRB with Bcll and BglII, religation of the
vector, and expansion of the isolated clone in SCS110 cells to avoid methylation
that interferes with the Bcll restriction site. GAL-AR4-52 and GAL-AR4-
52FXXAA were constructed by digestion of pGBT8-AR4-52 with EcoRI and
BamHI and ligating the fragment into pGALO digested with the same enzymes.
GST-AR4-52 and GST-AR4-52FXXAA were constructed by PCR amplification
of pGBTS8-AR4-52 with primers with EcoRI and Xhol ends and cloning of the
fragment into these sites in pGEX-4T-1.

The parent yeast bait vector pGBT8 was kindly provided by Yue Xiong,
University of North Carolina at Chapel Hill. Wild-type bait vector pGBTS8-
AR4-52 and the FXXAA mutant containing the AR NH,-terminal sequences
2FQNLF?” and >*FQNAA?” were constructed by PCR amplification of the
region spanning amino acids 4 to 52 of pPCMVhAR and pCMVhAR-FXXAA
and cloning the fragments into the EcoRI and BamHI sites of pGBTS. pACT2-
MAGE-11 was rescued from a positive yeast clone identified by two-hybrid
screening of an amplified human testis library. Sequencing revealed a TGA stop
codon between the GAL4 activation domain and the MAGE-11 coding regions.
Translation read-through can occur in yeast (45) to produce the GAL-AD-
MAGE-11 fusion protein. For expression in mammalian assays, MAGE-11
clones were constructed to begin at the first ATG of the coding region for the
429-amino-acid full-length protein or at the second codon for the fusion proteins.

GAL-MAGE-11 containing full-length MAGE-11 residues 2 to 429 and partial
form GAL-MAGE-11-112-429 (GAL-MAGE-11-112-429) were constructed by
PCR amplification of pACT2-MAGE-11 with primers with EcoRI and Xhol
ends. The fragment was cloned into the EcoRI and Sall sites of pGAL(. VP-
MAGE-11 containing full-length MAGE-11 residues 2 to 429 and VP-MAGE-
11-112-429 (VP-MAGE-11-112-429) were constructed by the same strategy.
GAL-MAGE-11 fragments were constructed by PCR amplification of GAL-
MAGE-11 and cloning the fragments into pGALO. MAGE-11 fragments were
amplified with EcoRI- and Sall-ended primers (for GAL-MAGE-11-2-252, -2-
362, -112-252, -112-362, and -222-362) or EcoRI- and XholI-ended primers (for
GAL-MAGE-11-222-429) and cloned into pGALO digested with EcoRI and Sall.
For GAL-MAGE-11-332-429, primer ends and cloning sites were EcoRI and
Sacl. For GAL-MAGE-11-2-121, GAL-MAGE-11 was digested with Bsu36I and
Clal, blunt ended with the Klenow fragment of DNA polymerase I, and self
ligated.

pSG5-MAGE-11 encoding full-length MAGE-11 amino acid residues 1 to 429
was constructed by digestion of pACT2-MAGE-11 with EcoRI and BglII. The
fragment was cloned into pSGS5 digested with the same enzymes. pSG5-MAGE-
11-111-429 was constructed by digestion of pSG5-MAGE-11 with EcoRI and
PshAI The vector was blunt ended with the Klenow fragment of DNA polymer-
ase I and self ligated. pPCMV-Flag-MAGE-11 encoding full-length MAGE-11
was constructed by digestion of GAL-MAGE-11 with EcoRI and Clal and
ligation of the fragment into pCMV-Flagb (provided by Yi Zhang and Qin Feng,
University of North Carolina at Chapel Hill) digested with the same enzymes.
DNA sequences were verified for all PCR-amplified regions.
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Yeast two-hybrid screen. A two-hybrid screen of an amplified human testis
library was performed with YEASTMAKER Transformation System 2 (Clon-
tech) as previously described (13). Yeast strain HF7c was transformed with
pGBT8-AR4-52 and plated on synthetic medium lacking Trp. The yeast clone
expressing the pGBT8-AR4-52 bait vector was transformed with 50 pg of am-
plified human testis MATCHMAKER cDNA library (BD Clontech) and plated
on 25 15-cm dishes containing synthetic medium minus Leu, Trp, and His. Over
a period of 9 days, colonies were scored according to their time of appearance
and were transferred to plates containing synthetic medium lacking Leu, Trp,
and His. Clones were retested by a two-hybrid interaction B-galactosidase filter
assay (Clontech) by transference to a Whatman no. 5 filter, followed by immer-
sion in liquid N, and thawing at room temperature for 5 min. Freshly prepared
Z buffer containing 60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCl, 1 mM
MgSO, (pH 7.0), 50 mM 2-mercaptoethanol and 33 mg of 5-bromo-4-chloro-3-
indolyl-B-Dp-galactoside (X-Gal) per ml was added to the filters and incubated at
room temperature to score blue colonies after 2 h to overnight. Plasmids from
the positive yeast colonies in the B-galactosidase filter assay were rescued. Col-
onies that grew in synthetic medium lacking Leu gradually lost the bait vector but
not the library plasmids. The library vector was purified with a YEASTMAKER
yeast plasmid isolation kit (catalogue number K1611-1).

Cell transfections. Human hepatocellular carcinoma HepG2 cells (American
Type Culture Collection) were cultured and transfected with Effectene reagent
(QIAGEN) as previously described (13). Typically, transfections were performed
in 12-well tissue culture plates containing 2 X 10° HepG2 cells/well, 0.1 pg of
5XGALALuc3 reporter vector, and 50 ng of the GAL4 and VP16 expression
vectors or 5 ng of pCMVhAR. To determine the effect of MAGE-11 on AR
transactivation, monkey kidney CV1 cells (4.2 X 10° cells/6-cm dish) were trans-
fected with calcium phosphate (14). The (prostate-specific antigen) PSA-Enh-
Luc (PSA-Luc) reporter, provided by Michael Carey (University of California at
Los Angeles), contains the PSA upstream enhancer region (21). Probasin (—244
to —96);-Luc was provided by Robert Matusik (Vanderbilt University) and
contains three copies of the rat probasin promoter region. Luciferase activity was
determined 48 h after the addition of hormone by harvesting cells in lysis buffer
containing 1% Triton X-100, 2 mM EDTA, and 25 mM Tris phosphate (pH 7.8)
(14). Luciferase light units were assayed with a LumiStar Galaxy multiplate
reader luminometer (BMG Labtechnologies). Transfection data shown are rep-
resentative of at least three independent experiments.

Ligand dissociation assays. Ligand dissociation rate studies were performed
with COS cells (4 X 10° cells/well of 6-well culture plates) transfected with
DEAE-dextran (19) with 1 ug of pPCMVhAR/well with or without 1 ug of
pSG5-MAGE-11 or pSG5-MAGE-11-111-429/well. At 48 h after transfection,
cells were incubated with 5 or 10 nM >H-labeled R1881 (82 Ci/mmol;
PerkinElmer Life Sciences) for 2.5 h at 37°C, followed by the addition of 50 uM
unlabeled R1881. At increasing time intervals at 37°C, cells were washed and
harvested in sodium dodecyl sulfate (SDS)-containing buffer, and radioactivity
remaining with the cells was determined by scintillation counting. At least three
independent experiments were performed to determine the mean and standard
deviation of the half-time of dissociation.

GST affinity matrix binding assays. In vitro protein interaction assays were
performed by expressing glutathione S-transferase (GST)-AR4-52 and GST-
AR4-52-FXXAA in BL21 Escherichia coli cells treated with 1 mM isopropyl-1-
thio-B-p-galactoside as previously described (13, 17). GST-AR fusion proteins
were extracted in 0.1 M NaCl, 1 mM EDTA, 0.5% NP-40, 1 mM phenylmeth-
ylsulfonyl floride, 1 mM dithiothrietol, and 20 mM Tris-HCI (pH 8.0) and
incubated with glutathione agarose beads (Amersham Biosciences). In vitro
translation was performed in the presence of 4 uCi of [**S]methionine (Perkin-
Elmer Life Sciences) for pcDNA3HA-AR624-919 and 8 pCi of [**S]methionine
for pSG5-MAGE-11 with the TNT T7 Quick Coupled transcription-translation
system (Promega). Washed beads were extracted with SDS buffer. Input lanes
contained 5 or 10% of the binding reaction mixtures as indicated. The data
shown are representative of three independent experiments.

Immunochemical methods. For coimmunoprecipitation and immunoblot ex-
periments, COS cells (2 X 10° cells/10-cm dish) were transfected with DEAE-
dextran (14) with the indicated amounts of wild-type and mutant pPCMVhAR,
pCMV-Flag-AR, pCMV-Flag-MAGE-11, pSG5-MAGE-11, pSG5-TIF2, or
GAL-AR peptide vectors. Cells were incubated with and without hormone for
24 h in medium containing 10% charcoal-stripped fetal calf serum (Gemini or
HyClone). Cells were harvested in phosphate-buffered saline. For immunopre-
cipitations, cells were incubated for 30 min at 4°C in, per 10-cm dish, 0.5 to 1 ml
of lysis buffer containing 0.15 M NaCl, 0.5% NP-40, 50 mM NaF, and 50 mM
Tris-HCI (pH 7.5) plus 1 mM phenylmethylsulfonyl fluoride and protease inhib-
itor cocktail (Roche) in the absence and presence of hormone. For immunoblot
analysis, the radioimmunoprecipitation assay extraction buffer contained 1%



1240 BAI ET AL.

Triton X-100, 1% deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.5 mM EDTA, 50 mM
Tris-HCI (pH 7.4), and 1 mM phenylmethylsulfonyl fluoride and protease inhib-
itor cocktail (Roche). After centrifugation for 30 min at 14,000 X g, protein
concentration was determined (Bio-Rad). For coimmunoprecipitation, samples
were precleared with 100 wl of agarose (Sigma) and incubated for 1 h at 4°C.
Supernatants of a 15-min 13,000 rpm centrifugation were incubated with 15 wl of
anti-Flag M2 affinity gel (catalogue number A2220; Sigma) for 1 h at 4°C.
Agarose pellets were washed four times with 1 ml of lysis buffer in the absence
and presence of hormone. Adsorbed proteins were released in 50 pl of 4% SDS,
20% glycerol, 0.2% 2-mercaptoethanol, and 20 mM Tris-HCI (pH 6.8) and
analyzed by immunoblotting. For immunoblots of cell extracts, samples (10 g of
protein/lane) were separated on 10% acrylamide gels containing SDS. After
electrophoresis, gel proteins were electrophoretically transferred to nitrocellu-
lose membranes, and the blots were incubated with anti-Flag M2 monoclonal
antibody (1:2,000 dilution, catalogue number F-3165; Sigma), anti-TIF2 antibody
(1:1,000 dilution; Transduction Laboratories), rabbit AR32 immunoglobulin G
(IgG) polyclonal antibody (0.42 pg/ml), an anti-MAGE-11 peptide antibody
described below (2.9 wg/ml), B-actin antibody AC-15 (1:5,000 dilution; Abcam,
Inc.), or anti-GAL4 DNA binding domain antibody (1:500 dilution; Santa Cruz).
Immunoreactive bands were visualized by chemiluminescence (SuperSignal
Western Dura Extended Duration substrate; Pierce Biotechnology, Inc., Rock-
ford, IIL.).

