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INTRODUCTION
The androgen receptor mediates the biological functions of androgens in gene expression
and is implicated in prostate cancer. Androgen ablation therapy, while effective in early
androgen-dependent stages, nonetheless fails in the androgen-independent stages of
advanced prostate cancer. Although the mechanism for the clinical response to androgen
withdrawal therapy is not clear, androgen-independent progression has been associated
with mutations or amplification of the androgen receptor gene and activation of
intracellular signal transduction pathways that stimulate the androgen receptor function.
Insights into this problem and a possible therapy for prostate cancer may be gained from
a detailed understanding of the molecular mechanisms by which androgen receptor
activates key target genes in malignant prostate cells. Our hypothesis is (i) that the
transition from androgen-dependent to androgen-independent prostatic cancer involves
alterations in the levels or activities of coactivators that interact physically and/or
functionally with AR to activate genes whose expression contributes to malignancy and
(ii) that an understanding of the nature, regulation and mechanism of action of these
factors can facilitate the development of anti-prostatic cancer therapy. The general
objective is to use completely defined cell-free transcription systems both to identify
novel AR-associated cofactors, isolated by conventional fractionation and/or affinity
methods, and to investigate the mechanism of action of these and previously identified
candidate coactivators. Toward this objective we will (i) investigate purified androgen
receptor and cognate cofactor functions in cell-free transcription systems reconstituted
with general initiation factors and cofactors, wild type and mutant androgen receptors,
and both DNA and chromatin templates, (ii) identify by complementation assays, purify
by affinity methods, and characterize mechanistically additional (co)factors that act in
association with androgen receptor on androgen receptor-activated genes and (iii)
investigate possible changes either in the levels or in the activities (functional
modifications) of these factors (e.g. in response to other signal transduction pathways)
during prostate cancer development. This approach might provide new drug
development insights into targeting the androgen receptor pathway downstream of the
point of ling-receptor interaction.
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BODY
Task I

To analyze the cofactor requirements and mechanisms of action of AR
on purified DNA templates in a purified system (months 1-12):
a. express and purify various cofactors (months 1-6).
b. immunopurify cofactor complexes from cell lines (months 1-6).
c. perform transcription assays (months 1-6).

We have fully finished the proposed research in this task and the obtained results have
been published in two papers (Appendices I and IV). We have established a welldefined cell-free transcription system comprised of the recombinant TFIIA, TFIIB,
TFIIE, TFIIF, PC4 and the natural immuno-purified TFIID, TFIIH and RNA Pol II
complexes (Appendix I). Using a synthetic ARE-containing DNA template, we have
systematically analyzed requirements for the TRAP/Mediator components, SRC 1, p300
and miscellaneous coactivators. Amino-terminal enhancer of split (AES) strongly
inhibited AR-dependent transcription both in vitro and in vivo (Appendix I) and the p44containing complex enhanced AR-dependent transcription in vitro (Appendix IV).
Thus, we have identified new negative and positive regulatory pathways for AR through
an associated co-repressor or coactivator. SRCl, p300, ARA70 and PGC-1 failed to
activate AR-dependent transcription in this reconstituted system (First Annual Report,
Figure 1). In contrast, the immuno-purified Mediator complex enhanced AR function
and protein-protein pull-down assays revealed that that AR directly interacts with
TRAP220 and with TRAP80 (Fist Annual Report, Figures 1 and 2). Consistently with
these in vitro observations, transfection assays with TRAP220/ mouse embryo
fibroblasts (derived from embryonic knockout mice) (3) also showed that TRAP220 is
essential for optimal activation by AR lacking the LDB but (under these suboptimal
assay conditions in non-prostate cells) not for activation by intact AR (First Annual
Report, Figure 3). These results thus implicate TRAP220 in a ligand-independent
activation function of AR and are of potential significance with regard to androgenindependent growth of prostate cancer cells.
Task 2
To analyze the cofactor requirements and mechanisms of action of AR
on chromatin templates (months 1-12);
a. purify human core histones from HeLa cells (months 1-6)
b. express and purify NAP1, ACF1 and ISWI (months 1-6)
c. assemble chromatin in vitro (months 6-12)
d. perform transcription assays on the chromatin template (months 612)
Toward this goal for AR, we have established a chromatin assembly system based on
purified components (Fist Annual Report, Figure 4). In this system we observed the p300
and acetyl-CoA dependent transcription from the chromatin template using the GAL4VP16 as a activator (First Annual Report, Figure 4). However, the AR-dependent
transcription from the chromatin template was not observed even in the presence of
SRC 1, p300, acetyl-CoA, and the androgen (R1881) (Second Annual Report, Figure 1).
Therefore, the AR-driven transcription with the chromatin template did not work out as
expected. One possible reason for the failure to obtain AR-dependent transcription from

5

the chromatin template is that additional cofactors required for AR-dependent
transcription from the chromatin template are lacking in our cell free system. The future
work will be to include various cofactors such as the Mediator (2), the p44-containing
complex (Appendix IV), and the ATP-dependent chromatin-remodeling complex
(SWI/SNF complex) (4) in the cell-free transcription system with the chromatin template
in the future.
To determine activators and cognate cofaetors acting in conjunction
Task 3
with AR on natural promoters (months 1-12):
a. analyze the Probasin promoter elements (months 1-6)
b. express and purify the involved activators (months 6-12)
c. perform transcription assays using the recombinant activators
(months 6-12)
In order to study AR function in the context of natural promoters and
synergistic interactions with other activators. We have determined the
promoter elements on the probasin promoter and found that the Myb-binding
site is a critical element. The recombinant Myb was expressed in bacteria and
purified through Ni-NTA agarose column. In the purified reconstituted
transcription system containing the purified general factors, cognate coactivator
(PC4), and purified AR, we did not observed the synergism between AR and
Myb. Chromatin templates may be necessary to elicit synergism. Due to the
failure to obtain the AR-dependent transcription from the chromatin template,
this research was not pursued further.

Task 4

To establish the nontumor prostate and androgen-indenpendent prostate
cancer cell lines that stably expresse a FLAG-tagged androgen receptor
(months 13-24):
a. transfect the cell lines MDA PCa 2b and RWPE-I with pBabe-neof'AR (months 13-18)
b. select the drug resistant cell line (months 13-18)
c. analyze the drug resistant cell lines (months 19-24)

BPH (non-neoplastic) and PC3 (androgen-independent tumorigenetic) prostate cell lines
are wildly used and are available from the American Type Cell Culture (ATCC) (5).
They grow well in the RPI1640 medium in tissue culture. In contrast, RWPE-1 (nonneoplastic) and MDA PCa2b (androgen-independent tumorigenetic) are not commonly
used and need special medium for their growth in the tissue culture (1, 6). Therefore,
we have chosen BPH and PC3 cells instead of RWPE- 1 and MDA PCa2b cells for the
proposed studies. BPH and PC3 cell lines were transfected with pBabe-Neo-FLAG:AR
and selected with G418. The G418 resistant cell lines were analyzed for the expression
of the FLAG-tagged AR by Western blot analysis with anti-AR antibody. Two PC3 cell
lines (PC3-AR-2 and PC3-AR-9) express the high levels of AR (Second Annual Report,
Figure 2). Consistent with the published observations (7), we found that the PC3 cells
expressing ectopic AR grow slower and have the higher apoptotic rate than the parent

PC3 cells. At the same time and under the same conditions, we did not obtained any
BPH cell line expressing the ectopic FLAG-tagged AR. This indicated that AR might
inhibit the growth of BPH cells. This is consistent with our resent observations that the
expression of AR in the primary prostate epithelial cells was lost after growing in the
tissue culture for two weeks. Currently, we are using the Tet-inducible system
(Clonetech) to express the FLAG-tagged AR in BPH cells. In the future we will
inmmunopurify the AR-containing complexes from cytoplasmic or nuclear extracts
made from these cell lines growing in the presence or in the absence of the synthetic
androgen R 1881.
Task 5

Purification and peptide sequence analysis of f.AR-associated proteins
(months 13-24):
a. grow f'AR-LNCaP cell line (months 13-24)
b. make nuclear and cytoplasmic extractsfrom f'AR-LNCaP cells
(months 13-24)
c. analyze sequences of thef'AR-associatedpolypeptides(months 18-24)

This task has been fully completed. The results have been published (Appendix IV).
Task 6

Cognate cDNA cloning, recombinant protein expression and antibody
production (months 25-36):
a. clone cognate cDNA of the f.'AR-associatedpolypeptides (months 2530)
b. express andpurify the f.'AR-associatedpolypeptides (months 25-30)
c. make polyclonal antibodiesagainstthe f.'AR-associatedpolypeptides
(months 25-30)

This task has been fully completed. The results have been published (Appendix IV).

Task 7

Functionalanalysis off.'AR-associatedproteins (months 30-36):
a. perform in vitro transcriptionassays with the f.AR-associated
polypeptides (months 30-36)
b. perform western blotting analysis of thef.AR-associatedpolypeptides
(months 30-36)
c. perform in vivo transient transfection analysis with the f.ARassociated
polypeptides (months 30-36)

This task has been fully finished. The results have been published (Appendix IV).

Task 8

Cell specificity and function of fAR-associated cofactors (months 30-36):
a. perform Western blotting analysis (months 30-36)
b. perform in situ hybridization with prostate cancer samples
(months 30-36)
7

This task has been fully completed. The results have been published in two papers
(Appendices II and IV).

KER RESEARCH ACCOMPLISHMENTS
I. Established a cell-free transcription system to investigate functions and mechanisms
of purified androgen receptor and cognate cofactors.
2. Purification, identification and cloning of novel cofactors (AES and p44) that
regulated AR-dependent transcription both in vitro and in vivo.
3. Found that change of expression levels of AR cofactors may play important roles in
prostate growth and tumorigenesis.
REPORTABLE OUTCOMES (PUBLICATIONS)
1. Yu, X., Li, P., Roeder, R.G. and Wang, Z. (2001). Inhibition of
androgen receptor-mediated transcription by the amino-terminal
enhancer of split, a Groucho/TLE family protein. Mol. Cell. Biol.
21:4614-4625.
2. Li, P., Yu, X., Ge, K., Melamed, J., Roeder, R.G. and Wang, Z.
(2002) Heterogeneous Expression and Functions of Androgen
Receptor Coactivators in Primary Prostate Cancer. J. Am.
Path.161: 1467-1474.
3. Liu, G.Z., Wang, H. and Wang, Z. (2003). Identification of a
Highly Conserved Domain in the Androgen Receptor That
Suppresses the DNA-Binding Domain-DNA Interactions. J. Biol.
Chem., 278:14956-60.
4. Hosohata, K., Li, P., Hosohata, Y., Qin, J., Roeder, R.G. and
Wang, Z. (2003). Purification and identification of a Novel
Complex Which Is Involved in Androgen Receptor-Dependent
Transcription. Mol. Cell. Biol., 23:7019-7029.
5. Gao, S., Liu, G.Z. and Wang, Z. (2004). Modulation of Androgen
Receptor-Dependent Transcription by Resveratrol and Genistein in
Prostate Cancer Cells. The Prostate,59:214-225.

CONCLUSIONS
We have fulfilled the proposed tasks. We have investigate AR and cognate cofactor
functions in cell-free transcription systems reconstituted with general initiation
factors, cofactors, androgen receptors, and androgen-responsive templates. In this
system, we observed an AR-dependent transcription, which could be positively or
negatively modulated by various AR cofactors. Relevant to the mechanism involved,
we have identified two Mediator subunits as potential targets for AR and TFIIE as a
potential target for the negative AR cofactor (AES). We have identified AES and
p44 as new AR-interacting proteins, which positively or negatively modulate AR
transactivation. We also investigate the expression of AR and 10 cofactors in primary
prostate cancers and found near constant expression of AR and heterogeneous
expression of AR cofactors. Modulation of cofactor expression affected the
proliferation and colony formation of prostate tumor cells. Together, these findings
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indicate that the change of expression levels of AR cofactors may play important
roles in prostate growth and tumorigenesis.
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Inhibition of Androgen Receptor-Mediated Transcription by
Amino-Terminal Enhancer of split
XIN YU,' PENG LI, 2 ROBERT G. ROEDER,1 AND ZHENGXIN WANGI*
Laboratory of Biochemistry and Molecular Biolobg', The Rockefeller University, New York, New York 10021, I and
Department of Pathology, New York University Medical Center, New York, New York 100162
Received 13 February 2001/Returned for modification 21 March 20(11/Accepted 18 April 20y)1
A yeast two-hybrid assay has identified an androgen-dependent interaction of androgen receptor (AR) with
amino-terminal enhancer of split (AES), a member of the highly conserved Groucho/TLE family of corepressors. Full-length AR, as well as the N-terminal fragment of AR, showed direct interactions with AES in in vitro
protein-protein interaction assays. AES specifically inhibited AR-mediated transcription in a well-defined
cell-free transcription system and interacted specifically with the basal transcription factor (TFIIE) in HeLa
nuclear extract. These observations implicate AES as a selective repressor of ligand-dependent AR-mediated
transcription that acts by directly interacting with AR and by targeting the basal transcription machinery.
Androgen receptor (AR) is a member of the superfamily of
ligand-inducible transcription factors and mediates the biological actions of androgens (19). Like other superfamily members, AR contains a central DNA-binding domain, a C-terminal ligand-binding domain with an associated AF-2 activation
domain, and a large N-terminal region containing the AF-1
activation domain (4, 26). Nuclear receptors regulate the transcription of their target genes through the agency of various
coactivators and corepressors that are recruited to target genes
through interactions with promoter-bound receptors (56).
Many of the known coactivators for nuclear receptors contain
histone acetyltransferase activities and are thought to act
mainly through targeted chromatin structural perturbations
that facilitate the subsequent recruitment (to the promoter)
and function of other transcriptional coactivators and basal
transcriptional factors (3). Transcriptional corepressors, by
contrast, mediate repression by various nuclear receptors.
Some nuclear receptors (including retinoid receptor, thyroid
hormone receptor, vitamin D receptor, and certain orphan
receptors) that are not associated with heat shock proteins in
their unliganded state repress transcription by recruitment of
corepressor complexes (15, 35). Corepressor complexes contain histone deacetylase (HDAC) activities that maintain chromatin in a configuration that excludes functional interactions
of the general transcriptional machinery with the promoter. In
contrast, unliganded steroid receptors (including AR) generally associate with heat shock proteins and, upon ligand binding, dissociate from the heat shock proteins, translocate to the
nucleus, and associate with coactivators to activate or repress
target genes (30).
Another type of corepressor, implicated in the function of
other types of repressors, is the Groucho/TLE family (see Fig.
ID) (5, 11). The larger family members such as Drosophila
Groucho and its mammalian homologues, the TLE proteins
(transducin-like enhancer of split [TLEI-3]), share five do-

mains. A carboxyl-terminal WD-40 repeat domain (WD-40)
and an amino-terminal glutamine-rich domain (0) are highly
conserved. In the much less well-conserved central region,
there is a loosely conserved CcN motif (CcN), consisting of
putative cdc2 kinase and casein kinase I1phosphorylation sites,
and two poorly conserved regions (GP and SP) that are characteristically rich in either glycine and proline (GP) or serine
and proline (SP) residues. A shorter family member, human
TLE4, is similar except for the absence of the amino-terminal
Q and GP domains. The shortest family member, amino-terminal enhancer of split (AES), shares only the first two regions
of the amino terminus.
The Q domain mediates both homo- and hetero-oligomerization between Groucho/TLE family proteins, whereas the
WD-40 repeats appear to mediate protein-protein interactions
with relevant DNA-binding activators and repressors. Groucho/TLE proteins do not have recognizable DNA-binding domains but can repress transcription directly if tethered to DNA
through a Gal4 DNA-binding domain or if recruited to DNA
through interactions with other DNA-binding activators and
repressors. The function of AES remains controversial. It was
suggested that AES might act as an inhibitor of Groucho/TLE
corepressors by dominant negative mechanisms (28, 45). On
the other hand, AES has been shown to mediate Blimp-ldependent repression of the beta interferon gene (41) and to
repress NF-KB-driven gene expression (51) in vivo.
Here we demonstrate that AES physically interacts with
human AR both in vivo and in vitro and that it represses
AR-dependent transcription both in transient-transfection assays and in a purified cell-free transcription system. In addition, we find that AES interacts selectively with the basal transcription factor TFIIE. These observations indicate that AES
represses AR-driven transcription by directly targeting the
basal transcription machinery.
MATERIALS AND METHODS

Corresponding author. Mailing address: The Laboratory of Bio-

Yeast screening. The yeast two-hybrid screening was performed as previously
described with minor modifications (57). Briefly, an expression plasmid encoding
the Cyto-trap bait was generated by inserting the cDNA sequences of human AR
into pSos. a yeast shuttle vector. Saccharoinvce.' cerrvisiae strain cdc25H was

chemistry and Molecular Biology, The Rockefeller University, 1230
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327-7949. E-mail: wangz(- rockvax.rockefeller.edu.
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transformed sequentially with pSos-AR and human prostate cDNA library expression plasmids (Stratagene). The positive clones were those that grow on the
plates with galactose and 100 nM R1881 at 37°C but not on galactose plates in
the absence of R1881. Plasmids were reseued from each of these positive eolonies and identified by nucleotide sequencing.
Mammalian two-hybrid analysis. Expression vectors that encode hybrid
polypeptides were produced by inserting AES cDNA sequences into the pCMVGAL4 vector or by inserting AR eDNA sequences into the pVP-FLAG7 vector
(57). A mammalian two-hybrid assay was conducted in 293T cells as described
previously (52), except that when indicated, transfected cells were incubated for
40 h with medium containing 100 nM R1881. The pRL-LUC plasmid was ineluded in each culture of transfected cells as an internal control. The luciferase
activity was determined using the Dual-luciferase assay system (Promega).
Transient transfection. The AR and AES expression vectors for transfection
assays were constructed by inserting their corresponding eDNA sequences into
pcDNA3.1. The AR-responsive reporter gene ARE4-LUC contains four ARresponsive elements ahead of the E4 basal promoter and the luciferase gene.
HeLa Z cells were maintained in Dulbecco's modified Eagle's medium plus 10%
fetal bovine serum. Transfections were performed using SuperFect reagent (Qiagen). Briefly, 10Wcells were plated onto 24-well plates approximately 24 h before
transfection. After the plates were washed with phosphate-buffered saline, cells
in each well were transfected with 50 ng of an expression vector (AR, estrogen
receptor JER], or thyroid hormone receptor [TRI), 110 ng of the reporter
plasmid, 5 ng of the pRL-LUC internal control plasmid. and the indicated
amount of the AES expression vector. The total amount of DNA was adjusted to
I lxg with pcDNA3. I. Transfections were conducted in phenol red-free RPMI
1640 medium, and 2 h later the medium was changed either to phenol red-free
RPMI 1640 medium plus 101 charcoal dextran-stripped fetal bovine serum or to
regular medium containing IN) nM R1881, I p.M P3-estradiol, or 10 nM T3. The
cells were cultured for another 48 h and harvested for luciferase assays (Promega). For trichostatin A (TSA) treatment, 10 ng of TSA per ml wits added to
transfected cells 24 Is before harvest. Three independent experiments were carried out in each case for statistical analysis.
Purification of transcription factors. Histidine-tagged TFIIAsx and TFIIA-y
were expressed in bacteria via the pRSET vector and purified on Ni-nitritotriacetic acid (NTA)-agarose in the presence of 6 M urea (8). TFIIAa-y was
reconstituted with a combination of equimolar amounts of purified TFIIAn and
TFIIAy and dialyzed against BC300-0.l1% NP-40. The FLAG-tagged TFIIAP3
was expressed via vector pETl5d and purified on M2 agarose. TFIIA was reconstituted with a combination of equal amounts of TFIlArsy and TFIIA3.
Bacterially expressed histidine-tagged TFIIB was purified on Ni-NTA-agarose
and phosphocellulose. tlistidine-tagged TFIIEa and FLAG-tagged'TFllEE were
expressed in bacteria and purified on Ni-NTA-agarose and M2 agarose, respectively, and TFIIE was reconstituted with a combination of two subunits and
further purified through M2 agarose. TFIIF was expressed and reconstituted as
reported previously (53). Bacterially expressed untagged PC4 was purified

through heparin-Sepharose and phosphocellulose (13). Histidine-tagged GAL4VPI6 was expressed in bacteria and purified through Ni-NTA-agarose and SSepharose.
Nuclear extract was made from the FLAG-tagged TAFI35 cell line (31) and
further fractionated by phosphocellulose and DEAE cellulose (DE52) chromatography. FLAG-tagged TFIID (f:TFIID) was isolated fromn the 0.3 M KCI
fraction of a DE52 column by M2 agarose affinity purification. HeLa cell lines
stably expressing FLAG-tagged RPB9 and FLAG-tagged XRBI were established, and FLAG-tagged RNA polymerase I1 (f:PoIll) and TFIIH (f:TFIIH)
were purified from these cell lines by described procedures (54). Recombinant
human androgen receptor was expressed in Sf9 cells via a baculovirus vector as

a FLAG-tagged fusion protein and purified on M2 agarose.
In vitro transcription and primer extension. To create the template pARE-

