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Recently, we reported the cloning and characterization of the novel orphan
receptor TAK1. In this study, we analyze the interaction of TAK1 with a
variety of response e¢lements (RE's) and demonstrate that TAKI binds
effectively to RE's composed of the core motif PuGGTCA configured in direct
repeats spaced by one or more nucleotides. TAKI1 bound poorly to palin-
dromic or inverted palindromic motifs and was unable to bind to a single core
motif, suggesting that a dimeric site is required for binding. Transfection
experiments with CV-1 cells revealed that TAK! is able to repress retinoid- and
thyroid—hormone-induced transactivation through a subset of retinoid and
thyroid hormone RE's. Our studies indicate that the antagonism of RAR-
mediated transactivation does not involve the formation of heterodimers
between TAK1 and RAR or RXR but is due to the competition of TAKI homo-
dimers with RAR-RXR heterodimers and RXR homodimers for binding to RARE
and RXRE, respectively. QOur results suggest that the orphan receptor TAKI1
can be a negative modulator of the regulation of gene expression mediated by
retinoid and thyroid hormone signaling pathways. e 1995 acadenic Press, Inc.

The nuclear receptor superfamily constitutes a class of ligand-
responsive transcription factors that share a common modular structure
consisting of five major domains (1-4). This superfamily includes receptors
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for steroid and thyroid hormones, retinoids and vitamin D, and a large
number of structurally related proteins, termed orphan receptors, for which
no ligand has yet been identified (1-4). The DNA-binding domain is the most

conserved domain among the receptors and is composed of two "zinc-finger”
motifs, This domain is involved in the interaction of the receptor with cognate
response elements (RE's) in the promoter of specific target genes. Members of
the largest subfamily of nuclear receptors which include retinoid, thyroid
hormone and many orphan receptors, bind to direct or (inverted) palindromic
repeats of the core motif PuGGTCA separated by spacers of defined length (1-
4).  Some nuclear receptors, such as RXR and the orphan receptor COUP-TF,
can recognize their cognate RE's as homo-dimers. Others bind to RE's as a
heterodimeric complex with another member of the nuclecar receptor family,
For example, the RAR, T3R, PPAR and vitamin D receptor, bind RE's as
heterodimers with the RXR (1-4). The affinity of these complexes for their RE's
is dependent on the configuration and spacing of the half-site motifs (1-4).
Still other orphan receptors like ROR/RZR, NGFI1-B/Nur77. and SF-1 bind as
monomers to RE's composed of PuGGTCA preceeded by an AT-rich sequence
(5-8). It has become increasingly evident that the different receptor networks
interact with each other. For example, COUP-TF has bcen reported to be able
to repress transactivation mediated by several nuclear receptors including
retinoid, thyroid hormone and vitamin D receptors (9-11).

Previously, we described the molecular cloning and characterization of a
novel orphan receptor, named TAK! (also named TR4; 12), from human testis
(13). In this study, we analyzed the interaction of this orphan receptor with a
variety of RE's and demonstrate that TAK1 binds as a homodimer to several
RE's and in particular to thosc composed of direct repeats of the sequence
PuGGTCA spaced by one or more nucleotides. Through competition for the
binding to these RE's, TAKI1 interferes effectively with transcriptional
activation mediated by retinoid and thyroid hormone receptors.