Immunocytochemistry was performed in COS cells (1.25 X 10° cells/well of 12
plates with cover glass) or the indicated human foreskin fibroblast or prostate
cancer cell lines (13). Cells were transfected with Effectene with 0.2 pg of
wild-type and mutant pCMVhAR with and without 0.2 pg of pCMVFlag-
MAGE-11 and treated for 24 h at 37°C with or without 10 nM dihydrotestos-
terone (DHT). Prostate cancer cell lines were transfected with 0.2 pg of pCM-
VFlag-MAGE-11 with Effectene and treated with 10 nM DHT. Cells were fixed
with paraformaldehyde, permeabilized with Triton X-100, blocked with bovine
serum albumin (13), and incubated for 1 h with primary antibodies anti-Flag M2
monoclonal antibody (1:1,000 dilution; Sigma) and anti-AR polyclonal antibody
ab3510 (1:250 dilution; Abcam, Inc.). Cells were incubated with secondary an-
tibodies Rhodamine (tetramethyl rhodamine isocyanate)-conjugated AffiniPure
donkey anti-mouse IgG (1:75 dilution; Jackson ImmunoResearch Laboratories,
Inc.) and fluorescein isothiocyanate-conjugated AffiniPure donkey anti-rabbit
IgG (1:50 dilution; Jackson ImmunoResearch Laboratories, Inc.). Slides were
viewed with a Zeiss LSM 210 confocal microscope at an original magnification of
X63.

MAGE-11 NH,-terminal 13 to 26 amino acid residue peptide C!°SPA
SIKRKKKREDS?®, where C was added to the NH, terminus, was predicted to
be antigenic (Princeton Biomolecules) and was used to raise a rabbit polyclonal
antibody (Pocono Rabbit Farm & Laboratory, Inc., Canadensis, Pa.). Inmuno-
reactivity for MAGE-11 was verified on immunoblots of extracts from COS cells
transfected with pSG5-MAGE-11 and pCMV-Flag-MAGE-11. The antibody was
purified by antigen affinity chromatography with activated immunoaffinity Affi-
Gel 10 gel (Bio-Rad). The peptide antigen was coupled to the column in 0.2 M
ethanolamine (pH 8.0). Antiserum was incubated for 2 h at 4°C and the antibody
was eluted with 0.1 M glycine (pH 3.0) in 0.1 volume of 1 M Tris-HCI (pH 8.0)
and used for immunoblotting at a concentration of 2.9 ug/ml.

RNA amplification. In vitro reverse transcription was performed according to
the manufacturer of SuperScript II reverse transcriptase (Invitrogen Life Tech-
nologies) in 20-pl reaction mixtures with 2 ug of total RNA as a template,
extracted from cells and tissues with Trizol reagent (Invitrogen Life Technolo-
gies). The first PCR amplification of the template was performed with 1 pl of the
20-ul reverse transcription product in reaction buffer containing 1.5 mM MgCl,
and 0.1 uM forward (5'-GGAGACTCAGTTCCGCAGAG-3") and reverse (5'-
TGGGACCACTGTAGTTGTGG-3") primers that amplify the coding region
spanning amino acids 2 to 57 of MAGE-11. PCRs were performed for 5 min at
95°C, followed by 35 cycles (each cycle consisting of 50 s at 95°C, 50 s at 55°C, and
50 s at 72°C), followed by 10 min at 72°C. A second PCR was performed using
2 ul of the initial PCR product as a template with the same primers and the
amplification conditions. Due to a genomic intron, the resulting 168-zbp frag-
ment cannot be obtained from genomic DNA.

Nucleotide seq e accessi ber. DNA and the protein sequence for
full-length MAGE-11 were deposited under accession number AY747607 in
GenBank.

RESULTS

Identification of MAGE-11 as an AR NH,-terminal FXXLF
motif interacting protein. We showed previously that the an-
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drogen-dependent AR N/C interaction between the AR NH,-
terminal FQNLF?” sequence and AF2 in the ligand binding
domain is required for optimal activation of androgen-respon-
sive promoter-enhancer regions (18). The AR N/C interaction
appears to promote selective gene activation through AF1 in
the AR NH,-terminal domain. On the other hand, the andro-
gen-induced AR N/C interaction competitively inhibits SRC/
p160 coactivator binding to AF2 (14). We therefore proposed
that a putative coregulator may exist that could bind the AR
NH,-terminal FXXLF motif, relieve inhibition at AF2, and
increase AR transactivation by the SRC/p160 coactivators.

We performed a yeast two-hybrid screen of a human testis
library using the AR NH,-terminal FXXLF motif region as
bait. The strategy was based on our previous observations that
screening with short a-helical regions from the intrinsically
unstructured AR NH,-terminal transcriptional activation do-
main is a useful approach to identify interacting proteins (13).
Approximately 5 X 10° yeast library clones were screened with
pGBT8-AR4-52 as bait, which contains the AR NH,-terminal
FXXLF motif sequence. We identified 119 positive clones that
grew on synthetic medium lacking Leu, Trp, and His. Two of
the clones were positive by B-galactosidase filter assays. One
clone encoded RanBPM, a previously reported AR-interacting
protein (36). However, interaction between RanBPM and AR
was not diminished by mutation of the FXXLF motif, indicat-
ing that binding to AR was not FXXLF motif specific (data not
shown). The second positive clone encoded the melanoma
antigen gene family protein, MAGE-11. Binding of MAGE-11
to AR4-52 was abolished by an AR4-52-FXXAA mutant in a
yeast two-hybrid assay (data not shown), suggesting a specific
interaction between MAGE-11 and the AR FXXLF motif.

A BLAST search of the human genome database confirmed
that the isolated clone was coded from the Xq28 gene locus of
the MAGE gene family (23, 39) (Fig. 1A). The five exons
predict a 1,837-nucleotide MAGE-11 mRNA. Four of the ex-
ons encode the 429-amino-acid full-length MAGE-11 protein.
MAGE-11 has a calculated molecular mass of 48 kDa but, as
we will show, an apparent molecular mass of 70 kDa on SDS
gels. The cloning results confirm a previous report of the ad-
ditional upstream coding regions for the 110 NH,-terminal
amino acids unique to MAGE-11 (23).

Specific interaction between MAGE-11 and the AR NH,-
terminal FXXLF motif. We made use of mammalian two-
hybrid assays to demonstrate a dependence of MAGE-11 bind-
ing to AR on the AR FXXLF motif. The GAL DNA binding
domain and VP16 transactivation domain fusion proteins were
expressed that contained full-length MAGE-11 or a previously
reported short form (24, 39) that corresponds to MAGE-11-
112-429. GAL and VP fusion proteins were created to contain
the FQNLF?’ amphipathic a-helical region within increasing
lengths of the AR NH,-terminal region (Fig. 1B). A GAL-
responsive luciferase reporter vector was cotransfected into
HepG?2 cells, and assays were performed in the absence and
presence of 10 nM R1881, a synthetic androgen.

In the absence of androgen, GAL-MAGE-11 and GAL-
MAGE-11-112-429 interacted with VP-AR1-660 (Fig. 2A).
The interaction depended on the AR FXXLF motif, since no
interaction was observed with VP-AR1-660-FXXAA contain-
ing the ?FQNAA?’” mutation. We also observed strong inter-
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FIG. 1. Human MAGE-11 gene, mRNA, and protein, and AR NH,-terminal fragments. (A) The MAGE-11 gene is carried on the long arm
of the X chromosome at Xq28 and includes five exons that transcribe into a 1,837-nucleotide residue mRNA. The four-exon open reading frame
(shown in black) translates to a 429-amino-acid-residue MAGE-11 protein (shown in white). The AR interaction region is based on data shown
in Fig. 9. (B) AR NH,-terminal fragments of full-length human AR1-919 were expressed as GAL and VP16 fusion proteins in two-hybrid assays.
Each fragment contains the region spanning amino acids 16 to 36 with the FXXLF interaction motif sequence **FQNLF*’ (underlined).

action between VP-MAGE-11 or VP-MAGE-11-112-429 with
GAL-AR16-36, GAL-AR4-52, and GAL-AR1-503.

In the presence of androgen, we observed an FXXLF motif-
dependent interaction between full-length AR and the same
GAL-AR FXXLF motif peptides and GAL-MAGE-11 (Fig.
2B). The interaction of GAL-AR16-36 or GAL-AR4-52 with
AR in the presence of androgen (Fig. 2B) reflects the andro-
gen-dependent N/C interaction between the AR NH,-terminal
FXXLF motif in the GAL-AR fragment and AF2 in the ligand
binding domain of full-length AR (17). Note that in this ex-
perimental design, luciferase activity in the two-hybrid assay
requires androgen for the nuclear transport of full-length AR
(20). This is in contrast to the androgen-independent interac-
tions shown in Fig. 2A that made use of GAL4 and VP16
fusion proteins of AR NH,-terminal fragments that lack the
ligand binding domain and are in the nucleus independent of
androgen (52). Expression of the fusion proteins was con-
firmed by immunoblot analysis (Fig. 3B and data not shown).

