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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 immunopre-
cipitation 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 p44 enhances AR-, glucocorticoid receptor-, and
progesterone receptor-dependent transcription but not estrogen receptor- or thyroid hormone receptor-depen-
dent 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 ligand-
binding domain (LBD) with an associated activation function
(AF-2) activation domain, and an N-terminal domain (NTD)
containing the AF-1 activation domain (9, 20). On ligand bind-
ing, AR dissociates from heat shock proteins and chaperones,
dimerizes, binds to cognate androgen response elements
(AREs) in target genes, and, through its AF-1 and AF-2 do-
mains, interacts with various coactivators that facilitate tran-
scription by the general transcriptional machinery (9, 20). As
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 ele-
ments (e.g., TATA) (44) and a variety of general and gene-
specific coactivators that either modulate chromatin structure
(26, 36) or serve as direct adaptors between activators and
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 recep-
tors 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 argi-
nine 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 coacti-
vators (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 ex-
hibit 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 TRAP170/vitamin D receptor-interacting protein 150 with
glucocorticoid receptor [GR]) and other activators (TRAP80
with p53 and VP16). This complex, in turn, interacts with the
general initiation factors and polymerase II (Pol II) and acts on
DNA templates at post-chromatin-remodeling steps. Of these
coactivators, p300/CBP and p160s have been shown to function
with AR (1, 3, 6, 23, 29), but functions of the 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.

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
role in cell growth and differentiation, homeobox gene dys-
functions have been implicated in tumorigenesis (12). NKX3.1
is a newly discovered prostate tissue-specific and androgen-
regulated gene in the homeobox gene family (41). NKX3.1 is
most closely related, by virtue of 78% sequence similarity with
the homeodomain region, to Drosophila NK-3. NK-3 interacts
with the corepressor Groucho through the homeodomain re-
gion 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 8p21, a region frequently deleted in
prostate cancer, suggests that NKX3.1 may function as a tumor
suppressor (8). Consistent with these findings, the results of
recent studies of NKX3.1 knockout mice suggest that NKX3.1
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
and biochemical functions of NKX3.1 remain to be deci-
phered.

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, p44 forms a multiprotein complex that
functions as a coactivator of AR.

MATERIALS AND METHODS

Establishment of prostate cell lines that stably expressed a FLAG-tagged AR
or NKX3.1 and immunopurification of f:AR- and f:NKX3.1-associated factors.
The mammalian expression vectors pBabe-Neo-f:AR and pBabe-Neo-f:NKX3.1
were created by subcloning FLAG-tagged human AR or NKX3.1 cDNA into the
vector pBabe-Neo. The prostate cancer cell line LNCaP was purchased from the
American Type Culture Collection (ATCC; Manassas, Va.) and maintained in
RPMI 1640 medium plus 10% fetal bovine serum. Cells were transfected with
pBabe-Neo-f:AR or pBabe-Neo-f:NKX3.1 and further incubated at 37°C for 1 to
1.5 days before being split 1:6 for G418 selection (0.5 mg/ml). The medium was
changed every 3 or 4 days. Individual G418-resistant colonies, normally seen
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 ana-
lyzed. Nuclear and cytoplasmic extracts were prepared according to our standard
methods (53) and used to immunopurify the AR- or NKX3.1-containing com-
plexes. Typically, 1 ml of nuclear or cytoplasmic extract was mixed with 20 �l of
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 KCl, and 0.1% NP-40, the bound proteins were eluted
from the M2 agarose by incubation at 4°C for 30 min with 20 �l of the same
buffer plus 0.2 mg of the FLAG peptide (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys)
per ml. Aliquots (5 �l) of eluted proteins were mixed with equal volumes of 2�
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 II were affinity purified from stable cells
expressing the corresponding FLAG-tagged subunits (56). Transcription reac-
tions were carried out in a final volume of 25 �l and contained 90 fmol of
supercoiled plasmid DNA template; the products were analyzed by the primer
extension reaction as described previously (56).

