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Abstract

We previously reported that testicular zinc finger protein (TZF) is a corepressor for androgen receptor (AR). The present study demonstrated
that a central portion (amino acids 512-663) of TZF, TZF(512-663), is responsible for both binding to AR and repressing the transactivation.
TZF recruited endogenous histone deacetylase 2 (HDAC2) and formed a complex with agonist-bound AR. Imaging analyses showed that TZF
and TZF(512-663) were recruited by AR and simultaneously impaired distinct AR foci formation. Quantification of the foci number using a
three-dimensional imaging method revealed that the number of intranuclear AR foci was related to its transactivation activity. Moreover, increased
levels of TZF dissociated a coactivator, TIF2, from the AR foci and vice versa. These results indicate that the ligand-dependent transactivation
function of AR is quantitatively related to its intranuclear foci formation, and suggest that corepressors, such as TZF, act on these intranuclear

events competitively with coactivators.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Androgens regulate a wide range of developmental and
physiological processes and play particularly central roles in
the expression of the male phenotype. These biological actions
of androgens are mediated through androgen receptor (AR),
a member of the nuclear receptor superfamily (Mangelsdorf
et al., 1995; Roy et al., 1999; Heinlein and Chang, 2002).
Dysfunction of AR through mutations predominantly leads
to three different pathological situations, namely androgen
insensitivity syndrome (AIS), spinal bulbar muscular atrophy
(SBMA, Kennedy's disease) and prostate cancer (Gottlieb et al.,
1999; Brinkmann, 2001; Yeh et al., 2002; Kawano et al., 2003).
Similar to other members of the nuclear receptor superfamily,
AR is composed of four functional domains: the N-terminal
transcription activation domain, DNA-binding domain (DBD),
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hinge region and C-terminal ligand-binding domain (LBD).
The N-terminal domain contains the major ligand-independent
transactivation function domain (AF-1) and the C-terminal
domain contains another ligand-dependent transactivation
function domain (AF-2). The DBD consists of two zine finger
clusters, of which the first zinc finger is involved in specific
recognition of androgen-responsive elements (AREs) in target
genes (Brinkmann, 2001; Heinlein and Chang, 2002). Before
ligand binding, AR is located in the cytoplasm where it is
sequestered by heat shock proteins, which maintain the receptor
in a conformation that is able to bind its ligand. Ligand binding
causes a conformational change of AR that releases it from
the heat shock proteins and aflows its translocation into the
nucleus, where it binds to AREs and activates the transcription
of its target genes (Gobinet et al., 2002; Gelmann, 2002). We
previously reported that AR forms intranuclear fine foci in a
ligand-dependent manner and is colocalized with coactivators
(Tomura et al., 2001; Saitoh et al., 2002). Since treatment with
antagonists and coexpression of a corepressor inhibited the AR
foci formation, this foci formation was suggested to be a critical
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step for transactivation by steroid receptors (Fejes-Téth et al.,
1998; Stenoien et al., 2000; Tomura et al, 2001; Saitoh et al.,
2002; Kawate et al., 2005).

To date, many coregulators (coactivators and corepressors)
that modulate nuclear receptor-mediated transactivation have
beenidentified (Heinlein and Chang, 2002; Gobinetet al., 2002).
One mechanism for the regulation by these coactivators and
corepressors is chromatin modifications, such as acetylation
or deacetylation of chromosomal histone proteins (Ogryzko et
al., 1996; Heinzel et al., 1997; Kinyamu and Archer, 2004).
Many coactivators carry histone acetylase activity and core-
pressor complexes often contain histone deacetylase (HDAC).
Reversible acetylation of the core histones modulates chromatin
structure and regulates transcription (Aranda and Pascual, 2001;
Heinlein and Chang, 2002; Gobinet et al., 2002). It has recently
been suggested that coregulators may be closely associated with
the pathogenesis of several diseases, suchas hormone-dependent
cancers (breast or prostate cancer) and AIS (Adachi etal., 2000;
Yanase et al., 2004).

Testicular zinc finger protein (TZF) has a Zn-finger motif
in its C-terminus and is predominantly expressed in the testes
(Inoue et al., 2000). We previously showed that TZF is a novel
corepressor of AR (Ishizuka et al., 2005). TZF was localized
in the nucleus in discrete dots, and recruited into AR foci after
addition of the ligand 5a-dihydrotestosterone (DHT) (Ishizuka
et al., 2005).

In the present study, the repression mechanism of AR by TZF
was further investigated. We found that HDAC2 was involved in
the TZF-mediated repression. The number of AR foci decreased
withincreasinglevels of TZF but recovered in the presence of the
coactivator TIF2. TZF and TIF2 were colocalized with agonist-
bound AR, and increased levels of TZF dissociated TIF2 from
the AR foci, and vice versa. These results suggest that TZF and
coactivators compete for AR foci formation and AR-mediated
transcriptional activation.