The results demonstrate that the same AR NH,-terminal
FXXLF motif region that mediates the androgen-dependent

AR N/C interaction also interacted with MAGE-11. The data
confirm the yeast two-hybrid results that MAGE-11 binding to
AR depended on the AR FXXLF motif contained within a
21-amino-acid residue region of the AR NH,-terminal domain.

Sequence requirements for FXXLF motif binding to MAGE-
11. The flanking sequence requirements for the AR FXXLF
motif to bind MAGE-11 and AF2 in AR were found to have
similarities but also striking differences. Wild-type and mutant
GAL-AR peptides were coexpressed in two-hybrid assays in
HepG2 cells with full-length AR (Fig. 3A, left) and with VP-
MAGE-11 (Fig. 3A, right) in the presence of a GAL-respon-
sive luciferase reporter. In agreement with the data in Fig. 2A,
interaction of GAL-AR16-36 with AR or VP-MAGE-11 was
eliminated by the FXXAA mutation in GAL-AR16-36.

We tested several shorter fragments of the FXXLF motif
region, since we showed previously that AR20-30 binds AF2 in
AR more effectively than AR16-36. At that time, we specu-
lated that R31 flanking FXXLF, which is deleted in AR20-30,
undergoes electrostatic repulsion at the positive-charge clus-
ter-containing charge clamp residue K720 (20). We found that
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FIG. 2. FXXLF motif dependence of the AR and MAGE-11 in-
teraction. Two-hybrid interaction assays were performed with HepG2
cells transfected with Effectene with 0.1 ug of 5XGAL4Luc3/well in
12-well plates with (A) 50-ng/well GAL-MAGE-11, GAL-MAGE-11-
112-429 (GAL-MAGEI112), or the indicated GAL-AR fusion proteins,
with the VP16 empty vector control, wild-type or mutant VP-AR1-660,
VP-MAGE-11, or VP-MAGE-11-112-429 (VP-MAGE112), and (B) 5
ng of pPCMVhAR or pCMVhAR-FXXAA/well with 50 ng of the indi-
cated GAL vectors/well. Cells were incubated for 24 h in the absence
(A) or absence and presence (B) of 10 nM R1881. The FXXAA
mutation is AR sequence FQNLF?’ changed to 2*FQNAA?’.

MAGE-11 did not bind GAL-AR20-30, GAL-AR20-36, or
GAL-AR16-30, even though GAL-AR20-30 and GAL-
AR16-30 (Fig. 3A, top) interacted to a greater extent with AR
than does GAL-AR16-36, as previously reported (20).
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We also noted a number of differences in the FXXLF motif-
flanking sequence in GAL-AR16-36 required to bind AR and
MAGE-11 (Fig. 3A, bottom). Mutations S29D, V30E, R31A,
R31D, V33E, and 134A in GAL-AR16-36 each increased bind-
ing to AR AF2, whereas these mutations eliminated binding to
MAGE-11. T18A and E32A increased binding of GAL-
AR16-36 to both MAGE-11 and AR. S29A increased
MAGE-11 binding but decreased AR binding; S16D, K17A,
T18D, and V30A each increased MAGE-11 binding, with little
effect on AR binding. S16A increased binding to AR but not
MAGE-11, and R20A and R20D were detrimental to both
interactions. Expression levels of the GAL-AR fusion proteins
varied somewhat, but the differences did not correlate with the
observed interactions (Fig. 3).

The data show that the flanking sequence of the AR FXXLF
motif has different requirements for binding MAGE-11 and
the AR AF2 site. Optimal binding to MAGE-11 required the
extended 21-amino-acid FXXLF «-helical region, which is
nearly twice the length of the minimal 11-amino-acid FXXLF
region that optimally bound AF2 in the AR N/C interaction
(Fig. 3C). The data also suggest that the MAGE-11 binding
site differs substantially from AF2 in the AR ligand binding
domain (15, 22).

Specificity of MAGE-11 binding to the AR FXXLF motif. We
found that MAGE-11 binding to the AR NH,-terminal
FXXLF motif is highly specific. FXXLF motif sequences pre-
viously reported in several putative AR coregulators and
LXXLL motif regions from the SRC/p160 coactivators did not
interact with MAGE-11 in two-hybrid assays performed with
HepG2 cells. Included in the comparison were ARA70/RFG
(49, 50), ARAS54 (25), and ARAS55/Hic5 (7, 48), whose FXXLF
motifs are required for the androgen-dependent interaction
between these coregulators and the AR AF2 site (19). No
interaction was found between VP-MAGE-11 and GAL-
FXXLF fusion proteins containing ARA70-321-340, ARA70-
321-499, ARAS54-447-465, ARAS54-361-474, ARAS5-314-333,
ARAS5-427-444, or ARAS5-251-444 (data not shown). Little
or no interaction was detected between GAL-MAGE-11 and
the LXXLL motif regions from the SRC/p160 coactivator fam-
ily. These included VP-LXXLL motif fusion proteins contain-
ing SRCI-1139-1441, SRCI1-568-1441, TIF2-624-1287,
TRAM1-604-1297, and p300-1-133 (data not shown).

The results indicate a specific interaction between
MAGE-11 and the AR FXXLF motif. The lack of an interac-
tion between MAGE-11 and other FXXLF motifs from several
potentially relevant AR coregulators supports our findings that
residues within the extended o-helical region flanking FXXLF
establish specificity for MAGE-11binding.

In vitro interaction between AR and MAGE-11. A direct
interaction between AR and MAGE-11 was supported by in
vitro GST affinity matrix binding assays. An interaction be-
tween GST-AR4-52 and **S-labeled MAGE-11 was observed
in the absence of androgen, which was eliminated with GST-
AR4-52FXXAA (Fig. 4). Similarly, an FXXLF motif-depen-
dent interaction was observed in the presence of DHT between
GST-AR4-52 and *°S-labeled AR624-919 containing the AR
ligand binding domain. **S-labeled MAGE-11 migrates a 70
kDa, and **S-labeled AR ligand binding domain migrates a 41
kDa.



VoL. 25, 2005

Optical Units

- 1500000
1000000
- 500000
+
g2

MAGE-11 BINDS THE AR FXXLF MOTIF 1243

VP16- 429
LR B3 Optcal Unis

RERE

1 2 3 4 567 89 1 1 12

17.5- --_---1-—- Sl

0 20- 20-16-16-FxA16 16 17 18 18 20
30 36 30 36 SASD KA TA TD RD

—— GAL-AR ——— GAL-AR16-36 ——

kDa
32.1-

1756- ™ - D o — @

13 14 15 16 17 18 19 20 21 22 23 24

29 29 30 30 31 31 32 33 33 34 WT FxA

SA SD VA VE RA RDEA VA VE |A
GAL-AR16-36

4-52

-+
—
r,
o
o

- o -k

B R e
3
—
=

+ o4 -+
m

GAL-AR

I

c

SKTYRGAFQNLFQSVREVIQN
© 2 2 2730 33 3%

AF2 binding |
MAGE-11 binding

FIG. 3. Differences in flanking sequence requirements for FXXLF motif binding to AR and MAGE-11. (A) Two-hybrid interaction assays were
performed with HepG2 cells as described in the legend to Fig. 2, except that 10 ng of pPCMVhAR (AR1-919)/well (left) or 50 ng of VP-MAGE-
11/well (right) with 50 ng of the indicated GAL-AR vectors/well was used. GAL-AR16-36FXXAA indicates the FOQNAA?’” mutation. Each of
the indicated amino acid changes was introduced into the GAL-DNA binding domain fusion vector GAL-AR16-36. (B) Immunoblots of GAL-AR
peptides were performed using extracts from COS cells (2 X 10%10-cm dish) transfected with 10 g of GAL-AR peptide DNA with DEAE-
dextran. Cells were treated with 1 pM MG132 (Sigma), a proteasome inhibitor, 24 and 1 h prior to harvest. The GAL4 DNA binding domain
antibody (1:500 dilution; Santa Cruz) was used to probe 25 ug of total protein in each lane. (C) Diagram of the predicted amphipathic a-helical
AR NH,-terminal FXXLF motif regions required to interact with AF2 in the AR ligand binding domain and MAGE-11. The predicted ideal
a-helix may be disrupted to the left at G21. Hydrophobic residues F23, L26, and F27 contact the hydrophobic surface at AR AF2 in the N/C
interaction (15). These residues plus V30, V33, and 134 in the extended helix are predicted to contact the binding surface of MAGE-11.

Coimmunoprecipitation of AR, MAGE-11 and TIF2. We
found that coimmunoprecipitation of AR and MAGE-11 is
selectively modulated by ligand binding and AR subcellular
localization (Fig. 5A and B, top). AR transiently expressed in
COS cells coimmunoprecipitates with Flag-MAGE-11 with a
Flag antibody when assayed in the absence of DHT (Fig. 5A,
lane 4). However, the interaction between AR and MAGE-11
was barely detectable in the presence of 10 nM DHT (Fig. 5A,

lane 5, and Fig. 5B, lane 9). In the absence of DHT, the
interaction between AR and MAGE-11 was greatly diminished
by the AR-FXXAA mutant (Fig. 5A, lane 8). AR was coim-
munoprecipitated with the Flag antibody only when Flag-
MAGE-11 was expressed, suggesting the absence of nonspe-
cific binding (Fig. SA, top, lanes 2, 3, 6, and 7).

We tested a previously described AR nuclear transport mu-
tant, ARm4, that contains mutations in the AR bipartite nu-
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FIG. 4. In vitro binding of AR and MAGE-11. GST affinity matrix
assays were performed with GST-AR NH,-terminal fusion peptides
and **S-labeled MAGE-11 expressed from pSG5-MAGE-11 (left) and
¥S-labeled AR624-919 expressed from pcDNA3HA-AR624-919 con-
taining the AR ligand binding domain (right). GST empty vector
pGEX-4T-1 (GST-AR-0), GST-AR4-52, and GST-AR4-52FXXAA
were expressed in E. coli and incubated in the presence of 3*S-labeled
MAGE-11 (lanes 2 to 4), and *>S-labeled AR624-919 in the presence
of 0.2 pM DHT (lanes 6 to 8). Input lanes contained 5% of the total
reaction mixture for MAGE-11 (lane 1) and 10% of the reaction
mixture for AR624-919 (lane 5). **S-labeled MAGE-11 (70 kDa) and
AR ligand binding domain fragment 624-919 (41 kDa) are indicated
by arrows.

clear transport signal. ARm4 retains high-affinity androgen
binding but does not translocate to the nucleus in the presence
of androgen (52). In contrast to wild-type AR which is nuclear
in the presence of DHT, this constitutively cytoplasmic mutant
coimmunoprecipitated with MAGE-11 in the absence and
presence of DHT (Fig. 5A, lanes 12 and 13).