cDNA cloning and Northern blot analysis. An immunopurified f:NKX3.1-
containing complex was subjected to SDS-polyacrylamide gel electrophoresis

(PAGE), and peptides derived from p44 were subjected to mass spectrometric
analysis (37). An expression sequence tag clone (IMAGE:785275) encoding
full-length p44 was obtained from the ATCC. A 1.3-kb cDNA encoding full-
length p44 was labeled with 32P using the random primed DNA labeling kit
(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 prepara-
tion. Recombinant human AR was expressed in Sf9 cells via baculovirus vector
pVL1393 as a FLAG-tagged fusion protein and purified on M2 agarose (56).
His6-tagged p44 was expressed in bacteria via the expression vector pET15d and
purified by affinity (nickel-nitrilotriacetic acid [Ni-NTA] agarose) and S-Sepha-
rose chromatographic steps. The cDNA encoding amino acid residues 1 to 282 of
human AR was subcloned into vector pET15d and expressed in bacteria. The
His6-tagged AR(1-282) protein was purified through a Ni-NTA agarose column.
Ten milligrams of the purified recombinant His6-tagged p44 and AR(1-282)
proteins was sent to Convance Inc. (Denver, Pa.) for polyclonal antibody pro-
duction in rabbits. The antisera were purified through the p44 and AR(1-282)
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 cDNA sequences into pcDNA3.1. The luciferase reporters
contain the androgen, estrogen, or thyroid hormone response elements ahead of
the E4 basal promoter and the luciferase gene, respectively. PC3 cells were
maintained in RPMI 1640 medium plus 10% fetal bovine serum. Transfections
were performed with Lipofectamine reagent (Invitrogen, Carlsbad, Calif.).
Briefly, 105 cells were plated onto each well of 24-well plates approximately 24 h
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
phenol-free RPMI 1640 plus charcoal-treated fetal bovine serum (10%) or reg-
ular medium containing 10 nM R1881, 10 nM dexamethasone, 10 nM proges-
terone, 1 �M �-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,
and GST-LBD) were expressed in bacteria and immobilized on 20 �l of gluta-
thione-Sepharose beads. The beads were incubated with 5 �l of rabbit reticulo-
cyte lysate containing 35S-labeled AR, NKX3.1, or PRMT5 in a final volume of
200 �l containing 20 mM HEPES (pH 7.9), 0.2 mM EDTA, 20% glycerol, 2 mM
dithiothreitol, 150 or 300 mM KCl, and 0.1% NP-40. The beads were washed five
times (1 ml each) with the incubation buffer, boiled in 20 �l of the SDS gel
sample buffer, and analyzed by SDS-PAGE followed by autoradiography.