E4, a DNA fragment containing four copies of the androgen-responsive element
(AGAACAGCAAGTGCI) from the PSA promoter was inserted into Sphl and
Xbol sites of the vector pG5E4. Transcription reactions were carried out in a
final volume of 25 pIl,and the reaction mixtures contained 90 fmol of supercoiled
plasmid DNA template, 211mM HEPES (pH 7.9). 12% glycerol. 6 mM MgCI,,
701mM KCI, 5 mM dithiothreitol (DTT), 6liWpLMeach ALP, UTP, CTP, and
GTP, 40 U of recombinant RNasin, 0.5 mg of bovine serum albumin per ml, 12
1
ng of TFIIA. 30 jsg of TFIIB, 2 id(of f:TFIID, 0.5 Ip of f:TFIIH. 12 ng of TFIIF,
6 ng of TFIIE, 150 jig of PC4. I gl of f:LPolll, 30 ng of human AR. and various
amounts of different cofactors. After a 60-min incubation at 30'C. the transcrip-

lion reactions were stopped by adding 175 p0lof stop solution (1% sodium
dodecyl sulfate, 5 mM EDTA, 1511mM NaCI, 2(0mM Tris-HCI [pH 7.5]. 20 -g
of glycogen, 40 ptg of proteinase K) and incubating the mixture for 20 min at
37°C. RNA wits extracted with phenol-chloroform and precipitated with ethanol.
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It was then hybridized with the kinase -IP-laheled primer CGCCAAGCIAIF
TAGGTGACACTAT (5' end labeled: I x 10" to 2 x 10l' cpm) in 20 p.1 of
hybridization btffer (10 mM Tris-HCI [pH 7.5], 250 mM KCI, I mM EDTA) for
91 min at 37°C. The primer extension reaction was started by adding 41) j1 oif
extension reaction solution (75 mM Tris-HCI [pit 8.0], 15 mM DTxr, 12 mM
MgCI,, 75 p.g of actinomycin D per ml. 12 U of recombinant RNasin, 750 IAM
each dATP. dTTP. d(TP. and dGTP, 1(H)U of SuperScript RNase It reverse
transriptase), and the reaction mixture was incubated for 9)0min at 3TC. The
eDNA products were extracted with phenol-chloroform: precipitated with ethanol: dissolved, and denatured (100I°C for 3 min) in Ill p.l of 95' formamide
containing 20 mM EDTA, 0.01,5%bromophenol blue, and 0.05% xylene cyanol
FF: and finally analyzed on a 6% polyacrylamide-7 M urea gel.
Protein-protein interaction assay. Recombinant glutathione S-transferase
(GST) fusion (expressed in bacterial cells) or FLAG-tagged (expressed in itiscet
1
cells) proteins (I Itg) were immobilized on 10 l of glutathione or M2 agarose
beads, respectively. Then 10 ilo of beads was incubated for 2 h at 4'C with 5 RI
5
of rabbit reticulocyte lysate containing [' S]Met-labcled proteins or 1)11JAIof
1
HeLa nuclear extract (60 Itg proteins) in a final volume of 200 p containing 20
mM HEPES (pH 7.9), 0.2 mM EDTA, 20% glycerol, 2 mM DTT, 1501mM KCI,
0.17,%NP-40 and 0.5 nsg of BSA per ml. The beads were washed live times (1 ml
1
each) with the incubation buffer, boiled in 10 l. of the 2X SDS gel sample buffer,
and analyzed by autoradiography or Western blot analysis. For the coimmuno1
precipitation assay, 10 pxlof M2 agarose heads was incubated with 250 p. of
9
whole-cell extract from transfected 2 13T cells in BC15I-1). 117 NP-40 for 2 h. The
beads were washed with the incubation butter and analyzed by Western blotting.
In situ hybridization. The archival normal prostate tissues were obtained
during radical prostatectomy of prostate cancer patients at New York University
Medical Center under an Institutional Review Board-approved protocol. The
procedure for in situ hybridization was as described previously (29). Briefly. tile
sections (4 Km) of prostate tissues were hydrated, postfixed in 4% paraformaldehyde, treated with proteinase K, and deacetylated. The prehybridization and
hybridization were performed at 68'C. The 536-bp AR (nucleotides 2224 to
2716) and the 648-bp AES (nucleotides 353 to 957) eDNA fragments containing
3
T7 and T3 promoters at each end was generated by PCR. The " Id-labeled probe
with T7 and
vitro
transcription
by
in
RNAs (sense and antisense) were generated
T3 RNA polymerases, respectively, and hybridized to the slides containing prostate tissue specimens. After being washed, the slides were exposed for 2 to 3
weeks and then counterstained with hematoxylin and cosin.
RESULTS

N-terminal domain of AR interacts with the Groucho/TLE
family protein AES. Various coactivators and corepressors
have been shown to play a critical role in mediating the functions of nuclear receptors (56). Although a number of ARinteracting coactivators have been identified (reviewed in ref-

erences 4 and 19), we have used a yeast two-hybrid screening
method to search for additional AR-interacting proteins. For
this assay, full-length human AR (residues 2 to 919) was fused
to human Sos (hSos) as a bait (Fig. IA). The temperaturesensitive mutant S. cerevisiae strain cdc25H, which contains a

point mutation in the yeast homolog (cdc25) of the hSos gene,
cannot grow at 37°C but can grow at the permissive temperature (25°C). This yeast strain was used to screen a human
prostate cDNA expression library fused to the v-Src myristyto the
pate
e NAe xpe ssion library fused
lation sequence, which anchors the fusion protein to the
plasma membrane. If the bait and target proteins physically
interact, the hSos protein is recruited to the membrane,
thereby activating the Ras signaling pathway and allowing the
cdc25H yeast strain to grow at 37'C.
Approximately 2 million transformants from the prostate
cDNA library were screened, and 35 positive clones were obtained. Nucleotide sequence determination and comparison
with GenBank databases (National Center for Biotechnology
Information) revealed seven clones that encoded the human
AES (5, 11). To confirm that the interactions between AR and
AES are specific, human AES was fused to the Gal4 DNA-
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FIG. I. AR interacts with AES in vivo. (A) Schematic diagram of the Ras signaling pathway utilized in the yeast two-hybrid system. (B)
Mammalian two-hybrid assay with Gal4-AES and AR-VP16 fusion proteins in 293T cells. 293T cells were cotransfected with I ýtg of either
AR-VPI6, GaI4-AES. VP16, or GaI4-DBD in the presence or absence of R1881 (10(0 nM), along with I(N) ng of pG5-Luc reporter plasmid. A
significant interaction was detected only between AR and AES. (C) AR was coimmunoprecipitated with AES. 293T cells were transfected with AR
(lane I) or AR and FLAG-tagged AES (lanes 2 and 3) in the presence (lanes I and 3) or absence (lane 2) of R1881 (100 nM). Whole-cell extracts
were made from the transfected cells and incubated with M2 agarose beads. The immunoprecipitated proteins were analyzed by Western blotting
with an anti-AR antibody. (D) Domain structures of three forms of the Groucho/TLE family proteins.

binding domain and AR was fused to the VP16 transcriptional
activation domain. These constructs were transfected into
293T cells with a reporter containing five Gal4-binding sites
and the Elb core promoter fused to the luciferase gene, and
activation of luciferase reporter was measured in the absence
and presence of ligand (R1881). A sevenfold activation of the
reporter gene was observed in the presence of androgen but
not in its absence, indicating that AR-AES interactions are
hormone-dependent in vivo (Fig. 1B). As negative controls,
neither coexpression of AR-VP16 with Gal4-DBD nor coex-

pression of Gal4-AES with VPI6 resulted in significant liganddependent activation of the reporter (Fig. 11B). To further
confirm the interaction of AR with AES in mammalian cells,
we performed a coimmunoprecipitation using immobilized anti-FLAG monoclonal antibody (M2 agarose). AR was coinmunoprecipitated with AES from the whole-cell extract made
from cells transfected with AR and FLAG-tagged AES in the
presence of 100 nM ligand (R1881) (Fig. IC, lane 3). In the
absence of ligand, only trace amounts of AR were coimmunoprecipitated (lane 2). As a negative control, no AR was immu-
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Radiolabeled AES was incubated with M2 (lanes 2 and 4) or FLAG-tagged AR immobilized on M2 agarose beads (lanes 3 and 5) in the absence
(lane 2 and 3) or presence (lanes 4 and 5) of 100 nM R1881. After the beads were washed, bound AES and 5% of the input (IP) (lane I) were
analyzed on by SDS-PAGE (12% polyacrylamide) and visualized by autoradiography. (C) The N-terminal part of AR is sufficient to bind to AES.
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washed, the bound proteins and 5% of the input (IP) (lanes I to 3) were analyzed by SDS-PAGE (12%~rpolyacrylamide) and visualized by
autoradiography. (D) Diagram of AR, AR DNA-binding domain, and AR ligand-binding domain.

noprecipitated by M2 agarose when the cell was transfected
with AR alone (lane 1).
To further investigate the interactions of AES with AR, we
performed in vitro protein-protein pull-down assays. In vitrotranslated [ 35 S]AES was incubated with FLAG-tagged AR that

had been expressed in Sf9 cells and immobilized on M2 agarose beads (Fig. 2A, lane 2). Figure 2B shows that AES bound
to AR-M2 (lanes 3 and 5) but not to unliganded M2 agarose
beads (lanes 2 and 4). These interactions were found to be
ligand independent (Fig. 2B, compare lane 5 with lane 3), a
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for luciferase activity assays. (B) TR-mediated T3-dependent luciferase gene expression is not suppressed by AES. The reporter construct contains
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T3 before being harvested for luciferase assays. (C) ER-mediated estradiol-dependent luciferase gene expression is not suppressed by AES. The
reporter construct contains 3XERE. the E4 core promoter, and the luciferase gene. After transfection, HeLa cells were grown for 48 hi in the
absence or presence of I [tM estradiol before the luciferase assays were performed.

somewhat surprising observation in view of the observed ligand-dependent interactions in vivo (Fig. IB). This discrepancy is probably because AR associates with heat shock proteins and other chaperones in vivo in the absence of androgen
(30), thereby preventing its interactions with AES as well as
other cofactors. To identify the AR domain that interacts with
AES, the N-terminal, DNA-binding, and ligand-binding domains of AR (Fig. 2D) were expressed as 35S-labeled proteins
and incubated with GST and GST-AES fusion protein immobilized on glutathione-agarose beads (Fig. 2A, lanes 3 and 4).
As shown in Fig. 2C, the N-terminal part bound to GST-AES
(lane 5) but not to GST alone (lane 4) whereas the DNAbinding and ligand-binding domains failed to interact (lanes 7
and 9). This demonstration that AES interacts with the AR
N-terminal region is interesting in light of the significant role
of this region in target gene activation by liganded AR (26).
AES represses AR-dependent gene expression. We then investigated the effect of AES on AR-dependent transcription by
performing transient-transfection assays. The luciferase re-

porter plasmid containing four tandem copies of the PSA gene
androgen-responsive elements (7) upstream of the minimal
adenovirus E4 promoter (see Fig. 5C) was cotransfected with
expression vectors for AR and/or AES into HeLa Z cells in the
absence or presence of ligand (R1881). As shown in Fig. 3A.
AR activated the reporter gene about fourfold in the presence
of androgen, and coexpressed AES completely blocked this
AR-dependent transactivation in a dose-dependent manner. In
the absence of cotransfected AR or ligand (R1881), AES did
not influence reporter gene activity, indicating that the inhibitory effect of AES on AR-dependent gene expression was not
due to an effect on the E4 promoter. Similar results were
obtained with the LNCaP prostate cancer cell line (data not
shown).
To further examine whether the inhibitory effect of AES is
specific for AR, we compared the effects of AES on the transcription of reporters containing the same E4 promoter under
the control of TR and ER. As shown in Fig. 3B and C, TR and
ER activated the reporter genes about 17- and 35-fold, respec-
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FIG. 4. Transcription activation by a model activator in a cell-free system reconstituted with purified factors. (A) SDS-PAGE analysis of
purified factors. Coomassie blue R250 staining of purified recombinant activator GAL4-VP16 (lane t1), the general coactivator PC4 (lane 10), and
the general initiation factors TFIIA, TFIIB, TFIIE, TFIIF, and TBP (lanes 2 to 6) was performed. Silver staining of the immunopurified
FLAG-tagged multisubunit general initiation factors TFIID and TFIIH and RNA polymerase I1 (lanes 7 to 9) was performed. The subunits
identified as integral subunits are indicated by size (in kilodaltons) or by name on the right. Some bands are difficult to visualize because of weak
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1 shows molecular weight markers (M), (B) Activator-dependent transcription. Transcription was conducted with the purified components shown
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tively, in the presence of their cognate ligands (T3 and estradiol). In contrast to its dramatic effect on AR-mediated transactivation, AES showed no effect on TR- or ER-mediated
transcription. Western blot analysis revealed that the expression levels of ER were comparable to those of AR (data not
shown). Hence, AES shows nuclear receptor-specific inhibitory
effects in vivo.
Establishment of a highly purified in vitro transcription
system for activator function. To study the mechanism of basal

and activator-dependent transcription, we established an activator-responsive complementation assay involving homogenous recombinant and FLAG-tagged immunopurified natural
general initiation factors (TFIIs) and positive cofactors (PCs)
(43, 44). The recombinant factors expressed in and purified
from bacteria included TFI1A (three subunits [Fig. 4A, lane
61), TFIIB (one subunit [lane 2]), TFIIE (two subunits [lane
4]), TFIIF (two subunits [lane 5]), and PC4 (I subunit [lane
10]). The multisubunit components purified from cell lines
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of the synthetic ARE-containing promoter. The template (pARE-E4) contains four tandem copies of the ARE from the PSA promoter positioned
upstream of the adenovirus E4 promoter.

expressing FLAG-tagged subunits included f:TFIID (- 15 subunits [Fig. 4A, lane 7]), f:TFIIH (9 subunits [lane 8]), and f:Pol
11 (12 subunits [lane 91). Recombinant GAL4-VP16 (lane 11)
was used as an activator to establish the functionality of this
particular assay system. The GAL4-VP16-responsive template
pG5E4 (Fig. 4C) contains five Gal4-binding sites preceding the
adenovirus E4 core promoter (from -38 to +93) (36). To
determine whether all purified factors are required for transcription in our highly purified transcription system, we first
tested a complete mixture of all GTFs, Pol II, Gal4-VP16, and
PC4 with supercoiled DNA template (pG5E4) and then omitted individual factors. As shown in Fig. 4B, basal (activatorindependent) transcription (lane 2) is completely dependent
on TFIID (lane 8), TFIIB (lane 9), TFIIE (lane 7), TFIIF (lane
6), and Pol II (lane 4) whereas activation (up to 25-fold) by
GAL4-VPI6 (lane I) absolutely requires Pol II and all initiation factors other than TFIIA.
AES represses AR-driven transcription in vitro. For initial
tests of AR function, we constructed a synthetic hybrid promoter (pARE-E4) containing four copies of an androgen response element (ARE) from the PSA promoter (7, 42) just
upstream of the adenovirus E4 core promoter (Fig. 5C). This
template was assayed in the above-described purified system
supplemented with an affinity-purified TRAP complex previously shown to facilitate transcription by other nuclear receptors (12, 17, 58). In this .system, the purified baculovirus-expressed recombinant AR (Fig. 5A, lane 4) activated
transcription threefold (Fig. 4B, compare lane 2 with lane 1).
To test its effect on AR-dependent transcription in this system,

human AES was expressed in and purified from bacteria (Fig.
5A, lanes I and 2). Addition of recombinant AES inhibited
AR-dependent transcription in a dose-dependent manner and,
at the highest level (100 ng), reduced it to the basal level
(compare lane 6 and lane 1). As negative controls, 100 ng of
recombinant mouse NAPI expressed and purified in a manner
identical to that for AES had no detectable effect on the
AR-driven transcription (compare lane 3 and lane 2) and recombinant AES did not repress but slightly (1.5-fold) enhanced Gal4-VP16-driven transactivation (compare lane 9 and
lane 8) in the same reconstituted system. These results suggest
that AES specifically and directly represses AR-driven transcription in vitro.
AES interacts with TFIIE. The structural resemblance of
Groucho/TLE proteins to Tupt (21), a general transcription
repressor in yeast, suggested that the two proteins may function by a similar mechanism. More recently. Gromoller and
Lehming (14) reported TUPI-mediated repression through
physical interaction with the SRB7 subunit of the yeast Mediator complex. To test whether human AES uses a similar
mechanism to repress transcription, we performed proteinprotein pull-down assays. GST-AES failed to bind the human
homolog (TRAP-Mediator complex, detected by anti-TRAP95
antibodies) of the yeast Mediator complex (27) in HeLa nuclear extract (Fig. 6A), as well as the independently expressed
SRB7 and MED7 subunits of the human TRAP-Mediator
complex (Fig. 6B, lanes 4 and 6). These results suggest that
human AES, unlike yeast Tupl, may not directly interact with
the Mediator complex.
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FIG. 6. AES interacts with TFIIE and represses AR-dependent transcription in the presence of TSA. (A) GST (lane 2) and GST-AES (lane
3), immobilized on agarose beads, were incubated with HeLa nuclear extract. The bound proteins (lanes 2 and 3) and 10% of the input (IP) were
analyzed by Western blot assays with the corresponding antibodies indicated on the left. (B) AES does not interact with MED7 and SRB7. GST
(lanes 3 and 5) or GST-AES (lanes 4 and 6) proteins, immobilized on beads, were mixed with 5 RI of in vitro-labeled SRB7 (lanes 3 and 4) and
MED7 (lanes 5 and 6). After the beads were washed, the bound proteins and 10% of the inputs (IP) (lanes I and 2) were analyzed by SDS-PAGE
(15% polyacrylamide) and visualized by autoradiography. (C) AES inhibits AR-dependent transcription in the presence of TSA. lteLa cells were
transfected with 100 ng of 4 XARE-E4-luc reporter plasmid, 50 ng of pCMV-AR, and 100 ng of pCMV-AES expression plasmid. Cells were grown
in the absence or presence of 100 nM R1881 and 10 ng of TSA per ml for 48 h after transfection and then were harvested for luciferase activity assays.