2. Materials and methods
2.1. Plasmid construction

Expression plasmids for AR (pCMV-bAR, pAR-GFP and pAR-CFP) were
prepared as previously described (Adachi etal., 2000; Tomura et al., 2001; Saitoh
et al., 2002). Firefly reporter plasmids for AR (pGL3-MMTV and pGL3-PSA)
were constructed as previously described (Tomura et al., 2001; Kawate et al.,
2005). The expression plasmid for TIF2 (pcDNA-TIF2) was also described pre-
viously (Saitoh et al., 2002). Expression plasmids for TZF, pEGFP-TZF and
pEYFP-TZF, were constructed as follows. The plasmid pL.P-EGFP-C1-TZF
(Ishizuka et al,, 2003) was digested with Sall and Xhol, resulting in the cre-
ation of a Sall-X#kol fragment encoding the C-terminus of TZF and a Sall-Sall
fragment encoding the rest of TZF. The Sall-Xhol fragment was initially inserted
into the Sall sites of pEGFP-C1 and pEYFP-C1 (BD Sciences Clontech, Palo
Alto, CA), followed by insertion of the Sall-Sall fragment into the Sall sites
of these plasmids. Similarly, another expression plasmid for TZF, pFLAG-
CMV?2-TZF, was constructed using pFLAG-CMV2 (Sigma-Aldrich Co., St.
Louis, MO). An expression plasmid for TZF( 1-275), pEYFP-TZF(1-275), was
constructed by removing an Apal fragment from pEYFP-TZFE. Subsequently,
the removed Apal fragment was inserted into the Apal site of pEYFP-C1 to
create an expression plasmid for TZF(275-942), pEYFP-TZF(275-942). A
Xhol-Scal fragment of pEYFP-TZF encoding TZF(1-663) was inserted into
the Xhol and Smal sites of pEYFP-C1 to produce pEYFP-TZF(1-663). A
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BamHI-fragment encoding TZF(512-942) from pEYFP-TZE was cloned into
the BamHI site of pEGFP-C3 (BD Biosciences Clontech) to produce an expres-
sion plasmid for TZF(512-942), pEGFP-TZF(512-942). An expression plas-
mid for TZF(512-663), pEGFP—TZF(512—663), was constructed by inserting
a BamHI fragment of pEYFP-TZF(1-663) into the BamHI site of pEGFP-C3.
To construct an expression plasmid for an internal deletion mutant, the BarnHI-
fragment encoding TZF(512-942) was first removed from pEYFP-TZF and a
PCR-amplified fragment encoding TZF(663—-942) was inserted into the BamIl
site of the residual plasmid to produce pEYFP-TZF(A512-663). The sequences
of the PCR primers were §'-AGGATCCAGGCT CAATTTCTGTAAAGCG-3/
and §-AGGATCCCTACTGGCCACAAGGACG-3. The expression plasmid
pFLAG-CMV2-TZF(512-663) was constructed by inserting a HindIlI-Xbal
fragment of pEGFP-TZF(512-663) into the HindIll and Xbal sites of pFLAG-
CMV2.

To construct VP16-fusion proteins for modified mammalian one-hybrid
assays, a Kpnl fragment of pEYFP-TZF was inserted into the Kpnl site of pACT
(Promega Corp., Madison, WT) to construct pVP16-TZF encoding full-length
TZE. An expression plasmid for TZF(1-275), pVP16-TZF(1-275), was con-
structed by inserting a Smal fragment of pEYFP-TZF(1-275) into the BamHI
site of pACT which was filled with the Kienow fragment of Escherichia coli
DNA polymerase I to create a blunt end. An expression plasmid for TZF(1-663),
pVP16-TZF(1-663), was constructed by inserting a Xhol-Scal fragment of
pEYFP-TZF into the Sall and EcoRV sites of pACT. An expression plasmid for
TZF(512-663), pVP16-TZF(512-663), was constructed by inserting a BamHI
fragment of pEGFP-TZF(512-663) into the BamHI site of pACT. To construct an
internal deletion mutant fused with VP16, the insert of pEYFP-TZF(AS 12-663)
was subcloned into pACT to create pVP16-TZF(A512-663). The validity of all
the constructs was confirmed by DNA sequencing.

2.2. Cell culture

A monkey kidney-derived cell line, COS-7, was obtained from the Riken
Cell Bank (Tokyo, Japan). A human prostatic cancer cell-line, LNCaP, and a
mouse fibroblast cell line, NIH3T3, were obtained from the American Type
Culture Collection (Manassas, VA). COS-7 and NIH3T3 cells were maintained
in Dulbecco's Modified Eagle’s medium (DMEM), while LNCaP cells were
cultured in Roswell Park Memorial Institute 1640 medium (Sigma). Both media
were supplemented with 10% fetal bovine serum (FBS; Sanko Junyaku Co.
Ltd., Tokyo, Japan) and 100 U/ml of penicillin-streptomycin (Invitrogen Corp.,
Carlsbad, CA).

2.3. Functional reporter assay

Cells (1 x 10° cells/well) were seeded in 12-well plates and incubated for
24h before transfection. The cells were transfected with 0.3 pg/well of pGL3-
MMTV or pGL3-PSA as areporter, 2 ng/well of pRL-CMV (aRenilla Luciferase
vector; Promega Corp.) as an internal control, 0.1 pg/well of pCMV-hAR and
0.5 p.g/well of an expression vector for full-length TZF or its truncated mutants,
unless otherwise indicated, using 2.7 11 of Superfect transfection reagent (Qia-
gen GmbFH, Hilden, Germany). In all cotransfection studies, the total amount of
plasmid DNA was fixed by adding empty vectorto the transfection mixture. After
incubation for 3 h, the cells were rinsed with phosphate—buffered saline (PBS)
and re-fed with the appropriate medium containing 10% charcoal-stripped FBS
in the presence or absence of L0nM DHT. Afteran additional incubation for 24 h
(COS-7) or 48 h (LNCaP), the cells were lysed using the lysis buffer supplied
with the luciferase kit (Promega) and the luciferase activities were assayed using
the Dual-Luciferase Reporter Assay System (Promega) and a Lumat LB 9507
luminometer (Berthold Technologies, Bad Wildbad, Germany). An additional
treatment with trichostatin A (TSA; Sigma) was carried out for 12h before cell
harvesting. One-way analysis of variance followed by Scheffé's test was used for
multigroup comparisons. P <0.05 was considered to be statistically significant.