ChIP. LNCaP cells were grown in phenol red-free RPMI 1640 supplemented
with charcoal-dextran-stripped fetal bovine serum (10%) for 2 days and then
treated with 1 nM R1881 for 16 h. Cells 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 �g of antigen-purified an-
ti-AR or anti-p44 antibody was mixed with 300 �g of the purified cross-linked
chromatin and incubated overnight at 4°C. Immunocomplexes were washed five
times (10 min each) in 1 ml of the buffer containing 1% Triton X-100, 0.1%
sodium deoxycholate, 0.05% SDS, 140 mM NaCl, and 1 mM phenylmethylsul-
fonyl fluoride; once in a solution containing 0.25 M LiCl, 0.5% NP-40, 0.5%
sodium deoxycholate, 1 mM EDTA, and 10 mM Tri-HCl, pH 8.0; and twice in 1
mM EDTA–10 mM Tris-HCl, pH 8.0. After reversal and recovery of the immu-
noprecipitated chromatin DNA, the final DNA pellets were dissolved with 50 �l
of H2O. Immunopurified DNA (5 �l) was used for a PCR (30 cycles, annealing
at 50°C), with primers as follows. For prostate-specific antigen (PSA), the for-
ward primer sequence was TCTGCCTTTGTCCGCTAGAT and the reverse
primer sequence was AACCTTCATTCCCCAGGACT, which amplifies a
212-bp product from �250 to �39 upstream of the PSA transcription start site.
For �-actin, the forward primer sequence was TCCTCCTCTTCCTCAATCTCG
and the reverse primer sequence was AAGGCAACTTTCGGAACGG, which
amplifies a 145-bp product from �118 to �974 of the �-actin gene (the A of the
ATG translation start codon was arbitrarily given the number �1).
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Methylation of proteins. A cDNA (IMAGE:3833019) encoding the full-length
human PRMT5 was purchased from the ATCC. The point mutant (R368A) was
created by using a QuikChange site-directed mutagenesis kit (Stratagene) fol-
lowing the manufacturer’s instructions. The mutation was confirmed by DNA
sequencing analysis. The wild-type and mutant PRMT5 were expressed in bac-
teria via pET15d expression vector and purified through Ni2�-NTA agarose. The
methylation assay was performed as follows. Two micrograms of the purified
histones (27) was incubated with 0.8 �g of the purified recombinant wild-type or
mutant PRMT5 and various factors in 25 �l of 50 mM Tris, pH 7.5–1 mM
EDTA–1 mM EGTA–20 �Ci of [3H]AdoMet (Amersham Pharmacia Biotech) at
30°C for 30 min. The reactions were stopped by the addition of 5 �l of 5� SDS
sample loading buffer, and samples were resolved by SDS–15% PAGE. The gels
were stained with Coomassie 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 pro-
tocol. 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 NaCl and 50%
formamide. DNA fragments (500 bp, cDNA sequences of p44 from 1 to 500)
containing both T7 and T3 promoters were generated by PCR. Corresponding
33P-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 �m). After being washed, the slides were exposed to NTB-2 X-ray
emulsion (Eastman-Kodak, Rochester, N.Y.) for 2 to 3 weeks and counter-
stained with hematoxylin-eosin. Image and statistical analyses were performed as
described previously (28).

RESULTS

Immunopurification and functional analysis of FLAG-AR-
associated factors. Stable cell lines expressing FLAG-epitope-
tagged factors were generated previously and used to affinity
purify corresponding parental complexes (52, 53, 56). To sim-
ilarly 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. Im-
munopurification of f:AR from nuclear extracts made from
f:AR-LNCaP cells grown in the presence and absence of an-
drogen (R1881) revealed androgen (R1881)-induced associa-
tion of a 44-kDa f:AR-associated polypeptide (Fig. 1A, 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. 1A, lane 4).

When assayed in the purified minimal transcription system
containing TFIIA, TFIIB, TFIID, TFIIH, Pol II, and PC4 with
the synthetic ARE-containing template (56) (Fig. 1C), recom-
binant AR (rAR) alone elicited up to 8.3-fold activation (Fig.
1B, lanes 6 to 8). The f:AR complex from nuclear extract
derived from f:AR-expressing LNCaP cells grown in the pres-
ence of R1881 [f:AR(�)] elicited up to 38-fold activation (Fig.

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.
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1B, lanes 2 and 3) and at an equimolar input was 16-fold more
active than rAR (Fig. 1B, 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. 1B) of recombinant AR and f:AR in the f:AR-containing
complexes were normalized by quantitative Western blot anal-
ysis with anti-AR polyclonal antibodies. These results indicate
that polypeptides associated with AR specifically in the pres-
ence of androgen can upregulate AR function; a likely candi-
date is the 44 kDa protein, although other minor polypeptides
could also be responsible. When the cell line was further ex-
panded, the 44-kDa polypeptide became less abundant, and an
attempt to isolate a sufficient amount of the 44-kDa polypep-
tide for peptide sequence analysis failed.