HDAC-containing complexes mediate the function of various corepressors in vivo (15, 35). To investigate whether AES
also functions through these complexes, we performed transient-transfection assays in the presence of the general
deacetylase inhibitor TSA. Figure 6C shows that AES still
actively inhibits AR-dependent transcription in the presence of
TSA and at a level similar to that observed in the absence of
TSA. These results suggest that AES represses AR-dependent
transcription by directly targeting the basal transcriptional machinery rather than through chromatin modifications involving
recruitment of HDAC-containing corepressor complexes. This
conclusion is further supported by the absence of demonstra-

ble interactions of AES with HDAC1- and HDAC3-containing
complexes (16, 25) in HeLa nuclear extract (Fig. 6A). However, since the reporter gene in the transient-transfection assay
may not be packaged appropriately into chromatin, we cannot
rule out the possibility of the involvement of HDACs in AES
function on endogenous genes within chromatin.
To further study the mechanism of action of AES, we performed additional protein-protein pull-down assays to assess
possible interactions of AES with components of the basal
transcriptional machinery. GST and GST-AES agarose beads
were incubated with HeLa nuclear extract, and the bound
proteins were analyzed by Western blot assays with polyclonal
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FIG. 7. AES expressed in the epithelial cells of the prostate. The slides containing sections of prostate tissues were hybridized with antisense
AR (A and B) or AES (C and D) RNA probes. The emulsion-coated slides were exposed and evaluated under a Nikon microscope with a digital
camera interfaced to a computer. The left and right panels show bright-field and dark-field images of the same area of the slides.

antibodies against subunits of RNA polymerase II and basal
transcription factors. As shown in Fig. 6A, TFIIE (detected by
antibodies against TFIIEa) was specifically retained by GSTAES, relative to GST alone, whereas other basal transcription
factors (TFIIA, TFIIB, TFIID, TFIIF, and TFIIH) and RNA
polymerase I1 failed to be bound. These observations implicate
TFIIE as a possible target for AES.
AES is highly expressed, along with AR, in prostate epithelial cells. To determine whether AES and AR are expressed in
the same cells in humans, we investigated the expression levels
of AES and AR in normal prostate tissues by in situ RNA
hybridization. Consistent with previous observations (32), the

expression levels of AR were high in the epithelial cells of the
prostate (Fig. 7A and B). Expression of AES was also evident
in the epithelial cells (Fig. 7C and D). As negative controls, no
hybridization signals above the background levels were detected with the sense RNA probes, thus indicating that the
signals obtained with the antisense probe are specific (data not
shown).
DISCUSSION
Various cofactors that have been implicated in the function
of AR, as well as a number of other nuclear receptors, include
p300/CBP, pl60 family proteins, the ARA group (ARA24,
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ARA45, ARA54, ARA55, ARA70, and ARA160), ARIP3,
SNURF, and BAG-IL (18, 19, 46). All of these enhance ARmediated transcription in vivo, although there is not a clear
mechanistic understanding of the function of these factors.
The results described here demonstrate (i) that AES is a selective repressor of ligand-dependent AR-mediated transcription and (ii) that AES physically interacts with the N-terminal
region of AR and represses AR-driven transcription by targeting the basal transcriptional machinery (possibly TFIIE).
These observations thus reveal a new negative regulatory pathway for AR function, as well as new insights into the mechanism of action of mammalian Groucho/TLE proteins,
AES represses AR-dependent transcription. A number of
proteins have been demonstrated to repress AR-dependent
transcription in vivo. These include AP-1 (34, 47), NF-KB (39),
TR4 (testicular orphan receptor 4) (24) and HBOI (histone
acetyl transferase binding to origin recognition complex I)
(49). AP-1, NF-KB, and TR4 appear to inhibit AR-dependent
transcription by mutual transcriptional interference (unexpected interactions of distinct transcription factors). Although the
molecular mechanisms that underlie this phenomenon have
remained mostly elusive, this may involve competition for a
coactivator commonly required by both activators (1).
HBOI belongs to the MYST family, which is characterized
by highly conserved CHC zinc fingers and a putative histone
acetyltransferase domain. HBO1 contains a putative repression domain, interacts with the DBD-LBD of AR, and inhibits
AR-dependent transcription in vivo, although the exact mechanism of HBO1 action remains to be determined (49). Based
on the results presented here, AES represses AR-driven transcription in a manner more like that of HBOI. Like HBOI,
AES physically interacts with AR and specifically represses
AR-dependent transcription in transient-transfection assays.
Also as reported for HBO1, AES probably does not act
broadly as a nuclear hormone receptor corepressor because it
represses AR-dependent transcription but not TR- or ERdependent transcription. These results are consistent with the
fact that AES physically interacts with the N-terminal region of
AR, which is not conserved in the N-terminal regions of TR
and ER (37). Nonetheless, it remains important to determine
whether AES might repress other (as yet untested) nuclear
receptors and, related, whether other members of the Groucho/TLE family can repress the function of AR or other nuclear receptors.
Like AR, some of the DNA-binding partners for the Groucho/TLE proteins do not always act as transcriptional repressors, and, in fact, some are better characterized as activators
(11). For the Groucho-interacting Dorsal and Runt domain
proteins (2, 9, 20, 22), the context of the target gene promoter
appears to be critical for determining whether activation or
repression will occur. These observations suggest that the recruitment of Groucho/TLE proteins and/or their repressor activities might also be dependent on the nature of the target
gene promoter. It is also possible that GrouchoiTLE proteins
might function as coactivators in certain situations. Thus, it will
be important to determine whether AES repression of ARdriven transcription is dependent on the target gene promoter
context.
Mechanism of AES function. At present, relatively little is
know about the mechanisms by which Groucho/TLE family
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proteins function as eukaryotic (co)repressors. Various repressors and activators recruit the Groucho/TLE proteins through
specific interactions with various regions of Groucho proteins
(11). In the well-defined reconstituted transcription system
utilized here, we observed repression of AR-dependent transcription from DNA templates by recombinant AES. Consistent with the indication from this result that AES may function
through interactions with the basal transcriptional machinery,
a specific interaction of AES with the basal transcription factor
TFIIE was observed. Similarly, previous studies have shown
that the zinc finger protein Kruppel represses transcription
through physical interactions with TFIIE (48). Hence, these
studies suggest that TFIIE may serve as a more general target
for various corepressors and repressors.
TUPI, a general transcriptional corepressor (21, 50), is a
yeast analog of the Groucho/TLE proteins. Gromoller and
Lehming (14) demonstrated that the essential holoenzyme
component SRB7 is a physical and functional target of TUPI.
In addition, genetic interactions between Cyc8-TupI and a
variety of Pol II holoenzyme components (SRB8, SRB10,
SRB11 , Sin4, Rgrl, Rox3, and Hrsl) have been reported (23).
However, we failed to detect direct interactions of AES with
human SRB7 or the SRB7-containing TRAP/Mediator complex in protein-protein pull-down assays, indicating that human
AES may not directly target human SRB7 or the TRAP/Mediator complex. This observation may reflect the fact that TupI
and Groucho/TLE proteins show poor sequence conservation
(at the amino acid level) in both repression domains and
WD-40 repeats. Similar to AES and suggesting a chromatinindependent mechanism, the purified Tupl-containing complex directly represses transcription in a crude yeast extract in
vitro (40).
Many corepressor complexes contain HDAC enzymes. The
Drosophila HDAC Rpd3 has been identified as a Grouchointeracting protein (6), and, possibly related, Groucho proteins
also interact with histone H3 (38). Yeast TupI similarly interacts directly and genetically with histories H3 and H4 (10, 38),
and mutations in genes encoding the HDACs abolish Tuplmediated repression (55). These findings have led to a repression model, possibly complementing the more direct mechanisms indicated above, involving Groucho/TupI recruitment by
promoter-bound factors, HDAC recruitment by Groucho/
Tupl, and subsequent function of HDAC to establish and/or
maintain a transcriptionally silenced chromatin structure. Our
results do not support this model for AES. First, we failed to
detect interactions between AES and HDACI- or HDAC3containing complexes. Second, the deacetylase inhibitor TSA
did not affect AES-mediated inhibition of AR-dependent transcription in transient-transfection assays. Third, we observed a
direct inhibition of AR-dependent transcription by recombinant AES in a highly purified reconstituted transcription system on a naked DNA template.
In summary, our results point both to a novel function for
AES in mediating repression of AR-dependent transcription
and to a mechanism involving direct interactions both with AR
and with the basal transcription machinery. AR is an important
regulatory factor in the development, differentiation, and
maintenance of male reproductive functions, as well as in the
regulation of other sexually dimorphic processes ranging from
the development of neural tissues to the modulation of ira-
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mune function (33). Thus, the mammalian Groucho-related

22. Kirov, N., L. Zhelnin, J. Shah, and C. Rushlow. 1993. Conversion of a

protein AES. and possiblc other family members, may play a

silencer into an enhancer: evidence for a co-repressor in dorsal-mediated
repression in Drosophila. EMBO J. 12:3193-3199.
23. Lee, M., S. Chatterjee, and K. Struhl. 2()00.Genetic analysis of the role of
Pol It holoenzyme components in repression by the Cyc8-Tupl corepressor

pivotal role in these biological professes by modulating the

transcriptional activity of AR.
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Heterogeneous Expression and Functions of
Androgen Receptor Co-Factors in Primary Prostate
Cancer
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ceptor, an accompanying structural change in the
receptor, loss of associated heat shock/chaperone proteins, translocation of the liganded receptor to the nucleus, and binding of the liganded receptor to target
genes. There is increasing evidence that the transcrip-

tional activity of AR and other nuclear receptors depends
on their interaction with various co-factors (co-activators
and co-repressors).'

4

A variety of co-factors have been

identified by their ability to bind various nuclear receptor
domains and to alter the transcriptional activity of nuclear
The androgen receptor (AR), a ligand-activated transcription factor of the steroid receptor superfamily,
plays an important role in normal prostate growth
and in prostate cancer. The recent identification of
various AR co-factors prompted us to evaluate their
possible roles in prostate tumorigenesis. To this end,
we analyzed the expression of AR and eight of its
co-factors by quantitative in situ RNA hybridization in
43 primary prostate cancers with different degrees of
differentiation. our results revealed nearly constant

expression of AR and heterogeneous expression of AR
co-factors, with increased expression of PIAS1 and Ran/
ARA24, decreased expression of ELE1!ARA70, and no
change in TMF1/ARA160, ARA54, SRCl, or TRAP220.

Interestingly, whereas TMF1/ARA160, ELE1/ARA70,
ARA54, RAN/ARA24, and PIAS1 were preferentially expressed in epithelial cells, another co-factor, ARA55,
was preferentially expressed in stromal cells. Although
the changes in levels of these co-activators did not correlate with Gleason score, their occurrence in highgrade prostatic intraepithelial neoplasia, suggests their
involvement in initiation (or an early stage) of cancer.
In addition, human prostate tumor cell proliferation
and colony formation were markedly reduced by ELE1/
ATRA70. Together, these findings indicate that changes
in levels of expression of AR co-factors may play important, yet different, roles in prostate tumorigenesis.
(AmJ Patbol 2002, 161:1467-1474)

Androgens mediate development and maintenance of
normal prostate tissue and also seem to be involved in
prostate tumor growth and progression.' Androgens act
through the androgen receptor (AR), which belongs to
the large family of nuclear receptors. 2 These receptors
are hormone-activated transcription factors and structurally conserved. Activation of AR by androgens is a multistep process that involves androgen binding to the re-

receptors after overexpression in cell lines.' The beststudied group includes p300/CBP, the p160 family
5
(SRC-1, TIF-2/GRIP-1, ACTR/P-CIP), and PCAF/GCN5
67
' All have hisSTAGA).
complexes (yeast SAGA, human
tone acetyltransferase activities and are thought to act
mainly through histone acetylation and consequent chromatin structural perturbations, although they can also act
through functional acetylation of activators' and co-activators.9 A second group includes the TRAP/DRIP/ARC/
SMCC/mediator complex," which shows subunit-specific
interactions with both nuclear receptors (mainly through
TRAP220) and other activators.'o This complex in turn facilitates the function of RNA polymerase II and the general
initiation factors on DNA templates at postchromatin-remodeling steps.°'0 ' Of these various co-activators, p300/
CBP' 2 '-3 and p160s 12.4 16 have been shown to function
with AR. Other co-factors implicated in the function of AR
and, in most cases, other nuclear receptors, include the
and
ARA55, ARA70,
(ARA24, 2 ARA54, 22
ARA group
23
7
ARA160),' 20,35 ARIP3, ' SNURF, and AES.
Altered expression of nuclear hormone receptor cofactors has been implicated in the genesis and progression of breast cancers. Increased expression of TIF2,
CBP, and steroid receptor RNA activator has been ob24
" Peroxisome prolifserved in breast tumor tissues.
erator-activated receptor-binding protein (PBPiTRAP220)
and SRC3/AIB1 genes are frequently amplified and over27 2 8
In comparison, howexpressed in breast tumors.
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ever, little is known about the possibility of abnormal
expression of co-factors in prostate cancer. Recently,
Fujimoto and colleagues 40 found that the expression levels of ARA55 and SRC1 were higher in cancer specimens
with a poor response to endocrine therapy than in those
with a good response to endocrine therapy. To explore
this question, we analyzed the levels of expression of
both relatively AR-selective co-factors (TMF1/ARA160,
ELE1IARA70, ARA55, ARA54, Ran/ARA24, and PIASl)
and more general co-factors (SRC1, TRAP220) in human
prostate cancer tissue by quantitative in situ hybridization. Among the tested co-factors, PIASi and RAN/
ARA24 showed significantly higher expression levels in
cancer tissue compared with benign tissue. In contrast,
expression of ELE1/ARA70 was dramatically decreased
in primary prostate tumor tissues. A subsequent analysis
has demonstrated suppression of LNCaP cell growth by
ELEI/ARA70. Collectively, these results imply that these
co-factors likely play important but contrasting roles in
prostate cancer differentiation and tumorigenesis.

Materials and Methods
Prostate Tissue Specimens and Pathological
Evaluation
Prostate cancer and normal control tissues were derived
from radical prostatectomy specimens of 43 prostate
cancer patients treated at New York University Medical
Center. The study protocol was approved by Institutional
Review Board of New York University Medical Center.
Tissues were fixed in 10% neutral buffered formalin and
embedded in paraffin. Sections of tissue (4 /lm) were cut
and mounted on Superfrost Plus adhesion slides and
used for histology, immunohistochemistry, and in situ hybridization. Prostate cancer foci were categorized as well
differentiated (combined Gleason score 2 to 4; n = 9),
moderately differentiated (combined Gleason score 5 to
6; n = 17), and poorly differentiated (combined Gleason
score 7 and 8 to 10; n = 17). The histological features
and the Gleason score of each individual specimen were
confirmed by two pathologists (JM and PL).

Immunohistochemistry
The immunohistochemical staining was performed on an
automated Ventana machine. Before staining, antigen
retrieval was performed by heating the specimens in a
microwave oven for 30 minutes in citrate buffer (pH 8.0)
after dewaxing. A rabbit polyclonal anti-AR antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was

applied to the sections at a 1:100 dilution, and sections
were then incubated overnight at 4 0C. A streptavidinbiotin peroxidase detection system was used according
to the manufacturer's instruction (DAKO, Carpinteria,
CA), with 3,3'-diaminobenzidine as substrate.

Table 1.

List of OligonucleotideI

Primers Used for

Polymerase Chain Reaction
Protein

Primer

7T/2762
T3/22
T7/627
T3/863
ARA54
T7/1337
ARA55
T3/-20
T7/588
ELEI/ARA70
T3/1344
T7/1835
TMFl/ARA160 T3/477
T7/1058
PIASi
T3/7
T7/645
SRC1
T3/3235
T7/3734
TRAP220
T3/172
T7/800
Ran/ARA24

Sequence (5'-3')
cttcactgggtgtggaaatagatg
caggtccagttcaaacttgtattggtt
gagagcagttgtctgagcaacct
ttgcccgttatgaccgc
aaatgtttgtaagggtttgctctagag
ctggagactaccacctcgacatg
actgcagcagccccagc
tgagcctgagaagcataaagattc
acatctgtagaggagttcgatataac
ttcaggggaaactctggcag
tatcccttgcctgacaattcatcat
gacagtgcggaactaaagcaaatg
gaagtgatcttcttgtggacaactggt
tatcagtcaccagacatgaagg
ggttattcagtcagtagctgctg
ttggtcagctgtttggagacat
ttgtacacagcagatgttccttca

Size
(bp)

605
474
608
491
581
638
499
628

T3 primers contain the T3 RNA polymerase promoter sequence
gcaattaaccctcactaaaggg at the 3' ends and T7 primers contain the T7
RNA polymerase promoter sequence cgtaatacgactcactataggg at the 5'
ends. Numbers indicate position of the primers' 5' ends on the cDNA
sequences (the A of the ATG translation start codon was arbitrarily
given the number 1).

In Situ Hybridization
The expression sequence tag (EST) cDNA clones of interest were obtained from Research Genetics, Inc (Carlsbad, CA). Oligonucleotides were designed to bear T7
promoter sequences on one end and T3 promoter sequences on the opposite end (Table 1) such that the
sense and anti-sense probes were specified by the polymerase used. Fragments of corresponding genes
(-500-bp DNA) were amplified using polymerase chain
reaction. High-specific-activity 33 P-labeled RNA probes
were synthesized by incubation of DNA with T7 or T3
RNA polymerase; 500 /mol/L of GTP, ATP, and CTP: 3
g.mol/L of UTP; and 100 ACi a- 33 P-UTP (6000 Ci/mmol) at
370C for 45 minutes followed by DNase treatment for 15
minutes at 37 0 C, The probes were purified by chromatography on a Sephadex G-50 column. The yield and
quality of the probes were assessed by trichloroacetic
acid precipitation and scintillation counting, as well as by
agarose gel electrophoresis and autoradiography.
After wax removal and rehydration, 4-tkm sections of
formalin-fixed tissue were hybridized to the sense and
30
anti-sense probes following the described procedures.
Then, slides were subjected to autoradiography by dipping in NTB-2 X-ray emulsion (Eastman-Kodak, Rochester, NY), exposed for 1 to 2 weeks, developed in D-19
developer (Eastman-Kodak), and fixed in G33C fixer.
Lastly, the slides were counterstained with Gill's hematoxylin stain.

Image and StatisticalAnalyses
The benign and malignant tissue components were compared on the same section to eliminate tissue-to-tissue
and slide-to-slide variations of grain signals. We first ex-
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amined the consistency of quantification of a given case
by analyzing randomly selected areas of nonneoplastic
and cancer foci in the cancer specimens for five cases.
The results from block to block were comparable in all
cases (data not shown). These results validated the in situ
hybridization approach with formalin-fixed and paraffinembedded tissues for analyzing the expression of AR
and its co-factors. Slides were evaluated under a microscope (Nikon Eclipse E400) equipped with a digital camera (Princeton Scientific Instruments, Inc., Monmouth
Junction, NJ) interfaced to a computer with IPLab software. The specimens were categorized into four groups
according to degree of differentiation by Gleason score;
Gleason score 4, Gleason score 5 to 6, Gleason score 7,
and Gleason score 8 to 10, The grain (in situ signal)
numbers from the areas of interest (cancer, prostatic
intraepithelial neoplasia, and normal) were captured and
counted using IPLab software, and divided by the number of cells to quantify as grain number/cell. An average
of 30 to 50 cells were analyzed for each case. Differences
in expression levels of the genes of interest among these
four groups were subjected to nonparametric KruskalWallis analysis of variance analyses. Results were further
grouped according to changes in RNA levels (malignant
versus benign tissue) of less than twofold and greater
than twofold and analyzed by the chi-square test.

Assays of Cell Growth Suppression
LNCaP cells were plated in six-well plates (35-mm wells)
and grown in RPMI 1640 medium to -70% confluency for
transfection with plasmid DNA (pcDNA3.1 and pcDNAELE/ARA70) and 6 Al of lipofectamine (Invitrogen Life
Technologies, Carlsbad, CA). Two days later, cells were
selected with G418 at 0.8 jig/ml. After 4 weeks of selection with the medium change every 3 days, the cells were
rinsed with phosphate-buffered saline (PBS), fixed with
2% formaldehyde in PBS for 15 minutes, stained with
0.5% crystal violet in PBS for 15 minutes, rinsed once or
twice with distilled water, dried, and stored for subsequent quantification of colonies,

Results

Analysis of mRNA Expression by In Situ
Hybridization
A large number of co-factors that regulate AR-driven
transcription has been identified. 4 To determine possible
relationships to prostate tumorigenesis and prostate cancer progression, we investigated the expression levels of
various AR co-factors in normal and tumor prostate tissues by in situ hybridization. To validate the in situ hybridization results, we performed both in situ hybridization
and immunohistochemical analysis for AR with the same
set of slides from the formalin-fixed, paraffin-embedded
tissue blocks, Strong and uniform immunostaining of AR
was observed in the nuclei of both epithelial and stromal
cells in the benign areas of each of the 43 specimens
(Figure 1G). Consistently, AR mRNA expression levels were

4

high in epithelial cells and lower in stromal cells revealed by
in situ hybridization (Figure 1, A and B). As a negative
control, only background signals were detected with the
sense AR probe (Figure 1C), indicating that the signals
obtained with the anti-sense AR probe were specific.

Expression of AR and Co-FactormRNAs:
Epithelial Expression Versus Stromal Expression
In the 43 cases studied, the expression levels and overall
expression patterns of AR did not differ significantly (less
than twofold) between normal prostate tissue (from the
same section of and adjacent to the prostate cancer
region) and prostate cancer tissue. There was no apparent relationship between the amount of AR and the degree of tumor differentiation. These results are in accordance with previous reports that AR is highly expressed
in a variety of normal and malignant human prostate
tissues.31 Expression levels of a panel of eight proteins
described as modulators of AR function were then analyzed in the 43 prostate tumor samples. Two of these
co-factors, SRC1 and TRAP220, interact with a broad
spectrum of different nuclear receptors. The other six
co-factors studied [the members of the ARA group
(TMF1/ARA160, ELE1/ARA70, ARA55, ARA54 and Ran/
ARA24) and PIASl] are relatively specific for AR. The in
situ hybridization results are summarized in Table 2. Expression of SRC1 and TRAP220 was detected in both
stromal cells and epithelial cells, whereas expression of
ARA54 was observed predominantly in epithelial cells.
The expression levels of these mRNAs did not differ
significantly between normal and tumor tissues. Although
ARA55 mRNA was moderately expressed in stromal
cells, it was undetectable in glandular epithelial cells
(Figure 1, D and E), implying that ARA55 might regulate
AR function in prostate stroma. Immunohistochemical
staining with anti-ARA55 antibody on the same prostate
tissues further confirmed that ARA55 was only expressed
in stromal cells (Figure 1F). This is consistent with results
of the previous study that ARA55 was detected only in
cell lines derived from prostate stroma.a2 In most of the
43 specimens studied, the expression level of ARA55
was lower in the stroma in regions of cancerous foci
however quantification was not possible because of the
scanty nature of stroma in cancerous foci.

Increased Expression of Ran/ARA24 and PIAS1
in Prostate Tumor Tissues
The 24-kd protein Ran/ARA24 belongs to the superfamily
of GTP-binding proteins that use a structurally conserved
G domain as a molecular switch for cycling between the
GDP- and GTP-bound states. 33 Ran/ARA24 has been
clearly implicated in the two-way traffic of macromolecules between the nucleus and the cytoplasm 34 and in
microtubule assembly and spindle formation in cells in M
phase. Recently, it has been shown that Ran/ARA24
physically interacts with the polyglutamine region of AR
and enhances AR-dependent transcription. 35 Our in situ
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hybridization results for normal tissue showed only a low
level of Ran/ARA24 mRNA expression that was present

found overexpression (Figure 2, C and D versus A and B:
Table 3) in 81% of the tumor specimens, with an average

mainly in epithelial cells (Figure 2, A and B). Comparison
of Ran/ARA24 expression in normal and tumor tissues

increase of 4.6(-_1.1)-fold and no change in 19% of the
specimens, More dramatic changes (more than fivefold)
were observed in 35% of the tumor specimens (Table 3),

Table 2.