We also found that the stable association between AR and
MAGE-11 persists in the presence of ligands that promote AR
nuclear localization but are AR antagonists or poor agonists
(26). These included 50 nM estradiol, 50 nM progesterone, and
1 pM hydroxyflutamide (Fig. 5B, lanes 10, 11, and 14). How-
ever, like DHT (10 nM), the stable association between AR
and MAGE-11 was reduced in the presence of 50 nM andro-
stenedione and 50 nM medroxyprogesterone acetate (MPA)
(Fig. 5B, lanes 12 and 13). Coimmunoprecipitation of AR with
Flag-MAGE-11 was indicative of a specific interaction, since
AR was not detected when MAGE-11 was not expressed (Fig.
5B, lanes 1 to 7).

The coimmunoprecipitation results suggest that MAGE-11
stably interacts in the cytoplasm with the ligand-free AR and in
the nucleus when AR is bound to an antagonist or poor ago-
nist. In the presence of stronger agonists, the AR and
MAGE-11 interaction becomes more transient. The effective-
ness of androstenedione and MPA in disrupting the interaction
with MAGE-11 was attributed in part to the high ligand con-
centrations. The persistent interaction of MAGE-11 with the
constitutively cytoplasmic AR raised the possibility that both
agonist binding and AR nuclear transport are required to de-
stabilize the AR and MAGE-11 interaction.

To investigate whether MAGE-11 influences the interaction
between AR and the pl160 coactivator TIF2 and whether
MAGE-11, AR, and TIF2 form an intracellular complex, we
performed coimmunoprecipitation studies using Flag-AR (Fig.
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5C). The 70-kDa MAGE-11 protein was detected with an
antibody raised against the MAGE-11 NH,-terminal peptide
C"*SPASIKRKKKREDS?, a sequence specific to MAGE-11.
We noted an increase in TIF2 levels in cell extracts with the
coexpression of AR in the presence of 10 nM DHT. In the Flag
antibody immunoprecipitates, an association between AR and
TIF2 was evident in the presence of DHT (Fig. 5C, lanes 3 and
4). We found that the AR and TIF2 interaction increased with
coexpression of MAGE-11 in the absence and presence of
androgen (Fig. 5C, lanes 7 and 8). Neither MAGE-11 nor TIF2
was detected in the immunoprecipitates in the absence of co-
expressed Flag-AR (Fig. 5C, lanes 9 and 10). The results sug-
gest that binding of MAGE-11 to AR increases the interaction
between AR and TIF2.

MAGE-11 influences AR steady-state levels. Immunoblots
of cell lysates from the immunoprecipitation studies shown in
Fig. 5 show the expected androgen-induced increase in AR in
the presence of 10 nM DHT. AR stabilization by DHT results
from the AR N/C interaction (14), as evidenced by the lack of
an increase with AR-FXXAA (Fig. 5A, lanes 6 and 7). We
found that coexpression of MAGE-11 interferes with DHT-
induced AR stabilization, since AR levels declined (Fig. 5B,
lanes 8 and 9). MAGE-11 levels also decreased in the presence
of 10 nM DHT, in association with the reduced interaction
between AR and MAGE-11 (Fig. 5A, lanes 4 and 5). However,
no decrease in MAGE-11 was observed in the presence of
DHT and the nuclear transport mutant, ARm4 (Fig. 5A, lanes
12 and 13). A decrease in MAGE-11 was also observed with
AR-FXXAA, suggesting an effect of MAGE-11 independent
of the AR FXXLF motif.

The effect of MAGE-11 on steady-state levels of AR tran-
siently expressed in COS cells was further investigated at in-
creasing concentrations of androgen. DHT concentrations of 2
and 10 nM are below and near saturating levels, respectively,
based on *H-labeled R1881 binding and AR nuclear transport
studies in COS cells transiently expressing AR, and 50 nM
DHT is saturating (references 17 and 52 and unpublished
results). Coexpression of MAGE-11 in the presence of 2 and
10 nM DHT reduced AR levels in association with decreased
levels of MAGE-11 (Fig. 6A, lanes 1 to 7). The level of AR-
FXXAA also decreased with MAGE-11 expression but to a
lesser extent. This result again raised the possibility that
MAGE-11 has effects on AR that are FXXLF motif indepen-
dent. In contrast, addition of 50 nM DHT apparently overcame
the destabilizing effect of MAGE-11 on AR but not AR-
FXXAA, and androgen-induced AR stabilization was restored
(Fig. 6A, lanes 8 and 16). The AR-FXXAA mutant lacks an
N/C interaction and was not stabilized by androgen (14). In
[**S]methionine-labeled AR pulse-chase experiments per-
formed with COS cells in the presence of 10 nM DHT, the
destabilizing effect of MAGE-11 on AR degradation could not
be detected over the stabilizing influence of DHT on AR (¢,
= 4.7 £ 0.5 h) and the AR-FXXAA mutant (t,,, = 3.3 *
0.4 h).

Paradoxically, we found that in the absence of androgen,
MAGE-11 increases AR levels (Fig. 6A, lanes 1 and 5). Pulse-
chase studies with [**S]methionine-labeled AR in COS cells in
the absence of DHT confirmed the half-time of AR degrada-
tion (t,,, = 1.3 = 0.1 h) increased twofold with MAGE-11
expression (¢,, = 2.4 = 0.3 h). Although we observed some
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FIG. 5. Coimmunoprecipitation of AR, MAGE-11, and TIF2. (A and B) COS cells were transfected with 2 ug of pPCMVhAR, pCMVhAR-
FXXAA, and pPCMVhARmM4/10-cm dish in the absence and presence of 5 pg of pPCMV-Flag-MAGE-11 with DEAE-dextran. Cells were incubated
for 24 h in media containing 10% charcoal-stripped serum (Gemini) in the absence and presence of 10 nM DHT, 50 nM estradiol (E), 50 nM
progesterone (P), 50 nM androstenedione (AND), 50 nM MPA, or 1 uM hydroxyflutamide (HF) as indicated. Cells were extracted in 0.5% NP-40
lysis buffer and immunoprecipitated with anti-Flag antibody as described in Materials and Methods. Immunoprecipitated proteins (A and B, top
two panels) and a portion of the whole cell protein lysates (A and B, lower three panels) (10 pg/lane) were separated by electrophoresis on 10%
acrylamide gels containing SDS. Immunoblots of immunoprecipitated proteins and cell extracts (10 pg) were exposed to X-ray film for 10 s.
(C) COS cells were transfected with 2 ug of pPCMV-Flag-hAR, 4 pg of pSG5-TIF2, and 2 pg of pSG5-MAGE-11; treated with and without 10 nM
DHT; and extracted as above. Anti-Flag antibody immunoprecipitates of Flag-AR (top three panels) and whole cell extracts (bottom four panels;
20 pg protein/lane) were separated by electrophoresis on 10% acrylamide gels containing SDS. Immunoblots of the immunoprecipitates were
exposed to X-ray film for 2 s for Flag-AR and MAGE-11 protein and 4 h for TIF2, and the cell lysates were exposed for 5 s for TIF2, 2 s for
Flag-AR, and 1 s for MAGE-11 and B-actin. Inmunoblots were probed as indicated with AR32 rabbit polyclonal antibody for AR (A and B) and
Flag-AR (C), anti-Flag mouse monoclonal antibody for Flag-MAGE-11 (A and B), anti-TIF2 antibody (BD Bioscience) (C), peptide affinity-
purified rabbit polyclonal anti-MAGE-11 antibody for MAGE-11 (C), and anti-B-actin antibody (A to C). The immunoblots are representative of
more than three independent experiments.
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FIG. 6. Effect of MAGE-11 on AR steady-state levels. (A) Immunoblots are shown of whole-cell protein lysates of COS cells transfected with
2 ng of pPCMVhAR or pCMVhAR-FXXAA without and with 5 pg of pPCMV-Flag-MAGE-11 in the absence and presence of 2, 10, and 50 nM
DHT. Whole-cell extracts (10 pg) were analyzed with the antibodies indicated on the right. The blot was exposed to X-ray film for 50 s.
(B) Immunoblots of pPCMVhAR1-660 and pCMVhAR1-660-FXXAA (2 pg) expressed in COS cells (2 X 10° cells/10-cm dish) using DEAE-
dextran in the absence and presence of 5 pg of pCMV-Flag-MAGE-11 are shown. Each lane contains 15 pg of total protein, and the blots were

exposed to X-ray film for 3 s.

increase in AR-FXXAA in the absence of androgen compared
to wild-type AR as previously reported (14), the level of AR-
FXXAA did not increase with MAGE-11 expression (Fig. 6A,
lanes 9 and 13). In agreement with these results, the half-time
of AR-FXXAA degradation (¢,,, = 1.5 = 0.1 h) in the absence
of androgen was less affected by MAGE-11 (t,, = 1.8 = 0.1 h).
MAGE-11 also increased the level of AR1-660, a constitutively
active AR NH,-terminal fragment that lacks the ligand binding
domain, but not the level of AR1-660-FXXAA (Fig. 6B).

The results support a stable and specific interaction between
MAGE-11 and AR in the absence of androgen that increases
AR steady-state levels. The stabilizing effect of MAGE-11 in
the absence of DHT is mediated at least in part through its
interaction at the AR FXXLF site. In the presence of andro-
gen, the interaction between AR and MAGE-11 is more tran-
sient and AR steady-state levels decline. The decrease in AR-
FXXAA levels with MAGE-11 expression in the presence of
androgen suggests that FXXLF motif-independent mecha-
nisms contribute to the effects of MAGE-11 on AR.