2.4. Modified mammalian one-hybrid assay

NIH3T3 cells (1 x 10° cells/well) were seeded in 12-well plates at 24h
before transfection. The cells were transiently transfected with 0.3 g of an
expression vector for full-length TZF or its truncated mutants fused to VP16,
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0.1 pgof pPCMV-bAR, 0.3 g of pGL3-MMTV and 2 ng of pRL.-CMV. The cells
were then incubated with or without 10 nM DHT for 24 h and the luciferase
activities were measured as described above.

2.5. Coimmunoprecipitation and immunoblot analysis

COS-7 or LNCaP cells (1 x 10¢ cells/dish) were seeded in 100 mm culture
dishes and transiently transfected with 7.5y.g of a plasmid expressing GFP-
tagged full-length TZF or its truncated mutants and 1.5 pg of pCMV-hAR,
followed by incubation with or without 10 sM DHT for 24 h. The cells were
lysed in a buffer consisting of 20 mM HEPES-NaOH, pH 7.9, 20% glycerol,
100mM KCI, 0.2mM EDTA, 0.5% NP-40 and a protease inhibitor cocktail
(Roche Diagnostics, Tokyo, Japan) at 4°C for 30 min, followed by a brief
sonication. The lysates were collected by centrifugation. The protein concentra-
tions were measured using a BCA protein assay kit (Pierce, Rockford, IL) and
each protein concentration was adjusted to 1 mg/ml. For immunoprecipitation
analyses, antibodies against green fluorescent protein (GFP) and AR (C-19)
(Santa Cruz Biotechnology, Santa Cruz, CA) were preincubated with Protein
A magnetic beads (New England Biolabs Inc., Bevetly, MA) at 4°C for 2h
Each lysate (200 g) was then incubated with 10 g of the anti-GFP or -AR
antibody-conjugated beads in WB buffer (20 mM HEPES-NaOH, pH 7.9, 20%
glycerol, 100 mM KCl, 0.2 mM EDTA, 0.5% NP-40 and 0.5% skim milk) at
4°C overnight. After the beads had been washed four times with 180 .l of WB
buffer and four times with 180 pl of WH buffer (20 mM HEPES-NaOH, pH
7.9, 20% glycerol, 100 mM KCl, 0.2 mM EDTA and 0.5% NP-40), the bound
proteins were eluted in 60 i of 2x sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer (4% SDS, 200 mM dithiothreitol,
120 mM Tris-HC], pH 6.8 and 0.02% bromophenol blue) and subjected to 10%
SDS-PAGE at 20 mA for 4h. Immunoblotting analyses were then performed as
previously described (Kawate et al., 2005). Briefly, proteins were transferred
onto a nitrocellulose membrane (Hybond ECL; Amersham Biosciences Corp.,
Piscataway, NJ) using a Hoefer miniVe unit (Amersham) at 250V for 1h at
25°C. The membrane was blocked in 1x Block-Ace (Dainippon Pharmaceu-~
tical Co., Osaka, Japan) and reacted with an appropriate primary antibody in
0.1x Block-Ace for 1h at 25°C. Following a brief wash with TBS-Tween 20
(10 mM Tris—HCI, pH 8.0, 0.9% NaCl and 0.05% Tween 20), the membrane was
incubated with a horseradish peroxidase-conjugated secondary antibody (Amer-
sham) in 0.1x Block-Ace for 45 min at 25°C. After washing with TBS—Tween
20, the membrane was reacted with ECL western blotting detection reagents
(Amersham) and the bands were detected using a Versa-Doc Model 5000 Imag-
ing System (Bio-Rad Laboratories, Hercules, CA).

2.6. HDAC activity assay

Polyclonal anti-TZF antibodies were obtained by subcutaneously injecting
rabbits with 50 jLg of the C-terminal 41 amino acids of TZF once per week for 4
weeks. COS-7 cells (1 x 108 cells/dish) were seeded in 100 mm culture dishes
and transfected with 7 g of pEGFP-TZF or pEGFP. A fter incubation for 24 h,
cell lysates were prepared and incubated with the anti-TZF antibodies in the pres-
ence of Protein A magnetic beads. Immunoprecipitates were subjected to HDAC
activity assays using an HDAC fluorescent activity assay kit (AK-500; Biomol
Research Laboratories, Plymouth Meeting, PA) according to the manufacturer’s
recommended protocol. The beads were resuspended in 100 .l of 250 pM Fluor
de Lys substrate in the presence or absence of SpM TSA and incubated with
rocking at 25 °C for 90 min. Next, 25 jul of each reaction mixture was added to
25 .l of assay buffer (25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl and
1 mM MgCly) and 50 jul of 1x Fluor de Lys Developer with 2 puM TSA, and
incubated for 15 min at 25°C to stop the HDAC reaction. The HDAC activities
were measured by excitation with 360 nm light and emission of 460 nm light
using an ARVO SX 1420 multilabe] counter (Wallac, Turku, Finland).