Purification, cloning, and characterization of FLAG-
NKX3.1-interacting proteins. We similarly generated a pros-
tate cancer cell line (f:NKX3.1-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 associ-
ation of these polypeptides with f:NKX3.1 is further shown by
the failure of similar-sized polypeptides in extracts from con-
trol cells (expressing f:SRC1) 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 em-
ployed to demonstrate the existence of f:NKX3.1 in immuno-
precipitates derived from both nuclear (Fig. 2A, bottom panel,
lane 3) and cytoplasmic (Fig. 2A, bottom panel, lane 5) ex-
tracts. After larger amounts of f:NKX3.1-associated 44-kDa
protein had accumulated, we performed direct sequence anal-
ysis by mass-spectrometric methods (37). On the basis of the
peptide sequence (KETPPPLVPPAAR) obtained from mass-
spectrometric analysis, we obtained a cDNA encoding the 44-
kDa protein. The p44 cDNA encodes a protein containing 342
amino acid residues and four putative WD-40 repeats (resi-
dues 68 to 107, 114 to 153, 157 to 196, and 280 to 319). p44 is
identical in sequence to the recently identified MEP50 com-
ponent 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 im-
munopurified from the f:AR-LNCaP cell line (Fig. 1A, 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 tran-
scription in vivo, a luciferase reporter (4� ARE-E4-Luc) con-
taining four tandem PSA promoter AREs (�152 to �174) (14)
and the minimal adenovirus E4 promoter (�38 to � 93) up-
stream of the luciferase gene was cotransfected with expression
vectors for AR and p44 into PC3 cells in the absence or pres-
ence 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-

butions from endogenous p44 (data not shown). p44 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 report-
ers containing the same E4 core promoter under the control of
GR, PRb, ER�, and TR. As shown in Fig. 4A, p44 also en-
hanced 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 pro-
basin (�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.

FIG. 2. p44 associates with NKX3.1 in the cytoplasm. (A) SDS-
PAGE analysis of purified f:NKX 3.1-containing complex. Immuno-
precipitation was performed with nuclear extracts (NE) (lane 3) and
cytoplasmic extracts (lane 5) made from a stably transfected, FLAG-
tagged, NKX3.1-expressing cell line. Bands corresponding to FLAG-
tagged NKX3.1 and polypeptides specifically associated with NKX3.1
(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) to bind to the affinity matrix (lanes 2 and 4). Lane 1, standard
molecular weight markers (Bio-Rad). The bottom panel is a Western
blot of the same samples with anti-FLAG monoclonal antibody.
(B) Western blot analysis of the f:AR-complexes with anti-p44 anti-
body. Lane 1 contains 5 �l 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 4� ARE-E4-luc reporter plasmid, 30 ng of
pcDNA-AR, 60 ng of pcDNA NKX3.1, 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.
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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 GST-
p44 fusion protein but not with GST alone (Fig. 5A, lanes 1 to
9), which was consistent with the intracellular association of
f:AR with p44 (Fig. 1A, 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 AR-
driven gene expression in vivo (Fig. 2C). One possible expla-
nation is that NKX3.1 may sequester p44 in the cytoplasm, thus
inhibiting AR-driven gene expression. Overexpression of ec-
topic p44 was shown to completely overcome the NKX3.1-
mediated 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 mech-
anism 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 FLAG-
tagged p44 and used it to immunopurify p44-containing com-
plexes. 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 ad-
ditional factors. In the absence of these factors in the in vitro-
reconstituted 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 transcrip-
tion from the same promoter (Fig. 5C, lane 5). The p44-
containing complex did not affect GAL4-VP16-driven tran-
scription 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 prod-
ucts amplified by PCR at the same time from the �-actin
promoter were not changed in response to the addition of
androgen (Fig. 5D, middle panel, lanes 3 and 4). This obser-
vation 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-depen-
dent recruitment of AR to the PSA proximal promoter in
LNCaP cells. Cofactors can also be cross-linked by formalde-
hyde 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

