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The mouse homologue of the human receptor-interacting protein 140 (RIP140) was isolated from a mouse
embryonic cDNA library in yeast two-hybrid screening experiments by using the ligand binding domain (LBD)
of nuclear orphan receptor TR2 as the bait. The receptor-interacting domains of mouse RIP140 were mapped
to the regions containing the LXXLL motif (where L is leucine and X is any amino acid), and the RIP140-
interacting domain of TR2 was mapped to its C-terminal 10- to 20-amino-acid sequence, a putative activation
function 2 (AF-2) region. In a GAL4 reporter system and a reporter driven by the proximal region of the TR2
promoter, RIP140 functioned as a corepressor for both a GAL4 DNA binding domain (BD)–TR2 fusion and the
wild-type receptor. When tethered to the BD of GAL4, RIP140 exerted a trans-repressive effect on the GAL4
reporter. In addition, RIP140 suppressed the retinoic acid (RA) receptor-mediated RA induction in a dose-
dependent manner. Finally, it was demonstrated that in the presence of RIP140, a cytosolic, green fluorescent
protein-tagged TR2 LBD translocated into the nucleus, and TR2 and RIP140 were coimmunoprecipitated from
the cell extract, indicating that the interaction between RIP140 and the LBD of TR2 occurred in vivo. The
potential biological role of RIP140 in TR2-modulated transcriptional activity is discussed.

Nuclear receptors regulate target gene expression by binding
to their cognate DNA response elements and recruiting asso-
ciate proteins to the transcription machinery (19, 45). Re-
cently, different coactivators and corepressors for several nu-
clear receptors have been identified (16). For instance, the
nuclear receptor corepressor (N-CoR) and the silencing me-
diator for retinoid and thyroid hormone receptors (SMRT)
have been shown to function as corepressors for retinoic acid
(RA) receptor a (RARa), thyroid hormone receptors (T3Rs),
and orphan receptor COUP-TFI (4, 15, 36). The newly iden-
tified nuclear protein Nab1 is a corepressor for the orphan
receptor NGFI-A family (38), and SUN-CoR is able to poten-
tiate transcriptional repression by T3Rs and RevErb (44). In
the coactivator category, the transcriptional mediator/interme-
diary factor 2 and steroid receptor coactivator 1 (SRC-1) are
known to mediate transcriptional activation of RAR, estrogen
receptor (ER), retinoid X receptor (RXR), and T3Rs (8, 14,
33, 39, 42). With respect to the working mechanism of core-
pressors and coactivators, it has been demonstrated that their
actions involve the alteration of chromatin structure, such as
the acetylation status of histone proteins (13, 34, 37).

The orphan receptor TR2 belongs to the superfamily of
nuclear receptors (21, 31). This receptor gene is expressed
most abundantly in the testes of adult animals, particularly the
developing germ cell populations (22, 24, 25). During embry-
onic stages, TR2 expression is highest between embryonic day
8 (E8) and E12 (22). It is also known that this gene encodes
two isoform receptors, one retaining the entire ligand binding
domain (LBD) and the other truncated at the LBD, which
exhibit differential expression patterns in developing testes
(24). The biological function of the full-length TR2 has been
examined in a variety of systems, such as the cellular RA
binding protein I promoter containing a direct repeat 4 (DR4)
element (6), a RAR-responsive element (RARE) of the DR5

type from RARb (24, 30), a DR2 from the simian virus 40
(SV40) promoter (26), and a DR2 from the erythropoietin
gene promoter (27). In all tested systems, the full-length TR2
consistently represses reporter gene expression in cell cultures
supplemented with either regular serum or charcoal-depleted
serum. In contrast, no specific biological activity has been de-
tected for the LBD-truncated TR2 isoform in these reporter
gene systems.

To understand the molecular mechanisms of TR2 functions
and identify the associate proteins for TR2, we performed
yeast two-hybrid screening experiments using the LBD of TR2
as the bait. Based on the expression pattern of TR2, we con-
structed two cDNA libraries for the screening, one prepared
from poly(A) RNA of mouse embryos at E11.5 and E12.5 and
another from poly(A) RNA of adult mouse testes. By screen-
ing these libraries, we isolated and characterized one strongly
interacting clone which appeared to encode the mouse homo-
logue of the human receptor-interacting protein 140
(hRIP140), a coactivator for ligand-activated receptors such as
RAR, ER, vitamin D receptor, T3Rb1, and androgen receptor
(3, 8, 18, 20, 29, 32). However, the cloned mouse RIP140
(mRIP140) functioned as a corepressor for mouse TR2 and
exerted a trans-repressive activity when it was tethered to the
DNA binding domain (BD) of GAL4. In this study, we report
the cloning and characterization of mRIP140, demonstrate its
interaction with TR2 both in vitro and in vivo, and provide
evidence for a corepressor activity of RIP140 for orphan re-
ceptor TR2.