MATERIALS AND METHODS

Plasmids - The full length hTAK1 coding region T109 (13) was inserted into
the EcoRIl site of the plasmid pSGS. The pSGS expression vectors containing
the hRARo and mR X Ra, respectively, were  gifts  from Dr. Chambon. The N-
terminal truncated hRXRo expression vector was described previously (14).
Transfection _assay - CV-1 cells (2 x 105 cells/well) were plated in 6-well dishes
in minimum essential medium (MEM) supplemented with 10% fetal bovine
serum and penicillin/streptomycin. The next day, transfections were carried
out with Lipofectamine (BRL) following the method suggested by the
manufacturer. The transfection cocktail (total volume of 200 pl) contained 2
ng of total plasmid DNA (expression vector, reporter gene vector and B-actin-
LUC as internal control) and 6 pl of Lipofectamine in serum- and antibiotic-
free MEM. Sixicen hrs after transfection retinoids or T3 were added, and 24
hours later, cells were harvested and lysates prepared. CAT assays were
performed using 14C-chloramphenicol (Amersham) as described (15,16);
luciferase assays were performed using a luciferase assay kit from Promega
according to the protocols p10v1ded by the manufacturer.

-dir n - To construct hTAK1-117D in which Cys!17 is
converted to Asp, the Altered Site in virro Mutagenesis System (Promega,
Madison, WI) was used.

In_vitro_synthesis of TAKI proteins and_electrophoretic mobility shift assays
(EMSA)- The TNT T7 RNA coupled reticulocyte lysate system (Promega) was
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used to synthesize hTAKI, RARa and RXRa proteins. Probes for EMSA were
radiolabeled by end-filling with Klenow polymerase (Stratagene).
Approximately 0.5 ng of the probe was incubated with 5pul of programmed
reticulocyte lysate and a buffer containing 10 nM Tris-HCL, 6% glycerol, 1 mM
DTT, and 0.05% NP-40 in a final volume of 20 pl. 1 ug of poly(dl-dC) was
included to prevent single-strand or non-specific binding. The reaction
mixture was then loaded on a 6% nondcnaturing polyacrylamide gel
containing 0.25XTBE. As a control, probes were also incubated with the same
amount of unprogrammed lysate. For antibody supershift analysis, 1 pl of a
1:10 dilution of the RARa monoclonal antibody (Affinity BioReagents,
Neshanic Station, NJ) was preincubated with the reactions for 30 min at room
temparature prior to the addition of the probe.  Oligonucleotide sequences
which are not provided in ref. Il are: DR/h, gatc-TCAGGTCAgatc; IPO,
2atccTGACCTAGGTCAgatcc; 1P5, gatccTGACCTGA(C/G)T-CAGGTCAgatce; 1P9,
2atccTGACCTGAGA(G/C)TCTCAG-GTCAgatcc.

Immunoprecipation agssay -Immunoprecipitations  were  carried out  as
previously described (11).  RXRP protein and anti-RXRB antibody were ob-
tained from  Affinity BioReagents.

RESULTS AND DISCUSSION
ic RE's- TAKI1 belongs to a

subtfumily of nuclear receptors that contain a P-box composed of the scquence

EGCKG. These reeeptors have been shown to bind to the consensus core molif
PuGGTCA configured either as a direct repeat, palindrome. or inverted
palindrome spaced by different numbers of nucleotides (3,4). In order to
determine whether TAKI can bind such motifs, the interaction of hTAKI1 with
a series of well-characterized natural and synthetic RE's  (sequences  are
provided in ref. 11 and materials and methods) was examined by EMSA. As
shown in Fig. 1A and B, hTAK1 was able to bind to several different natural
and synthetic RE's. hTAKI1 showed the highest level of binding for CRBPII-
RXRE which is composed of four direct repeats of the core motifs spaced by
one nucleotide. hTAK! was also able to bind to the CRBPI-RARE. ApoAl-RARE
and BRARE, present in the promoter of the cellular retinol binding prowin 1
(CRBPI; 17), Apolipoprotein Al (ApoAl:; 18) and RARB (19-21), respectively.
hTAKI1 had little aftfinity for the estrogen response element (ERE; P3). the rat
malic enzyme (ME)-TRE (22), or the palindromic thyroid hormone response
element (TREpal; P0)(23). Comparison of the binding of hTAKI to several
synthetic RE's indicated that it bound very efficiently to DRI, DR3. DR4 and
DR5 composed of a direct repeat of the AGGTCA motil separated by one,
three, tour or five nucleotide(s), respectively (Fig. 2B). However, hTAK1 did
not bind at all to the half-site motif (DR/h), suggesting that hTAKI1 is unable
to bind to the AGGTCA motif as a monomer. Moreover, hTAK! did not bind
the inverted palindrome IPO. These results suggest that TAKI1 binds
effectively to the RE's composed of direct repeats composced of the AGGTCA
motitf rather than to those in a palindromic or inverted palindromic
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Fig. 1. Characterization of the binding specificity of hTAK1 10 a variety of RE's.
A.B. Analysis of hTAK1 binding to several natural (A) or synthetic (B) RE's. [In
vitro synthesized hTAK1 protein was incubated with 32P-labeled RE's (equal
amounts and specificity) for 30 min. The reaction mixtures were then analyzed by
EMSA. C. Competition of various unlabeled RE's for the binding of TAKI 10 DR1. In
vitro synthesized TAK] protein was incubated in the presence of a 10- or 100-fold
excess of unlabeled RE's 30 minutes prior to the addition of 32P-labeled DR1. The
reaction mixtures were then analyzed by EMSA.