Sunnm~mry. o) in Sit, l tyl'ri,.iz~mtiomn l)i:m, fr
(lie .E~ight
Cofalctors
i..h.
.. Examined
nWallis

Factors
----------. ..........
....
... .............
AR
SRC 1

TMFt/ARA160
TRAP220
ARA55
ARA54
Ran/ARA24
PIAS1
ELE1/ARA70
.++

Stroma
++

AR .mclf

Epithelium
Benign
Tumor
++

...

+

+
+

+/

+

+
+

+/-

+
+

+
.on.

+/-

+

++

-

+

+++

+

Indicates undetectable levels of expression: +/-, +, + +, and
indicate slightly above background, low, moderate, and high

levels of expression, respectively.

However, these changes did not correlate with prostate
tumor grade (Gleason score) by nonparametric Kruskalanalysis of variance analysis and by the chi-square

test when cases were further grouped according to
changes of less than twofold and greater than twofold.
PIAS1 has been identified as a factor that binds to
Statl (signal transducer and activator of transcription 1)
and inhibits STAT-mediated signaling by interfering with
the DNA binding of Statl. 36 PIASi has also been identified as a co-activator for AR-, estrogen receptor (ER)-,
and progesterone receptor (PR)-dependent transcrip37
30 In the current study, we observed higher PIAS.
expression levels in 33% of the tumor cases, with an
average of 3.8-fold increase (Table 3). Although the percentage of cases showing an increase is significantly
higher for Ran/ARA24 (81%) than for PIASl (33%), there
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levels (and predominantly in epithelial cells) in normal
tissue (Figure 3, A and B). However, ELE/ARA70 expression was dramatically lower in prostate tumor tissues
Expression was
and B).).Exresin
(Figure 3, C and D versus A ad
a
decreased twofold to fivefold in 42% of the cases and 5to 30-fold in 38% of cases (Table 3), with an average
decrease of 7.5(+-1.4)-fold. We further observed that, in
cases with increased expression of RAN/ARA24 and reduced expression of ELE1/ARA70, 70% of the cases
showed reciprocal changes, indicating opposite effects
of these co-activators in cancer. No obvious correlation
between ELE1IARA70 expression and prostate tumor
grade was observed by nonparametric Kruskal-Wallis
analysis of variance analysis or by the chi-square test

is an 80% concordance between the increase for Ran!
ARA24 and PIAS1. The PIAS1 expression patterns also
did not correlate with prostate tumor grades by nonparaanalysis of variance and by the
metric Kruskal-Wallis
test.
chi-squared
chi-square test.

Lower Expression of ELE1/ARA 70 in
ProstateCancer
ELE1/ARA70 was identified first as a factor involved in the
activation of the RET proto-oncogene in thyroid neoplasia"'• and later as a ligand-dependent transcriptional cofactor for AR." 7 Our in situ RNA hybridization assays
showed that ELE1/ARA70, like AR, is expressed at high
Table 3.

Quantification of' PIASI. RanJARA24. and ELE1,ARA70 Expression

ELE1/ARA70

Ran/ARA24

PIAS1
fold
cases

<2
24

2-7.5
12

<2
8

2-5
20

5-20
15

<2
9

2-5
18

5 30
16

%

67

33

19

46

35

20

42

38
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cells), even after 1 month of G418 selection (data not
shown). These results indicate that ELE1/ARA70 suppresses tumor cell proliferation and colony formation and
that it may be a tissue differentiation factor or a
potential tumor suppressor.
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or pcl)NA-ELEI. ARA70 and selected for plasmid-containing cells with G418
for 4 weeks. Surviving cells were then fixed and stained with crystal violet.
Colonies were cotnted and the d uta
ae presented ashistograms.

when cases were grouped according to changes less
than twofold and greater than twofold.

AR Co-Activator Expression in High-Grade
ProstateIntraepithelialNeoplasia (HGPIN)
HGPIN is thought to be a prostate cancer precursor
lesion as a result of abundant evidence based on morphological, topographical, immunohistochemical, and
molecular studies. HGPIN was identified in the majority of
our cases (40 of 43 cases), either within or away from
cancerous foci. A comparative analysis of AR co-factor
expression patterns in HGPIN located adjacent to the
prostate cancer region showed changes similar to those
observed in prostate cancer. These changes included
enhanced Ran/ARA24 expression (Figure 2, E and F
versus A and 8) and decreased ELE1IARA70 expression
(Figure 3, E and F versus A and B). We did not observe a
significant difference in co-activator expression according to location of HGPIN. These results support the
concept that HGPIN is a precursor of prostate cancer
and further indicate that abnormal expression of Ran/
ARA24 and ELE1IARA70 may be involved in prostate
tumor initiation.

Suppression of Human ProstateCancerCell
Proliferationand Colony Formationby
ELE1/ARA70
The decreased expression of ELE1/ARA70 in prostate
cancer suggest that this co-factor might negatively regulate prostate cell growth and proliferation. We therefore
tested the ability of ELE1/ARA70 gene to suppress the
growth of prostate tumor cells, using the metastatic prostate cancer cell line LNCaP, which expresses reduced
levels of ELE1/ARA70 compared with normal primary
prostate epithelial cells. 41 Colony formation was suppressed by ELE1/ARA70 but not by the vector control
(Figure 4). The colonies were small (containing a few

Most co-factors are not receptor-specific but also regulate the activity of many nuclear receptors as well as
3
unrelated
Furthermore, many cofactors aretranscription
componentsfactors.
of multiprotein
complexes that

have 42
overlapping functions and nuclear receptor-binding
sites. The challenge is to identify co-factors involved in
AR function in the prostate, particularly in prostate growth
and prostate cancer progression. Our results demon-

strate the heterogeneous expression and functions of AR
co-factors in the prostate, Significantly, we observed increased expression of PIASl and Ran/ARA24 and decreased expression of ELE1/RAR70 both in prostate can-

cer tissues and in HGPIN, relative to normal prostate
tissue.

Furthermore, our in vivo studies using a malignant
prostate cell line raise the possibility that ELE1/RAR70
might be a tumor suppressor.

AR and Some Co-FactorsAre Relatively
Constant in Benign and Malignant

ProstateTissues
Enhanced AR activity has been correlated with prostate
cancer formation and progression. 43 It also has been
proposed that either AR gene mutation or AR gene amplification may enhance AR activity, thus promoting tumorigenesis or leading to androgen-independent prostate cancer.' 4 4 However, the relatively low incidence of
AR mutation and amplification in primary prostate cancer
suggests other causes. Consistent with this possibility,
our in situ analyses have revealed that the levels and
patterns of AR expression do not change significantly in
primary prostate tumors of different grades. Down-regulation of SRC1, one of general nuclear receptor co-factors, is associated with tamoxifen resistance in breast
neoplasms. 45 However, we did not detect a significant
changerelative
in expression
SRC1TRAP220
mRNA in prostate tumor
tissue
to normal of
tissue.
was expressed in
both epithelial and stromal cells, and the levels were not
This
might
broad
different
in reflect
prostaterather
of TRAP220
cancer
for
andfunctions
benign prostate
tissues.
This nuclect ratheorbrnadternctionso
42
various nuclear receptors and other activators.

Changed Expression of AR Co-Factorsin
ProstateTumor
Recent studies have shown that various co-activators can
bind to AR and augment the AR transcription activity in a
ligand-dependent manner."2 Therefore, the activity of
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co-factors might contribute to enhanced AR activity in
primary prostate cancer. Our study shows that expression levels of Ran/ARA24 and PIASl are significantly
higher in prostate tumor tissue compared with nonneoplastic prostate tissue. The higher levels of Ran/ARA24
and PIASl may contribute to overproliferation of prostate
tumor cells. PIASl belongs to a family of PIAS proteins
that, consistent with present results, are able to co-activate steroid receptor-dependent transcription.3?.38 In
contrast to increased expression of RAN/ARA24 in 81%
of prostate tumor cases, enhanced expression of PIAS1
was observed only in 33% of the cases. These differences may reflect the involvement of different pathways
for Ran/ARA24 and PIASn as well as the relative efficiencies in contribution to cancer formation.
Interestingly, PIAS1 was first cloned as a protein that
inhibited Stat1,36 which has been suggested to have an
46
anti-oncogenic effect. This correlates with our findings
that the level of PIASl is increased, possibly to revert the
proapoptotic activity of Statl, in prostate tissue. Further
investigations will be needed to determine whether high

through
prostate cell proliferation
promote prostathway
of PIASi
levels
pthwa.
p ol oietin
pathwayothe
levelsoPAS
the Statl pathway, the AR pathway, or both pathways.
Similar to PIASl, Ran/ARA24 is also involved in nuclear
translocation and chromatin organization. It is however
unclear which pathways are affected by the enhanced
expression of RAN/ARA24.
Previous studies demons-rated that ELE1/ARA70 can
serve as a co-activator of AR, ER, PR, and peroxisome
17 0 4 7 4 8
proliferator activated receptor gamma (PPAR-y). ,29 ,
Here we report a down-regulation of ELE1/ARA70 expression in prostate cancer compared with levels expressed in nonneoplastic prostate tissues. Consistent
with our observations, ELE1/ARA70 expression is reduced in prostate cancer cell lines relative to primary
41
cells from benign prostate epithelium primary cells.
These observations suggest that ELE1/ARA70 may be
involved in the development or progression of prostate
cancer, particularly with respect to loss of androgen responsiveness. Overexpression of ELE1/ARA70 in a proscolony formation, suggesting that it might be a tumor
suppressor or involved in the expression of genes required for prostate cell differentiation. AR in LNCaP cell
harbors a mutation (codon 877, Thr to Ala) in the hormone-binding domain. This mutation confers an altered
ligand-binding specificity.
The study of co-factor expression in prostate cancer
should be of great importance for understanding AR
function in prostate tumorigenesis and progression. A
shift in the levels of various AR co-factors may influence
the state of differentiation or proliferation of the prostate,
possibly through the regulation of different AR responsive

genes.
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The androgen receptor (AR) is a ligand-regulated and
sequence-specific transcription factor that activates or
represses expression of target genes. Here, we show that
the N terminus of AR contains an inhibitory domain
located in an 81-amino acid segment lying upstream of
the DNA-binding domain (DBD). The inhibitory domain
interacted directly with DBD and repressed DBD binding to the androgen response element. Mutations of the
conserved amino acid residues (K520E and R538E)
within the inhibitory domain decreased its inhibiting
ability in vitro and increased AR trans-activation in
vivo. These data demonstrate the existence of a novel
inhibitory domain in the N-terminal part of AR, which
might play important roles in the regulation of AR

trans-activation.
The androgen receptor (AR)' mediates androgen functions in
the differentiation and maturation of the male reproductive
organs and in the development of male secondary sex characteristics (1). Mutations in the AR gene are associated with the
androgen insensitivity syndrome (2, 3). Numerous somatic mutations in the AR gene have been reported among prostate
cancer patients and as well as in prostate cancer cell lines and
xenografts (3, 4). Most of these mutations have been detected in
tumor tissues of late-stage prostate carcinoma, indicating that
somatic mutation of the AR gene might be involved in the
progression and aggressiveness of prostate cancer.
The AR is a member of the nuclear receptor superfamily (5).
These receptors are characterized by distinct functional domains: an N-terminal part involved in ligand-independent
transcription activation (AF1), a DNA-binding domain (DBD),
and a C-terminal ligand-binding domain involved in ligand
binding and ligand-dependent transcription activation (AF2)
(6). As for other steroid receptors, ligand binding is generally
believed to result in a conformational charge in AR with con* This work was supported in part by U. S. Department of the Army
Grant DAMS17-01-1-0097, the Association for the Cure of Cancer of the
Prostate, and Cancer Center Support Core Grant CA16672 from NCI,
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' The abbreviations used are: AR, androgen receptor; AF, transcription activation; DBD, DNA-binding domain; ARE, androgen response
element; GR, glucocorticoid receptor; GST, glutathione S-transferase;
Luc, luciferase; ID, inhibitory domain.

sequent dissociation of heat shock proteins/chaperones (7),
dimerization, and binding to cognate androgen response elements (AREs) in target genes and (through its AF1 and AF2
domains) interactions with various coactivators that facilitate
transcription by the general transcriptional machinery (8). The
DBD encompasses two zinc finger-like modules and binds as
dimers to two hexameric sequences orientated as direct or
inverted repeats (9, 10). Although the DBD and the ligandbinding domain of steroid hormone receptors are highly conserved, there is much less homology among steroid hormone
haalong
er
arts.Th
l
N-termi
r ther
re
receptors in their N-terminal parts. The AR has a long Nterminal part with a strong autonomous AF1 and interacts
directly with AF2 in the C-terminal part (11, 12). The N- and

C-terminal interactions are important for androgen-induced
gene regulation, and disruption of these interactions may be
linked to androgen insensitivity syndrome (13, 14). The conserved FXXLF and WXXLF motifs within the N-terminal part
seem to be involved in pairwise interactions between AF1 and
AF2 (15). The N-terminal part contains stretches ofglutamines
(coded by CAG) and glycine (coded by GGN) (16). Expansion of
the CAG repeats is associated with X-linked spinal and bulbar
muscular atrophy (17). A shorter CAG repeat is associated with
an increased trans-activation of AR (18, 19), but the biological
role of GGN repeats is less clear.
In this study, we demonstrated that AR contains a highly
conserved inhibitory domain within the N-terminal region. The
inhibitory domain interacted directly with DBD and inhibited
the DBD-DNA interactions. The mutations in the inhibitory
domain resulted in decreased inhibitory ability and increased
AR trans-activation activity, indicating that this domain might
play important roles in the regulation of AR function.
EXPERIMENTAL PROCEDURES
Production and Purification of Recombinant Proteins-The human

full-length AR was expressed in Sf9 cells via the baculovirus expression

vector pVL1393 (BD Biosciences), and the recombinant AR was purified
as described previously (20). All of the AR and glucocorticoid receptor
(GR) cDNA fragments were amplified by PCR with specific oligonucleotides, cut with NdeI and BamHI, and subsequently cloned in the corresponding restriction sites of the vectors pET15d (Novagen), pGEX2TL (Amersham Biosciences), and pcDNA3.1 (Invitrogen). The
fragments were expressed as His 6-tagged (via pET15d) or GST fusion
(via pGEX-2TL) proteins in Escherichiacoli BL21 and purified through
nitrilotriacetic acid Ni' -agarose or glutathione-Sepharose columns,
respectively. Point mutations were generated by using the QuikChange
site-directed mutagenesis kit (Stratagene) following the manufacturer's
instructions and confirmed by DNA sequencing analysis. The mutated
proteins were expressed and purified similarly.
Gel Shift Assay-Two pairs of oligomers (5'-AGCTTTTGCAGAACAGCAAGTGCTAGCTG-3' and 5'-AAATTCAGCTAGCACT'TGCTGTrCTGCAA-3'; 5'-AGCITTTGCAGAATAGCAAATGCTAGCTG-3' and 5'derived from the
AAATTCAGCTAGCATTTGCTATTCTGCAA-3')
prostate-specific antigen gene (-152 to -174) were synthesized, annealed, and subcloned into HindlIl and EcoRI sites of the vector pBlue-
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script II (Stratagene). The underlined bases were mutated from their
corresponding bases in the wild-type prostate-specific antigen gene
sequence. The wild-type and mutant ARE probes were made by cutting
these constructs with XhoI and XbaI and purification of fragments from
agarose gel. Probes were labeled with [a- 32P]dCTP by a fill-in reaction
with the Klenow enzyme. In gel shift assays, 2 0-pl reaction contains 20
mm HEPES, pH 7.9,70 mM KC1, 1 j±g of poly(dl-dC), 1 mM dithiothreitol,
0.1%, Nonidet P-40, 100 tig/ml of bovine serum albumin, and various
proteins. The reaction mixture was incubated for 20 min at room temperature, and the binding reaction was initiated by the addition of the
labeled probes (20,000 cpm) and then incubated for an additional 30
min at room temperature, The reaction mixture was loaded directly
onto a 4% (37.5:1, acrylamide:bisacrylamide) nondenaturing polyacrylamide gel with 0.25X Tris borate EDTA and run at 150 V for 2 h at room
temperature.
Cell Culture and DNA Transfection-PC3 cells were cultured in
RPMI 1640 medium containing 10% fetal bovine serum. Cells (5 X 10')
were plated in each well of 24-well plates and transfected with 100 ng
of 4xARE-E4-Luc reporter plasmid, 2.5 ng ofcontrol plasmid pRL-CMV,
and various amounts of expression plasmids. Cells were grown in the
presence of 10 nM R1881 for 48 h after transfection and harvested for
dual-luciferase activity assay (Promega).
Protein-ProteinPull.down Assay-GST and GST-DBD(AR537-644)
were expressed in bacteria and immobilized on glutathione-Sepharose
beads. Beads (10 gl) containing 100 ng of GST or GST-DBD proteins
were incubated with 5 1A of transcription and translation coupled rabbit
reticulocyte lysates containing "'S-labeled AR477-538 in BC150, 0.1%
Nonidet P-40 for 2 h at 4 *C. After being washed with the incubation
buffer, beads were boiled with SDS sample buffer and subjected to
SDS-PAGE followed by autoradiography.
RESULTS
The Full-length AR Interacts with the Androgen Response
Element More Weakly than the DNA-binding Domain-The
ligand-dependent interaction of AR with the ARE has been
demonstrated in vitro with crude AR-containing cell extracts
(21). However, the AR-DNA interactions have not been studied
with the highly purified recombinant AR. To this end, the
FLAG epitope-tagged human AR was expressed in Sf9 cells and
immunopurified under high salt conditions (500 mm KCI) to
strip off heat shock proteins associated with the unliganded
AR. The recombinant AR preparation is near homogeneity (Fig.
1B, lanes 2 and 3) and contains two bands that migrated near
the 1l0-kDa position. The top band might be the phosphorylated form of AR (22). Two minor polypeptides (70 and 55 kDa,
indicated by stars on the right) were recognized by the antiFLAG monoclonal antibody (data not shown), indicating that
they are degraded products of the full-length AR. A DNA probe
containing the ARE derived from the prostate-specific antigen
promoter (-152 to -174) (Fig. 1D) (23) was used for a gel shift
assay. The recombinant AR (0.9 pmol) shifted the probe (Fig.
1C, lane 2) while there was no ligand (androgen) dependence
(lane 3 versus lane 2). The band of the AR'ARE complex (indicated by an arrow on the left) is quite broad. However, mutations of the nucleotides in the probe that are critical for ARARE interaction (24) (Fig. 1D) dramatically decreased the
density of the AR-ARE band (Fig. 1C, lanes 7 and 8 versus lanes
2 and 3), indicating that the shifted band is specific. The DBD
of AR (amino acid residues 537-644) (Fig. 1A) was expressed as
a His 6 -tagged fusion protein and purified through an nitrilotriacetic acid Ni 2 ÷-agarose affinity column (Fig. 1B, lane 4). In the
same assay, 0.3 pmol of AR537-644 almost completely shifted
the probe (Fig. 1C, lane 4). The band of the AR537-644.ARE
complex (indicated by an arrow on the left) is much sharper
(Fig. 1C, lanes 4 and 5), and mutations in the probe (Fig. 1D)
completely diminished the formation of the AR537-644-ARE
complex (Fig. 1C, lanes 9 and 10). The results indicate that the
binding affinity of DBD to the ARE is much stronger than that
of the purified full-length AR to the same ARE.
A Domain within the AR N Terminus Inhibits DBD-ARE
Interactions-A C-terminal extension of the DBD of AR was
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FiG. 1. The recombinant AR interacts with the ARE weaker
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SDS-PAGE analysis of the recombinant AR and DBD. Proteins of 100
ng (lane 2) and 200 ng (lane 3) of the purified recombinant AR expressed
in Sf9 cells and recombinant His.-tagged truncations of AR expressed
in bacteria (lanes 4-6) were subjected to SDS-PAGE with Coomassie
Blue R250 staining. Lane I is standard protein markers (Bio-Rad). C,
the gel shift assay was performed using a DNA probe containing the
wild-type ARE (lanes 1-5) or the mutant ARE (lanes 6-10). 0.9 pmol of
AR (lanes 2, 3, 7, and 8) and 0.3 pmol (lanes 4 and 9) or 0.6 pmol (lanes
5 and 10) of AR537-644 were used in the binding reactions. The
synthetic androgen R1881 (100 rM) was included in the reactions in
lanes 3 and 8, and lanes 1 and 6 are probes only. D, sequences of the
wild-type (AREwt) and mutant (AREmt) ARE and the ARE consensus.
The mutated bases in AREmt are underlined. PSA, prostate-specific
antigen. M, standard molecular markers. Qn and Gn, stretches of
glutamines and glycines, respectively. LBD, ligand-binding domain.
AR +L, the gel shift assay performed in the presence of androgen R1881.
found to be required for specific and high affinity interactions
of DBD with ARE (25). To investigate whether the sequences
surrounding DBD would affect DBD-DNA interactions,
AR537-662 and AR477-644 (Fig. 1A) were expressed in and
purified from bacteria (Fig. 1B, lanes 5 and 6). AR537-662
strongly interacted with the probe, similar to AR537-644 (Fig.
2A, lanes 2-4). However, AR477-644 completely lost the ability to interact with the ARE probe even though much more
protein (up to 1.6 pmol) was used in the binding reaction (lanes
5-7). The N-terminal extension of DBD (amino acid residues
477-558) was expressed and purified (Fig. 2B, lane 1). Its
molecular mass as determined by SDS-PAGE (16 kDa) is much
bigger than the calculated mass (10 kDa), and it was heavily
degraded (Fig. 2B, lane 1). This region contains 20% charged
amino acids and 16% proline residues, which may be responsible for this aberrant mobility of the protein. When AR477-558
was added to the binding reaction that contained the fixed
amount (0.3 pmol) of AR537-644, the density of the DBD.ARE
complex dramatically decreased (Fig. 2C, lanes 3-8). These
results indicate that AR477-538 specifically inhibits the DBDARE interactions in trans as well as in cis. We noticed that
different preparations of AR477-538 contained various
amounts of the full-length protein and that amounts of the
full-length protein (Fig. 2B, lane 1, indicated by the top arrow
on the right) were correlated with the inhibition ability of
AR477-538. As negative controls, the recombinant prostate
apoptosis response-4 (26), 30-kDa Tat-interaction protein (27),
and 39-kDa subunit of RNA polymerase C (28) expressed and
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FIG. 2. AR477-558 blocks DBD binding to ARE. A, AR477-644
did not interact with the ARE. 0.15 (lane 2), 0.3 (lane 3), or 0.6 pmol