AR and MAGE-11 colocalize in the cytoplasm and nucleus.
Immunocytochemical staining of AR and MAGE-11 was de-
termined to further establish their intracellular association.
Immunostaining of transiently expressed AR in COS cells re-
sulted in a typical cytoplasmic staining pattern in the absence
of androgen and nuclear staining in the presence of DHT (Fig.
7A and B) (52). Flag-tagged MAGE-11 localized predomi-

nantly in nuclei with some cytoplasmic staining (Fig. 7C). We
found that Flag-MAGE-11 and AR colocalize in the cytoplasm
in the absence of androgen with persistent nuclear staining of
MAGE-11 (Fig. 7D to F). With the addition of androgen, AR
and MAGE-11 colocalized to the nucleus (Fig. 7G to I). Cy-
toplasmic colocalization of MAGE-11 and AR was also seen in
the presence of 10 or 50 nM estradiol, and we observed both
cytoplasmic and nuclear AR with 10 and 50 progesterone or 50
nM and 1 pM hydroxyflutamide. AR was nuclear with 10 and
50 nM androstenedione or MPA (data not shown).

Transient expression of Flag-MAGE-11 in human foreskin
fibroblasts showed colocalization of MAGE-11 with endoge-
nous AR in nuclei in the presence of androgen (Fig. 7J to L).
Similarly, MAGE-11 colocalized with endogenous AR in hu-
man prostate cancer cell lines, LNCaP (Fig. 7M), CWR22-
RV1 (Fig. 7N), and LAPC4 (Fig. 70) assayed in the presence
of androgen. Persistent cytoplasmic MAGE-11 was also evi-
dent in both fibroblasts and prostate cancer cells.

In contrast, the addition of androgen changed the immuno-
staining pattern of Flag-MAGE-11 and the nuclear transport
mutant ARm4 from typical cytoplasmic staining (Fig. 8A to C)
to colocalization in prominent cytoplasmic spots (Fig. 8D to F).
For DNA binding mutant AR-C576A, addition of DHT
changed cytoplasmic staining (Fig. 8G to I) to striking colocal-
ization in subnuclear bodies (Fig. 8J to L). The results support
an intracellular interaction between AR and MAGE-11 in the

FIG. 7. Immunocytochemistry of AR and MAGE-11. Cells were transiently transfected with pCMV-Flag-MAGE-11 or pCMVhAR alone or
together with Effectene. Transiently expressed AR (A, B, and D to I) and endogenous AR (J to O) are represented by green fluorescence and were
detected with rabbit anti-AR polyclonal antibody ab3510 (Abcam, Inc.). Transiently expressed Flag-MAGE-11 (C to O), represented by red
fluorescence, was detected with anti-Flag M2 mouse monoclonal antibody. Yellow is indicative of AR and MAGE-11 colocalization. Represen-
tative illustrations are shown for pPCMVhAR in COS cells without DHT (A), pPCMVhAR in COS cells without DHT (B), pCMV-Flag-MAGE-11
in COS cells without DHT (C), pPCMVhAR and pCMV-Flag-MAGE-11 in COS cells without DHT (D to F), and pPCMVhAR and pCMV-Flag-
MAGE-11 in COS cells with 50 nM DHT (G to I). pCMV-Flag-MAGE-11 was transfected alone into human foreskin fibroblasts (J to L), and
human prostate cancer cell lines LNCaP (M), CWR22-RV1 (N), and LAPC4 (O), each incubated with 10 nM DHT. Original magnification, X63.
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cytoplasm in the absence of androgen and in the nucleus in the
presence of androgen.

Inherent transcriptional activity and FXXLF-interacting
domain of MAGE-11. Expression of GAL-MAGE-11 fusion
proteins in mammalian two-hybrid assays demonstrated that
MAGE-11 lacks a major intrinsic transactivation domain. Of
the fusion proteins created to span the MAGE-11 sequence,
only GAL-MAGE-11-2-252 had a low level of transcriptional
activity (Fig. 9, top).

We also found that like AR, MAGE-11 binds the AR NH,-
terminal FXXLF motif through its carboxyl-terminal region
(Fig. 9, bottom). GAL-MAGE-11-2-429 and GAL-MAGE-11-
112-429 interacted to a similar extent with VP-AR1-660, which
contains the AR FXXLF motif. Both of these larger
MAGE-11 fragments interacted to a greater extent than GAL-
MAGE-11-222-429. Shorter carboxyl-terminal fragments of
MAGE-11 did not interact with AR. We also found that a
MAGE-11 LXXLL motif sequence **’LVHLL** interacted
only weakly with AR (data not shown). Thus, the carboxyl-
terminal 112 to 429 residues of MAGE-11 represent the AR-
interacting domain (Fig. 1A).

Competition for the N/C interaction. We performed two-
hybrid assays and ligand dissociation rate studies to demon-
strate that binding of MAGE-11 to the AR NH,-terminal
FXXLF motif competes for the androgen-induced N/C inter-
action. Using the assay that first demonstrated the AR N/C
interaction (30), we found that coexpression of MAGE-11 in-
hibited the interaction between VP-AR1-660 and GAL-
AR624-919 in the presence of androgen (Fig. 10A).

In a recent study, we showed that GAL-AR4-52 and GAL-
AR?20-30 compete for the AR N/C interaction by binding AF2
in AR (20). In this assay, the N/C interaction of full-length AR
itself is not directly measured. Luciferase activity results from
the interaction between the GAL-FXXLF peptide and AR
that contains the strong AF1 NH,-terminal transactivation do-
main. MAGE-11, on the other hand, lacks a major activation
domain (Fig. 9). We found that coexpression of MAGE-11
inhibited the interaction between AR and GAL-AR4-52. We
observed similar but slightly less inhibition of AR-FXXAA by
MAGE-11. The decrease in luciferase activity appeared to be
attributable largely to MAGE-11 binding to GAL-AR4-52.
Increased exposure of AF2 resulting from the AR-FXXAA
mutation would be expected to increase binding of GAL-
AR4-52 to AF2 (14), which could account for the reduced
inhibition of AR-FXXAA by MAGE-11.

To investigate this further, we tested GAL-AR20-30, since
this short FXXLF motif peptide strongly engages the AR AF2
site indicative of the N/C interaction but does not bind
MAGE-11 (Fig. 3). In this assay, the effect of MAGE-11 was
mediated only by binding the NH,-terminal FXXLF motif of
full-length AR. We found that MAGE-11 increased the inter-
action between GAL-AR20-30 and AR (Fig. 10A). When AR-
FXXAA was tested, binding of GAL-AR20-30 increased and
was less dependent on MAGE-11. The results suggest that
binding of MAGE-11 to the AR NH,-terminal FXXLF motif
competes for the AR N/C interaction and exposes AF2 to
increased binding, in this case, of GAL-AR20-30.

Competition by MAGE-11 for the agonist-induced AR N/C
interaction was also evident from the dissociation rate of
bound androgen. These studies were based on previous obser-
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vations that the N/C interaction slows the dissociation rate of
bound androgen (14, 17, 51). COS cells expressing AR in the
absence and presence of MAGE-11 were incubated with 5 nM
[PH]R1881. The half-time (¢,,,) of [’H]R1881 dissociation from
AR (t;, = 109 = 11 min) decreased with coexpression of
MAGE-11 (t,,, = 71 = 6 min) or MAGE-11-111-429 (¢t,, = 71
+ 7 min). In contrast, dissociation of [’H|R1881 from AR-
FXXAA (t,, = 40 = 5 min) was unaffected by coexpression of
MAGE-11 (t,, = 40 = 4 min) or MAGE-11-111-429 (¢,, = 44
* 3 min).

The data provide evidence that MAGE-11 binding to the
AR NH,-terminal FXXLF motif competes for the AR N/C
interaction and exposes the AF2 site in the ligand binding
domain. Increased dissociation of androgen from the ligand
binding pocket is indicative of this competitive interaction (14,
17, 51).

Effect of MAGE-11 on AR functional activity. To further
address the possibility that binding of MAGE-11 to the AR
NH,-terminal FXXLF increases the accessibility of AF2, we
determined the effect of MAGE-11 on AR transactivation in
the absence and presence of increased SRC/p160 coactivator
expression. We found that MAGE-11 increased AR transacti-
vation of a PSA-Luc reporter to an extent similar to that seen
with the coexpression of TIF2 and TRAMI (Fig. 10B). Fur-
thermore, the effects of MAGE-11 and the SRC/p160 coacti-
vators on AR transactivation appeared to be synergistic. We
also observed a small, biphasic increase in ligand-independent
AR transactivation with increasing MAGE-11 expression that
contributed to a persistent effect of MAGE-11 on the tran-
scriptional activity of AR-FXXAA (Fig. 11A). Transactivation
by AR-FXXAA in the absence of MAGE-11 was almost un-
detectable (Fig. 11A) due to the dependence of the PSA-Luc
reporter activation on the AR N/C interaction, a dependence
that is overcome by increased expression of the SRC/p160
coactivators (18). The small but noticeable increase in AR
transactivation with MAGE-11 expression in the absence of
androgen raised the possibility that MAGE-11 can influence
transcriptional activity of the ligand free AR. The dose depen-
dent increase in AR-FXXAA activity with MAGE-11 expres-
sion suggested that the transcriptional effects of MAGE-11 are
not entirely FXXLF motif dependent.

To explore this further, the specificity of the stimulatory
effects of MAGE-11 was tested with GR and AR-GR chimeras
and the PSA-Luc reporter (Fig. 11B). The transcriptional ac-
tivity of wild-type GR was only moderately increased with the
coexpression of MAGE-11. In contrast, the AR-GR chimera
AR1-132-GR132-777 (GR-FXXLF), which contains the AR
NH,-terminal FXXLF motif region, showed a striking increase
in activity with the coexpression of MAGE-11. The increase in
activity depended on the FXXLF motif, since it was not ob-
served with a GR-FXXAA mutant.

