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Fig. 8. The number of intranuclear AR foci is correlated with its transactivation activity. (A) Three-dimensional imaging analyses of the intranuclear AR foci. COS-7
cells were transiently transfected with 1pg of pAR-GFP alone (a) or together with an empty vector (b), 1.5pg of pFLAG-CMV2-TZF(512-663) (c), 10 pg of
PFLAG-CMV2-TZF(512-663) (d), 10 g of pFLAG-CMV2-TZF(512-663) and 3 pg of pcDNA-TIF2 (e) or 10 g of pFLAG-CMV2-TZF(512-663) and 10 pg of
pcDNA-TIF2 (f). The cells were incubated for 24 h and treated with 10 nM DHT for 1 h before observation. Two-dimensional tomographic images were collected
by a confocal laser scanning microscope and reconstructed as described in Section 2. The number of subnuclear foci was calculated from at least 15 cells for each
transfection and is shown as the meanz= S.D. below each panel, Bars=5 jum. (B) Effects of TZF(512-663) and TIF2 on AR-mediated transcriptional activation.
COS-7 cells were transiently transfected with 0.3 pug of pGL3-MMTV, 2ng of pRL-CMV and 0.1 jLg of pAR-GFP, together with various combinations of 0.15 or
1 p.g of pFLAG-CMV2-TZF(512-663) and 0.3 or 1 g of pcDNA-TIF2. After incubation with or without 10 nM DHT for 24 h, the cells were 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 = 8.D. of three independent
experiments. *P<0.01.
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Fig. 9. Imaging analysis of the effects of TZF and TIF2 on the intranuclear foci formation of agonist-bound AR. (a—i) TZF releases TIF2 from intranuclear AR foci.
COBS-7 cells were transfected with 1 pg of pAR-GFP and 1.5 g of pEYFP-TIF2 with (g—i) or without (a—f) 3 g of pFLAG-CMV2-TZF, and incubated for 24 h.
Prior to observation, the cells were incubated with (d-i) or without (a~c) 10 M DHT for 1 h. Fluorescent signals were collected by a laser confocal microscope. AR
signals (green; a, d and g), TIF2 signals (red; b, e and h) and merged signals (right; ¢, f and i) are shown. (j—o) TIF2 releases TZF from intranuclear AR foci. COS-7
cells were transfected with 1 g of pAR-GFP and 2.2 g of pEYFP-TZF with (m-o) or without (j-1) 3 g of pcDNA-TIF2, and incubated for 24 h. After incubation
with DHT for 1 h, the cells were observed by laser confocal microscopy. AR signals (green; j and m), TZF signals (red; k and n) and merged signals (right; | and o)
are shown. Bars =5 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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Fig. 10. Intranuclear mobility of AR coexpressed with or without TZF and TZF(512-663). COS-7 cells were transiently transfected with 1 g of pAR-GFP alone
(upper panels), 1 pg of pAR-GFP with 5 g of pFLAG-CMV. 2-TZF (middle panels) or 1 p.g of pAR-GFP with 5 p.g of pFLAG-CMV' 2-TZF(512-663) (lower panels)
as indicated. After incubation for 24 h, the cells were treated with 10 nM DHT for 1 h and subjected to FRAP analyses using a laser scanning microscope. A region of
interest (ROI) in the nucleus was photobleached, and images were obtained before and at the indicated time points after the photobleaching. Bars =5 p.m. Graphs in
the right panels show the recovery curves of the relative intensities in the photobleached ROL The values of the half-recovery time (#1/2) are expressed as means +S5.D.

(n=15).

are particularly abundant in eukaryotic proteomes and play an
important role in biological processes, including protein—protein
interactions (Liu et al., 2002; Liu and Rost, 2003). Therefore,
further mutational analyses of TZF are necessary to identify the
critical amino acid residues required for the repression of AR-
mediated transactivation.

We applied the modified mammalian one-hybrid assay for
detecting interactions of AR with the full-length TZF and its
truncated mutants (Fig. 3). In this assay, expression of the TZF
corepressor might cause an inhibition of basal AR-mediated
transactivation. However, coexpression of AR with VP-16-fused
TZF and its mutants induced strong transactivations due to the
interaction between AR and TZE These strong transactivations
are thought to overcome the inhibitory effect by TZE

Previous RT-PCR analyses revealed that TZF was highly
expressed in the testes and moderately expressed in the prostate,
adrenal glands, muscle, kidneys and uterus. During testicular
development in mice, elevated expression of TZF was restricted
to spermatocytes at the pachytene stage of meiotic prophase
and to both round and elongated spermatids (Inoue et al., 2000,
Ishizuka et al., 2003). This tissue- and stage-specific expres-
sion of TZF may indicate that TZF negatively regulates the
actions of AR during development. However, the functions
of TZF in vivo have not yet been clarified. Generation of
tzf-deficient mice should provide strong clues toward eluci-
dating the roles of TZF in developmental and physiological
processes.