(lane 4) of AR537-662 and 0.4 pmol (lane 5), 0.8 pmol ng (lane 6), or 1.6
pmol (lane 7) of AR477-644 were used in the binding reactions. Lane 1
is the probe-only control. B, SDS-PAGE of the purified recombinant
wild-type (lane 1), K580E (lane 2), or R538E (lane 3) AR477-558. The
full-length proteins (top arrow) and the main degraded products (bottom arrow) are indicated on the right. Nonspecific background bands
are marked with a staron the right. C, AR477-558 inhibits AR537-643
binding to the ARE. The binding reactions contained 0.3 pmol of
AR537-644 (lane 2) or 0.3 pmol of AR537-644 plus 0.0625 (lane 3),
0.125 (lane 4), 0.25 (lane 5), 0.5 (lane 6), 1 (lane 7), or 2 pmol (lane 8) of
AR477-558. D, the purified recombinant PAR-4, TIP30, and RPC39
proteins do not aftfct the interaction of AR537-644 with ARE. The
binding reactions contained 0.3 pmol of AR537-644 (lane2) or 0.3 pmol
of AR537-644 plus 0.225 (lane 3), 0.45 (lane 4), 0.9 (lane 5), or 1.8 pmol
(lane 6) of prostate apoptosis response-4 (Par-4)(lane 8) or 1.25 (lanes
7 and 10), 2.5 (lanes 8 and 11), or 5 pmol (lanes 9 and 12) of 30-kDa
Tat-interaction protein (TIP30) (lanes 7-9) or 39-kDa subunit of RNA
polymerase C (RPC39)(lanes 10-12), respectively. WT, wild type.
purified similarly did not significantly affect the DBD binding
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FIG. 3. AR477-558 interacted directly with DBD in vitro and
inhibited AR trans-activation in vivo. A, AR477-558 interacted
directly with DBD(AR537-644) in vitro. SDS-PAGE analysis of GST
(lane 2) and GST-DBD (lane 3) expressed in bacteria and immobilized
on glutathione-Sepharose 4B beads is shown. Bands corresponding to
GST and GST-DBD fusion protein are indicated by arrows on the right.
The immobilized GST-DBD pulled down "S-labeled AR477-558 (lane
6). Lane 4 is 10% 3 t5S-labeled AR477-558 input (IP) for the pull-down
assay. B, AR477-558 inhibited AR trans-activation in vivo. PC3 cells
were transfected with 100 ng of the reporters PGL3-ARE-E4 or pGL3GAL4-E4, 2.5 ng of the internal control reporter pRL-CMV, 20 ng of
pcDNA-AR or pcDNA-GAL4-p53-(1-53), and 18.5 ng of pcDNA-AR477538 as indicated. Cells were treated with 10 nM R1881 after transfection
and harvested 48 h later for the dual luciferase assay. C, AR477-538
did not affect AR protein levels in the transfected cells. Western blot
analysis of cells transfected with pcDNA3.1 (lane 1), pcDNA-AR (lane
2), or pcDNA-AR plus pcDNA-AR477-558 (lane 3) with the anti-AR
antibody is shown.

to the ARE probe (Fig. 2D).
The Inhibitory Domain Interacts with DBD and Inhibits AR
Trans-activation-The protein-protein pull-down assay was
performed to investigate whether the inhibitory domain (ID)
interacts directly with DBD. GST and GST-DBD(AR537-644)
fusion protein were expressed in bacteria and immobilized on
glutathione-Sepharose beads (Fig. 3A, lanes 2 and 3). The in
vitro translated :nS-labeled AR477-558 (lane 4) bound to GSTDBD (lane 6) and not to GST (lane 5). This result indicates that
the inhibitory domain interacts directly with DBD.
We then investigated the effect of the ID on AR trans-activation by performing transient transfection assays. A luciferase reporter containing four tandem copies of the same ARE
used for the gel shift assay upstream of the minimal adenovirus
E4 promoter was cotransfected with expression vectors for AR,
AR477-558, or both into prostate cancer PC3 cells in the presence of the synthetic androgen R1881. As shown in Fig. 3B, AR
activated the reporter gene -25-fold, and coexpressed AR477558 showed a strong (62%) inhibition of this activity. Coexpression of AR477-558 did not influence reporter gene activity
driven by p53, indicating that the inhibiting effect of AR477558 was specific for AR. Western blot analysis revealed that the

AR protein levels in the absence and presence of AR477-558
were comparable (Fig. 3C, lane 3 versus lane 2). On the basis of
in vitro studies (Fig. 2), the ID inhibited AR trans-activation
most likely by blocking the interaction of the AR with the ARE.
The Inhibitory Domain Is Specific for AR-The DNA-binding
domains of AR, GR, progesterone receptor, and mineralocorticoid receptor are highly conserved (29). Not surprisingly, they
bind to the same consensus DNA site (GGTACANNNTGTTCT)
and can be considered a subfamily of the nuclear receptor
superfamily. However, the inhibitory domain of AR is not conserved in the other receptors (Fig. 4A). GR418-525 and
GR358-525 were expressed and purified (Fig. 4B, lanes 1 and
2). Gel shift assay demonstrated that GR358-525 and GR418525 bound the ARE probe similarly (Fig. 4C, lane 3 versus lane
2). The lower band (Fig. 4C, lane 3, indicated by a star on the
right) might contain a monomer of GR358-525. These results
indicated that the ID in AR is not conserved in GR; thus, the
inhibitory domain is specific for AR.
Mutations in the ID Enhance AR Trans-activation-Sequence alignment shows that the ID of AR is highly conserved
through evolution (Fig. 5A). To further characterize the biolog-
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(lane 2) or GR357-525 (lane 3) was used in the binding reactions. Lane
1 is the probe-only control.
ical effects of this region, we mutated two conserved residues
(Lys-520 and Arg-538) in the ID and cDNAs encoding the
mutated AR (K520E and R538E) were transiently transfected
in PC3 cells with the luciferase reporter plasmid. The mutated
AR had elevated trans-activation activity compared with the
wild-type AR (Fig. 5B), although the mutated and wild-type AR
were expressed at the same level in the transfected cells (Fig.
5C, lanes 2-4). The ID (AR477-558) from the mutated AR
(K520E and R538E) were expressed and purified (Fig. 2B, lanes
2 and 3). The gel shift assay revealed that mutations of K520E
and R538E decreased the inhibitory ability of ID (Fig. 5D, lanes
9-12 and 13-16 versus lanes 5-8). Ten nanograms of the wildtype AR477-558 almost completely blocked AR537-644 binding to the ARE probe (Fig. 5D, lane 5). However, the same
amount of the mutated (K520E and R538E) AR477-558 inhibited the DBD-ARE interaction only 65 and 35%, respectively
(Fig. 5D, lanes 9 and 13). Thus, the enhancement of AR transactivation by mutations of K520E and R538E correlates with
a decrease in the inhibitory effect of ID on DBD-ARE
interactions,
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the internal
control reporter pRL-CMV, or 10 ng of pcDNA-wild-type AR or
pcDNA-mutant (K520E or R538) AR as indicated. Cells were treated
with 10nM R1881 after transfection and harvested 48 h later for the
dual luciferase assay. Each value represents the mean ± S.D. of a
representative experiment performed in triplicate. C, Western blot
analysis of cells transfected with pcDNA3.1 (lane 1) or with wild-type
(lane 2), K520E (lane 3), and R538E (lane 4) mutant AR. D, mutations
of K520E and R.538E decreased ID inhibitory ability on DBD-ARE
interactions. The binding reactions contained 0.075 (lane 2), 0.15 (lane
3), or 0.3 pmol (lane 4) of DBD alone or 0.3 pmol of DBD plus 0.625
(lanes 5, 9, and 13), 0.125 (lanes 6, 10, and 14), 0.025 (lanes 7, 11, and
15), or 0.005 pmol (lanes 8, 12, and 16) of wild-type (lanes 5-8), K520E
mutant (lanes 9-12) or R538E mutant AR477-558 (lanes 13-16). WT,
wild type.

DISCUSSION

a highly conserved novel inhibitory domain designated ID,
which lies in N-terminal 81-amino acid residues upstream of
the DBD of AR. ID interacts directly with DBD and strongly
inhibits the DBD-ARE interactions in vitro and AR transactivation in vivo.
Much of the work devoted to understanding regulation of
transcription by the AR has focused on the N-terminal AF1 and
the C-terminal AF2 (30). However, transcriptional inhibition
may be equally important as a way of preventing activation.
Studies that deal with inhibition of AR-dependent transcription have focused on silencing mechanisms through recruitment of corepressors to the target promoters and through receptor occupancy at one DNA site interfering with
transcription by an activator at an adjoining site (5, 31). We
have now demonstrated that negative function element exists
in the AR molecule itself and markedly suppresses the DNA
binding activity of DBD. The ID function is similar to that of
the N-terminal region of TAF250 (the 250-kDa TATA boxbinding protein-associated factor 1), which forms a DNA-like
structure, interacts with the DNA-binding surface, and inhibits

The N-terminal parts of nuclear receptors are the most divergent among members of this superfamily of proteins, suggesting that each receptor will take on a unique N-terminal
conformation to determine its specificity. This paper describes

the DNA binding activity of TATA box-binding protein (32). In
contrast, the direct interactions between the ID and DBD suggest that perhaps ID acts through intramolecular contacts. In
this respect, ID is similar to p53, which exists in a latent
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DNA-binding form as a result of the C-terminal tail-DNAbinding domain interactions (33, 34). Phosphorylation of lysine
residues in the C-terminal region leads to the disruption of
interactions between the C-terminal domain and the core DB3D,
thus allowing the DBD of p53 to adopt an active conformation.
It is important to know whether modifications in the ID of AR
or interactions of this domain with the other proteins might

regulate the DNA binding activity of AR. A study on the rat AR
indicated that the unknown protein could enhance the DNA
binding activity of the protein fragment containing the DBD in
a gel shift assay (35). Another study has demonstrated that
6 8
mutations on i QPIF67I at the boundary of the hinge and
ligand-binding domain of AR, resulting in receptors that exhibit 2-4-fold increased activity compared with the wild-type
AR in response to dihydrotestosterone, and these mutations
have been detected in prostate cancer patients (36). However,
the molecular mechanism for this phenomenon is unclear.
Several mutations found in men with prostate cancer (37)

and in men with the androgen insensitivity syndrome (38, 39)
localize in ID (Fig. 5A). These mutations might change the
function of ID, therefore affecting AR trans-activation. D528G
mutation was detected in a patient with prostate cancer (37),
and we found that AR with D528G mutation was more active
(>3-fold) than the wild-type AR in transient transfection assays (data not shown). Currently, we are investigating whether
the enhanced AR trans-activation is because of the decreased
ID function. Thus, ID may play an important regulatory role in
AR function, and dysfunction of ID may contribute to prostate
cancer or androgen insensitivity syndrome in some men.
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The androgen receptor (AR) binds to and activates transcription of target genes in response to androgens.
In an attempt to isolate cofactors capable of influencing AR transcriptional activity, we used an immunoprecipitation method and identified a 44-kDa protein, designated p44, as a new AR-interacting protein. p44
interacts with AR in the nucleus and with an androgen-regulated homeobox protein (NKX3.1) in the cytoplasm
of LNCaP cells. Transient-transfection assays revealed that p 44 enhances AR-, glucocorticoid receptor-, and
progesterone receptor-dependent transcription but not estrogen receptor- or thyroid hormone receptor-dependent transcription. p44 was recruited onto the promoter of the prostate-specific antigen gene in the presence
of the androgen in LNCaP cells. p44 exists as a multiprotein complex in the nuclei of HeLa cells. This complex,
but not p44 alone, enhances AR-driven transcription in vitro in a cell-free transcriptional system and contains
the protein arginine methyltransferase 5, which acts synergistically with p44 to enhance AR-driven gene
expression in a methyltransferase-independent manner. Our data suggest a novel mechanism by which the
protein arginine methyltransferase is involved in the control of AR-driven transcription. p44 expression is
dramatically enhanced in prostate cancer tissue compared with adjacent benign prostate tissue.
The androgen receptor (AR) mediates androgen function in
the development and maintenance of normal prostate tissue
(4). The growth and progression of prostate cancer are also
dependent on AR. AR is a member of the nuclear receptor
superfamily and, like other members of this family, contains a
central DNA-binding domain (DBD), a C-terminal ligandbinding domain (LBD) with an associated activation function
(AF-2) activation domain, and an N-terminal domain (NTD)
containing the AF-I activation domain (9, 20). On ligand binding, AR dissociates from heat shock proteins and chaperones,
dimerizes, binds to cognate androgen response elements
(AREs) in target genes, and, through its AF-I and AF-2 domains, interacts with various coactivators that facilitate transcription by the general transcriptional machinery (9, 20). As
inristudiesyothe generalt
rpnery
a
.Ato
b
demonstrated in studies of other activators, gene activation by
AR is thought to require the general initiation factors that
form preinitiation complexes on common core promoter elements (e.g., TATA) (44) and a variety of general and genespecific
either
modulate
chromatin
structure
(26, 36) coactivators
or serve as that
direct
adaptors
between
activators
and
(26,36)or
ireterveas
aaptos btwen acivaorsand
general initiation factors (43). A variety of cofactors have been
implicated more directly in nuclear receptor function (32, 33,
54). On a growing list of cofactors that regulate nuclear receptors are the well-studied coactivators of p300/CBP, the p160
family (SRC-1, TIF-2/GRIP-1, ACTR/P-CIP) (54), p300/
CREB-binding protein associated factor/GCN5 complexes

(yeast SAGA and human STAGA) (5, 31), and protein arginine methyltransferases (PRMTs) (48). These cofactors have
histone acetyltransferase or PRMT activities and are believed
to act mainly through histone acetylation or methylation and
subsequent chromatin structural perturbations but can also act
through functional modification of activators (21) and coactivators (10, 55). Some exhibit ligand-dependent interactions
with the AF-2 domain of receptors, whereas others interact
with the AF-1 domains. The multiprotein thyroid hormone
receptor-associated protein (TRAP)/Mediator complexes exhibit no intrinsic histone acetyltransferase activity (30) and
show subunit-specific interactions with both nuclear receptors
(TRAP220 with thyroid hormone receptor [TR], vitamin D
receptor, peroxisome proliferator-activated receptor, retinoic
acid receptor, retinoid X receptor, and estrogen receptor [ER]
and TRAP 170/vitamin D receptor-interacting protein 150 with
glucocorticoid receptor [GRI) and other activators (TRAP8O
with p53 and VP16). This complex, in turn, interacts with the
general initiation factors and polymerase II (Pol1II) and acts on
DNA templates at post-chromatin-remodeling steps. Of these
DNActepates
at peen
ste
futhes
coactivators,
have of
been
to function
with AR (1, 3,p300iCBP
6, 23, 29),and
butp160s
functions
theshown
multicomponent
STAGA (-15 subunits) and TRAP (-25 subunits) complexes
with AR are also likely (51). Other cofactors that have been
implicated in the function of AR and, in most cases, other
nuclear receptors include the ARA group, ARIP3, SNURF,
FHL2, cyclin D1, and AES (22, 24). Some of these factors have
broader effects on basal transcription and other activators, but
less is known about their mechanistic function.
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Homeoboxes are conserved 61-amino-acid DBDs present in
a distinct family of transcription factors, the homeodomain
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proteins, that play a central role in eukaryotic development,
with spatial and temporal specificity (19). Consistent with their

(PAGE). and peptides derived from p44 were subjected to mass spectrometric
analysis (37). An expression sequence tag clone (IMAGE:785275) encoding

role in cell growth and differentiation, homeobox gene dysfunctions have been implicated in tumorigenesis (12). NKX3.1
is a newly discovered prostate tissue-specific and androgenregulated gene in the homeobox gene family (41). NKX3.1 is
most closely related, by virtue of 78% sequence similarity with
the homeodomain region, to DrosophilaNK-3. NK-3 interacts
with the corepressor Groucho through the homeodomain region to repress transcription (11). Consistent with its sequence
similarity to NK-3, NKX3.1 has been shown to specifically
repress transcription of a luciferase reporter containing three
copies of the NKX3.1-binding site upstream of a thymidine
kinase core promoter (49). The chromosomal association of
the NKX3.1 gene on 8p2l, a region frequently deleted in
prostate cancer, suggests that NKX3.1 may function as a tumor
(8). Consistent with these findings, the results of
suppressor
recent studies of NKX3.1 knockout mice suggest that NKX3.1

the ATCC. A 1.3-kb eDNA encoding fullfull-length p44 was obtained from
2
length p44 was labeled with " P using the random primed DNA labeling kit

exerts a growth-suppressive effect on prostate epithelial cells
and controls differentiated glandular functions (2, 7, 25, 45).
These findings suggest that, as a transcription factor, NKX3.1
may play an important role in prostate cell development, cell
differentiation, and tumorigenesis, even though the biological
dehicl
and biochemical functions of NKX3.1 remain to be deciphered.
In this study, we identified a new AR-associated protein
(p44 ) that interacts with AR directly and enhances AR-driven
gene expression in vivo. We also demonstrated that in the
nuclei of HeLa cells, p4 4 forms a multiprotein complex that
functions as a coactivator of AR.

the E4 basal promoter and the luciferase gene, respectively. PC3 cells were
maintained in RPMI 1640 medium plus 10t%fetal bovine serum. Transfections
were performed with Lipofectamine reagent (Invitrogen, Carlsbad, Calif.).
Briefly, 10r cells were plated onto each well of 24-well plates approximately 24 h

MATERIALS AND METHODS
cell lines that stably expressed a FLAG-tagged AR
prostate
of
Establishment
or NKX3t and immunopurification of LAW- and f:NKX3.1 -associated factors.
pBabe-Neo-f:NKX3.1
The mammalian expression vectors pBabe-Neo-f:AR andNKX3.I
eDNA into the
AR or
were created by subeloning FLAG-tagged human
from the
purchased
was
LNCaP
line
cell
cancer
prostate
The
vector pBabe-Neo.
American Type Culture Collection (ATCC; Manassas, Va.) and maintained in
plus 10% fetal bovine serum. Cells were transfected with
1640 medium
RPM1
or pBabe-Neo-f:NKX3. and further incubated at 37°C for I to
pBabe-Neo-f:AR
(11.5 mgiml). The medium was
1.5 days before being split 1:6 for G418 selection
colonies, normally seen
G418-resistant
Individual
days.
changed every 3 or 4
after 2 weeks, were expanded into cell lines and then characterized by Western
blotting using the anti-FLAG monoclonal antibody M2. The cell lines expressing
FLAG-tagged AR or FLAG-tagged NKX3.1 were further expanded and analyzed. Nuclear and cytoplasmic extracts were prepared according to our standard
methods (53) and used to immunopurify the AR- or NKX3.I-containing complexes. Typically, I ml of nuclear or cytoplasmic extract was mixed with 20 pAtof
M2 resin and incubated for 3 h at 4°C with rotation. After five washes in a buffer
containing 20 mM HEPES (pH 7.9), 0.2 mM EDTA, 20% glycerol, 2 mM
dithiothreitol, 30 mM KCI, and 0.1% NP-40, the bound proteins were eluted
from the M2 agarose by incubation at 4°C for 30 min with 20 pl of the same
buffer plus 0.2 mg of the FLAG peptide (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys)
per ml. Aliquots (5 tkl) of eluted proteins were mixed with equal volumes of 2X
Laemmli's sample buffer and loaded onto a 10% polyacrylamide-sodium dodecyl
sulfate (SDS) gel. Proteins were visualized by silver staining.
In vitro transcription and primer extension. The basal transcription factors
TFIIA, TFIIB, TFIIE, and TFIIF and PC4 were expressed in and purified from
bacteria. TFIID, TFIIH, and RNA Pol 11were affinity purified from stable cells
expressing the corresponding FLAG-tagged subunits (56). Transcription reactions were carried out in a final volume of 25 1Aand contained 90 fmol of
supercoiled plasmid DNA template; the products were analyzed by the primer
extension reaction as described previously (56).
eDNA cloning and Northern blot analysis. An immunopurified f:NKX3.1containing complex was subjected to SDS-polyacrylamide gel electrophoresis

(Boehringer Mannheim GmbH) and was used to probe human multiple-tissue
Northern blot membranes (BD Biosciences Clontech, Palo Alto, Calif.).