configuration. Whether the sequence flanking the core motif has any role to
play in determining the affinity of TAKI to an RE has yet to be determined.

The relative binding affinity of TAKI1 was further ested by examining
the ability of different RE's to compete with 32P-DRI for binding to hTAK (Fig.
1C). A 10-fold excess of unlabeled CRBPII-RXRE reduced the amount of 32P-
DR! bound to hTAKI! dramatically while a 100-fold excess completely abolish-
ed DRI binding. Although the synthetic direct repeats DRI, DR3, DR4 and
DRS and the natural RE's ApoAl-RARE, BRARE and CRBPI-RARE all were able
to compete for binding, higher concentrations were required than for CRBPII-
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Fig. 2. Repressor function of hTAK] on RAR, RXR, or TiR-mediated transactivation
through a subset of RE's. RXRa and/or RARa or TaRa expression vector (0.2 pug
respectively except the right figure of 2B where 0.4pg of RXRa was used) was co-
transfecled with 0.2pg reporter plasmid into CV-1 cells with increasing amouats of
wild type hTAK! expression vector.  The amount of DNA used in each transfection
was equalized by the addition of empty expression vector. After transfection, cells
were incubated in the presence or absence of TuM all-rrans RA, SR11217, or Ts.
Cells were harvested 24 hrs later and assayed for CAT activity. B-actin  Luciferase
vector was used as an internal control. The relative CAT activily was plotied as the
percentage of the activity determined in drug-treated cells (hat were transfected
with RAR/RXR/T3R and without TAK]. [ - indicates without drugs and TAKI
expression  vector; B - with drugs but without TAKI expression vector; -with
drugs and 0.4ug of TAKI expression vector; -with drugs and 1.2pg of TAKI1
expression  vector. The results shown are representative for two  independent
experiments.

50-|
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RXRE. The different synthetic DR's tested competed almost equally well for
3Zp.DR1 binding while the palindromic or inverted palindromic RE's tested

RE's - The fact that hTAKI was able to interact with RE’s that have bcen
rcported to bind RAR-RXR or T3R-RXR heterodimers or the RXR homodimer
suggested that it could intluence the transactivation mediated by these
receptors (24,25). To examine this possibility, the effect of TAK1 on the RARE-,
RXRE- and TRE-dependent transactivation of a CAT reporter gene by RAR, RXR
and T3R was examined in CV-1 cells (Fig. 2). In the absence of hTAKI, 1006 M
all-trans RA caused a 4- to 10-fold increase in the transactivation of the CAT
gene from promotors with BRARE, CRBPI-RARE, ApoAI-RARE, or TREpal.
Cotransfection with hTAK1 expression vector inhibited the RARE-dependent
transactivation by RA in a dose-dependent manner but did not affect the RA-
induced transactivation through TREpal. Likewise, TAK1 inhibited the RXRE-
dependent transactivation by the RXR-specific retinoid SR11217 (l10-6
M;26)(Fig. 2A,B). The effect of TAKI on T3-induced transactivation was clear-
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ly dependent on the TRE used (Fig. 2C). T3-induced transactivation through
DR4 was inhibited by TAK1 but TAK1 did not affect TREpal- or rME-TRE-
depcendent transactivation. These results demonstrate that the effects of TAKI
on RARE-, RXRE- and TRE-dependent transactivation correlate well with the
ability of TAKI to bind to these RE's.