After ligand-binding, AR is translocated from the cytoplasm
into the nucleus, where it activates the transcription of its target
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genes while simultaneously forming subnuclear foci (Tomura
et al., 2001). This ligand-induced foci formation is commonly
observed in steroid hormone receptors, such as glucocorticoid
receptor (Ogawa et al., 1995), mineralocorticoid receptor (Fejes-
Toéth et al., 1998), estrogen receptor-o (Stenoien et al., 2000;
Htun et al., 1999) and vitamin D receptor (Racz and Barsony,
1999). Many pieces of evidence have accumulated indicating
that this foci formation is closely linked to their transcriptional
activation functions (Fejes-Téth et al., 1998; Stenoien et al.,
2000; Tomura et al.,, 2001; Saitoh et al., 2002). The present
study provides another example, since GFP-TZF(512-663) was
redistributed and colocalized with AR-CFP after addition of
DHT, but distinct (complete) foci formation of AR-CFP was
inhibited (Fig 7E), reflecting the strong corepressor effect
of TZF(512-663). However, quantitative analyses have hardly
been carried out because it is difficuit to count the numbers
of intranuclear foci of steroid hormone receptors. We recently
developed a three-dimensional imaging method that enables
quantification of the numbers of intranuclear foci of steroid hor-
mone receptors (Tomura et al., 2001; Saitoh et al., 2002). In the
present study, the number of AR foci and AR-mediated transac-
tivation were directly compared, and a clear correlation between
these two factors was revealed (Fig. 8). N-CoR and SMRT are
well-characterized corepressors that are thought to interact with
nuclear receptors in the absence of a ligand or the presence of
antagonists and confer transcriptional repression (Heinlein and
Chang, 2002; Jones and Shi, 2003; Privalsky, 2004). However,
AR was recently reported to be able to bind N-CoR and SMRT
even in the presence of agonists (Cheng et al., 2002; Liao etal.,
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Fig. 11. An equilibrium model for intranuclear AR foci formation modulated by coregulators. The ratio of coactivators/corepressors expressed in a cell is presumed
to determine the number of intranuclear foci and the transactivation activity of AR. Under the intranuclear condition where the content of corepressors such as TZF
is considerably lower than that of coactivators, agonist-bound AR recruits coactivators and forms a transcriptionally active conformation, which is coupled with
transfer to proper subnuclear compartments (distinct AR foci). AR foci formation is parallel to the transcription function and slow mobility. Agonist-bound AR
in these proper compartments undergoes rapid exchange between the compartments and transcription sites of the target genes and is able to activate transcription.
Under the condition where the content of corepressors is relatively higher than that of coactivators, the corepressors with HDAC bind to liganded AR, resulting in
impairment of foci formation (disrupted AR foci). A gonist-bound AR in impaired compartments showed reduced transcriptional activation and fast mobility. It can
be speculated that AR in the impaired foci might not have proper access to the transcription sites.

2003), and competition for agonist-bound AR between core-
pressors and coactivators was suggested to be the mechanism of
the repression (Liao et al., 2003). A similar mechanism could be
suggested for TZF-mediated repression of AR-induced transac-
tivation, since the AR-mediated transactivation function varied
depending on the TZF(512-663)/TIF2 ratio (Fig. 8B), while
TZF was recruited by AR ligand-dependently, but also impaired
complete foci formation of AR and dissociated the coactivator
TIF2 from the AR foci (Fig. 9). However, an increase in TIF2
dissociated TZF and recovered the distinct foci formation of AR
(Fig. 8A).

The FRAP analysis revealed that coexpression of full-length
TZF or its mutants increased the intranuclear mobility of AR.
Coexpression of TZF(512-663), which strongly repressed AR-
mediated transcription, led to a higher mobility of AR compared
to that of full-length TZF The half-recovery time of AR would
be correlated with its transcriptional activity. Previous studies
revealed that ligand-bound steroid hormone receptors interact
with the nuclear matrix, resulting in their decreased mobility
(Fejes-Téthetal., 1998; Htunetal., 1999; Schaaf and Cidlowski,
2003). TZF protein may inhibit the binding of AR to the nuclear
matrix and cause a diffuse distribution of AR in the nucleus.

Our present results indicate that the ligand-dependent trans-
activation function of AR is quantitatively correlated with its
foci formation, and that corepressors such as TZF act on these
intranuclear events competitively with coactivators. Further-
more, the current results may suggest that competition with
coactivators is a common repression mechanism for corepres-

sors of agonist-bound AR, such as N-CoR, SMRT and TZE
Fig. 11 summarizes the speculated action of TZF based on the
present findings.
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Abstract

We previously demonstrated that testicular zinc-finger protein (TZF) was a corepressor of the androgen receptor (AR). In the present
study, we further showed that TZF-L, an alternative spliced variant of TZF, enhanced transactivation function of AR. Deletion analysis
of TZF-L revealed that its N-terminus, which almost corresponded to that of TZF, but not its C-terminus was able to interact with AR.
Additional analysis suggested that TZF and TZF-L were able to form both homodimers and heterodimers. TZF-L inhibited the homodi-
mer formation of TZF and the intranuclear dot formation of TZF. We propose that in the unique regulation system of AR-mediated
transactivation, two spliced isoforms of TZF act as coactivator and corepressor, respectively.

© 2006 Elsevier Inc. All rights reserved.
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Androgens play essential roles in the expression of
the male phenotype through the androgen receptor
(AR). AR is a member of the nuclear receptor (NR)
superfamily, which generally functions as a ligand-de-
pendent transcriptional factor [1,2]. AR is located in
the cytoplasm before ligand binding and becomes trans-
located into the nucleus upon ligand binding to recog-
nize androgen responsive elements of target genes,
resulting in transcriptional activation or repression
[1,3,4]. We previously reported that AR formed intranu-
clear fine foci in a ligand-dependent manner [5,6]. NR-
mediated transcription is known to be regulated by
two types of cofactors, coactivators and corepressors.
To date, a large number and a wide variety of coactiva-
tors and corepressors of NR-mediated transactivation
have been identified [7,8].