2.7. Confocal laser scanning microscopy

For living cell microscopy, COS-7 cells (2 x 107 cells/dish) were cultured in
35mm glass-base dishes (Asahi Techno Glass Corp., Tokyo, Japan) and trans-
fected with pAR-GFP or pAR-CFP and GFP (YFP)-tagged full-length TZF or
its truncated mutants using Superfect reagents (Qiagen). After incubation for

3 h, the cells were washed with PBS, maintained in DMEM supplemented with
10% charcoal-treated FBS for 16-20h and then incubated in the presence or
absence of 10 nM DHT. The cells were observed with an Axiovert 200M inverted
microscope equipped with an LSM 510 META scan head (Carl Zeiss Co. Ltd,,
Jena, Germany) using a 100x 1.4 numerical aperture oil immersion objective
as described previously (Kawate et al., 2005). Images were collected at a 12-bit
depth resolution of intensities over 1024 x 1024 pixels. For excitation of CFP,
GFP and YFP, 458 and 488 nm argon lasers were employed and the emission sig-
nals were separated using the emission fingerprinting technique established by
Carl Zeiss. Separation of the individual emission signals was based on record-
ings of the spectral signature of each emission signal and a digital unmixing
procedure using these reference spectra. A three-dimensional imaging study
was performed as previously described (Saitoh et al., 2002). Briefly, a series of
30-50 two-dimensional images were collected for each nucleus using a confocal
laser microscope, and reconstructed using the three-dimensional analysis soft-
ware of the TRI Graphics Program (Ratoc System Engineering, Tokyo, Japan).

.Boththe spatial distribution and calculation of the fluorescent proteins as distinct

volumes were made possible by removing scattering background fluorescence
and lens spherical aberrations and then separating each particle. The analytical
conditions were kept constant throughout all the experiments. The numbers of
subnuclear foci were representative of at least 15 cells.

2.8. Immunostaining

COS-7 cells (2 x 10* cells/well) were seeded in Lab-Tek II Chamber Slides
(Nalge Nunc International, Naperville, I} and transfected with pEGFP-TZF
using 1 pl/well of the Superfect reagent. After incubation for 24 h, the cells
were washed with PBS and fixed with 50% methanol/50% acetone for 10 min
at —20°C. After blocking in 1x Block-Ace for 10 min at 25°C, the cells were
incubated with an anti-HDAC?2 goat polyclonal IgG antibody (Santa Crug; 1:200
dilution in 0.1x Block-Ace) for 1h at 25°C. Following a brief wash with
TBS-Tween 20, the cells were incubated with Alexa Fluor 546-conjugated don-
key anti-goat I1gG (H +L) (Molecular Probes Inc., Eugene, OR; 1:400 dilution
in 0.1x Block-Ace) for 1h at 25°C. After washing with TBS-Tween 20, the
cells were mounted in Vectashield (Vector Laboratories, Burlingame, CA) and
observed under a confocal laser scanning microscope using 488 nm (argon) and
543 nm (helium-neon) laser lines for excitation of GFP and Alexa Fluor 546,
respectively.

2.9. Fluorescence recovery after photobleaching (FRAP) analysis

COS-7 cells (2 x 10° cells/dish) were seeded in 35mm glass-base dishes
and transfected with various plasmids as described above. After addition of the
ligand, FRAP analysis was performed by confocal laser scanning microscopy
essentially as previously described (Stenoien et al., 2001). After collection of the
initial image, a selected area of a fixed size (region of interest, ROI) in the nucleus
was photobleached using the maximum power of the 488 nm argon laser for 70
iterations. After the bleaching, images were taken every 0.5s at a resolution
of 256 x 256 pixels to follow the recovery of the fluorescence intensity in the
ROL The fluorescence intensities of the ROI were calculated using the LSM
software and the half-recovery time (#12) was determined using the Microsoft
Excel software.

3. Results

3.1. A central domain of TZF is required for repression of
AR-mediated transactivation

Using different promoters and cells, we confirmed that
AR-mediated transactivation was repressed by TZF in a
dose-dependent manner (Fig. 1A and B). Endogenous AR-
mediated transactivation was also inhibited by expression of
TZF (Fig. 1B). To determine the repression domain in the
TZF protein, various TZF deletion mutants were constructed
(Fig. 2A) and subjected to functional promoter assays in COS-7
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Fig. 1. Repression of AR-mediated transactivation by TZE COS-7 (A) and LNCaP (B) cells were cotransfected with pGL3-PSA (A) or pGL3-MMTV (B) as a
reporter and pRL-CMV as an internal control, with or without pCMV-hAR and pFLAG-CMV2-TZF. The amounts of the transfected plasmids were described in
Section 2, except for the use of 0.5 or 1.0 p.g of pFLAG-CMV2-TZF. The cells were incubated in the absence or presence of 10 nM DHT for 24 h and the luciferase
activities were measured. The right-hand three bars in (A) and four bars in (B) show the results of control cells without transfection of the AR expression vector.
Bars show the fold change in the luciferase activity relative to the value induced by AR without DHT. The data represent the means &= S.D. of three independent

experiments. “P<0.05; “*P<0.01.

cells (Fig. 2B and C). The TZF(1-275) mutant, consisting of the
N-terminal region of TZF, was unable to repress AR-mediated
transactivation, whereas TZF(275-942) lacking the N-terminal
region showed the same level of repression as full-length
TZF (Fig. 2B). These results indicate that the N-terminus is
not involved in the repression function of TZE Surprisingly,
two other truncated mutants of TZF, namely TZF(1-663)
and TZF(512-942), showed much stronger repression of
AR-mediated transactivation than wild-type TZF (Fig. 2B).
Since the common amino acid sequence between these two
strong mutants consisted of residues 512663, we examined
the effects of TZF(512-663) comprising these amino acids
and TZF(A512-663) lacking these amino acid residues on
the transactivation activity for AR (Fig. 2A). As shown in
Fig. 2C, TZF(512-663) repressed AR-mediated transcriptional
activation as strongly as TZF(1-663) and TZF(512-942),
whereas TZF(A512-663) had no effect. These results indicate
that amino acid residues 512663 are essential for the repressive
effect of TZF on AR-mediated transactivation.