FIG. 3. Northern blot analysis of p44 expression. The membranes were probed with 32P-labeled p44 cDNA (top) and 32P-labeled �-actin cDNA
(bottom).
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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 35S-labeled AR (lanes 1 to 9) or NKX3.1 (lanes
10 to 14) in BC150–0.1% 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 immunopre-
cipitate 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-pICln 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 1 and 2) or �-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 4� ARE-, 3� ERE-, or 2� TRE-E4-luc reporter plasmid, 30 ng of pcDNA-AR, -GR, -PR, -ER, or -TR, and the
indicated amounts of pcDNA-p44 expression plasmid. Cells were grown in the absence or presence of 10 nM R1881, 10 nM dexamethasone, 10
nM progesterone, 1 �M estradiol, or 10 nM T3 for 48 h after transfection and then harvested for luciferase activity assays. (B) p44 selectively
affected AR-mediated luciferase gene expression from different promoters. PC3 cells were transfected with 100 ng of MMTV-, probasin-, or
PSA(I)-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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target genes. Figure 5D shows the androgen-dependent re-
cruitment 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 consis-
tent. 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 pro-
moter, 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 com-
plexes with PRMT5 and pICln in the methylosome and SMN
complexes, respectively (18, 35). To further establish whether
the latter two proteins are present in our p44-containing com-
plex, Western blot analysis with anti-PRMT5 and anti-pICln
antibodies was performed. Both PRMT5 and pICln proteins
were present in the p44-containing complex (Fig. 5B, lane 7).
To determine whether PRMT5 and pICln are involved in AR-
driven gene expression, we subcloned cDNAs encoding
PRMT5 and pICln (IMAGE:3836445) (ATCC) into the ex-
pression vector pcDNA3.1. To investigate the effect of PRMT5
and pICln on AR-dependent transcription in vivo, an ARE-
containing luciferase reporter was cotransfected with expres-
sion vectors for AR, PRMT5, pICln, 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

2.5-fold) enhancement of this activity. PRMT5 did not influ-
ence reporter gene activity in the absence of cotransfected AR
or ligand (R1881) (data not shown), indicating that the en-
hancing effect of PRMT5 on AR-dependent gene expression
was caused by an effect on the E4 promoter. To investigate the
effect of PRMT5 plus p44 in the same assay, we cotransfected
PC3 cells with limited amounts (50 ng) of PRMT5 and p44
alone or in combination. Figure 6 shows that 50 ng of PRMT5
or p44 had little effect on AR-dependent transcription. How-
ever, the same amounts of combined PRMT5 plus p44 resulted
in strong (threefold) activation, indicating that PRMT5 and
p44 function synergistically. In contrast, pICln alone or in
combination with p44, PRMT5, or both had no significant
effect on AR-dependent transcription (Fig. 6). Western blot
analysis indicated that f:AR complex (Fig. 1A, lane 3) also
contains PRMT5 and pICln (data not shown).

The methyltransferase activity of PRMT5 is not required for
the enhanced transactivation of AR. We further studied the
interactions among AR, p44, and PRMT5. In vitro-produced,
35S-labeled PRMT5 was incubated with immobilized GST,
GST-p44, GST-NTD, GST-DBD, and GST-LBD. After being
washed, bound proteins were resolved by SDS-PAGE and vi-
sualized by autoradiography. p44 directly interacted with
PRMT5 (Fig. 7A, lane 3). In contrast, PRMT5 did not bind any
domain (NTD, DBD, or LBD) of AR (Fig. 7A, lanes 7 to 9).
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)
and R368A mutant (lanes 4 and 5) PRMT5 were expressed in
and purified from bacteria. Incubations of histones purified
from HeLa cells with [3H]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 anti-
PRMT5 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 E1 pro-
moter (16).