TZF (testicular zinc-finger protein) consists of 942 ami-
no acid residues and carries a Cys,-His, type of zinc-finger

* Corresponding author. Fax: +81 92 642 6911.
E-mail address: takayana@geriat.med.kyushu-u.ac jp (R. Takayanagi).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2005.12.213

motif at the C-terminal end of the protein [9]. TZF-L has
been identified as an alternative spliced variant of TZF.
It has 2025 amino acid residues, and the N-terminal 902
amino acids of TZF-L protein are identical to those of
TZF [10). TZF-L has two zinc-finger motifs of the Cys,-
His, type, one of which is common with that of TZF. Both
TZF and TZF-L are highly expressed in testes and moder-
ately in kidneys and ovaries. We previously reported that
TZF repressed AR-mediated transcriptional activation by
interacting with the N-terminus of AR [11}. TZF forms
intranuclear dots and is recruited into AR foci after treat-
ment of the ligand.

In the present study, we investigated effects of TZF-L on
AR-mediated transactivation function. In contrast with
TZF, TZF-L enhanced AR-mediated transcriptional acti-
vation. The N-terminus of TZF-L, which almost corre-
sponds to TZF, was able to interact with AR. We also
indicated that TZF and TZF-L formed both homodimers
and heterodimers. These two spliced variants of TZF may
have unique regulation mechanisms for AR-mediated
transcriptional activation.
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Materials and methods

Plasmid constructs. Expression plasmids for AR, pCMV-hAR, and
firefly reporter plasmids (pGL3-MMTYV and pGL3-PSA) were prepared as
previously described [5,11,12]. Expression plasmids for TZF-L,
pLP-EGFP-C1-TZF-L [10] were digested with Sa/l and Xhol restriction
enzymes to obtain a Sall-Xhol fragment encoding the C-terminus of TZF-L,
and a Sall fragment encoding the remaining portion of TZF-L. The Sall-
Xhol fragment was first inserted into the Sall site of both pEGFP-C1 and
pEYFP-C1 vectors (BD Sciences Clontech, Palo, Alto, CA), followed by
insertion of the Sa/l fragment into the Sall site of the same vector to produce
pEGFP-TZF-L and pEYFP-TZF-L, respectively. Similarly, another
expression plasmid for TZF-L, pFLAG-CMV2-TZF-L, was constructed
using pFLAG-CMV?2 vector (Sigma-Aldrich, St. Louis, MO). An expres-
sion plasmid for the N-terminus (amino acids 1-902) of TZF-L, pEGFP-
TZF-L-N, was constructed as follows: a fragment encoding 758-902 amino
acid residues of TZF-L was amplified by PCR from
pLP-EGFP-C1-TZF-L, using the following set of oligonucleotide primers:
TZF-L-N-5 (5'-GTGAGTCGACTTCAGGAT-3") and TZF-L-N-3 (5'-C
CGCTCGAGCTGTGTGTGCTTCTTATTGTGC-3'). The PCR-ampli-
fied fragment was cloned into pCR-Blunt II-TOPO vector (Invitrogen
Corp., Carlsbad, CA), and the Sall-Xhol fragment encoding TZF-L (amino
acids 758-902) was subcloned into the Sall site of pEGFP-C1 vector,
followed by insertion of the Sa/l fragment encoding the N-terminus (amino
acids 1-758) of TZF-L into the Sall site. To construct an expression plasmid
for TZF-L-C (amino acids 902-2025), pEGFP-TZF-L-C, a fragment
encoding amino acid residues 902-1171 of TZF-L was amplified by PCR
from pLP-EGFP-C1-TZF-L using the following set of primers: TZF-L-C-5
(5-CCGCTCGAGAGACACTGGATCCCTACAAC-3") and TZF-L-C-3
(5-AACCTGACTTGCGGAGTACTG-3'). The PCR-ampiified fragment
was cloned into pCR-Blunt II-TOPO vector, and then an Xhol-EcoRI
fragment encoding TZF-L (amino acids 902-1171) was subcloned into the
Xhol and EcoRI sites of pEGFP-C1 vector, followed by insertion of the
Scal-Xhol fragment of pLP-EGFP-C1-TZF-L encoding the C-terminus
(amino acids 1171-2025) of TZF-L into the Scal and Sall sites. The TZF
cDNA fragment was subcloned into pFLAG-CMV2 and pEGFP-CI,
resulting in pFLAG-CMV2-TZF and pEGFP-C1-TZF, respectively.

For the mammalian two-hybrid assay, pEGFP-TZF-L was digested
with Smal, and a Smal fragment containing TZF-L ¢cDNA was inserted
into blunt-ended BamHI sites of pBIND and pACT vectors (Promega,
Madison, WT), to produce pBIND-TZF-L and pACT-TZF-L, respec-
tively. Expression plasmids for TZF-L-C, pBIND-TZF-L-C, and pACT-
TZF-L-C were constructed by inserting the Xkol-Smal fragment from
pEGFP-TZF-L-C into Sall- and EcoRV-digested pBIND, and pACT
vectors, respectively. Expression plasmids for TZF-L-N, pBIND-
TZF-L-N, and pACT-TZF-L-N were constructed by inserting a Kpnl
fragment from pEGFP-TZF-L-N into Kpnl sites of pBIND and pACT
vectors. The cDNA fragment of TZF was subcloned into pBIND and
PACT vectors to produce pBIND-TZF and pACT-TZF, respectively.
Expression plasmid for AR, pACT-AR, was prepared as previously
described [13]. Validity of the structure of all constructs was confirmed by
DNA sequencing.

Cell culture. The monkey kidney-derived cell line COS-7 was obtained
from the Riken Cell Bank (Tokyo, Japan). The human prostatic cancer
cell line PC3 and the 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, Sigma), and PC3 cells were maintained in Roswell Park
Memorial Institute 1640 medium (Sigma), supplemented with 10 % fetal
bovine serum (FBS, Sanko Junyaku, Tokyo, Japan) and 100 U/ml peni-
cillin~streptomycin (Invitrogen).