3.2. Interaction between the central domain (512-663) of
TZF and AR

Toexamine whether the TZF(512-663) domain could interact
with AR, modified mammalian one-hybrid assays were per-
formed. In this system, expression plasmids for AR and VP16~
fused proteins of interest were cotransfected with an MMTV
promoter-luciferase reporter plasmid into NIH3T3 cells. If the
protein of interest was able to interact with AR, transactiva-
tion would be enhanced compared to the basic activity of AR
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without the VP16-fused protein. Although the N-terminus of
TZE TZF(1-275), was unable to enhance the transactivation,
full-length TZF, TZF(1-663) and TZF(512-663) enhanced the
reporter activity, indicating that these three proteins were able
to interact with AR (Fig. 3B). The internal deletion mutant
TZF(A512-663) was unable to enhance the luciferase activity
(Fig. 3B).

We previously demonstrated that full-length TZF coimmuno-
precipitated with AR (AR-AF-1 domain) (Ishizukaetal., 2005).
Therefore, coimmunoprecipitation analyses were performed to
investigate the interaction between AR and the truncated TZF
mutants. GFP-tagged full-length TZF or its truncated mutants
and AR were coexpressed in COS-7 cells, and cell extracts were
immunoprecipitated with an anti-AR or anti-GFP antibody. As
shown in Fig. 4, AR was coimmunoprecipitated with full-length
TZF and TZF(512-663), but not with TZF(A512-663). These
results further confirm that TZF(512-663) is able to interact with
AR.

3.3, HDAC activity is involved in the TZF-repression
complex

HDAC activity is often identified in corepressor com-
plexes associated with steroid hormone receptors. To investigate
whether HDAC activity is related to the TZF-induced repression
of AR transactivation, COS-7 cells were treated with TSA, a spe-
cific inhibitor of HDAC, and subjected to functional promoter
assays. As shown in Fig. 5A, ligand-dependent AR transactiva-
tion was enhanced after TSA treatment. Although coexpression
of TZF repressed AR-mediated transactivation, TSA completely
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Fig. 2. Identification of the repression domain in TZF for AR-mediated transactivation. (A) Schematic representation of full-length TZF and its various truncated
mutants. Several conserved domains including a zinc finger motif are indicated. (B) Effects of full-length TZF and its truncated mutants on AR-mediated transactivation.
(C) The TZF(512-663) domain is required for the repression of AR-mediated transactivation by TZF. COS-7 cells were transiently transfected with pGL3-MMTYV,
pRL-CMYV, pCMV-bAR and an expression plasmid for full-length TZF (FL) or its truncated mutants as described in Section 2. The transfected cells were incubated
with or without 10nM DHT for 24 h and the luciferase activities were measured. Bars show the fold change in the luciferase activity relative to the value induced by
AR without DHT. The data represent the means & S.D. of three independent experiments. *P<0.01. a and b>c¢ and d (P <0.01).

abolished this effect (Fig. 5A). We further tested whether the
strong repressive effect of TZF(512-663) was influenced by
TSA. As shown in Fig. 5B, TSA was able to reverse the repres-
sion by TZF(512-663) in a dose-dependent manner. To further
confirm HDAC involvement in the TZF-repression complex,
TZF was immunoprecipitated by an anti-TZF antibody and the
immunoprecipitate was subjected to an HDAC activity assay.
The immunoprecipitate from the TZF-expressing cells showed
remarkably higher HDAC activity than that from cells with-
out expression of TZF Abolishment of the HDAC activity by
TSA confirmed that the TZF-immunocomplex contained HDAC
activity (Fig. 5C). These results indicate that HDAC activity is
involved in the TZF-induced repression of AR-mediated trans-
activation.

To investigate which HDAC protein is involved in the TZF-
induced repression of AR, immunoblot analyses with several
anti-HDAC antibodies were performed on immunoprecipitates
pulled down by an anti-GFP antibody from GFP-TZF express-
ing COS-7 cells. The results revealed that HDAC2 was coim-
munoprecipitated with TZF (Fig. 6A), whereas HDACI and
HDAC3 were not (data not shown). To examine the intracel-
lular localization of HDAC2, GFP-TZF-expressing COS-7 cells
were immunostained with an anti-HDAC?2 antibody. Endoge-
nous HDAC2 was located in the nucleus where it formed discrete
dots that were colocalized with TZF (Fig. 6B). These data indi-
cate that TZF probably interacts with HDAC?2 in the cells. We
further found that TZF was able to interact with AR and HDAC2.
To investigate whether these three proteins were involved in the
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Fig. 3. Identification of the interaction domain of TZF with AR by a modified
mammalian one-hybrid assay. (A) Schematic representation of VP16-fused full-
length TZF (FL) and its truncated mutants. (B) A central domain (amino acids
512-663) of TZF can interact with AR. NIH3T3 cells were cotransfected with
pCMV-hAR, pGL3-MMTYV, pRL-CMV and an expression plasmid for VP16~
fused TZF or its truncated mutants as indicated. The cells were incubated with
or without 10nM DHT for 24h and the luciferase activities were measured.
Bars show the fold change in the luciferase activity relative to the value induced
by VP16 and AR without DHT. The data represent the means £ S.D. of three
independent experiments. *P<0.01.