The data suggest that the AR NH,-terminal FXXLF motif
region is sufficient to mediate the strong stimulatory effect of
MAGE-11. However, the effect of MAGE-11 was not entirely
specific to the AR FXXLF motif, since we also observed mod-
erate increases in GR and PR-B activity on the PSA and mouse
mammary tumor virus (MMTV)-Luc reporter vectors with
higher expression levels of MAGE-11 (Fig. 11B and data not
shown). MAGE-11 also increased AR transactivation of the
MMTV-Luc and probasin promoters (Fig. 11C). However,
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FIG. 8. Immunocytochemistry of AR mutants and MAGE-11. COS cells were transiently transfected with pCMV-Flag-MAGE-11 together with
nuclear transport mutant pPCMVhAR-R617M-K618M-K632M-R633M (ARm4) in the absence (A to C) and presence (D to F) of 50 nM DHT or
with DNA binding domain mutant pCMVhAR-C576A in the absence (G to I) or presence (J to L) of 50 nM DHT. AR (green fluorescence),
Flag-MAGE-11 (red fluorescence), and the merge (yellow fluorescence) are shown. Original magnification, X63.

MAGE-11 did not increase the activity of the constitutive viral
reporters, pSV2-Luc, pSG5-Luc, and CMV-Luc (data not
shown), suggesting that the effects of MAGE-11 on transcrip-
tional activation are receptor mediated.

MAGE-11 also strongly increased the constitutive transcrip-

tional activity of AR1-660, an AR NH,-terminal and DNA
binding domain fragment that has only weak activity on the
PSA-Luc reporter in the absence of MAGE-11 (Fig. 11D). The
striking increase in AR1-660 transcriptional activity in re-
sponse to MAGE-11 was FXXLF motif dependent, since the
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FIG. 9. Inherent transcriptional activity of MAGE-11 and the interaction domain for the AR FXXLF motif. Two-hybrid interaction assays were
performed in HepG2 cells by transient transfection in 12-well plates with Effectene with 0.1 ng of SXGAL4Luc3 reporter and 50 ng of the indicated
GAL-MAGE-11 fusion protein vectors with either VP16 activation domain empty vector control (50 ng/well) (VP16-AD, top) or VP-AR1-660 (50
ng/well) (bottom). Luciferase activity and error were determined in the absence of hormone.

activity of the AR1-660-FXXAA mutant only marginally in-
creased with MAGE-11 expression. Similar small increases
were seen with GR1-550 and PRB-1-688, which are corre-
sponding NH,-terminal and DNA binding domain fragments
but lack an FXXLF motif. However, higher amounts of
MAGE-11 expression vector DNA (2 pg) increased the activity
of AR-FXXAA and the other receptor NH,-terminal frag-
ments (data not shown). The data suggest that the presence of
the AR FXXLF motif increases the sensitivity of AR to the
stimulatory effects of MAGE-11.

Taken together, MAGE-11 appears to increase AR transac-
tivation through mechanisms that include, but may not be
limited to, its interaction with the FXXLF motif. The data
support that MAGE-11 binding to the AR NH,-terminal
FXXLF motif exposes AF2 in the ligand binding domain to
activation by the SRC/p160 family of coactivators. The data
also show a striking stimulatory effect of MAGE-11 on the AR
NH,-terminal region that is independent of AF2.

In vivo expression of MAGE-11. Northern blot analysis of
RNA from several prostate cancer cell lines and human testis
failed to reveal MAGE-11 mRNA (data not shown), suggest-
ing that MAGE-11 expression is low. RT-PCR amplification of
total RNA revealed the 168-bp fragment indicative of
MAGE-11 mRNA in LNCaP, LNCaP-C4-2, CWR-RI,
CWR22-RV1, and LAPC4 prostate cancer cell lines (Fig. 12A,
top). However, detection of MAGE-11 mRNA in PC-3 and
DU-145, two prostate cancer cell lines that do not express AR,

required a second amplification using the initial PCR product
as template (Fig. 12A, bottom). MAGE-11 mRNA was also
detected in HeLa cells, a HeLaAR1C cell line stably expressing
Flag-AR, was weakly detected in a human foreskin fibroblast cell
line, HepG2, and COS cells, but was not detected in CV1 cells.
MAGE-11 mRNA was also expressed in samples from testis,
ovary, prostate, cancerous prostate, breast, and adrenal tissue, but
was weak to undetectable in liver and lung tissue (Fig. 12B).

Endogenous MAGE-11 protein was evident on immuno-
blots of extracts from several cancer cell lines cultured in the
absence of androgen and probed with the MAGE-11 antibody
raised against the MAGE-11 NH,-terminal peptide. Endoge-
nous MAGE-11 in HeLa cells and in the CWR-R1, LNCaP,
PC-3, and DU-145 prostate cancer cell lines comigrated with
70-kDa recombinant MAGE-11 expressed in COS cells (Fig.
12C). Only faint comigrating bands persisted after preincubat-
ing the MAGE-11 antibody with the MAGE-11 peptide im-
munogen (Fig. 12C, right), and there was no evidence for an
NH,-terminally truncated form of MAGE-11. It was interest-
ing that HeLaARIC cells stably expressing Flag-tagged full-
length human AR had higher MAGE-11 protein levels than
HelLa cells lacking AR (Fig. 12C, lanes 2 and 3). The similar
MAGE-11 mRNA levels evident in HelLa and HeLaARI1C
cells (Fig. 12A) raise the possibility that the stabilizing effect of
MAGE-11 on AR observed above in the absence of androgen
contributes to the stabilization of MAGE-11.
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FIG. 10. Competition for the AR N/C interaction by MAGE-11 and a synergistic increase in AR transactivation. (A) Two-hybrid interaction
assays were performed with HepG2 cells in 12-well plates with VP-AR1-660 and GAL-AR624-919 (GAL-AR-LBD) (50 ng/well) or 5 ng of
pCMVhAR and pCMVhAR-FXXAA expressed together with 50 ng of pGALO empty vector control (GALO), GAL-AR4-52, or GAL-AR20-30,
without further vector addition (—), or with 50 ng pSG5-MAGE-11 (MA), pSG5-MAGE-11-111-429 (MA 111), or the pSG5 empty vector (pS).
Assays were performed in the absence and presence of 10 nM R1881. (B) A total of 100 ng of pPCMVhAR was expressed in CV1 cells in 6-cm dishes
with calcium phosphate precipitation of DNA in the absence and presence of 2 pg of pSG5-MAGE-11, pSGS5-TIF2, or pSG5-TRAM1 or in
combination as indicated, together with 5 pg of PSA-Luc. Transfected cells were incubated for 40 h in the absence and presence of 0.01, 0.1, and
1 nM DHT as indicated. Parallel transfections of pPCMVhAR and the pSGS empty vector control showed no increase in activity (data not shown).

DISCUSSION

Identification of MAGE-11 as an AR coregulator. We have
identified the X-linked protein MAGE-11 as a novel AR co-
regulator. MAGE-11 specifically binds the AR NH,-terminal
FXXLF motif that mediates the androgen-dependent N/C in-
teraction with AF2 in the AR ligand binding domain. The
molecular interaction between AR and MAGE-11 in the ab-
sence and presence of androgen is supported by their intracel-
lular colocalization, coimmunoprecipitation, GST affinity ma-
trix binding, and the MAGE-11-induced increases in AR
transcriptional activity and ligand dissociation.

MAGE-11 forms a stable complex with the ligand-free AR
that results in increased AR stability. Increased AR stabiliza-
tion in the absence of androgen raises AR protein levels, which
could contribute to the increase in AR transcriptional activity
observed in the presence of MAGE-11. In contrast, binding of

a strong agonist such as DHT decreases the association be-
tween AR and MAGE-11. This is consistent with competition
by MAGE-11 for the agonist-induced N/C interaction between
the AR FXXLF motif and AF2. At subsaturating concentra-
tions of DHT, increased turnover of AR and MAGE-11 ap-
pears to result from this competition. Higher levels of DHT
apparently overcome this effect and restore AR stabilization
mediated by the N/C interaction.

We observed a persistent association between MAGE-11
and an AR nuclear transport mutant in the presence of DHT
that suggests that the N/C interaction alone is not sufficient to
destabilize MAGE-11 binding. Our earlier studies with this
ARm4 mutant indicate binding kinetics consistent with an N/C
interaction (51). Furthermore, persistence of a stable
MAGE-11 and AR interaction in the presence of ligands such
as estradiol and progesterone that induce AR nuclear trans-
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FIG. 11. FXXLF motif-dependent effects of MAGE-11 on receptor mediated transactivation. (A) The effect of MAGE-11 on AR transacti-
vation was tested by transfecting 100 ng of pPCMVhAR or pCMVhAR-FXXAA into CV1 cells with 5 ug of PSA-Luc reporter in the absence and
presence of 0.2, 0.5, and 2 pg of pSG5-MAGE-11. Luciferase activity was determined in the absence and presence of 1 nM DHT. (B) The effect
of MAGE-11 on GR transactivation was tested by transfecting 100 ng of pPCMVhGR, pCMVhAR1-132-GR132-777 chimera (GR-FXXLF), and
pCMVhAR1-132-FXXAA-GR132-777 (GR-FXXAA) into CV1 cells with 5 ug of PSA-Luc reporter in the absence and presence of 0.2, 0.5, and
2 g of pSG5-MAGE-11, as indicated. Luciferase activity was determined in the absence and presence of 10 nM dexamethasone (DEX). (C) The
effect of MAGE-11 on AR transactivation of the MMTYV and probasin enhancer-promoters was tested in CV1 cells transfected with 25 ng of
pCMVhAR and 5 pg of MMTV-Luc or with 10 ng of pPCMVhAR and 5 pg of probasin (—244 to —96);-Luc in the absence and presence of 0.1,
0.5, and 2 pg of pSG5-MAGE-11. (D) The FXXLF motif dependence of the MAGE-11-induced increase in constitutive activity of NH,-terminal
and DNA binding domain fragments of AR, GR, and PR was tested with CV1 cells transfected with 50 ng of pPCMVhAR1-660, pPCMVhAR1-
660FXXAA, pCMVhGR1-550, pSmPRB-1-688, or pCM VS5 empty vector (p5)/6-cm dish with 5 wg of PSA-Luc in the absence and presence of 0.2

and 0.5 pg of pSG5-MAGE-11.

port but do not induce the AR N/C interaction suggests that
nuclear targeting of AR is also not sufficient to destabilize the
AR and MAGE-11 interaction. The data indicate that both
AR nuclear transport and binding of an agonist are required
for MAGE-11 and AR AF2 to competitively interact with the
AR NH,-terminal FXXLF motif. We have shown that compe-
tition between MAGE-11 binding and the N/C interaction
increases AR transactivation of androgen-responsive enhanc-
er-promoters in a manner that is synergistic with the SRC/p160
family of coactivators. MAGE-11 binding and the N/C inter-
action appear to act in concert with coactivators to modulate
AR activity. Binding of MAGE-11 to the AR NH,-terminal
FXXLF motif mimics the effect of an AR-FXXAA mutant
(14). Both expose the AF2 site in the AR ligand binding do-
main that is otherwise inhibited in the presence of androgen by
the N/C interaction and allow increased recruitment and acti-
vation by the SRC/p160 family of coactivators.