Functional reporter assay. Cells were cultured in 12-well plates (1 x 10°
cells/well), and transfected with 0.3 pg/well pGL3-PSA or pGL3-MMTV
as reporter, 2 ng/well pRL-CMV (Renilla Luciferase vector, Promega,
Madison, WI) as internal control, and 0.1 pg/well pPCMV-hAR together
with 0.5 pg/well of the expression plasmid for TZF or TZF-L, using 2.7 ul
Superfect Transfection Reagent (Qiagen GmbH, Hilden, Germany). In all
co-transfection studies, the total amount of plasmid DNA was fixed by

adjusting the transfection mixture with empty vector. After 4-h incuba-
tion, cells were rinsed with phosphate-buffered saline (PBS), and re-fed
with medium containing 10% charcoal-stripped FBS, in the presence or
absence of 10nM Sa-dihydrotestosterone (DHT). After an additional
incubation for 24 h, cells were lysed using lysis buffer supplied with the
luciferase kit (Promega), and luciferase activity was assayed using the
Dual-Luciferase Reporter Assay System (Promega). Data were expressed
as means & SD of three independent experiments. One-way analysis of
variance followed by Scheffé’s test was used for multigroup comparisons.
A P value <0.05 was considered to be statistically significant.
Mammalian two-hybrid assay. NIH3T3 (1 x 10° cells/well) cells were
seeded in 12-well plates at 24 h before transfection. Cells were co-trans-
fected with 0.6 pg pG5luc (Promega) as reporter, 0.3 g pACT-AR and
0.1 pg pBIND-TZF-L, pBIND-TZF-L-N or pBIND-TZF-L-C. The
pBIND vector also encoded the Renilla reniformis luciferase as internal
control. For detection of homodimers and heterodimers, plasmids
(pGSluc, pACT-TZF, pBIND-TZF, pACT-TZF-L, and pBIND-TZF-L)
were used for transfection. Equimolar amounts of the empty vector DNA
were added to each well. Following treatment with 10 nM DHT for24 h,
cells were lysed, and luciferase activity was measured as described above.
Co-immunoprecipitation and immunoblot analysis. COS-7 cells
(1x 10° cells/dish) were seeded in 100-mm culture dishes, and transiently
transfected with 1.5 ug pCMV-hAR using 7.5 ug pEGFP-TZF-L, 5ug
pEGFP-TZF-L-N, and 5 pg pEGFP-TZF-L-C, followed by 24-h incu-
bation in the presence of 10 nM DHT. Whole cell lysates were prepared by
lysing cells in a buffer consisting of 20 mM Hepes-NaOH, pH 7.9, 20%
glycerol, 100 mM KCl, 0.2mM EDTA, 0.5% NP-40, and one tablet of
protease inhibitor cocktail (Roche Diagnostics, Tokyo, Japan) for 30 min
at 4 °C, followed by brief sonication and centrifugation. Protein concen-
trations were measured using a BCA protein assay kit (Pierce, Rockford,
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Fig. 1. TZF-L enhances AR-mediated transcriptional activation. PC3
cells were transfected with pGL3-PSA, pRL-CMV, and pCMV-hAR
together with or without pFLAG-CMV2-TZF-L as described in Materials
and methods. Molar ratios of transfected amounts of pPCMV-bAR and
pFLAG-CMV2-TZF-L were 1:5 or 1:10. Cells were treated with or
without 10 nM DHT for 24 h, and luciferase activity was measured. Bars
represent fold changes in luciferase activity relative to the value by AR
without DHT. "P < 0.01.
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IL), and each protein concentration was adjusted to 1 mg/ml. For the
immunoprecipitation assay, antibodies against GFP or AR (C-19, Santa
Cruz Biotechnology, Santa Cruz, CA) were pre-incubated with protein A
magnetic beads (New England Biolabs, Beverly, MA) at 4 °C for 2 h. Each
lysate (200 pg) was incubated with 10 ug anti-GFP or anti-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 were washed three times with 180 yl WB
buffer, the bound proteins were eluted in 2 x sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (2% SDS,
100 mM dithiothreitol, 60 mM Tris-HCI, pH 6.8, and 0.01% bromophe-
mol blue) and subjected to 10% SDS-PAGE at 20mA for 5h. An

immunoblot analysis was then performed as previously described [14],
using the anti-AR (C-19) antibody for AR, anti-TZF antibody for TZF,
and anti-GFP antibody for GFP-fused TZF-L and its mutants.