Expression and purification of recombinant proteins and antibody preparation. Recombinant human AR was expressed in Sf9 cells via baculovirus vector
pVL1393 as a FlAG-tagged fusion protein and purified on M2 agarose (56).
His,-tagged p44 was expressed in bacteria via the expression vector pETl5d and
purified by affinity (nickel-nitrilotriacetic acid [Ni-NTA] agarose) and S-Sepharose chromatographic steps. The eDNA encoding amino acid residues I to 282 of
human AR was subeloned into vector pETl5d and expressed in bacteria. The
His -tagged AR(1-282) protein was purified through a Ni-NTA agaros column.
5

p44 and AR(1-282)
5
Ten milligrams of the purified recombinant His ,-tagged
proteins was sent to Convance Inc. (Denver, Pa.) for polyclonal antibody pro-

duction in rabbits. The antisera were purified through the p44 and AR(I-282)
agarose columns, respectively.
Transient transfection. The AR, ER, GR, progesterone receptor (PR), TR,
and p44 expression vectors for transfection assays were constructed by inserting
their corresponding eDNA sequences into pcDNA3.1. The luciferas reporters

contain the androgen, estrogen, or thyroid hormone response elements ahead of

before transfection. After being washed with phosphate-buffered saline, cells in
each well were transfected with 30 ng of an expression vector (AR, ER, GR, PR,
or TR), 100 ng of the reporter plasmids, 2.5 ng of the pR-LUC internal control
plasmid, and different amounts of the p44 expression vector. The total amount of
DNA was adjusted to 300 ng with pcDNA3.1. Transfections were conducted in
phenol-free RPMI 1640 medium; 2 h later, the medium was changed to either
regphenol-free RPMI 1640 plus charcoal-treated fetal bovine serum (10%) or
ular medium containing 10 nM R1881, 10 nM dexamethasone. 10 nM progesterone, I 1 iM fS-estradiol, or 10 nM T3. Cells were cultured for another 48 h and
harvested for the dual luciferase assay (Promega, Madison, Wis.).
Protein-protein interaction assay. One microgram of recombinant glutathione
S-transferase (GST) and GST fusion proteins (GST-p44, GST-NTD, GST-DBD,
on 20 p1 of glutaand GST-LBD) were expressed in bacteria and immobilized
beads were incubated with 5 p.l of rabbit reticuloThe
thione-Sepharose beads.
T
b.
5
volume of
S-labeled AR, NKX3. 1, or PRMT5 in a final
containing
cyte
glycerol, 2 mM
20 mM HEPES (p11 7.9), 0.2 mM EDTA. 2t)% were
containing
200I p1lysate
2 fv
The 20%
KCI,(H 70.2l NP
2diontaining 20 rmM
times (I ml each) with the incubation buffer, boiled in 20 pi of the SDS gel
sample buffer, and analyzed by SDS-PAGE followed by autoradiography.
ChIP. LNCaP cells were grown in phenol red-free RPMI 1641 supplemented
with charcoal-dextran-stripped fetal bovine serum (10%) for 2 days and then
treated with I nM R1881 for 16 h. (?ells treated with ethanol were used as the
control. Chromatin immunoprecipitation (ChiP) was performed as described
previously (39) with the following modifications. Cells were cross-linked with 1%)
formaldehyde at room temperature for 10 min and the cross-linking reaction was
stopped by addition of glycine to 0.125 M. The cross-linked chromatin was
sonicated with a Branson Sonifier 450 microtip at power setting 6 for five 30-s
bursts separated by cooling on ice. This treatment produced DNA fragments of
average size of 700 bp. For immunoprecipitation, 2 lkg of antigen-purified anti-AR or anti-p44 antibody was mixed with 31t jig of the purified cross-linked
chromatin and incubated overnight at 4°C. Immunocomplexes were washed five
times (10 min each) in I ml of the buffer containing 1% Triton X-100. 01.1%
sodium deoxycholate, 0.05% SDS, 1401mM NaCI, and I mM phenylmethylsulfonyl fluoride; once in a solution containing 10.25 M LiCI, 0.5% NP-40, 0.5%
sodium deoxycholate, 1 mM EDTA, and 10 mM Tri-HCI, pH 8.0; and twice in I
mM EDTA-10 mM Tris-HCI, pH 8.0. After reversal and recovery of the immunoprecipitated chromatin DNA, the final DNA pellets were dissolved with 50 p1
of H 20. Immunopurifled DNA (5 id) was used for a PCR (311cycles, annealing
at 50rC), with primers as follows. For prostate-specific antigen (PSA), the forward primer sequence was TCTGCCTITGTCCGOCT-AGAT and the reverse
primer sequence was AAC(717CAITCCCCAGGACT, which amplifies a
212-bp product from -2510 to -39 upstream of the PSA transcription start site.
For jI-actin, the forward primer sequence was TC(TI'C(T-CTFCC-1CAATCTFCG
and the reverse primer sequence was AAGGCAACIT'CGGAACGG, which
amplifies a 145-bp product from - 118 to -974 of the P-actin gene (the A of the
ATG translation start codon was arbitrarily given the number + 1).
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FIG. 1. Effects of affinity-purified f:AR-cofactor complexes on transcription in a system reconstituted with purified factors. (A) SDS-PAGE
analysis of f:AR-cofactor complexes. Lanes 1 and 3 show AR-containing complexes immunopurified from nuclear extracts made from a stably
transfected, FLAG-tagged, AR-expressing LNCaP cell line grown in the presence (lane 3) or absence (lane 1) of the synthetic androgen R1881
(10 nM). The gel was stained with silver. Bands corresponding to FLAG-tagged AR (f:AR) and to the polypeptide specifically associated with AR
are indicated by arrows. (B) AR- and AR-cofactor-dependent transcription. A synthetic template containing four ARE elements (C) was
transcribed in the system reconstituted with purified factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF, Pol II, and PC4) with additions of the rAR and
f:AR-cofactor complexes described for panel A. The specifically initiated transcript is indicated by an arrow and was monitored by primer
extension. The activation relative to levels of transcription in the absence of rAR or f:AR complexes (lane 1) is indicated at the bottom.
(C) Diagram of the synthetic ARE-containing template. The template (pARE-E4) contains four tandem copies of the ARE from the PSA
promoter positioned upstream of the adenovirus E4 promoter.

Methylation of proteins. A cDNA (IMAGE:3833019) encoding the full-length
human PRMTS was purchased from the ATCC. The point mutant (R368A) was
created by using a QuikChange site-directed mutagenesis kit (Stratagene) following the manufacturer's instructions. The mutation was confirmed by DNA
sequencing analysis. The wild-type and mutant PRMT5 were expressed in bac2

teria via pET15d expression vector and purified through Ni '-NTA agarose. The
methylation assay was performed as follows. Two micrograms of the purified
histones (27) was incubated with 0.8 ig of the purified recombinant wild-type or
mutant PRMT5 and various factors in 25 Al of 50 mM Tris, pH 7.5-1 mM
EDTA-t mM EGTA-20 [iCi of I•H]AdoMet (Amersham Pharmacia Biotech) at
30rC for 30 min. The reactions were stopped by the addition of 5 gl of 5X SDS
sample loading buffer, and samples were resolved by SDS-15% PAGE. The gels
were stained with Coomamsie blue R250. destained, treated with an intensifying

solution, and analyzed by autoradiography.
In situ hybridization. We used matched normal and cancerous prostate tissues
derived from radical prostatectomies of patients with prostate cancer at New
York University Medical Center in an institutional review board-approved protocol. The procedure for in situ hybridization was as described previously (28).
Briefly, the sections were hydrated, postfixed in 4% paraformaldehyde, and
treated with proteinase K followed by deacetylation. The prehybridization and

hybridization treatments were performed at 68°C using 0.3 M NaCI and 50%
4

formamide. DNA fragments (5(10 bp, cDNA sequences of p4 from I to 50f0)
containing both T7 and T3 promoters were generated by PCR. Corresponding
3
P-labeled RNAs (sense and antisense) were generated by in vitro transcription
with T7 and T3 RNA polymerases, respectively, and hybridized to the tissue
sections (4 Rm). After being washed, the slides were exposed to NTB-2 X-ray
emulsion (Eastman-Kodak, Rochester. N.Y.) for 2 to 3 weeks and counterstained with hematoxylin-cosin. Image and statistical analyses were performed as

"

described previously (28).

RESULTS

Immunopurification and functional analysis of FLAG-ARassociated factors. Stable cell lines expressing FLAG-epitopetagged factors were generated previously and used to affinity
purify corresponding parental complexes (52, 53, 56). To similarly identify androgen-dependent or androgen-independent

AR-interacting factors, we generated a prostate cancer cell line
(f:AR-LNCaP) that stably expresses a FLAG-tagged AR. Immunopurification of f:AR from nuclear extracts made from
f:AR-LNCaP cells grown in the presence and absence of androgen (R1881) revealed androgen (R1881)-induced association of a 44-kDa f:AR-associated polypeptide (Fig. IA, lane 3).
The specific association of this polypeptide with f:AR is further
shown by the failure of similar-sized polypeptides in extracts
from control cells (not expressing f:AR) to bind to the affinity

matrix (Fig. IA, lane 4).
When assayed in the purified minimal transcription system
containing TFIIA, TFIIB, TFIID, TFIIH, Pol 11, and PC4 with
the synthetic ARE-containing template (56) (Fig. I C), recombinant AR (rAR) alone elicited up to 8.3-fold activation (Fig.
IB, lanes 6 to 8). The f:AR complex from nuclear extract
derived from f:AR-expressing LNCaP cells grown in the presence of R1881 [f:AR(+)] elicited up to 38-fold activation (Fig.
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1M1,lanes 2 and 3) and at an equimolar input was 16-fold more
active than rAR (Fig. IB, lane 3 versus lane 7). In contrast, the
f:AR complex from nuclear extract of f:AR-expressing LNCaP
cells grown in the absence of R1881 [f:AR(-)] showed a level
of activity only about 2-fold above that shown by rAR (Fig. 1B,
lanes 4 and 5 versus lanes 6 and 7). The amounts (indicated in
Fig. IB) of recombinant AR and f:AR in the f:AR-containing
compltees were normalized by quantitative Western blot aWysis with anti-AR polyclonal antibodies. These results indicate
that polypeptides associated with AR specifically in the presence of androgen can upregulate AR function; a likely candidate is the 44 kDa protein, although other minor polypeptides
could also be responsible. When the cell line was further expanded, the 44-kDa polypeptide became less abundant, and an
attempt to isolate a sufficient amount of the 44-kDa polypeptide for peptide sequence analysis failed.
Purification, cloning, and characterization of FLAGNKX3.1-interacting proteins. We similarly generated a prostate cancer cell line (f-.NKX3.1I-LNCaP) that stably expresses a
FLAG-tagged NKX3.1. Immunoprecipitation of f:NKX3.1
from extracts isolated from f:NKX3.1-LNCaP cells revealed
44- and 170-kDa polypeptides that specifically associate with
NKX3,1 in the cytoplasm (Fig. 2A, lane 5), but not with
NKX3.1 in the nucleus (Fig. 2A, lane 3). The specific association of these polypeptides with f:NKX3.1 is further shown by
the failure of similar-sized polypeptides in extracts from control cells (expressing f:SRCl) to bind to the affinity matrix (Fig.
2A, lane 4). Because f:NKX3.1 stained negatively with silver,
Western blot analysis with the anti-FLAG antibody was employed to demonstrate the existence of f:NKX3.1 in immunoprecipitates derived from both nuclear (Fig. 2A, bottom panel,
lane 3) and cytoplasmic (Fig. 2A, bottom panel, lane 5) extracts. After larger amounts of f:NKX3.1-associated 44-kDa
protein had accumulated, we performed direct sequence analysis by mass-spectrometric methods (37). On the basis of the
peptide sequence (KETPPPLVPPAAR) obtained from massspectrometric analysis, we obtained a cDNA encoding the 44kDa protein. The p44 cDNA encodes a protein containing 342
amino acid residues and four putative WD-40 repeats (residues 68 to 107, 114 to 153, 157 to 196, and 280 to 319). p 44 is
identical in sequence to the recently identified MEP50 component of the methylosome (18) and to the WD45 subunit of
the survival motor neuron (SMN) complex (35). Northern blot
analysis of multiple human tissues showed that p44 mRNA is
highly expressed in the heart, skeletal muscle, spleen, testis,
uterus, prostate, and thymus (Fig. 3). Western blot analysis
with anti-p44 antibody revealed that the f:AR preparation immunopurified from the f:AR-LNCaP cell line (Fig. IA, lane 3)
contains the same 44-kDa polypeptide (Fig. 2B, lane 3).
p44 specifically enhances AR-dependent transcription in
vivo. To investigate the effect of p44 on AR-dependent transcription in vivo, a luciferase reporter (4X ARE-E4-Luc) containing four tandem PSA promoter AREs (-152 to - 174) (14)
and the minimal adenovirus E4 promoter (-38 to + 93) upstream of the luciferase gene was cotransfected with expression
vectors for AR and p44 into PC3 cells in the absence or presence of ligand (R1881). As shown in Fig. 4A, AR activated the
reporter gene about 12-fold in the presence of ligand, and
coexpressed p44 showed a strong (up to 3.3-fold) enhancement
of this activity that is likely restricted in magnitude by contri-
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FIG. 2. p44 associates with NKX3.1 in the cytoplasm. (A) SDSPAGE analysis of purified f:NKX 3.1-containing complex. Immunoprecipitation was performed with nuclear extracts (NE) (lane 3) and
cytoplasmic extracts (lane 5) made from a stably transfected, FLAGtagged, NKX3.1-expressing cell line. Bands corresponding to FLAGtagged NKX3.1 and polypeptides specifically associated with NKX3. I
(p44 and p170) are indicated by arrows. The specific association of
these polypeptides with f:NKX3.1 is further shown by the failure of
similarly sized polypeptides in extracts from control cells (expressing
f:SRC1)
bind tomarkers
the affinity
matrix (lanes
2 and 4).
Laneis1,
moleculartoweight
(Bio-Rad).
The bottom
panel
a standard
Western
blot of the same samples with anti-FLAG monoclonal antibody.
(B) Western blot analysis of the f:AR-complexes with anti-p44 antibody. Lane I contains 5 ixl of nuclear extract made from LNCaP cells.
(C) NKX3.1 partially represses AR-dependent gene expression, And
the overexpression of p44 relieves this repression. PC3 cells were
transfected with 100 ng of 4X ARE-E4-luc reporter plasmid. 30 ng of
pcDNA-AR, 60 ng of pcDNA NKX3. I, and 100 ng of p44, as indicated.
Cells were grown in the presence of 10 nM R1881 for 48 h after
transfection and then harvested for luciferase activity assays.

butions from endogenous p44 (data not shown). p 44 did not
influence reporter gene activity in the absence of cotransfected
AR or ligand (R1881), indicating that the enhancing effect of
p44 on AR-dependent gene expression was caused by an effect
on the E4 promoter. To investigate the receptor specificity of
p44, we examined the effects of p44 on transcription of reporters containing the same E4 core promoter under the control of
GR, PRh, ERa, and TR. As shown in Fig. 4A, p44 also enhanced GR- and PR-driven gene expression and, in contrast,
showed no effect on TR- or ER-mediated transcription,
Hence, p44 shows some nuclear receptor-specific effects in
vivo. p44 also enhanced AR-driven transcription from natural
ARE-containing mouse mammary tumor virus (15) and probasin (-244 to + 12) (13) promoters but had no obvious
effects on the promoter derived from the PSA enhancer
(-4354 to -3858) (46) (Fig. 4B). These results suggest that
p44 has promoter specificity.
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p44 interacts directly with AR and NKX3.1. Consistent with
the observed intracellular association of p44 with f:NKX3.1
(Fig. 2A, lane 5), p44 interacted directly and strongly with
NKX3.1 in a salt-insensitive manner in a GST pull-down assay
(Fig. 5A, lanes 10 to 14). Recombinant AR was also found to
interact strongly (but in a salt-sensitive manner) with a GSTp44 fusion protein but not with GST alone (Fig. 5A, lanes I to
9), which was consistent with the intracellular association of
f:AR with p44 (Fig. IA, lane 3). The ligand-independent in
vitro interaction of purified p44 with purified AR contrasts
with the ligand-dependent intracellular association of p44 with
AR. However, other AR-associated proteins (such as heat
shock proteins) whose interactions are reversed by androgen,
thus facilitating p44 interaction, may explain this dependency.
Our identification of a common interacting protein (p44)
prompted studies of the effect of NKX3.1 on AR function,
which showed that overexpression of NKX3.1 represses ARdriven gene expression in vivo (Fig. 2C). One possible explanation is that NKX3.1 may sequester p44 in the cytoplasm, thus
inhibiting AR-driven gene expression. Overexpression of ectopic p44 was shown to completely overcome the NKX3.1mediated repression, which supports this theory (Fig. 2C).
Since p44 enhances AR activity in either the presence (in
LNCaP cells) or absence (in PC3 cells) of NKX3.1, the mechanism of enhancement by p44 may be completely independent
of NKX3.1 action.
p44-containing complex enhances AR-driven transcription
in vitro. To further explore the function and regulation of p44,
we established a HeLa cell line that stably expresses FLAGtagged p44 and used it to immunopurify p44-containing complexes. SDS-PAGE analysis revealed a large number of
polypeptides (more abundant in the 50- to 60-kDa range and
less abundant in the 70- to 100-kDa and 10- to 30-kDa ranges)

(Fig. 5B, lane 5). The recombinant p44 expressed in bacteria
(Fig. 5B, lane 2) inhibited AR-dependent transcription from
the synthetic ARE-E4 promoter (Fig. 5C, lane 3 versus lane 2).
This repression contrasted with the activation observed in vivo
(transient transfection) (Fig. 4). One possible reason for this is
that p44 activation of AR-driven gene expression requires additional factors. In the absence of these factors in the in vitroreconstituted transcription system, p44 might sequester some
transcription factors (such as AR) through direct interactions
and thus repress transcription. This hypothesis is supported by
our finding that the p44-containing complex purified from the
FLAG-tagged stable cell line enhanced AR-driven transcription from the same promoter (Fig. 5C, lane 5). The p44containing complex did not affect GAL4-VP16-driven transcription in the same in vitro transcription system (data not
shown).
The occupancy of specific DNA sites by specific DBDs (e.g.,
AR) and associated proteins can be established by the ChIP
assay (38). This assay is a direct and powerful method of
assessing in vivo protein-DNA interactions. AR binds to the
PSA promoter region in the presence of androgen (R1881)
(Fig. 5D, middle panel, lane 1). As negative controls, the products amplified by PCR at the same time from the P3-actin
promoter were not changed in response to the addition of
androgen (Fig. 5D, middle panel, lanes 3 and 4). This observation is consistent with the fact that the PSA promoter is
directly targeted by AR (57). We performed this assay more
than 10 times and consistently observed the androgen-dependent recruitment of AR to the PSA proximal promoter in
LNCaP cells. Cofactors can also be cross-linked by formaldehyde treatment to chromatin through their interactions with
DNA-binding factors in living cells. Therefore, the ChIP assay
is also a direct way to determine cofactor occupancy on AR
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FIG. 5. p44-containing complex enhances AR-driven transcription. (A) p44 interacts directly with AR and NKX3.1. GST-p44 fusion protein
expressed in bacteria was immobilized on glutathione agarose beads. Beads were incubated with 3 5S-labeled AR (lanes I to 9) or NKX3.1 (lanes
10 to 14) in BCI5O-0,l% NP-40 (lanes 2, 3, 6, 7, 11, and 12) or BC300-0.1% NP-40 (lanes 4, 5, 8, 9, 13, and 14) in the absence (lanes 2 to 5 and
10 to 14) or presence (lanes 6 to 9) of 50 nM R1881 for 2 h at 4°C. After being washed with the incubation buffer, the beads were boiled with SDS
sample buffer and subjected to SDS-PAGE followed by autoradiography. (B) SDS-PAGE analysis of purified p44 and p44-containing complexes.
Lane 2 shows recombinant p44 expressed in bacteria and purified on an Ni-NTA agarose affinity column; lanes 5 and 4 show p44-containing
complexes immunopurified from nuclear extracts made from a stably transfected, FLAG-tagged, p44-expressing HeLa cell line and immunoprecipitate from extracts made from control cells (not expressing f:p44), respectively. The gels were stained with Coomassie blue R250. The band
corresponding to p44 is indicated by the arrow at the right. Polypeptides specifically associated with p44 are indicated by short lines at the right
(lane 6), Lanes 1 and 3, standard molecular weight markers (Bio-Rad); lanes 7 and 8, Western blot analysis of the immunoprecipitate isolated from
p44-expressing cells (lane 7) and control cells (lane 8) using anti-PRMT5 and anti-plCln antibodies. (C) The p44-containing complex enhances
AR-dependent transcription. A synthetic template, pARE-E4, was transcribed in the system reconstituted with purified factors (TFIIA. TFIIB,
TFIID, TFIIE, TFIIF, Pol II, and PC4) with additions of rAR, p44, and the f:p44-containing complex described for panel B. The specifically
initiated transcript is indicated by an arrow and was monitored by primer extension. (D) p44 was recruited on the PSA promoter in the presence
of the androgen. LNCaP cells were grown in the absence (lanes 2 and 4) or presence (lanes 1 and 3) of 1 nM R1881. A ChIP assay was performed
with antigen-purified anti-AR (middle panel) or anti-p44 (top panel) antibodies. The purified-protein-DNA cross-links were reversed, and the
resulting DNA was amplified by a PCR with two specific primers derived from promoter regions of PSA (lanes I and 2) or 0l-actin (lanes 3 and
4). The same set of PCRs (top panel) was performed with chromatin DNA (Input) used for the ChIP assay.