same protein complex, coimmunoprecipitation analyses were
performed using LNCaP cells expressing endogenous AR and
HDAC?2. After transfection of pEGFP-TZF or an empty vector,
LNCaP cells were incubated with DHT and the whole cell extract
was prepared for immunoprecipitation with an anti-GFP anti-
body. Immunoblot analysis revealed that endogenous AR and
HDAC?2 were coimmunoprecipitated with GFP-TZF (Fig. 6C).
These results indicate that AR, TZF and HDAC2 form a ternary
complex during the repression of AR-mediated transactivation.

3.4. Ligand-dependent intranuclear colocalization of TZF
or its truncated mutants with AR

As reported in our previous studies using GFP-fused pro-
teins and confocal laser microscopy (Tomura et al., 2001; Saitoh
et al., 2002), AR was located in the cytoplasm in the absence
of the ligand, and translocated into the nucleus to form uni-
form fine foci after ligand addition in COS-7 cells (Fig. 7Aa
and Ab). On the other hand, TZF was localized in the nucleus
where it formed discrete dots that were larger and less numer-
ous than the ligand-induced AR foci (Fig. 7Ac). Interestingly,
upon coexpression of non-fluorescent AR, the TZF dot pat-
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Fig. 4. Coimmunoprecipitation apalyses of TZF and its truncated mutants with
AR. (A) Coimmunoprecipitation of full-length TZF with AR. COS-7 cells
were transfected with pEGFP-TZF and pCMV-hAR or an empty vector and
incubated with 10 nM DHT for 24 h. Whole cell lysates were immunoprecipi-
tated using an anti-AR antibody. (B) Coimmunoprecipitation of truncated TZF
mutants with AR, COS-7 cells were cotransfected with pCMV-hAR and pEGFP-
TZF(512-663), pEGFP-TZF(A512-663) or an empty vector, and treated with
10 sM DHT for 24 h. Whole cell lysates were immunoprecipitated using an anti-
GFP antibody. The precipitates were subjected to immunobiot analyses using an
anti-AR antibody for detection of AR and an anti-GFP antibody for detection of
TZF and its mutants tagged with GFP. The expression levels of AR, TZF and the
truncated TZF proteins were confirmed by immunoblot analyses of the whole
cell lysates.

tern was completely changed after DHT addition and became
similar to the AR foci pattern (Fig. 7Ad and Ae) as previ-
ously reported (Ishizuka et al., 2005). Using different fluo-
rescent proteins (GFP and YFP), colocalization of these two
proteins was confirmed (Fig. 7B). Thus, TZF was considered
to be recruited into AR foci in a ligand-dependent manner. To
examine the colocalization of TZF mutants with AR, AR and
TZF mutants fused to different fluorescent proteins were coex-
pressed and observed undera confocal microscope. TZF(1-275)
lacking the repressive effect on AR-mediated transactivation
was diffusely distributed in the nucleus in the absence of the
ligand. After addition of DHT, AR was translocated into the
nucleus to form fine foci but TZF(1-275) remained diffuse in the
nucleus and did not colocalize with AR (Fig. 7C). TZF(1-663),
which repressed AR-mediated transactivation more strongly
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Fig. 5. HDAC activity is involved in TZF-induced repression of AR-mediated transactivation. (A) Repression of AR-mediated transactivation by TZF is recovered
by TSA. (B) TZF(512-663)-induced repression of AR-mediated transactivation is recovered by TSA in a dose-dependent manner. COS-7 cells were transiently
transfected with pGL3-PSA, pRL-CMV and pCMV-hAR, with or without pFLAG-CMV2-TZF (A) or pFLAG-CMV2-TZF(512-663) (B) as described in Section 2.
The cells were incubated in the absence or presence of 10 nM DHT for 12h and then left untreated or treated with TSA as indicated, followed by incubation for an
additional 12 h. Next, whole cell extracts were prepared and subjected to luciferase assays. Bars show the fold change in the luciferase activity relative to the value
induced by AR without DHT. The data represent the means % S.D. of three independent experiments. * P <0.01. (C) TZF-immunocomplexes contain HDAC activity.
COS-7 cells were transiently transfected with pEGFP or pEGFP-TZF. After incubation for 24 h, whole cell lysates were prepared and immunoprecipitated with an
anti-TZF antibody. The precipitates were subjected to HDAC activity assays as described in Section 2. The data represent the means = S.D. of three independent

experiments. *P<0.01.

than wild-type TZF, showed a ligand-induced change in the
pattern of its intranuclear dots, similar to the case for wild-
type TZE The nuclear dots of TZF(1-663) became smaller
and more numerous and were colocalized with AR (Fig. 7D).
TZF(512-663) also strongly repressed AR-mediated transac-
tivation, but this mutant was diffusely distributed in both the
nucleus and the cytoplasm and did not form intranuclear dots
in the absence of DHT (Fig. 7E, upper panels). In the pres-
ence of the ligand, fluorescent signals for TZF(512-663) were
only observed in the nucleus where they were colocalized
with AR (Fig. 7E, lower panels). These colocalization results
are consistent with the above-described results for the modi-
fied mammalian one-hybrid assays and coimmunoprecipitation
experiments.