Confocal laser scanning microscopy. For living cell microscopy, COS-7
cells (2 x 10° cells/dish) were cultured in 35-mm glass-bottomed dishes
(Asahi Techno Glass, Tokyo, Japan) and transfected with pEGFP-TZF
and/for pEYFP-TZF-L, or pFLAG-CMV2-TZF-L using Superfect
reagents {Qiagen). After 3-h incubation, cells were washed with PBS,
followed by incubation in DMEM supplemented with 10% charcoal-
treated FBS for 16-20 h. Cells were observed with an Axiovert 200 M
inverted microscope, equipped with an LSM 510 META scan head (Carl
Zeiss, Jena, Germany), and using a 100 x 1.4 numerical aperture oil
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Fig. 2. ldentification of the interaction between TZF-L and AR. (A) Schematic representation of full-length TZF-L and its truncated mutants, TZF-L-N
and TZF-L-C. (B) A mammalian two-hybrid assay indicated interactions of the full length TZF-L and its N-terminus with AR. NIH3T3 cells were co-
transfected with pG5iuc, pACT-AR, and pBIND-TZF-L, pBIND-TZF-L-N or pBIND-TZF-L-C, and luciferase activities were measured after treatment
with 10 nM DHT for 24 h, as described in Materials and methods. Bars represent fold changes in luciferase activity relative to the value by the empty
vectors. Data are expressed means £ SD of three independent experiments. *P < 0.01. (C) Co-immunoprecipitation analyses of TZF-L and its truncated
mutants with AR. COS-7 cells were transfected with pCMV-hAR with pEGFP-TZF-L, pEGFP-TZF-L-N or pEGFP-TZF-L-C and then incubated with
10 nM DHT for 24 h as described in Materials and methods. Whole cell lysates were immunoprecipitated using anti-GFP or anti-AR antibody. Then,
precipitates were subjected to immunoblot analysis using the anti-AR antibody for detection of AR, and the anti-GFP antibody for detections of TZF-L,
TZF-L-N, and TZF-L-C. Whole cell lysates were also subjected to immunoblot analysis to confirm expressions of AR, TZF-L, TZF-L-N, and TZF-L-C.
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Fig. 3. TZF-L abrogates the repressive function of TZF on AR
transactivation. COS-7 cells were transfected with pGL3-MMTYV, pRL-
CMV, pCMV-hAR, and the expression vector for TZF and/or TZF-L at
equimolar amounts, and luciferase activity was measured after treatment
with 10 ntM DHT for 24 h as described in Materials and methods. Bars
represent fold changes in luciferase activity relative to the value by AR
without DHT. Data are represented means == SD of three independent
experiments. *P <0.01.

immersion objective as described previously [14,15]. Images were collected
at a 12-bit depth resolution of intensities over 1024 x 1024 pixels. For
excitation of GFP and YFP, 488-nm argon lasers were employed, and
emission signals were separated using the Emission Fingerprinting tech-
nique established by Carl Zeiss.

Results
TZF-L enhances AR-mediated transcriptional activation

We previously reported that TZF repressed AR-medi-
ated transcriptional activation [11]. We also isolated an
alternative spliced variant of TZF, TZF-L (2025 amino
acid residues), which was much longer than TZF (942
amino acid residues) [10). Nine hundreds and two N-ter-
minal amino acid residues were common in these two
variants. To examine effects of TZF-L on AR-mediated

transactivation function, a functional reporter assay
was performed using a PSA promoter in PC3 cells. Sur-
prisingly, TZF-L enhanced ligand-induced transcriptional
activation by AR in a dose-dependent fashion (Fig. 1).
Using a different promoter (MMTV) and different cells
(COS-7), a similar promoting effect by TZF-L on AR-
mediated transactivation was observed (data not shown).
These results revealed that, interestingly, TZF-L acted as
a coactivator for AR in contrast with the corepressor
function of TZF. ‘

The N-terminus of TZF-L interacts with AR

As described previously, the N-terminal 902 amino
acid residues of TZF-L were identical to those of TZF,
which directly interacted with AR [11]. To examine the
interaction of TZF-L with AR, a mammalian two-hybrid
assay was performed using the full-length TZF-L and its
deletion mutants, TZF-L-N and TZF-L-C, with AR
(Fig. 2A). As shown in Fig. 2B, expressions of TZF-L
and TZF-L-N but not of TZF-L-C showed higher activ-
ities compared to that of the negative control, demon-
strating that TZF-L was able to interact with AR
through its N-terminal domain. To further confirm the
interaction of TZF-L with AR, immunoprecipitation
analyses using AR with TZF-L or its mutants were car-
ried out. As shown in Fig. 2C, AR was co-immunopre-
cipitated with full-length TZF-L and TZF-L-N, but not
with TZF-L-C.

TZF-L completely abrogates the repression function of TZF
on AR-mediated transactivation

TZF and TZF-L are alternative spliced proteins
derived from one gene and are expressed in the same tis-
sues and stages of spermatogenesis [10]. Such a pair of
proteins often cooperates to regulate the same physiolog-
ical processes. Here, we investigated effects of coexpres-
sion of these two proteins on AR-mediated
transactivation. As shown in Fig. 3, TZF and TZF-L
showed opposite effects on AR-mediated transactivation.
Coexpression of TZF and TZF-L proteins promoted
transactivation by AR to the same level as TZF-L alone.
These results indicated that the suppressive effect of TZF

.

Fig. 4. Homo- and heterodimerization of TZF and TZF-L. (A) TZF forms homodimers and heterodimers with TZF-L. NIH3TS3 cells were co-transfected
with 0.6 pg pG5huc, 0.1 pg pBIND-TZF, and 0.3 pg pACT-TZF-L, pACT-TZF-L-N, or pACT-TZF-L-C. (B) Homodimerization of TZF is inhibited by
TZF-L. NIH3T3 cells were transiently co-transfected with 0.3 pg pG5iuc, 0.1 pg pBIND-TZF, and 0.2 ug pACT-TZF together with or without 1 pg
pFLAG-CMV2-TZF or an equimolar amount of pFLAG-CMV2-TZF-L. (C) TZF-L forms homodimers. NIH3T3 cells were transiently co-transfected
with 0.6 pg pG5luc, 3.3 ng pRL-CMYV, 0.2 yg pBIND-TZF-L and 0.4 ug pACT-TZF-L. The cells were then incubated for 48 h and the luciferase activities
were measured. Bars represent fold changes in luciferase activity relative to the value by the empty vectors. Data are represented means & SD of three
independent experiments. *P < 0.01. (D) TZF co-immunoprecipitates with TZF-L. COS-7 cells were transfected with 4 pg pFLAG-CMV2-TZF and 7.5 ug
pEGFP-TZF-L or its empty vector. Whole cell Iysates were immunoprecipitated using the anti-GFP antibody. Then, the precipitates were subjected to
immunoblot analysis using the anti-TZF antibody for detection of TZF, or the anti-GFP antibody for detection of TZF-L. Whole cell lysates were also
subjected to immunoblot analysis to confirm expression levels of TZF and GFP-TZF-L. (E) Distributions of TZF and TZF-L in living cells. COS-7 cells
were transfected with pEYFP-TZF-L (a), pEGFP-TZF (b), pEGFP-TZF and pFLAG-CMV2-TZF-L (c), and pEYFP-TZF-L and pEGFP-TZF (d-f).
After 24-h incubation, cells were observed using a LSM510META laser scanning microscope. For coexpression analysis, each fluorescent signal (d,e) was
obtained using the Emission Fingerprinting technique as described in Materials and methods, and merged (f).
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on AR-mediated transactivation was completely abrogat-
ed by coexpression of TZF-L.