The MAGE gene family. The MAGE gene family consists of
12 homologous proteins coded by a 3.5-Mb segment on the
long arm of the X chromosome at human Xq28. MAGE-11 is
in a region encoding MAGE-7 and -9 (39). Six other MAGE
genes are expressed exclusively in tumors, such as melanomas
(hence the family name); lung, colon, and breast cancers; la-
ryngeal tumors; sarcomas; and leukemias (5, 39). Tumor-se-
lective expression of some MAGE family members is attrib-
uted to genome-wide demethylation of CpG dinucleotides at
promoters (6), a common feature of cancer cells (4).
MAGE-11 was previously reported in a variety of tumor cell
lines, including HeLa, monkey kidney COS cells, 3T6 mouse
fibroblasts, rat glial tumor cells, hamster CHO cells, and hu-
man 293 cells (24). MAGE-11 was also detected in testis and
placenta (5), suggesting its expression is not limited to cancer
cells.

However, there are discrepancies regarding the size of the
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FIG. 12. Endogenous MAGE-11 expression. (A) MAGE-11 mRNA was analyzed by RT-PCR. Total RNA (2 ng) was reverse transcribed, and
the resulting cDNAs were amplified by 35 PCR cycles (top). In addition, 2 pl of the first PCRs was used as a template for a second 35-cycle PCR
amplification with the same primers (bottom). Amplified MAGE-11 DNA fragments are shown for pSG5-MAGE-11 (lane 1), human foreskin
fibroblasts (HFF, lane 2) and prostate cancer cell lines LNCaP (lane 3), LNCaP-C4-2 (lane 4), CWR-R1 (lane 5), CWR22-RV1 (lane 6), LAPC4
(lane 7), PC-3 (lane 8), and DU-145 (lane 9), as well as from HeLa cells (lane 10), HeLaARIC cell line stably expressing human AR (lane 11),
HepG2 (lane 12), COS cells (lane 13), CV1 cells (lane 14), human testis tissue (lane 15), and the no-RNA control (lane 16). The products were
analyzed on 2% agarose gels. (B) Total RNA was isolated from adult human tissues with Trizol, reverse transcribed, and PCR amplified as
described in Materials and Methods. Shown are the results of 35 PCR cycles with cDNA from human testis (lane 1), prostate (lane 2), a prostate
tumor (lane 3), breast (lane 4), ovary (lane 5), lung (lane 6), adrenal gland (lane 7), and liver (lane 8). (C) Endogenous MAGE-11 protein (70 kDa)
was detected in immunoblots with the anti-MAGE-11 peptide antibody described in Materials and Methods. The indicated cell lines were cultured
to near confluence, and total protein was extracted with radioimmunoprecipitation assay buffer as described in Materials and Methods. Total
protein (100 pg) was analyzed in each lane, and immunoblot analyses were performed with the peptide affinity-purified MAGE-11 antibody (2.9
wg/ml) raised in a rabbit. The MAGE-11 antibody was untreated (lanes 1 to 8) or preadsorbed overnight at 4°C by adding 5 pl of 0.5 mg of peptide
immunogen/ml to 28 pl of 0.52-mg/ml antibody (lanes 9 to 16). Transiently expressed pSG5-MAGE-11 from COS cells was analyzed with 1 pg
(lanes 1 and 9) and 2 pg (lanes 8 and 16) of total protein. The HeLaARIC cell line expresses a stably integrated Flag-tagged human AR (P. D.
Reynolds and E. M. Wilson, unpublished studies). The MAGE-11 antibody was relatively specific to MAGE-11 but also interacted on immunoblots
with a ~80-kDa DNA helicase (data not shown).

MAGE-11 protein. Previous studies indicate an apparent mo- MAGE-11 made use of an antibody raised against the carbox-
lecular mass of 48 kDa (24) that was predicted from a single yl-terminal region of MAGE-11. However, this region is ho-
coding exon (GenBank accession number NM005366) (24, 39). mologous with other members of the MAGE family, raising
This exon corresponds to the last exon of MAGE-11 shown in the possibility of cross-reaction with other family members.
Fig. 1A. The previously predicted protein lacked the first 110 Our data nevertheless support the expression of full-length
NH,-terminal residues reported here for MAGE-11. This pu- MAGE-11 in human testis, human foreskin fibroblasts, and
tative truncated form of MAGE-11 would initiate at the third several human cancer cell lines.

methionine, residue 111 of full-length MAGE-11. We ob- Mechanism of interaction between MAGE-11 and the AR
served a 70-kDa MAGE-11 protein, which agrees with a recent FXXLF motif. The AR FXXLF motif that binds MAGE-11 is
study (23) that identified three additional upstream exons en- identical to the motif that binds AF2 in the AR ligand binding
coding the NH,-terminal region unique to full-length domain mediating the androgen-dependent AR N/C interac-
MAGE-11 (Fig. 1A). When we created the truncated form of tion. However, detailed deletion mapping and point mutagen-
MAGE-11 to initiate at the third methionine, it was 52 kDa esis studies revealed overlapping yet distinct binding regions.
after in vitro translation and analysis with SDS gels (data not AR binding to MAGE-11 requires an extended 21-amino-acid
shown). Previous reports of a similarly sized endogenous a-helical region between AR residues 16 to 36 that contains
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ZFQNLF?. This minimal region is nearly twice as long as the
11-amino-acid AR20-30 a-helical region required to bind AF2
in the AR ligand binding domain. The more-extended AR
FXXLF binding region may allow MAGE-11 to compete for
the N/C interaction in the presence of an AR agonist. Other
regions outside but flanking the AR NH,-terminal domain
FXXLF motif region required for MAGE-11 binding have also
been suggested to modulate AR N/C interactions (43).

The entire carboxyl-terminal region of MAGE-11 is re-
quired to bind the AR FXXLF motif. This is reminiscent of the
carboxyl-terminal region of AR that forms the ligand binding
domain and the AF2 hydrophobic cleft that binds FXXLF.
Cocrystal structures of the AR ligand binding domain have
revealed the hydrophobic AF2 surface that accommodates the
amphipathic a-helical regions of the FXXLF and LXXLL mo-
tifs (15, 22). The structure of MAGE-11 has not been deter-
mined, but analysis using the PONDR Protein Disorder Pre-
dictor (http://www.pondr.com/PONDR/pondr.cgi) suggests a
highly ordered arrangement of «-helical regions between
MAGE-11 residues 220 to 429. It is possible that a similar but
unique binding surface on MAGE-11 interacts with the ex-
tended a-helical region of the AR FXXLF motif. On the other
hand, binding of LXXLL peptides to protein domains other
than nuclear receptor ligand binding domains has been re-
ported (37). Binding of the FXXLF motif to MAGE-11 may
occur through a mechanism similar to the interaction of the
Stat6 transactivation domain LXXLL peptide binding to the
PAS-B domain of SRC1 (37).

The stabilizing influence of MAGE-11 on AR in the absence
of androgen and androgen-induced AR stabilization that re-
sults from the AR N/C interaction raises the possibility that the
amphipathic a-helical FXXLF motif region also serves as an
AR degradation signal (40). MAGE-11 binding to the FXXLF
motif region could mask the putative signal and increase AR
stabilization as observed in the absence of hormone. In the
presence of DHT, FXXLF motif binding to AF2 could simi-
larly protect against degradation resulting in the well-docu-
mented AR stabilization that results from the N/C interaction.

The intracellular association between AR and MAGE-11 is
supported by their colocalization in the cytoplasm in the ab-
sence of androgen and in the nucleus in the presence of an-
drogen. We also observed that MAGE-11 colocalizes in a
prominent punctate cytoplasmic staining pattern, previously
reported for this AR nuclear transport mutant (52). Depen-
dence of the punctate pattern on androgen binding argues
against nonspecific aggregation and suggests that the AR
transport mutant becomes trapped in an as-yet-uncharacter-
ized cytoplasmic substructure on route to the nucleus. For a
DNA binding mutant, AR colocalizes with MAGE-11 in prom-
inent subnuclear structures that resemble promyelocytic leu-
kemia (PML) bodies. It was previously reported that agonist,
but not antagonist-bound, AR triggers the subnuclear move-
ment of AR and SRCI out of the PML body into more fila-
mentous nuclear speckles (38). Entrapment of an AR DNA
binding domain mutant together with MAGE-11 in PML bod-
ies would reinforce the idea that MAGE-11 facilitates the
interaction between AR and the SRC/p160 coactivators.