3.5. Correlation of the intranuclear foci number of AR with
its transactivation activity

Although ligand treatment caused colocalization of
TZF(512-663) with AR, the distinct intranuclear foci formation
of AR seemed to be inhibited by this mutant (Fig. 7Ab
and Ee), which showed strong repression of AR-mediated
transactivation (Fig. 2C). These results suggested that the
transactivation function of AR may be related to the number
of its distinct intranuclear foci. To prove this hypothesis,
we first quantified the number of intranuclear AR foci in
COS-7 cells using three-dimensional images reconstructed
from tomographic images collected by a confocal microscope.
This method is able to detect a distinct volume by removing
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Fig. 6. HDAC?2 is involved in the TZF repression complex. (A) Endogenous HDAC2 is coimmunoprecipitated with TZE. COS-7 cells were transiently transfected
with pEGFP-TZF or an empty vector and incubated for 24 h. Whole cell lysates were immunoprecipitated with an anti-GFP antibody. The precipitates were subjected
to immunoblot analyses with an anti-HDAC2 antibody for detection of endogenous HDAC?2 and an anti-TZF antibody for detection of GFP-TZF. To confirm the
expression levels of endogenous HDAC2 and transfected GFP-TZF, the whole cell lysates were directly subjected to the immunoblot analyses. (B) Colocalization
of TZF with endogenous HDAC2. COS-7 cells were trapsiently transfected with pEGFP-TZF and incubated for 24 h. The cells were fixed and immunostained
with an anti-HDAC2 antibody, followed by incubation with an Alexa Fluor 546-labeled secondary antibody. Signals for GFP-TZF (green; a) and HDAC2 (red;
b) were observed by laser confocal microscopy, and the two signals were merged (¢). Bar=5 pm. (C) Endogenous AR and HDAC? are both involved in TZF-
jmmunocomplexes in LNCaP cells. LNCaP cells were transiently transfected with pEGFP-TZF or an empty vector and incubated in the presence of 10nM DHT
for 48 h. Whole cell lysates were immunoprecipitated with an anti-GFP antibody. The precipitates were subjected to immunoblot analyses with an anti-HIDAC2
antibody for detection of HDAC2, an anti-AR antibody for detection of AR and an anti-GFP antibody for detection of GFP-TZE. To confirm the expression levels
of endogenous HDAC2, AR and GFP-TZF, the whole cell lysates were also subjected to the immunoblot analyses (for interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article).

background scattering fluorescence and relatively diffusely
distributed fluorescence, thereby clearly showing a difference
in the intranuclear spatial distribution of the foci. The number
of ligand-induced intranuclear foci of AR was 317+ 58 (n=15)
(Fig. 8Aa) and this was not influenced by coexpression of an
empty vector, pFLAG-CMV2 or pcDNA3 (315+£42, n=18)
(Fig. 8Ab). When AR and TZF(512-663) were coexpressed ata
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ratio of 1:1.5, the number of AR foci was decreased to 189 +53
(n=15) (Fig. 8Ac). Furthermore, increased TZF(512-663) at a
ratio of 1:10 almost completely inhibited the AR foci formation
(22416, n=18) (Fig. 8Ad). Next, we tested the effect of a
coactivator protein, TIF2, on the number of intranuclear AR
foci. Initially, AR, TZF(512-663) and TIF2 were coexpressed
at a ratio of 1:10:3. As shown in Fig. 8Ae, TIF2 expres-
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sion partially recovered the number of intranuclear AR foci
(101 £ 18, n=18). Coexpression of an equal amount of TIF2
to TZF(512-663) at a ratio of 1:10:10 completely recovered
the number of intranuclear AR foci to the basal level without
the TZF mutant (318 +44, n=18) (Fig. 8Af). The corepressor
TZF(512-663) decreased the number of intranuclear AR foci,
and the coactivator TIF2 was able to reverse this inhibition of

AR foci formation. To compare the number of intranuclear
AR foci with the transcriptional activity, functional promoter
assays were performed using the same transfection conditions
used for the experiments in Fig. 8A. TZF(512-663) repressed
ligand-dependent AR-mediated transactivation in a dose-
dependent manner (Fig. 8B). When AR and TZF(512-663)
were coexpressed with TIF2 at a ratio of 1:10:3, AR-mediated

Fig. 7. Subcellular localizations of AR, full-length TZF and truncated TZF mutants. (A) Subcellular localizations of AR and TZE. COS-7 cells were transfected
with pAR-GFP alone (a and b), pEYFP-TZF alone (c) or both pEYFP-TZF and pCMV-hAR (d and e) and incubated for 24 h. After incubation with or without
10 nM DHT for 1 h, the cells were observed under a laser confocal microscope. (B-E) Analyses of AR colocalization with TZF or its truncated mutants. COS-7 cells
were cotransfected with pAR-GFP/CFP and pEYFP-TZF (B), pEYFP-TZF(1-275) (C), pEYFP-TZF(1-663) (D) or PEGFP-TZF(512-663) (E). The amounts of the
transfected plasmids were the same as those in the functional promoter assay described in Section 2. The cells were incubated for 24 h and then further incubated in
the absence (upper panels, a~c) or presence (lower panels, d—f) of 10 nM DHT for 1 h before observation by laser confocal microscopy. a and d, signals from TZF
or its mutants (red); b and e, signals from AR (green); ¢ and f, merged signals. Bars =35 pm (for interpretation of the references to colour in this figure legend, the

reader is referred to the web version of the article).
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transactivation was partially recovered. Moreover, when TIF2
was coexpressed at an equal level to TZF(512-663) at a ratio of
1:10:10, AR-mediated transactivation was recovered to almost
the same level as that for DHT-bound AR alone (Fig. 88). These
data provide powerful evidence for our previous speculation
that AR foci formation is closely linked to its transactivation
function (Tomura et al., 2001; Saitoh et al., 2002).