TZF and TZF-L can form both homodimers and
heterodimers

Abrogation of the TZF function by TZF-L made us
wonder whether these two variants directly interacted with
each other. To clarify this matter, a mammalian two-hy-
brid assay was performed. TZF was able to interact with
full-length TZF-L and TZF-L-N, but not with TZF-L-C
(Fig. 4A), indicating that TZF-L would form a heterodimer
with TZF through its N-terminus. Further investigations
suggested that TZF was able to form homodimers, which
were strongly inhibited by coexpressing TZF and TZF-L
(Fig. 4B). We also found that TZF-L formed homodimers
(Fig. 4C). To confirm the interaction between TZF and
TZF-L, a co-immunoprecipitation analysis was performed.
TZF immunoprecipitated in the presence of anti-GFP anti-
body, only if GFP-TZF-L was coexpressed (Fig. 4D). Fur-
thermore, we analyzed intracellular localizations of TZF
and TZF-L using fluorescent proteins. As we previously
reported, TZF formed discrete dots in the nucleus, whereas
TZF-L seemed to be distributed at the euchromatin region
(Figs. 4E, a and b) [10]. When GFP-TZF was coexpressed
with non-fluorescent TZF-L, the intranuclear dots of TZF
disappeared, and TZF showed the same intranuclear pat-
tern as TZF-L, indicating that TZF was recruited to where
TZF-L existed (Fig. 4E, c). Colocalization of TZF and
TZF-L was confirmed using GFP-TZF and YFP-TZF-L
(Figs. 4E, d-f). These data indicated that TZF and
TZF-L formed both homodimers and heterodimers, and
TZF-L recruited TZF.

Discussion

The two alternative spliced isoforms TZF and TZF-L
showed opposite effects on AR-mediated transactivation
as either corepressor or coactivator. We suggested that
TZF was able to form not only homodimers but also het-
erodimers with TZF-L, and TZF-L inhibited homodimer
formation of TZF. Furthermore, TZF-L formed homodi-
mers. Based on these results, we propose a regulation
mechanism for AR-mediated transactivation in which
TZF homodimers act as corepressors, whereas TZF-TZF-
L heterodimers and TZF-L homodimers act as coactivators
for AR(Fig. 5).

We previously reported that both TZF and TZF-L were
expressed at high levels in spermatogenic cells of testes.
These results suggested that TZF and TZF-L might act
to control gene activity at particular stages of spermatogen-
esis [10]. These two spliced variants showed similar
stage-specific and tissue-specific expression patterns, sug-
gesting that they functioned cooperatively.

TZF carries one zinc-finger motif, while TZF-L has two.
The classical zinc-finger motif (C,H,-type) is one of the most
common structural motifs in eukaryotes [16-18]. It is well
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Fig. 5. A model for regulation of AR-mediated transactivation by TZF
and TZF-L. Based on our experimental results, we propose a regulation
mechanism for AR-mediated transactivation in which TZF homodimers
act as corepressors, whereas TZF-TZF-L heterodimers and TZF-L
homodimers act as coactivators for AR.

known that most zinc-finger proteins bind to cognate
DNA and act as transcription factors. Recent studies
revealed that many of these proteins are also able to mediate
RNA binding and protein—protein interactions. A homology
search for the two C,H, zinc fingers of TZF-L revealed that
these motifs were significantly homologous to those of Ul
snRNP-specific protein C (U1C) family proteins [19,20]
U1C s critical to the initiation and regulation of pre-mRNA
splicing, as a part of the Ul snRNP. In addition to this
homology, TZF formed intranuclear dots which were closely
located to those found for the splicing factor complex [11].
Based on these evidences, TZF and TZF-L might coordinate
the splicing and transcription machineries to regulate nucle-
ar receptor-mediated transactivation functions. Further-
more, UIC was reported to form homodimers through its
C,H, zinc-finger motif [21]. The zinc-finger motifs of TZF
and TZF-L might also be important for homo- and heterodi-
merization of these proteins.

In the present study, we found that two alternative
spliced variants of TZF had opposite effects on AR-medi-
ated transcriptional activation. Among reported many
coregulator proteins, CoOAA (coactivator activator) and a
short alternatively transcribed isoform, CoAM (coactiva-
tor modulator), also showed different actions on steroid
hormone receptor-mediated transactivation [22,23]. CoAA,
which was identified as a cofactor of thyroid hormone
receptor-binding protein (TRBP), acts as a coactivator syn-
ergistically with TRBP and CBP [22]. In contrast, CoAM,
which carries two RNA recognition motifs but lacks a
TRBP-binding domain, completely eliminates synergistic
activation effects of both TRBP and CBP. However, it is
unclear whether CoAM just removes the CoAA-induced
enhancement of the steroid hormone receptor-mediated
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transactivation or acts as a corepressor for the steroid hor-
mone receptor.