Overexpression of p44 correlates with prostate tumorigen-
esis. 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 pros-
tate cancers with different degrees of differentiation. Expres-
sion 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

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.
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80% of moderately differentiated prostate tumors (Table 1;
Fig. 8c, d, i, and j), and in more than 60% of poorly differen-
tiated prostate tumors (Table 1; Fig. 8e, f, k, and l). The
average increase was 5.1-fold. These results indicate that
changes in p44 expression (and possibly in expression of asso-
ciated proteins) might play an important role in affecting the

deregulation of normal AR and NKX3.1 functions in prostate
tumorigenesis.

DISCUSSION

In this study, we describe the isolation of p44 as a new AR-
and NKX3.1-interacting protein both in vitro and in vivo.
Transient-transfection assays demonstrated that p44 increased
AR transcriptional activity in an androgen-dependent manner.
p44 forms a multiprotein complex that enhanced AR-depen-
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
physical interactions with AR and enhanced or repressed AR-
mediated transcription in vivo. Our attempt to isolate the AR-
associated proteins from stable cell lines resulted in the iden-
tification of p44. p44 and p44-containing complex enhanced
AR-dependent 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
the SMN complex (34). The methylosome complex contains
PRMT5/JBP1, pICln, and Sm proteins and mediates the as-
sembly of spliceosomal snRNP (17). MEP50 is important for
methylosome activity and binds to PRMT5/JBP1 and to a sub-
set of Sm proteins (18). SMN is part of a complex that contains
the Sm proteins and PRMT5 and is necessary and sufficient for
assembly of spliceosomal U-richsnRNP (35, 47). The methy-
losome 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 posttransla-
tional 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/CARM1 have been
found to participate in nuclear receptor transcriptional activa-
tion (42, 48, 50). The methylation of histones H3 and H4 by
PRMT1 and PRMT4/CARM1 correlates with transcriptional
activation, suggesting that they act by modifying chromatin
structure. More recently, PRMT5 was identified as a corepres-
sor of cyclin E1 transcription (16). Forced expression of
PRMT5 negatively affected cyclin E1 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-
dent manner in transient-transfection assays. Since the re-
porter gene in the transient transfection is likely not well pack-
aged into chromatin, we cannot rule out the involvement of the
methyltransferase activity of PRMT5 in AR function on the
genes integrated into chromatin. Similarly, PRMT2 was iden-
tified as a methyltransferase based on the protein sequence
and functioned as a positive cofactor for ER�, but so far its
methyltransferase activity has not been identified with sub-
strates including histones and ER� (42). The enhancement of

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 by autoradiography. Lanes 1 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) PRMT5 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 4� ARE-E4-luc reporter plasmid,
30 ng of pcDNA-AR, and 150 ng of pcDNA-PRMT5 or pcDNA-
PRMT5(R368A) expression plasmid, as indicated. Cells were grown in
the presence of 10 nM R1881 for 48 h after transfection and then
harvested for luciferase activity assays.

TABLE 1. Quantitative data for the in situ hybridization analysis

Tumor
grade No. of cases No. with increase

in p44a %

Low 11 4 36
Moderate 23 19 82
High 10 6 60

a Number of tumors with a 2- to 10-fold increase in p44 expression.
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AR-dependent transcription by PRMT5 might result from ac-
tivation domains existing within PRMT5 protein or from the
structural role of PRMT5 required for assembling the p44-
containig cofactor complex. The former possibility is not sup-
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-
tate cancers indicates the importance of nuclear receptor co-
factors in transcriptional control of AR function and also
points to their possible role in neoplastic conversion (28).
Overexpression of p44 in prostate cancer tissues indicates that
it may play an important role in prostate tumorigenesis, and
there is well documented evidence that abnormal NKX3.1
expression is involved in prostate tumorigenesis. Our finding
that p44 interacts with both NKX3.1 and AR suggests that it
might play a role in coregulating these two pathways.

In summary, our results point to a novel cofactor complex in
the regulation of AR-dependent transcription. AR is an im-
portant 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
immune function. Thus, the p44-containing complex may play
a pivotal role in these biological processes by modulating the
transcriptional activity of AR.
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