MATERIALS AND METHODS

Construction of expression vectors. To construct the bait for the yeast two-
hybrid screening experiments as well as the expression vector for deletion stud-
ies, the hinge and LBD domain (residues 166 to 590) of TR2 (22) (TR2DEF) was
cloned into pBD-GAL4 Cam and pAD-GAL4 vectors (Stratagene, La Jolla,
Calif.) at EcoRI and SmaI sites, resulting in the constructs pBD-TR2DEF and
pAD-mTR2 (166–590), respectively. The pBD-TR2DEF vector was used as the
bait to screen the libraries. Various C-terminal fragments of TR2 were generated
by PCR, flanked by HindIII and SmaI sites, and used to replace the HindIII/SmaI
fragment of the pAD-mTR2 (166–590) vector. For interaction tests, the C-
terminal portion of mouse N-CoR (residues 1843 to 2453) (15), the TR2, the
mouse RARa, and the mRIP140 cDNAs were each cloned into the bait or prey
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vector (pBD-GAL4 Cam or pAD-GAL4) at EcoRI and SalI sites. Various
RIP140 deletions were generated by restriction enzyme digestion (restriction
enzyme sites are shown in Fig. 3A) and cloned into the pAD-GAL4 vector. For
the mammalian two-hybrid interaction tests, the same TR2DEF, C-terminal
deletions, and full-length TR2 and RARa cDNAs, as well as different partial
RIP140 fragments, were cloned into the mammalian version of the bait and prey
vectors, pM for GAL4 BD fusion and pVP16 for VP16 fusion (Clontech, Palo
Alto, Calif.), respectively.

Green fluorescent protein (GFP) fusion proteins were constructed by placing
the cDNAs of the full-length TR2, RIP140, and TR2DEF downstream of the
GFP gene individually, at BglII and SalI (for TR2 and RIP140) or SmaI (for
TR2DEF) sites of the pEGFP-C1 vector (Clontech). Glutathione S-transferase
(GST) fusion proteins were constructed by inserting full-length TR2 and
TR2DEF, individually, at the BamHI site of pGEX-2T vector (Pharmacia, Pis-
cataway, N.J.), resulting in GST-TR2 and GST-TR2DEF constructs, respec-
tively.

The reporter construct for the mammalian two-hybrid system was made by
placing five copies of the GAL4 binding site (59CGGAGGACAGTACTCCG39)
upstream of the thymidine kinase-luciferase (TK-Luc) reporter (41). The re-
porter for TR2 autoregulation was constructed by fusing the 59 untranscribed
sequence, exon 1, intron 1, and exon 2 containing the Kozak sequence and ATG
codon of TR2 in frame to the b-galactosidase (b-Gal) gene (lacZ) (see Fig. 6C).
By leaving its splicing junctions unchanged, a large portion of the intron 1
sequence was deleted from this construct due to its size (11.5 kb). A hemagglu-
tinin (HA)-tagged TR2 expression vector under the control of a human Ha-ras
promoter was constructed as described elsewhere (43). All other expression
vectors for transfection experiments in COS-1 cells were under the control of the
cytomegalovirus promoter. Full-length TR2 and RIP140 were cloned into pSG5
vector at BglII and XhoI sites for in vitro transcription-translation (TNT) reac-
tions.

Yeast two-hybrid screening and interaction assay. Yeast two-hybrid screening
(HybriZAP two-hybrid system; Stratagene) was conducted according to the man-
ufacturer’s instructions. Briefly, the phagemid library, from mRNA of either
mouse embryos or adult testes, was prepared in the HybriZAP two-hybrid
lambda vector. The primary HybriZAP lambda library, containing a total of 5 3
107 individual clones, was amplified and converted to the pAD-GAL4 plasmid
library by in vivo mass excision. A portion of the amplified library (109 PFU) was
transformed into Escherichia coli XLOLR cells to obtain the plasmid DNA
representing the target cDNA library. To screen the libraries, the pBD-TR2DEF
plasmid DNA and the library DNA (10 mg each) were introduced together into
Saccharomyces cerevisiae YGR-2 cells containing a his3 marker and a LacZ
reporter. Approximately 5 3 106 transformants were plated on selection medium
lacking leucine, tryptophan, and histidine, and the plates were incubated at 30°C
for 5 days. The positive clones were confirmed by a LacZ filter lift assay (11).