In conclusion, we identified a unique coregulator, TZF,
whose two spliced isoforms functioned as coactivator or as
corepressor. To our knowledge, this is the first study
reporting that two spliced isoforms show reverse actions
on NR-mediated transactivation.
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Biol. 24 (2004) 442-453.
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2, BEKETIRS F ST RENEAEFIZEST. B
FLTH, EHREDOGCIEFOHME - BRI HETH S
2, BEEOGCHEREEMEL, A7u/l FEEH
REZTIZRIT.

KA TIRGCH B MMt 2 EERIEROREDHE
20T, bRbhOEL &0 THHT 5.

THRK(GR)D AR

GC Ve 1375 #1872 genomicfEA 12N A T, non-
genomicZz VB b ILEEEE SN TV LD, BRBFICBIT

GCELIIaaNFaAAFF

AREOEZCOVTRTACHEBINTH VW,
GO Z VT aNFal FEFEGR) LG LTHES
£ w—%RHL, EHRETOTTE— 5 HERICFAET
B0 aavF a4 FEEE(GRE) ILHEE L TEEL
43 5 transactivation/EF &, AP-1°NF- xBZ% & 0¥
ERFEANTFOIAT—EBETHIEICLY, ik
- JiE 7 O % 7R ¥ transrepressionfER 0¥ H 4 .
GCOD B8 =3+ % Ve F i transactivationfE & HEE &
NTVwA, GREIZa L pOHTHATHHBY, EF
OEEMELICIEGR « FRELTB Y, GCOERAIIGR
aBNTHEEILOLND.
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PLZF

v

Chbfat

EIZERMEE

Wat & 5L 4

AP=1/IL-11 RiBR#RAR

smad 3 M
B

DHRERRE DB
A ED(RE

@ 7J)azaiFadq FOBFERICHT 3 —EHOERER
TNaanF a4 F(GC) X EFMEoM LK LT mEOEAERT. B
FEMBOS OB CHCCREERFPLIFORRFFE L, PLZFIEERTF
Cbfal 2 & L EF MR s M osfb L BExRET 5. —7F5, BRHEOGCIE
BEFEMBEOMEOEE IR, 7R —TATHE, X5 IWnth EOBBRY

TFNEIRL CTEREE T 5.

B0 B FMIER~OS LR RELY, T ME
EF RO Dbone noduleDTEH #RES 22, =D
GCOER B FMIar RO S & BIE {7 %
ZEizE By,

fesk & 0 BRIV, B RERZERMNE & & FMa~at
SEDLBDIZ, TAIVEVEERZ )0 VERIZIZ T
GO TH B Z EBFMON TV, EOH5TFA A
ZALIARHTH o7z, B, Tkedab? IFcDNAT A 7
O7 LA T e AT, REEEE B LB o ik
ETXGFRAY Y, TAANEVEE, p-7)tkny v
BRCEFEL 2BICEASROEMT 5EEFLLT
promyelocytic leukemia zinc finger (PLZF) % [fl&E L 7=,
PLZFiZzinc finger protein 145 (ZNF145) & b Xifh %
KruppleZE! Dzinc finger domain% % DEERTTH Y, #H
ERMBE S BFERME~OSIIIB VT, Cbfal
(Runx2) D LW CHEETAEZ EPFHEL Mk o 72,
PLZFIRZ FXH AF VUV TREIFFEINSL Z &
PLZF % R { L Cbfal DFEIEERTHDT, 7FH x4

S B EFREROBRIAOSCICEERIZ/ L &R T
b EhRENT(H@).

07 ccszmmmmannm

1) BFMHrEEDINH

BRE(EHE . 1000MF — 5 — Ll k) OGCIL B3
B, St 5 (EO). 6Cic & 2 B3
DIEFEEIHNIC i mitogen activated protein (MAP) &+ — &
O ML AR = S 2 BHOWH & L5 T 5
#5, MAP¥ J — ¥ D12 T %extracellular regulated
kinase (ERK) Z R{ETL T % & 2 7 7 ¥ — ¥ (MKP-1) °GC
WWEDVEFHRETELIFEINL LY, FuyvE
A7 78— YHERET v bORAFO A FHREHEEES
FRTHIED BRBESNTVS, GCRREFMBOSG
1L AD BB R T-Cd % Cbfal (Runx2) O & B
T57, BRKFEMH % HF T 5bone morphogenetic
protein(BMP) -2 b ¥l 35 2 L s mshTwa, /2
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Dkk-1

GAPDH

M DKk-1HL &

Tef/Leh@{mTiEMEAL (HBA )

Wnt3a

Dex

-+ + o+
- - + o+
- - -+

il ] e MEEMBTO10M FE Y X 2V (Dex) 12 & 2 Dkk-1DFRBME

canonical Wnt signal Ol

A DextWnt® 7 » ¥ T= A h T 5dickkopf-1 (Dkk-1) DRI % T IZFHET 2.
B. DexitWnt3a 2 & 5 Tef/Lefin &5 F DEEIHH O TLE F T ITHIHIT 2 77,
ﬁDMdﬁ%@ﬁMKl@,Dwmléﬁgﬂﬁﬁﬁﬁﬁﬁﬁﬁéﬂé.