To examine the importance of the DNA-binding domain of hTAKI in this
inhibitory action, transfection experiments were carried out using a mutated
TAK1 (TAK1-117D) in which Cys!17 in the first "zinc finger" is replaced by
aspartic acid. [In vitro-wranslation of TAKI1-117D was just as efficient as that of
the wild type TAKI. In contrast to wild type hTAKI, coiransfection with the
hTAKI1-117D expression vector had no inhibitory effect on the RA-, SR11217-,
or T3-induced transactivation of the reporter genes (Fig. 3). These results
suggest that the inhibitory effect of TAK! is not due to non-specific effects
from overexpression of hTAKI protein and indicate that the DNA binding
domuin of TAK1 is essential for this repression.

TAKI binds ro_BRARE as _a _homodimer - To study the mechanism by which
TAKI1 represses the RARE-dependent transactivation by RAR-RXR hetero-
dimers, we examined the possible role of an interaction of hTAKI with RARa
and RXRa in the binding to BRARE. In agreement with previous reports (see
review in 3), RARa and RXRa bound to BRARE only as a heterodimer in EMSA
(Fig. 4A, lanes 2-4). Inclusion of an anti-RARa antibody (Ab) caused a
supershift of this complex (lane 11). Incubation of BRARE with RARa and a
truncated form of RXRa yiclded a complex that migrated slightly faster than
the complex containing the wild type heterodimer (compure lanes 4 and 5)

RAR + AXR BXR T3R+RXR
BRARE CRBPI ApoAl CRBPIi DR4
%
Z ~
100 - %
e
z , 2y d B
2 21 Z b
g 1B : % A B
< 7 7 17
%
5 E 1
S S0 mp v
4 B [
k3 % : -
5 Z ¥l
@ Z 2]
< 2 A
471
0 Z 441
"+t 4+ c+t+ -+ ++ -+ 4+
RA SR11217
TAKI-NTID ] ] —] =] —_
Fig. 3 Lack of repressor function of TAKI-117D on RAR, RXR. or T3R-mediated
transactivation through a subset of RE's. Transfection experiments were

performed as described in the legend of Fig. 2 except that TAK1-117D expression
vector was used instead of the wild-type TAKI1. Explanations for columns are the
same as Fig. 2.
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Fig. 4 Characterization of the binding of hTAKI 1w BRARE. A. In vitro-

synthesized RARa, RXRa, N-terminal truncated RXRa (RXRtr), hTAK1 and hTAKI-
117D proteins were preincubated with 32P-labeted PRARE at room temperature for
30 min in the combinations indicated. Somc¢ samples were incubated in  the
presence or absence of anti-RARa antibody (Ab). The reaction mixtures were then
analysed by EMSA. L.ane 1 represents binding of unprogrammed reticulocyte
lysate. B. Compelition by 100-fold excess uniabeled BRARE and a nonspecific
oligonucleotide (NS) with 32P-BRARE for hTAKI1 binding. C. RXR does not influence
binding of TAK! to BRARE. In vitro translated TAKI1 protein was incubated with
3Ip.BRARE and increasing amounts of RXRa as indicated: samples were then
analysed by EMSA.