FIG. 4. p44 specifically enhances AR-mediated transcription in vivo. (A) p44 enhanced AR-, GR-, and PR-mediated transcription. PC3 cells
were transfected with 100 ng of 4X ARE-, 3X ERE-, or 2X TRE-E4-luc reporter plasmid, 30 ng of pcDNA-AR, -GR, -PR, -ER, or -TR, and the
indicated amounts of peDNA-p44 expression plasmid. Cells were grown in the absence or presence of 10 nM R1881, 10 nM dexamethasone, 10
nM progesterone, I liM estradiol, or 10 nM T3 for 48 h after transfection and then harvested for luciferase activity assays. (B) p4 4 selectively
affected AR-mediated luciferase gene expression from different promoters. PC3 cells were transfected with 100 ng of MMTV-, probasin-, or
PSA(1)-luc reporter plasmid, 30 ng of pcDNA-AR, and 150 ng of pcDNA-p44 expression plasmid. Cells were grown in the presence of 10 nM
R1881 for 48 h after transfection and then harvested for luciferase activity assays.
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FIG. 6. PRMT5 synergizes with p44 to enhance AR-driven gene
expression. PC3 cells were transfected with 100 ng of ARE-E4-luc
reporter plasmid, 30 ng of pcDNA-AR, and indicated amounts (in
nanograms) of pcDNA-p44, -PRMT5, or -pICln expression plasmid.
Cells were grown in the absence or presence of 10 nM R1881 for 48 h
after transfection and then harvested for dual luciferase activity assays.

These results indicate that PRMT5 is recruited to AR target
genes through its direct interaction with p44. The conserved
arginine residue (R368) is essential for the methyltransferase
activity of PRMT5 (40). The wild-type (Fig. 7B, lanes 2 and 3)

target genes. Figure 5D shows the androgen-dependent recruitment of p44 onto the PSA promoter (bottom panel, lane
1 versus lane 2). The ChIP assay with anti-p44 antibody was
independently performed twice, and the results were consistent. We found that when larger amounts (twofold) of DNA
were used in our standard PCRs (30 cycles), we still observed
the androgen-dependent recruitment of p44 to the PSA promoter, although the background was slightly higher. However,
fewer amplification cycles (27 cycles) in the PCR gave better
results when the larger amounts of DNA were used. These
results suggest that p44 functions on the AR target gene in
vivo.
Others have reported that MEP50 and WD45 form complexes with PRMT5 and pICIn in the methylosome and SMN
complexes, respectively (18, 35). To further establish whether
the latter two proteins are present in our p44-containing complex, Western blot analysis with anti-PRMT5 and anti-plCln
antibodies was performed. Both PRMT5 and pICIn proteins
were present in the p44-containing complex (Fig. 5B, lane 7).
To determine whether PRMT5 and pICIn are involved in ARdriven gene expression, we subcloned cDNAs encoding
PRMT5 and pICln (IMAGE:3836445) (ATCC) into the expression vector pcDNA3.1. To investigate the effect of PRMT5
and pICln on AR-dependent transcription in vivo, an AREcontaining luciferase reporter was cotransfected with expression vectors for AR, PRMT5, pICIn, or different combinations
into prostate cancer PC3 cells in the presence of ligand
(R1881). As shown in Fig. 6, AR activated the reporter gene
about 12-fold, and coexpressed PRMT5 showed a strong (up to

and R368A mutant (lanes 4 and 5) PRMT5 were expressed in
and purified from bacteria. Incubations of histones purified
from HeLa cells with [3 H]AdoMet plus recombinant PRMT5
resulted in transfer of the radioactive methyl groups to the
histone H4 (Fig. 7C, top panel, lane 2). In contrast to previous
observations (40), we did not detect the methylation of the
histone H2A by PRMT5. This discrepancy might be due to the
different preparations of histones used for the methylation
assay. The preparation of individual histones was used in the
previous study, but purified natural histones (containing the
octamer of 2H2A, 2H2B, 2H3, and 2H4) were used in our
study. The R368A mutation on PRMT5 dramatically reduced
the methyltransferase activity in vitro (Fig. 7C, top panel, lane
3 versus lane 2). However, this mutation did not significantly
decrease the PRMT5-mediated transactivation of AR in vivo
(Fig. 7D), indicating that the methyltransferase activity of
PRMT5 is not required. Western blot analysis with antiPRMT5 antibody revealed that the levels of the wild-type and
mutant PRMT5 in the transfected PC3 cells are same (data not
shown). However, the same mutation on PRMT5 impaired its
activity as transcriptional corepressor on the cyclin El promoter (16).
Overexpression of p44 correlates with prostate tumorigenesis. In order to investigate the possibility that p44 might be
important for modulating AR function in prostate cancer, we
investigated the expression of p44 at the mRNA level using
quantitative in situ hybridization methods in 43 primary prostate cancers with different degrees of differentiation. Expression of p44 was detected only in prostate epithelial cells and
was significantly up-regulated in 36% of well-differentiated
prostate tumors (Table 1; Fig. 8a, b, g, and h), in more than
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DISCUSSION
In this study, we describe the isolation of p44 as a new ARand NKX3.1-interacting protein both in vitro and in vivo.
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FIG. 7. (A) p44 physically interacted with PRMT5. The 35S-labeled
PRMT5 were incubated with the indicated GST fusion proteins. After
being washed, bound proteins were resolved by SDS-10% PAGE and
visualized hy autoradiography. Lanes I and 5 contain 10% of the
labeled PRMT5 used in binding reactions. (B) SDS-PAGE analysis of
recombinant wild-type (lanes 2 and 3) and R368A mutant (lanes 4 and
5) PRMTS expressed in bacteria and purified on an Ni-NTA agarose
affinity column. The gel was stained with Coomassie blue R250. Lane
1, standard molecular weight markers (M) (Bio-Rad). (C) In vitro
methyltransferase assay. The methyltransferase assay was performed
as described in Materials and Methods. (Top) Autoradiography of the
gel; (bottom) Coomassie blue staining of the same gel, Individual
histones are indicated on the left. (D) Methyltransferase activity is not
required for PRMT5 function on AR-driven gene expression. PC3
cells were transfected with 100 ng of 4X ARE-E4-luc reporter plasmid,
30 ng of pcDNA-AR, and 150 ng of pcDNA-PRMT5 or pcDNAPRMTS(R368A) expression plasmid, as indicated. Cells were grown in

the presence of 10 nM R1881 for 48 h after transfection and then

dent transcription in a cell-free transcriptional system.

A novel cofactor complex functions as an AR coactivator.

Increasing numbers of cofactors have been indicated in the
function of AR (22, 24). They are identified through their
interactions with AR and enhanced or repressed ARmediated transcription in vivo. Our attempt to isolate the ARassociated proteins from stable cell lines resulted in the identification of p 4 4 . p44 and p44-containing complex enhanced
transcription in vivo and in vitro, respectively.
The protein sequence of p44 is identical to that of a component
(MEP50) of the methylosome (18) and a subunit (WD45) of
SMN complex (34). The methylosome complex contains
PRMT5/JBP1, pICln, and Sm proteins and mediates the assembly of spliceosomal snRNP (17). MEP50 is important for
methylosome activity and binds to PRMT5/JBPI and to a subset of Sm proteins (18). SMN is part of a complex that contains
Sm proteins and PRMT5 and is necessary and sufficient for
assembly of spliceosomal U-richsnRNP (35, 47). The methylosome and SMN complexes were isolated from the cytoplasm
of HeLa cells, and the p44-containing complex was purified
from HeLa cell nuclear extract (17, 35). Thus, p44 may form
distinct complexes with different proteins in the cytoplasm and
in the nucleus for different roles (transcription versus splicing
and/or translocation). The apparent size of MEP50 (above that
of the 45-kDa bovine serum albumin) revealed by SDS-PAGE
(17, 18) is larger than that of p44 and WD45 (below that of the
45.kDa bovine serum albumin), indicating that posttranslational modifications may exist in MEP50.
PRMT5 is present within the p44-containing complex. Two
types of PRMT activities have been identified in mammalian
cells (58). PRMT1, PRMT2, and PRMT4/CARMI have been

found to participate in nuclear receptor transcriptional activa-

harvested for luciferase activity assays.

tion (42, 48, 50). The methylation of histones H3 and H4 by

80% of moderately differentiated prostate tumors (Table 1;
Fig, 8c, d, i, and j), and in more than 60% of poorly differentiated prostate tumors (Table 1; Fig. 8e, f, k, and 1). The
average increase was 5,1-fold. These results indicate that
changes in p44 expression (and possibly in expression of associated proteins) might play an important role in affecting the

PRMTI and PRMT4/CARMI correlates with transcriptional
activation, suggesting that they act by modifying chromatin
structure. More recently, PRMT5 was identified as a corepressor of cyclin El transcription (16). Forced expression of
PRMT5 negatively affected cyclin El promoter activity, which
required the methyltransferase activity of PRMT5 (16). In
contrast, our results demonstrate that PRMT5 is a positive AR
cofactor that functions in a methyltransferase activity-indepen-

TABLE I. Quantitative data for the in situ hybridization analysis
TABLE

dent manner in transient-transfection assays. Since the reporter gene in the transient transfection is likely not well packaged into chromatin, we cannot rule out the involvement of the
methyltransferase activity of PRMT5 in AR function on the

Tumor
grade

No, of cases

No. with increase
in p4

%

Low
Moderate
High

it
23
10

4
19
6

36
82
60

' Number of tumors with a 2- to 10-fold increase in p44 expresion.

genes integrated into chromatin. Similarly, PRMT2 was identified as a methyltransferase based on the protein sequence
and functioned as a positive cofactor for ERa, but so far its
methyltransferase activity has not been identified with substrates including histones and ERa (42). The enhancement of
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FIG. 8. Enhanced expression of p44 in prostate tumor tissues. Frozen sections (4 irm thick) of prostate tissues were prepared and kept frozen
until used. The frozen tissue sections were fixed in 4% paraformaldehyde for 30 min, dehydrated with ethanol, and hybridized with antisense p44
33
RNA probes labeled in vitro with [a- p]UTP. The slides were washed first with 2x SSC (I X SSC is 0.15 M NaCI plus 0.015 M sodium citrate)
at room temperature and then twice with 0.2x SSC at 45°C for 20 min. The slides were exposed and evaluated with a Nikon microscope with a
digital camera interfaced to a computer.

AR-dependent transcription by PRMT5 might result from ac-

thank Donald J. Tindall for generously providing the human NKX 3.1

tivation domains existing within PRMT5 protein or from the
structural role of PRMT5 required for assembling the p44-

cDNA clone.

containig cofactor complex. The former possibility is not sup-
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ported by that fact that no activation was observed when
PRMT5 was tethered to DNA through the DBD of GAL4
(data not shown).
p44 is overexpressed in prostate cancer. The observation
that certain cofactors are abnormally expressed in some pros-
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Modulation of Androgen Receptor-Dependent
Transcription by Resveratrol and Genistein
in Prostate Cancer Cells
Shen Gao, Guo-Zhen Liu, and Zhengxin Wang*
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BACKGROUND. The androgen receptor (AR) is a ligand-activated transcription factor that

mediates the biological responses of androgens in the prostate gland. This study focuses on the
chemopreventive agents, resveratrol and genistein, on AR-mediated transcription in prostate
cancer cells.
RESULTS. We found that resveratrol and genistein activated AR-driven gene expression at
low concentrations, whereas they repressed the AR-dependent reporter gene activity at high
concentrations. We determined that resveratrol and genistein induced AR-driven gene
expression by activating the Raf-MEK-ERK kinase pathway. The ERKI kinase phosphorylated
the AR on multiple sites in vitro, but this phosphorylation event did not contribute to the
resveratrol-induced AR transactivation.
CONCLUSIONS. In vitro and in vivo studies have indicated that resveratrol and genistein are
promising chemopreventive agents. Given the clear evidence that AR pathways are involved in
the development and progression of prostate cancer, these data showed that the ability to
modulate AR function would contribute the observed chemopreventive activity of resveratrol
and genistein. Prostate59: 214-225, 2004. ( 2003 Wiley-Liss, Inc.
KEY WORDS:

androgen receptor; resveratrol; genistein; chemoprevention; MAP kinase;
prostate cancer

INTRODUCTION
Androgens play an important role in the proliferation, maintenance, and function of the prostate gland
[1,21. Evidence shows that androgens are also involved
cancer,
in the development and progression of prostate
which is the basis for treating non-organ-confined
prostatic carcinoma with androgen ablation [3,4]. The
androgen receptor (AR) mediates androgen functions
and belongs to the nuclear receptor superfamily [5].
The AR, like other members of the super family,
contains a central DNA-binding domain (DBD), a Cterminal ligand-binding domain (LBD) with an asso-

p160 family (SRC-1, TIF-2/GRIP-1, ACTR), TRAP/
mediator complex, the ARA group, and others [7-91.
Little is known about how these cofactors function, and
soefthmhwbrarefcsonaalracip
ton an ther actvatrs.
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target genes and, through its AF-1 and AF-2, interacts
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ciated activation function 2 (AF-2), and an N-terminal

domain (NTD) containing the activation function 1
(AF-1) and the inhibition domain (ID) 161. The AR binds

with various coactivators that facilitate transcription.

Increasing numbers of cofactors have been implicated
in the function of AR. These include p300/CBP, the
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AR Activation by Resveratrol and Genistein
Chemoprevention is a new strategy to prevent or
slow prostate carcinogenesis [101. Genistein, the most
abundant phytochemical component of soy, has been
implicated in the prevention of hormone-sensitive
cancers including breast and prostate [11]. Prostate
tumor incidence and growth have been reduced in
animals exposed to a soy diet [12-15]. The growth and
metastasis of transplantable tumors was inhibited in
animals injected with purified genistein [161 and fed
with genistein [171. These studies support the epidemiological evidence that populations consuming diets
rich in soy, have lower incidence of prostate cancer than
richin
loer oyhav
ncienceof rosatecaner han
those populations that consume diets with little or
no soy 110,11. Resveratrol, a bioflavonoid found in a
multitude of dietary plants, including grapes and
peanuts, was identified as a potential chemopreventive
agent in vitro and in animal models [18]. Studies on
resveratrol in rats indicate that even an average
consumer of red wine, particularly over the long term,
can absorb enough quantities of resveratrol to be
beneficial to the health [19]. Subsequently, resveratrol
has been shown to bind to the estrogen receptor (ER)
[20] and is considered a phytoestrogen because of its
potent estrogenic properties in MCF-7 human breast
cancer cells [21], but additional studies conducted with
these cells demonstrated that reseratrol has antagonitic
activity in the presence of estradiol [21,221. It has been
shown that resveratrol inhibited the growth of androgen-responsive prostate cancer cells, in part because of
the decreased expression of the AR [231. The molecular
mechanisms that contribute to the chemopreventive
activities of genistein and resveratrol are still unclear.
Since the AR pathway plays a pivotal role in prostate
cell growth, differentiation, and function, it is one of the
possible sites of intervention in prostate cancer prevention efforts. In this study, we investigated the effects
of resveratrol and genistein on AR-driven gene expression in the human prostate cancer cell lines LNCaP and
PC3. We found that resveratrol and genistein enhanced
AR transactivation at lower concentrations, and that
they inhibited AR transcription at higher concentrations. Resveratrol and genistein activated AR function
through the Raf-MEK-ERK signaling pathway.

Plasmid Construction
We generated the various deletion mutations by
doing polymerase chain reaction (PCR) on the corresponding nucleotide sequences of human AR cDNA.
The PCR products were subcloned into pcDNA3.1 with
the FLAG epitope at the N-terminal ends for a transient
transfection assay. The AR point mutants were generated by using the QuikChange site-directed mutagenesis kit (Stratagene, La Jollan, CA) and following the
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manufacturer's instructions. The mutations were confirmed by DNA sequencing analysis. The expression
vectors (NpT7-5 ERKlwt and pBB131 MEKKc) were
kindly provided by Dr. Melanie Cobb (The University
of Texas Southwestern Medical Center at Dallas,
Dallas, TX).
Transient Transfection Assay
The PC3 and LNCaP
were maintained in RPMI
1640 medium plus 10% cells
fetal bovine serum. Approximately 24 hr before transfection, 105 cells were plated
into each well of 24-well plates. The cells in each well
to ech
well
of
the
cli
eacrell
were transfected with 10 ng of the vector expressing
the wild-type or various mutated AR, 100 ng of the
luciferase reporter plasmids, and 2.5 ng of the pR-LUC
internal control plasmid. The total amount of DNA
was adjusted to 300 ng with pcDNA3.1. The transfections were performed using Lipofectamine reagent
(Invitrogen, Carlsbad, CA) and were conducted in
serum-free RPMI 1640 medium. The medium was
changed 6 hr later, to phenol-free RPMI 1640 plus 10%
charcoal-stripped fetal bovine serum or regular RPMI
1640 plus 10% fetal bovine serum. Various concentrations of resveratrol and genistein and 1 nM R1881
were added to the medium 24 hr after transfection. The
cells were cultured for another 24 hr and then were
harvested for the dual luciferase assay (Promega,
Madison, WI).
Immunoblots
Whole-cell lysates made from the transient transfected cells were submitted to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-lPAGE) and
then proteins were transferred to a nitrocellulose
membrane for Western blot analysis. The immunoblots
were blocked for 30 min in 3% nonfat dry milk in TBST
(20 mM Tris-HCI, pH 7.6, 150 mM NaCl, and 0.05%,
Tween 20). The blots were then incubated overnight
with the anti-p44/p42 antibody and the anti-phosphop44/p42 antibody (Cell Signaling Technology, Beverly,
MA) or for 2 hr with the anti-FLAG or anti-actin
antibodies (Sigma-Aldrich Corp., St. Louis, MO) or
the anti-AR antibody. The blots were then washed
with TBST three times and incubated for 1.5 hr with
the second antibody (Amersham Biosciences Corp.,
Piscataway, NJ). Antibodies were diluted with 2%70
bovine serum albumin (BSA) in TBST. The protein
bands were detected by an enhanced chemiluminescence kit (Amersham Biosciences).
Protein Expression and Purification
The His 6-tagged activated and inactivated ERKI
proteins were obtained by the expression of ERK1 with
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and without the constitutively activated MEKI
mutant (MEK1-R4F) in Escherichia coli and purified
through a Ni 2 nitrilotriacetic acid (NTA) agarose
column (Qiagen, Valencia, CA) as described previously
[24] with the following modifications. Expressions of
the recombinant proteins were induced with 0.1 mM
isopropyl-O-D-thiogalactopyranoside at 30"C for 3 hr.
The bacterial whole-cell lysates (from I L of the culture)
were incubated with 1 ml of Ni 2 ' -NTA agarose. The
beads were washed and then eluted with 0.2 M
imidazole in BC100-0.1% Nonidet P-40 (NP40).
The fractions containing the purified kinases were
frozen in liquid nitrogen and stored at -80"C in
small aliquots. The other HiS6-tagged and glutathioneS-transferase (GST)-tagged proteins were expressed
similarly and purified through Ni 2 "-NTA agarose or reduced glutathione-Sepharose (Amersham Biosciences),
respectively.
Protein Kinase Assay
The protein kinase assay was performed by incubating 25 ng of the recombinant activated ERK1 with 40 ng
of recombinant factors in a ci30
volume of buffer
containing 20 M HEPES (pH 7.3), 10 MM m
Mv
2, 1 MM
benzamidine,
2
mM 1,4-dithiothreitol, 100glM ATP,
and a5 Ci y-dn
2p -ATP (Amersham Biosciences) for
a0mnd 5t 30'Ci Thereactions
(
eresh
Bosines)
a3.3 for
30 min at 30C. The reactions were stopped by adding
w 1 of 100% trichloroacetic acid, and the precipitates
3.3
were collected by centrifugation. The pellet was
washed with acetone and dissolved in 20 ptl of 2x SDS
and
gel gelsamlebuffer
sample
by
ad then was heated
followedfor 5byminatat
95 C for analysis by SDS-PAGE followed by autoradiography.