(*p<0.01, **p<0.05)

(Ohnaka K et al, 20042 Ohnaka K et al, 20052 & 0 251 )

GO MZEAMIE 2 Bk % <, Tebia~a1t
%4 % peroxisome proliferator-activated receptor (PPAR) y
RENSE Y, GCEBFMEO T F b — Y A RRET
LS, FOE L L TBA20FRBET L BaxDEBITH
12 X 5Bcl-2/Bax L OET? pE S Twa., A7 U
4 FHEHRBREOETF VI I AR T L F=vn Y ek
KHRLTWw A FOBHRBOERETY, FFHERO
FEN—VADFEEHD TV LY. GCITEFMIED
DX BZBERBEEATHH LB TS VR pIA VTS
)y OEERETT LS, IT-FVESETA
25 4 —E3(MMP-13) DEAEZ TLES D, i
BB OBRMEOBIEL R BF AT ANY Y DEE
REEE LV T 512,

2) BFRFEEEFADOTE

GC REFICOMBERTOELICLFERRITY. 4
¥ 2 v KR T (Insulin-like growth factor : IGF) i35#
#172 anabolicfEf % B A R b EE 2 RATHREE T D12
Td 5. IGE- I RIGF-T 1355 mitogenfEM % b5, &
4R Oreplication ¥ BT 5. TR IBaI—T V%
s, 2945 —E3k T A2EA%E 2. GClE

BHEMBOIGE- 1 AR ET €55, ZOHFL LT
C/EBP 8 %°C/EBP 8 DHEHTLEL A LLEE L XV TD
HHIASE S 5. GCIXIGF- T & FOREZ A L,
IGF#E A& (IGEBP)-3, 4, 5% @A 3%, £ DfERIGF
Ve % 58 X & 5™, Transforming growth factor (TGF)-
RIXBFEMI IR DT — 7 v AR R RE T 2 EFER
FTHAH. GOk ) BEMIEL S OTGF-g DFEREE
BILEVD DD, T4V —bDT0TT —CEEN
A0 L, latent formDTGE- B A¥HEINT A #&%, TGF-p D
PERLAET + 29, FRMF s8R T (HGF) i3 B MO -
HEe AR A L e bz, BRINE®RIICHHET 5.
GCIZ B MM A 5> DHGFORE A Z HIH T 5 & & A&
XNTW5BEY,

3) BERIITTIADEE

a. AP-1/IL-11#&8%
FIFHEROET M) BREOETICEE T
LY FNROHRIIBWT, AP-1/4 v -0 F ¥
(L) -11EBE B RROMFICERREEHEE) 2L
BB M ENT WA, GClE & DAP-1/IL-1 1R % #l
T 5720, BERETETSELTREND 5.
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Gctegkk—1 ¥15 ‘ Frizzled i
GSK-34LIAT ’C’U‘) .......... - I@EEGC ‘1SFRP1’€'J:§J
DIFINERE
/ ™
'\ @ =3 (degradation
Akt ) O '
@
growth \_L . et o
factor /7§ &
GORHA TAKD
Bt EAE -
=1 (ToirLer )
|
ucleus canonical Wnt signal  §

HO® JIITULFIAAKOWntY TFHIADFE
FnaanFal FREFERICBCTWY ZF VD7 ¥ 5 TZA b Td5HDkk-1
2sFRPID LR, Wntd 7+ IC & 5GSK-3 R IE ORI 2 HET 2 2 L2 L Y

canonical Wnt signal % #il 3 5.

b. Smad3#Zig

GCIX B MM R 2B TSmad3KIE D ALPIE
B I8 a7 -7 ORAZIHTHP, CoEFLL
TSmad3DFER LB S EEHDTHEE L, Smad3it L 5
EEIEME RIS B & & ORI RE S,

c. Wnt2JFILERER

Wt 7P MISSE O FE - AL E BRI,
WAL A Y R Y HWAE - FRERBERT & EOWER
BRICHAGSLEELRY I FIVEERTHH. Wl 7
VHEEBERCEETHLI LI, BEHRHLTETS
osteoporosis-pseudogliomaiE fEH: (OPPG) D & K ASLRPS5E
f&F Dloss of functionZERETdH o722 L, LRPSD ./ v
7 77 b= X Tosteoporosis 72 £OPPG & AN 7 = /
FATHEELIZE® | LRPSEETF Dgain of functionZs
BTEBEBEWEFE L OFENEIES E T Shigh bone
massEFIET A W R ENSHLNITR o, Wit
TFMIEBERRE, FORE - HMUCEELREER
FCbfal (Runx2) DEH LMy L7z ThHY, 4k
BOBELEBEOHMINICEETHAI LD HLH,
L7 T, BERDOFIS L TEFMED
BTG HHT 2GCHEZ OWnty 77 VR

2707z,

BHBE R

(B#E—3 20, 2006 & hecZEs )
WEE RITTWREIEE SN, bhbh@®ide b
DUREEEFMRICBNT, BRNICERShLED
GCA*WntY 7"V DcanonicaliR i % ZEICHIfIT5 2 &,
Z OPIFNTIZLRPSICHES L TWnt Y 7+ v 2 $iEl 4 %
dickkopf-1{Dkk-1) DEEE L NV THER L EH/ L Mfan
DGSK-3 B3 L TORBOIHICEI B 2 RHB LA (A
@), F/GCLLHHUOWntT7 v F T=AMTH5D
secreted frizzled-related protein (sFRP) 1 B mE f*) <,
nongenomic72 FXEE % /- L 72GSK-3 g ~DOIEFS b #tis &
NTw5 (H6)%®. GCIZ X 2Wnty 7 FH VRO I
A7 a4 FEFHBEOREICKRE CHE LTV
W25y, BERADH 5.
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