hTAK1 formed a complex with BPRARE that migrated at the same position as
the RARo-RXRo/ BRARE complex, suggesting that hTAKI binds to BRARE as a
homodimer (lane 6). This binding is specific because addition of a 100-fold
excess of unlabeled BRARE abolished the retarded band whereas the addition
of a nonspecific oligonucleotide had little effect (Fig. 4B). In addition, the
mutated receptor hTAK1-117D was unable to bind BRARE (lane 9) although
the protein was correctly translated as assessed by in vitro translation (data
not shown). Neither the presence of RXRa nor the truncated RXRa influenced
the migration of the TAKIl complex (lanes 7 and 8). Moreover incubation of
TAK1 with increasing amounts of RXRa does not affect binding of TAKI to
BRARE (Fig. 4C). The migration of the hTAKI-BRARE cumplex also did not
change by the inclusion of RARa (lane 12).  Moreover, addition of the RARa-
monoclonal antibody did not cause a supershift (lane 13). These findings
indicate that TAKI does not bind to BRARE as a heterodimer with RARa or
RXRo.  Similarly, binding experiments with TAKI, RXR and CRBPII-RXRE
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demonstrated that TAK1 bound to this RE as a homodimer and not as a
TAKI/RXR heterodimer (data not shown). These observalions support the
conclusion that the repression of RARE- and RXRE-dependent transactivation
by TAKI 1is due to competition of TAKI homodimers with RAR-RXR
heterodimers and RXR homodimers, respectively, for binding to the RE.

The inability of TAK! to form a heterodimer with RXR was further
demonstrated by examining whether TAKI] is coimmunoprecipitated with RXR
using antibodies raised against RXRP protein. In vitro translated and 35§ -
labeled RAR or TAKI1 was incubated with bacterially expressed RXRB protein.
Each mixture was immunoprecipitated with an antibody against RXRB and
then analysed by denaturing polyacrylamide gel electrophoresis. In vitro
translated and 35S-labeled RAR or TAK1 are shown in Fig. 5A. As shown in Fig.
5B, RAR is coimmunoprecipitated with RXRf antibody but TAKI1 is not. Similar
results were obtained using bacterially expressed RXRa protein. These results
confirm that TAK1 is unable to form heterodimers with RXR.

In summary, our results show that TAKI can act as a repressor of RAR-,
RXR-, and T3R-mediated signaling pathways. At least in the case of TRE, this
repressor activity of TAKI is dependent on the TRE used. The inhibition of
the RAR- and RXR-mediated transactivation appears to be due to competition
of TAKIl homodimers with RAR/RXR heterodimers and RXR homodimers for
binding to their respective RE's. We propose that the repression of the T3R-
induced transactivation may be due to a similar mechanism und postulate that
TAK1 may also inhibit Vitamin D receptor- and PPAR-mediated transactivation
through DR3 and DR1 RE's, respectively.  ldentification of genes that are
transcriptionally regulated by TAKI1 as well as the endogenous RE's for TAKI
may indicate what role this repressor function plays in the regulation of

diftferentiation, growth and development.
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c ¥
$EE

1234567829

Fig. 3. TAK!1 does not form a heterodimer with RXR. A. In vitro translated and
355-labeled RARy and TAKIL protein were analysed by denaturing polyacrylamide
gel electrophoresis. B. [n  vitro translated and 35S-labeled RARy or TAKI were
incubated in the prescuce (lanes 4-9) or absence (lanes 1-3) of bacterially
expressed RXRP. Proteins were immunoprecipitated with RXRB-specific antibody
(lanes 1-3 and 7-9) or with preimmune serum (lanes 4-6) using Protein G
Sepharose. Radiolabeled, immunoprecipitated proteins were analysed by
polyacryfamide gel clectrophoresis and visualized by autoradiography.
Unprogrammed reticulocyte lysate was used in lanes 1,4 and 7.  The results shown
are representative for two independent experiments.
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