A competition model. Our search for an FXXLF motif bind-
ing protein was based on the premise that a coregulator that
binds the AR NH,-terminal FXXLF motif with high specificity

MoL. CELL. BIOL.

might relieve inhibition of AF2 imposed by the androgen-
induced N/C interaction (14). The data presented in this report
have led us to propose the model in Fig. 13. DHT binding to
AR establishes an equilibrium between the AR N/C interac-
tion (Fig. 13, top right) and AR AF2 binding of the SRC/p160
coactivators (Fig. 13, bottom right). In each instance,
MAGE-11 is released in association with AR-mediated gene
activation. In the presence of DHT, an AR, MAGE-11, and
TIF2 intermediate (Fig. 13, bottom left) is supported by the
persistent but reduced association of MAGE-11. The decrease
in AR-associated MAGE-11 in the presence of DHT suggests
MAGE-11 is released from the AR FXXLF binding site in
parallel with formation of the AR N/C interaction or exposure
of AF2 to SRC/p160 coactivator binding. This androgen-de-
pendent interrelationship is supported by the synergistic in-
crease in transcriptional activity that occurs in the presence of
MAGE-11 and TIF2. It is also supported by the increased
association of TIF2 and decreased association of MAGE-11
with the DHT-bound AR. By competing for FXXLF motif
binding, MAGE-11 appears to function as an AR coregulator,
in part by increasing accessibility of AF2 to SRC/p160 coacti-
vator recruitment. There is also evidence that MAGE-11 acts
through additional mechanisms independent of its interaction
with the FXXLF motif.

It is well recognized that the AR ligand binding domain
expressed as a fragment or fusion protein has little or no
transcriptional activity when assayed in mammalian cells (16).
This reflects the relatively inefficient recruitment of coactivator
LXXLL motifs by AR AF2, even in transformed cell lines
where endogenous coactivator levels are typically higher than
for normal cells (9). The inherent low activity of the AR ligand
binding domain results from the 5- to 10-fold-lower binding
affinity of AF2 for the SRC/p160 coactivator LXXLL motifs
than the AR NH,-terminal FXXLF motif (15, 20). Reduced
binding affinity for the LXXLL motifs results from sequence
changes in AR AF2 that apparently evolved to favor FXXLF
motif binding (15). Under conditions of increased SRC/p160
coactivator expression (18) as observed in recurrent prostate
cancer (10), AR AF2 can recruit and be activated by this family
of endogenous SRC/p160 coactivators (9, 41). The increase in
AR transactivation that we observe in response to MAGE-11
without transiently overexpression of the SRC/p160 coactiva-
tors suggests that MAGE-11 binding to AR increases the re-
cruitment of endogenous coactivators. Coactivator recruitment
by the AR AF2 site in full-length AR is probably more efficient
than coactivator recruitment by the AR ligand binding domain
fragment alone, since additional interactions are reported to
occur between the coactivator and the AR NH,-terminal re-
gion (16).

In the absence of androgen, the predominant binding of
MAGE-11 to AR was not surprising, since AR FXXLF motif
binding to AF2 that characterizes the AR N/C interaction
requires the presence of a high-affinity androgen bound in the
ligand binding pocket (51). Isolation of a stable complex be-
tween AR and MAGE-11 in the absence of androgen and our
observations that MAGE-11 colocalizes with AR in the cyto-
plasm strongly indicate that binding of MAGE-11 to AR pre-
dominates in the absence of androgen. Moreover, in the pres-
ence of ligands such as estradiol, progesterone, and
hydroxyflutamide that can target AR to the nucleus but do not
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FIG. 13. Model for the effect of MAGE-11 on AR transactivation. In the absence of androgen, MAGE-11 binds the AR NH,-terminal domain
(NTD) FXXLF motif (Fx) and stabilizes the ligand-free AR. Binding of DHT induces AR nuclear transport and a conformational change in AF2
in the ligand binding domain (LBD) that enables FXXLF motif binding in the N/C interaction and release of MAGE-11. Although not depicted,
the AR FXXLF motif-AF2 N/C interaction is thought to occur between monomers in an antiparallel AR dimer. The androgen-dependent AR N/C
interaction inhibits the activity of AF2, making AF1 the dominant activation domain. In the nucleus, MAGE-11 competes for and relieves the
inhibitory effect of the N/C interaction, resulting in increased activation by AF2 binding of the LXXLL motifs (Lx) of the SRC/p160 family of
coactivators. The model suggests that MAGE-11 functions as an AR coregulator by occupying the AR FXXLF site and facilitates intermittent
binding of coactivators reported to occur at enhancer-promoter regions of androgen-regulated genes.

induce the N/C interaction, a stable interaction with MAGE-11
persists in the nucleus.

On the other hand, MPA at high concentrations does not
promote the AR N/C interaction between VP-AR1-660 and
GAL-AR624-919 and instead acts as an inhibitor in the pres-
ence of DHT (27). In agreement with this, MPA at high con-
centrations does not stabilize AR (Fig. 5B, lane 6) and is not a
strong androgen in vivo (27). However, recently we found that
MPA at relatively low concentrations does promote the inter-
action of GAL-AR20-30 and GAL-AR4-52 with full-length
AR (unpublished studies). The discrepancy between the assays
is currently not understood. We reported previously that an
AR NH,-terminal WXXLF motif contributes to the N/C in-
teraction, but the influence of specific ligands is not known.
Like the AR NH,-terminal FXXLF motif, the WXXLF motif
interacts with AF2 in an androgen-dependent manner (17).
The effectiveness of MPA to displace MAGE-11 may contrib-
ute to its strong transcriptional effects observed in transient
transfection assays (27).

In the presence of DHT, competition between MAGE-11
binding and the AR N/C interaction depends on the DHT
concentration and subcellular location of AR. At subsaturating
concentrations of androgen (=10 nM DHT for AR expressed
in COS cells), steady-state levels of AR protein were reduced,
suggesting that MAGE-11 interferes with the N/C interaction
that mediates androgen-induced AR stabilization. However,
the AR N/C interaction prevailed at higher androgen levels,
and stabilization was restored for wild-type AR but not for the

AR-FXXAA mutant defective in the N/C interaction. At an-
drogen levels that fully saturate the AR, the N/C interaction
apparently prevailed over MAGE-11 binding.

Even more compelling evidence for the intracellular com-
petition between MAGE-11 and the N/C interaction is that
MAGE-11 increases the dissociation rate of bound androgen
from AR. Slow androgen dissociation is a hallmark of the AR
N/C interaction (14, 17, 51). However, we also found that the
nuclear transport mutant that localizes in the cytoplasm in the
presence of DHT stably associates with MAGE-11 in the ab-
sence and presence of androgen. In the presence of androgen,
ARm4 engages in an N/C interaction, based on its stabilization
by androgen and by the slow rate of dissociation of bound
ligand (51).

Thus, high-affinity agonist binding and AR nuclear transport
both appear to be necessary to establish the dynamic relation-
ship between MAGE-11 and AF2 binding at the AR NH,-
terminal FXXLF site. By binding the FXXLF motif,
MAGE-11 competes for the androgen dependent N/C inter-
action, exposing AF2 to activation by coactivators. Increased
coactivator binding likely accounts in part for the MAGE-11-
induced increase in AR transcriptional activity of androgen-
responsive gene promoters, an increase that is synergistic with
coactivator expression. Moreover, the studies support multiple
protein interactions at a common FXXLF binding site whereby
MAGE-11 influences AR turnover, the N/C interaction, and
transcriptional activity in the absence and presence of agonist
binding. Binding of MAGE-11 may contribute to the intermit-
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tent binding of coactivators that has been reported during AR
mediated gene activation (41).

In vivo function of MAGE-11 and its role in prostate cancer.
Unlike most of the other MAGE family members that are cell
surface tumor-associated antigens, MAGE-11 is confirmed by
our studies as a cytoplasmic and nuclear protein that is ex-
cluded from nucleoli (24). A putative nuclear targeting signal
in MAGE-11 was recognized previously (23). Localization of
the MAGE family to the X chromosome and homology to a
group of proteins in the sex-determining region of the X chro-
mosome support a role for MAGE-11 in AR function during
phenotypic sex determination. MAGE-11 is highly conserved
in primates, although a cDNA and genomic DNA database
homology search indicates MAGE-11 may not exist in lower
species. However, a related MAGEB family of genes was re-
cently reported that is ~60% homologous to the MAGE (MA-
GEA) family (32). The MAGEB gene family maps to the Xp21
region of the X chromosome and is associated with a dose-
sensitive sex reversal phenotype (29, 32, 35) and with the
DAX-1 gene, where mutations cause X-linked adrenal hyp-
oplasia congenita and hypogonadotropic hypogonadism (34).

From an evolutionary perspective, the AR AF2 region of the
ligand binding domain is more highly conserved among all
species that express AR than is the FXXLF motif. This sug-
gests that the AR AF2 region evolved prior to the FXXLF
motif. Exclusive expression of MAGE-11 in primates may con-
tinue this evolutionary progression in AR regulation, suggest-
ing that mechanisms that control the function of AR, one of
the youngest members of the nuclear hormone receptor super-
family, continue to evolve.

It remains to be established in which cell types and under
what physiological conditions MAGE-11 influences AR activ-
ity. MAGE-11 mRNA was not detectable by Northern blotting
and required RT-PCR methods. Endogenous MAGE-11 pro-
tein was detected in prostate cancer cells and at higher levels in
HeLa cells when the AR was stably expressed. Since
MAGE-11 mRNA levels were not higher in HeLaAR1C cells
stably expressing AR, the increase in MAGE-11 protein sug-
gests that AR stabilizes MAGE-11 in a reciprocal relationship
with the stabilizing effect of MAGE-11 on AR in the absence
of androgen. The melanoma gene family of proteins is char-
acterized by expression in cancer cells, but MAGE-11 is also
expressed in normal tissues including testis, placenta (5), and
(as shown here) ovary and prostate. The presence of
MAGE-11 mRNA in a human foreskin fibroblast cell line also
supports a role for MAGE-11 in AR transcriptional activity in
normal cells.

Our studies further suggest that MAGE-11 may be impor-
tant in prostate cancer. We found higher levels of expression of
MAGE-11 mRNA in prostate cancer cells that express AR and
that have been shown to have increased levels of the SRC/p160
family of coactivators (9). The MAGE-11-induced stabilization
of AR in the absence of hormone could account for the in-
creased levels of AR frequently observed with recurrent pros-
tate cancer (3, 28, 46) and may contribute to the increased
ligand-independent AR transcriptional activity. This, together
with increased levels of the coactivators SRC1 and TIF2 (10),
could enhance the sensitivity of AR to low androgen levels (11,
12, 33) and to the effects of mitogen signaling (9). The data
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support that MAGE-11 is a new player in the cellular pathways
that mediate AR transactivation in normal and cancer cells.
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