RESULTS
the AR-Driven Report Gene Activity
To determine if resveratrol and genistein could
affect AR-driven gene expression, a transient transfection assay was performed in PC3 cells to study the
transcriptional activities of AR in the presence of
various concentrations of resveratrol and genistein.
This cell line was selected because it does not express
AR [25]. For initial tests, we used a synthetic hybrid
promoter (pGL3-ARE-E4) containing four copies of the
ARE derived from the prostate-specific antigen (PSA)
promoter ahead of the adenovirus E4 core promoter
and the luciferase gene [261. As shown in Figure IA,
exogenous expression of AR activated the reporter
gene about 10-fold in the presence of the synthetic
androgen (R1881), and resveratrol and genistein further stimulated luciferase activity in a concentrationdependent manner (2.8-5.6 folds at 0.01-10 pM of

resveratrol; 1.5-4 folds at 0.1-10 ptM of genistein),
whereas 100 tiM resveratrol and genistein inhibited
luciferase activity (twofold). Resveratrol and genistein
at concentrations from 0.01 to 100 pM had no obvious
effect on luciferase activity in the absence of R1881,
indicating their actions on AR-driven gene expression
were dependent on the presence of androgen and,
further, that resveratrol and genistein did not function
as ligand agonists for AR. Structurally, resveratrol
resembles the synthetic estrogen diethylstilbestrol, and
resveratrol directly binds to the ER [20,211. Resveratrol
functions as an estrogen agonist in some human breast
cancer cell lines [211 and as a mixed estrogen agonist/
antagonist in others [20]. Neither resveratrol nor
genistein functions as an agonist or antagonist for AR
in either PC3 or LNCaP cells (see below). The foldactivation of AR transacivation (from 1.1- to 3.9-fold) by
resveratrol was positively correlated with the concentrations of R1881 (from 0.001 to 1 nM) in PC3 cells
(Fig. 1 B, left panel).
Next, we performed the same assay with an ARpositive prostate cancer cell line (LNCaP). Because
LNCaP cells contain high levels of endogenous AR
1251, exogenous expression of AR did not further
enhance AR-driven gene expression (Fig. IA). Resveratrol (2.4-1.7 folds at 1-10 IpM) and genistein (4folds at 10-100 pM) stimulated luciferase activity.
However, 100 piM of resveratrol completely inhibited
the luciferase activity (Fig. IB), which was consistent
ocn
wt
rvososrain
htrsearla
concenat
with previous observations that resveratrol
strongly inhibited ARpM and inhigher
of 100
trations
driven gene
expression
LNCaP cells [23]. Resveratrol
atcnertisof01jM
rlssndgitint
at concentrations of 0.1 plM or less and genistein at
concentrations of 1 pM or less had no obvious effect on
luciferase activity in LNCaP cells. LNCaP cells express
the mutant AR (T877A) and were responsive to
resveratrol and genistein without exogenous expression of the wild-type AR (data not shown). When the
increasing amounts (from 2 to 18 ng) of AR were used
in the transient transfection assay in PC3 cells, the
higher activation of the AR-driven luciferase reporter
was observed but the fold-enhancement of AR transactivation (circa threefold) by resveratrol did not
change (Fig. IB, right panel). These results indicate
that the different sensitivity of PC3 and LNCaP cells to
resveratrol is not due to the different protein levels of
AR in the transfected PC3 and LNCaP cells.
Because the consensus ARE (GGWACAnnnTGTTCT) can function broadly with other steroid
receptors [271, transcriptional specificity in vivo is
likely conferred at least in part by promoter context
and/or context-dependent functional interactions with
other factors [28]. This necessitates analysis of natural
AR-responsive promoters in order to more closely
approximate the physiological situation. Thus, we
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Fig. I. Effects of resveratrol and genistein on AR-driven gene expression. A: Left panel, PC3 cells were transfected with 100 ng of
the reporter PGL3 -ARE-E4, lOng of pcDNA-AR, 2.5 ng of the internal control reporter pRL-LUC, and various amounts of pcDNA3.1 (300 ng
of total DNA).The cells were treated 24 hr after transfection with ethanol (as acontrol) or with I nM R1881 and the indicated concentrations (p M)
of resveratrol or genistein.The cells were then harvested 48 hr later, and luciferase activity was assayed by the Dual-luciferase Reporter Assay
System (Promega). B: Left panel: Cells were treated 24 hr after transfection with ethanol (as a control) or I pM of resveratrol and different
concentrations (0.001 - I nM) of R1881 as indicated. B: Right panel: Cells were transfected with different amounts (0-6 ng) of pcDNA-AR as
indicated and treated 24 hr after transfection with ethanol (as a control) or I nM R1881 and I pM resveratrol. A: Left panels: LNCaP cells were
transfected with 100 ng of the reporters PGL3-ARE-E4, 10 ng of pcDNA-AR, 2.5 ng of the internal control reporter pRL-LUC, and various
amounts of pcDNA3.1 (300 ng of total DNA).The cells were treated 24 hr after transfection with ethanol (as a control) or with I nM R1881 and
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pcDNA-AR, 2.5 ng of the internal control reporter pRL-LUC, and various amounts of pcDNA3.1 (300 ng of total DNA). Cells were treated
24 hr after transfection with ethanol (as a control) or I nM R1881 and I pM resveratrol or 10 pM genistein as indicated.
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expanded the analysis to the PSA enhancer promoter
[PSA(I)1 [29,301, and the probasin promoter [311 as well
as the mouse mammary tumor virus (MMTV) promoter [321. Resveratrol (1 pM) and genistein (10 pM) also
enhanced the luciferase activity from these natural
promoters (Fig. 1C). However, folds (1.5-3) of the
enhancement were slightly different among these
AR-responsive promoters.
Resveratrol and Genistein Enhanced AR-Driven
Gene ActivityThrough the Raf-MEK-ERK
Signaling Pathway
In order to know how resveratrol and genistein
modulate AR-driven gene activity, we first examined
if the AR protein level changed in cells treated with
resveratrol and genistein. Western blot analysis demonstrated that the AR protein level did not change in
LNCaP cells treated with resveratrol or genistein at
concentrations of 10 pM or less (Fig. 2A, top panel,
lanes 3-5 and 9-11). However, at higher concentration
(100s pM), ra
tr9-11).Howevdramathically decredtath A n
(100 ptM), resveratrol dramatically decreased the AR
protein level (Fig. 2A, top panel, lane 6). The same cell
extracts (5 pg) were analyzed by Western blot assay
with anti-actin antibody as a control (Fig. 2A, bottom
panel). Similar results were observed when PC3 cells
transiently transfected with AR were treated with
resveratrol and genistein (data not shown). These
results imply that the higher concentration (100 ptM)
of resveratrol inhibited the expression and/or stability
of AR, leading to a decrease in AR-driven gene expression and other mechanism(s) may account for the
resveratrol/genistein-induced AR-driven gene expression observed at the lower concentrations (1t-10 wM)y
It is well documented that the AR signaling pathway
can be activated by various growth factors through the
signal transduction pathways [331. In addition, it was
demonstrated
lowinduce
concentrations
(1 pM to 10 pM)
of resveratrol that
could
the phosphorylation
of
ERK1 and ERK2, while higher concentrations (50ERKIandERK2
whle ighe cocenratins 50100 pM) inhibited this phosphorylation event in neuroblastoma cells [34]. Thus, we next examined whether
resveratrol treatment could induce activation of the
Raf-MEK-ERK signaling pathway in PC3 cells.
Western blot analysis with the anti-phospho-p42/44
Mitogen-activated protein (MAP) kinase antibody,
which specifically recognizes the phosphorylated
(activated) forms of ERKI and ERK2, revealed that
upon treatment with resveratrol, ERK1 and ERK2 were
phosphorylated (Fig. 2B, top panel, lane 2 vs. lane 1).
However, the total protein levels of ERK1 and ERK2 did
not change upon treatment with resveratrol (bottom
panel, lane 2 vs. lane 1). The Raf-MEK-ERK pathway
specific inhibitor PD098059 (Sigma-Aldrich), completely blocked activation of ERK1 and ERK2 by resver-

atrol (Fig. 2B, top panel, lane 3 vs. lane 2) and had no
effect on the total protein levels of ERKI and ERK2
(bottom panel, lane 3 vs. lane 2). As shown in Figure 2C,
20 pM PD098059 completely blocked enhancement of
the AR-driven gene expression induced by resveratrol
(1 pM) or genistein (10 pM). These results imply that
both resveratrol and genistein enhanced AR-driven
gene expression through activation of the Raf-MEKERK signaling pathway. Ectopic expression of ERKI in
both PC3 and LNCaP cells increased the AR-driven
gene expression to the similar extent as that induced by
resveratrol or genistein (up to threefold) (Fig. 2D).
ERKI Phosphorylated AR, SRC-I, and p300 In Vitro
We next investigated whether ERKI could directly
phosphorylate AR or factors involved in AR-driven
transcription. Multiple transcription factors seem to be
involved in the control of AR-driven gene expression
[7-91. These include AR and its various cofactors. We
exprese in
AR and its
(Fig. 3Actors. We
exrsdhuaAR16,RA0(i.Aln2)
SRC-1 (lanes 4-6), and p300 (lanes 7-9) in and purified
from Sf9 cells. The method developed by Dr. Cobb's
laboratory to reconstitute the MAP kinase phosphorylation cascades in bacteria was used to obtain the
activated ERK1. In this system, the downstream
kinase (ERKi) was coexpressed with the constitutively
active upstream kinase (MEKI-R4F) to generate the
activated (phosphorylated) MAP kinase. Using this
system, we expressed and purified the inactivated (notphosphorylated) ERK1 (Fig. 3A, lane 11) and the
activated ERKI (Fig. 3A, lane 12). The portion of the
active ERKI based on the shifted mobility was about
50% (Fig. 3A, lane 12). The activated ERK1 (p-ERKI)
(Fig. 3A, lane 14), but not the inactivated ERK1 (lane 13),
was recognized by the anti-phospho-ERK antibody,
which specifically recognizes activated (phosphoT202/Y204) ERK in Western blot analysis. The in vitro
protein kinase assay demonstrated that AR (Fig. 3B,
lane 2), SRC-1 (lane 10), and p300 (lane 13), but not
ARA70 (lanes 5-7), were phosphorylated by the activated ERK1 but not by the inactivated ERKb (lanes 1, 9,
atd EbR
(

In order to determine the sites of phosphorylation on
the AR by ERK1, we subcloned the cDNAs encoding
the NTD (amino acid residues 1-557), the DBD (amino
acid residues 537-662), and the LDB (amino acid
residues 663-917) into an expression vector (pET15d)
and expressed them in bacteria as His(,-fusion proteins
(Fit. 4B). We then purified the proteins through the
Ni '-NTA agarose column and subjected them to an
in vitro protein kinase assay with the purified recombinant ERK1. Figure 4A shows that the NTD (lanes 1-3)
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and the DBD (lanes 4-6), but not the LBD (lanes 7-9),
were strongly phosphorylated by the activated ERK1.
Two degraded bands (lane 3; indicated with stars at the
left) from the NTD were also strongly phosphorylated
by ERKI. As shown in Figure 4C, the fragments AR537662 and AR558-662 (amino acid residues 537-662 and
558-662, respectively) were strongly phosphorylated
by the activated ERK1 (lanes 2 and 11), whereas the
fragment AR537-644 (amino acid residues 537-644)
was only very weakly phosphorylated (lane 4),
indicating that the region of the amino acid residues
645-662 (, 45ASSTTSPTEETTQKLTVS" 62) contains the
sites of phosphorylation by ERKI. Mutation of S650A in
the AR558-662 fragment dramatically decreased the
phosphorylation signal (lanes 11-13), indicating that
S650 is a site phosphorylated by ERKI. The fragment

A

Res

B

-.........

aen

.i i i0 woo

-0

--

Acti--•.•:N*

- -

1

2

4

3

PC3

450

....

-

Dafls=

NTD/DBD (AR1-643) fragment transactivated the
luciferase gene to a greater extent than the full-length
AR did, and the presence of resveratrol further enhanc-

-

+

+

+

5

7

6

8

10 11 12

9

t

....K -

404014

C
soo

4

PD -

Res -

.0.-

AR.MP

SAR"

AR477-644 was strongly phosphorylated by ERKI
(lane 6), and a mutation at the amino acid residue
serine 515 (S515A) almost completely abolished the
phosphorylation signals (lane 8 vs. lane 6), whereas54 a
mutation at the amino acid residue threonine 1
(T541A) did not dramatically affect the phosphorylation signals (lane 10 vs. lane 6). These results indicate
that the amino acid residue S515 (511VPYPSPTCVK 522)
is another site of phosphorylation by ERKI. However,
the mutation of S650A in AR did not affect the
resveratrol-induced AR activation (data not shown).

Medueaatng
E
he ATranction
by Modulating the NTD Function
Nuclear receptors contain two transcription activation functions, AF-1 in the NTD and AF-2 in the LBD.
To analyze which domains account for the enhancement of AR transactivation, we generated different AR
truncations and performed transient transfection experiments in the presence and absence of resveratrol.
Transfection of the DBD/LBD (AR537-917) fragment
produced only background levels of luciferase activity
in the presence and absence of resveratrol (Fig. 5A). The
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p300 (lanes 12 and 13) were incubated with 25 pIg of the purified recombinant inactivated (lanes 1,6,9,12) or the activated ERKI (lanes 2,7, 10,
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corresponding to the phosphorylated proteins and to the autophosphorylated ERKI are indicated by arrows at the right.

ed the reporter activity (2.2-fold). This effect was
similar to that on the full-length AR (twofold) and
was ligand-independent, demonstrating that the LDB
is not involved in the enhancement of AR transactivation by resveratrol. Deletion of the N-terminal 206

amino acid residues did not affect hormone-independent activity or the response to resveratrol. However,
when the N-terminal 267 amino acid residues were
deleted, luciferase reporter activity dropped about
50%, and the response to resveratrol (2.4-fold) was not
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affected. Deletion of the amino acid residue preceding
351 had no additional effect on either transactivation
(10-fold) or the response to resveratrol (1.8-fold).
Deletion of the N-terminal 380 amino acid residues
caused a loss of transactivation as well as a loss of
response to resveratrol. Western blot analysis revealed
that the protein levels of the AR truncations (Fig. 5B,
lanes 3-8) were comparable and that they were much
high than those of the full-length AR (lane 2) in the
transfected PC3 cells. However, the protein AR381-643
was undetectable by Western blot analysis with the
anti-FLAG antibody (lane 9). This may cause the

undetectable activity of AR381-643 in transient transfection analysis (Fig. 5A). These results indicate that the
NTD contains two activation domains, of which one
contains amino acid residues 206-267 and the other
contains amino acid residues 351-476. The region
responsive to resveratrol is localized within amino acid
residues 351-643.
Recently, we identified an ID that localizes in the
NTD of the AR [6]. The ID interacts with the DBD and
inhibits DBD-DNA interaction. ERK1 phosphorylated
S515 (Fig. 4C), which localizes in the ID. However, a
mutation of S515A had noeffect on resveratrol-induced
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AR transactivation (Fig. 5C), which indicated that the
resveratrol did not affect AR transactivation through
direct phosphorylation of the ID. Deletion of the ID
(amino acid residues 477-556) did not affect the
resveratrol-induced transactivation of the AR (data
not shown). Thus, resveratrol enhanced AR transactivation not through the ID. Two amino acid residues

(5424 and 5430) within amino acid residues 351-477 of
AR are potential sits of phosphorylation by ERK kinase
[37]. However, mutation of these sites did not affect
the resveratrol-enhanced AR transactivation (Fig. 5C).
Therefore, the enhancement of AR transaction by
resveratrol does not appear to through phosphorylation of AR by the ERK kinase.

AR Activation by Resveratrol and Genistein
DISCUSSION
In the current study, we found that resveratrol and
genistein enhanced AR-dependent gene expression at
lower concentrations but inhibited AR transactivation
at higher concentrations. The resveratrol/genisteininduced activation of the AR occurred through activation of the Raf-MEK-ERK signaling pathway.
Chemoprevention is a new strategy in the fight
against prostate cancer [101. In vitro and in vivo studies
have indicated that resveratrol and genistein are promising chemopreventive agents. Genistein may reduce
the risk of cancer because of its antioxidant properties
1381, as well as its ability to inhibit angiogenesis [391 and
tyrosine kinase and [401 topoisomerase activity [41,421.
Genistein also enhance cell differentiation in vitro and
in the mammary gland [43-46]. Given the clear evidence that AR pathways are involved in the development and progression of prostate cancer, the ability to
modulate AR function may be another chemopreventive activity of resveratrol and genistein. The critical
question is whether it is the activation or the inhibition
of AR transactivation by genistein and resveratrol that
prevents carcinogenesis. It is not clear what cellular
levels of resveratrol and genistein in vivo could be
reached through the diet. It has been reported that the
average serum level of genistein in Japanese men is
0.6 pM [471 and that the average resveratrol concentration in the plasma of rats was 1 pM after the oral administration of red wine [481. If one considers the fact that
dietary phytochemicals are concentrated several-fold
in the prostate gland and are components of prostatic
secretion along with proteins such as PSA, 1-10 pM
concentrations of genistein or resveratrol in the
prostate gland might be achievable through a diet rich
in soy and/or grapes/red wine. If this is true, the
activation of AR transactivation might play an important role in the chemopreventive activities of genistein
and resveratrol. A high concentration of resveratrol
(100 pM) decreased Chinese hamster ovary K1 cell
proliferation in a manner dependent on the presence
of ERs [20]. Similarly, a high concentration (>100 pM)
of resveratrol inhibited prostate cancer cell (LNCaP)
growth [231. However, it is unknown, how resveratrol
and genistein would affect prostate cell growth and
differentiation at lower concentrations (1-10 pM).
The AR has strong constitutive AF-1 activity, and
deletion of the LBD does not affect AR transactivation
[49,50]. The AF-2 activity in AR is very weak since the
deletion of the NTD results in a molecule that almost
completely loses the ability to activate a reporter
luciferase gene (Fig. 5A) [491. This contrasts with what
occurs in the ER, in which AR2 is the major activation
domain [50,511. The precise residues and mechanisms
that contribute to the AF-1 activity of AR have not been
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conclusively established. The entire NTD (residues 1485) was necessary for full-length AR activity with the
(GRE) 2tkCAP reporter in HeLa cells, whereas a smaller
part of the NTD (residues 360-528) was sufficient for
constitutively active AR (residues 1-627) when the
chimeric AR-GAL4 constructs were tested [501. Recent
investigations revealed that the AF-1 of the AR was a
constituent of amino acid residues 360-494, which are
mainly active in the absence of the LBD, and the amino
acid residues 37-360, which are only active in the
presence of the LBD [491. Our results demonstrated that
there are two distinct activation domains (AD1 and
AD2) in the NTD of AR in PC3 cells. The ADI contains
amino acid residues 206-267, and AD2 spans amino
acid residues 351-447. AD1 and AD2 show additive
effects on the transactivation of AR. These data indicate
that the size and location of the activation domains in
the human AR are variable, depending on the promoter
context, the presence or absence of the LBD, and cell
types.
The Raf-MEK-ERK signal transduction cascade
plays a critical role in the regulation of cell growth and
differentiation [35,36]. The signaling pathway is primarily activated in response to various intracellular
factors that are able to initiate intracellular signaling,
which ultimately causes altered regulation of gene
expression. Activation of the Raf-MEK-ERK pathway
occurs through phosphorylation of threonine (T202)
and tyrosine (Y204) in ERK by MEK, leading to the
phosphorylation of transcription factors that directly
influence specific gene expression through interactions
with upstream regulatory elements. Phosphorylation
of some transcription factors plays a critical role in the
expression of their target genes. Upon phosphorylation, some transcription factors translocate from the
cytosol to the nucleus to activate transcription of
their genes, and others, originating in the nucleus,
localize to their sequences on the DNA template in
order to enhance transcription efficiency [52]. The
transcription factors CREB, c-Myc, Ets, AP-1, and NFKB are targets of the Raf-MEK-ERK cascade [361. For
example, the activated ERK phosphorylated c-Myc on
S62, thus stimulating activity of the transactivation
domain of c-Myc [52]. The human AR can be activated
in the absence of androgens by growth factors and
molecules/compounds that modulate protein kinase
pathways [33]. It has been suggested that ligandindependent activation of the AR is one of possible
mechanisms underlying androgen-independent prostate cancer [53,541. The events involved in ligandindependent activation of the AR by protein kinase
pathways are unknown, but it has been suggested that
it involves phosphorylation of the AR itself and/or AR
cofactors. Interleukin-6 (IL-6) can activate AR in the
absence of androgens by activation of the MAP kinase
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pathway in LNCaP cells [55]. Phosphorylation of SRC-1
by MAPK was required for optical ligand-independent
activation of the AR by IL-6. Our results indicate that
the activation of the MAP kinase pathway (Raf-MERKERK) by resveratrol and genistein is responsible for the
enhancement of AR transactivation. This enhancement
was dependent on androgens and apparently not the
phosphorylation of the AR itself. Our in vitro study
demonstrated that ERKI directly phosphorylated
SRC1 and p300, which function as AR cofactors [7-9].
The future study will be to investigate whether the
T
phefutrestudy willet
tof
nvestigate
p3
ehe the
phosphorylation event of SRC1 and p300 by ERK1
could lead to the transactivation of AR in prostate
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