3.6. TIF2 is released from AR foci by coexpression of TZF

To further analyze the competition between TIF2 and TZF
for AR foci formation, the effect of TZF on the intranuclear
Jocalization of TIF2 was evaluated using COS-7 cells express-
ing YFP-TIF2 and AR-GFP with or without cotransfection of
pFLAG-CMV2-TZE In the absence of the ligand, TIF2 formed

discrete dots in the nucleus and AR was located in the cyto-
plasm (Fig. 9a—). After addition of the ligand, the discrete dots
of TIF2 disappeared and it was recruited into the intranuclear

AR fine foci (Fig. 9d-f). The almost complete colocalization of
AR and TIF2 is characterized by the yellow color of the merged
image in Fig. 9f. However, coexpression of TZF released TIF2
from the AR foci, even in the presence of DHT, and the discrete
TIF2 dots reappeared (Fig. 9g-i). The green signals of AR and
red signals of TIF2 were clearly separated (Fig. 9). Conversely,
the colocalization of TZF with AR (Fig. 9j—1) was impaired by
coexpression of TIF2 (Fig. 9m-o) and the original TZF dots
reappeared (Fig. 9n). The green signals of AR and red signals
of TZF were clearly separated (Fig. 90). These results sug-
gest that TIF2 and TZF compete for interaction with AR in the
cells.
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Fig. 7. (Continued).

3.7. Effects of TZF and TZF(512—-663) on the intranuclear
dynamics of AR

Previous FRAP analysesrevealed that steroid hormone recep-
tors show decreased intranuclear mobility after ligand treatment
due to their association with the nuclear matrix, which is essen-
tial for ligand-induced transcriptional activation (Stenoien et al.,
2001; Schaaf and Cidlowski, 2003). To examine the effects of
TZF and TZF(512-663) on the intranuclear mobility of AR,
FRAP experiments were performed using a confocal microscope
in COS-7 cells. After treatment with DHT for 1 h, a ROI was
photobleached using the maximal power of a 488 nm argon laser.
After the photobleaching, images were taken every 0.5 s and the
normalized fluorescence intensities of the ROI were calculated
and plotted against time. In the presence of the ligand, AR-GFP-
expressing cells showed fluorescence recovery and the half-
recovery time was 7.5+ 0.95s (n=20) (Fig. 10, upper panel). In
this experiment, the bleached ROI could still be distinguished
from unbleached regions even at 30s after the photobleaching
(Fig. 10, upper panel). Upon coexpression of full-length TZF
the bleached ROI became unclear at 305 after the photobleach-
ing and the half-recovery time (5.540.9s, n=15) was shorter
than that for AR alone (Fig. 10, middle panel). Furthermore,
coexpression of TZF(512-663) showed much faster recovery
(f12=3.240.55, n=15) (Fig. 10, lower panel). These results
suggest that the intranuclear mobility of AR is increased by
coexpression of TZF or TZF mutants that may weaken the inter-
action of AR with the nuclear matrix.

4. Discussion
The mechanism of TZF-induced repression of AR-mediated

transactivation was further examined in the present study.
Luciferase reporter (Fig. 2C), modified mammalian one-hybrid

(Fig. 3B) and coimmunoprecipitation (Fig. 4B) assays using
truncated mutants of TZF clearly demonstrated that a cen-
tral portion (amino acids 512-663) of TZF is responsible for
both binding to AR and repressing AR-mediated transacti-
vation. Corepressor complexes containing N-CoR and SMRT
are considered to recruit HDAC and then repress transcription
(Jones and Shi, 2003). TZF also recruits endogenous HDAC2
and forms a complex with endogenous AR in the presence of
DHT (Figs. 5C, 6B and 6C), and the specific HDAC inhibitor
TSA completely prevented the transcriptional repression by TZF
(Fig. 5A-C), suggesting that recruitment of HDAC2 into the
AR/TZF complex is the major mechanism of the repression.
Two of the truncated TZF mutants, namely TZF(1-663) and
TZF(512-942), repressed AR-mediated transactivation much
more strongly than full-length TZF and a similar level of repres-
sion was observed for their common region, TZF(512-663).
Based on these results, it may be speculated that the cen-
tral portion (amino acids 512-663) is structurally positioned
inside the TZF molecule, such that removal of the N- or C-
terminal of the molecule may cause further exposure of the
active domain, thereby resulting in a stronger interaction and
repression of transactivation. TZF(512-663) does not contain a
CoRNR motif (I/LXXII), which has been found in the corepres-
sors N-CoR and SMRT and is considered to be sufficient for
both their interactions with nuclear receptors and repression of
transactivation {Webb et al., 2000; Hu et al., 2001). To examine
whether TZF(512-663) contains some specific secondary struc-
tures, a protein structure prediction analysis was performed on
this region (PredictProtein; Columbia University Bioinformatics
Center, New York, NY). Although no reguiar secondary struc-
tures (helices, strands or coiled-coils) were found in this region,
such a long region without any regular secondary structures
is categorized into non-regular secondary structure (NORS),
which indicates a structurally flexible region. NORS regions
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