For the interaction assay, different combinations of the baits and the preys
were cotransformed into S. cerevisiae YGR-2 cells and plated on the triple-
selection medium. The liquid LacZ assay was performed as described previously
(9), and 1 U of LacZ activity was defined as the amount that hydrolyzes 1 mmol
of o-nitrophenyl-b-D-thiogalactopyranoside (ONPG) to o-nitrophenol and D-
galactose per min. Luciferase activity was determined as relative luciferase units
(RLU).

To obtain the full-length RIP140 clone, the EcoRI/BglII fragment from the
original clone was used to screen the embryonic phagemid library. The cDNA
library was screened under high-stringency conditions (42°C and 50% form-
amide) as described previously (22). DNA sequencing was conducted by the
dideoxy-chain termination method, and sequence comparison was performed by
using the Pro-Dom program (1).

GST pull-down assay. GST fusion protein was purified as instructed by the
manufacturer (Pharmacia). For in vitro interaction, 5 mg each of GST-TR2,
GST-TR2DEF, and GST control, made in E. coli BL21, was bound to a gluta-
thione-Sepharose column and incubated with 35S-labeled RIP140 protein pre-
pared in TNT reactions (Promega, Madison Wis.) in binding buffer (20 mM
HEPES [pH 7.4], 150 mM KCl, 5 mM MgCl2, 0.5 mM EDTA, 0.5 mM dithio-
threitol, 0.1% Nonidet P-40, 5 mg of bovine serum albumin [BSA] per ml, 10%
glycerol, protease inhibitor cocktail) for 60 min at 4°C. Unbound proteins were
removed by five washes with binding buffer without BSA and protease inhibitors.
Subsequently, the specifically bound protein was eluted with a solution contain-
ing 50 mM reduced glutathione in 50 mM Tris (pH 8.0), resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 10% gel) and
visualized by autoradiography.

Cell culture techniques and Northern blot analyses. The technique for cul-
turing COS-1 cells, transfection experiments, and luciferase and LacZ assays
were as described previously (23). All cultures were maintained in Dulbecco
modified Eagle medium containing dextran charcoal-treated serum. For RA
induction experiments, all-trans RA was added at a final concentration of 5 3
1027 M for 24 h. Each experiment was carried out in triplicate cultures. At least
three independent experiments were conducted to obtain the means and stan-
dard errors of the means.

For GFP fusion protein expression, COS-1 cells were plated on a coverglass in
3-cm-diameter dishes. Forty-eight hours after transfection, the cells were fixed in
a 4% formaldehyde solution and visualized by microscopy.

The methods for total RNA isolation and Northern blot hybridization were as

described previously (22). The RIP140 probe was derived from the EcoRI/BglII
fragment of the original clone.

Electrophoretic mobility shift assay. The gel shift assay was conducted as
described previously (23). Briefly, in vitro-translated TR2 protein was incubated
with 1 ng of probe in a 20-ml reaction solution containing 20 mM HEPES (pH
7.4), 50 mM KCl, 1 mM b-mercaptoethanol, 10% glycerol, 1 mg of poly(dI-dC),
and 5 mg of BSA per ml at 4°C for 60 min. The protein-DNA complex was
analyzed on a 5% polyacrylamide gel in 0.53 Tris-borate-EDTA buffer. The
probes were prepared by annealing oligonucleotides containing an inverted re-
peat 7 (IR7)-type element derived from TR2 promoter (59GGATCCAAGCCG
AGGGTGGGGTCACGAACTCTGACCCCCATCCCCAAAACACAAACTC
GAG39) and labeled with [a-32P]dCTP, using Klenow enzyme. For competition
experiments, 2 to 100 ng of unlabeled IR7 fragment was included in the reaction.

Immunoprecipitations and Western blot analyses. HA-tagged TR2 was co-
transfected with either GFP-tagged RIP140 or GFP expression vector in COS-1
cells. Forty-eight hours after transfection, the cells were harvested and resus-
pended in 200 ml of lysis buffer containing 20 mM Tris-HCl (pH 8.0), 100 mM
NaCl, 1 mM EDTA, 0.1% Nonidet P-40, 1 mM dithiothreitol, 2 mM phenyl-
methylsulfonyl fluoride, 10% glycerol, and protease inhibitor cocktail. After
incubation on ice for 10 min, the cells were subjected to sonication and centrif-
ugation. Fifteen microliters of the cell lysate was used for Western blot analysis
to compare protein expression levels. For immunoprecipitation, 100 ml of the cell
lysate was incubated with a mouse anti-HA monoclonal antibody (for HA-TR2)
(Boehringer Mannheim, Indianapolis, Ind.) at 4°C for 2 h, and 15 ml of protein
A-Sepharose CL4B resin (Sigma, St. Louis, Mo.) was added to the reaction for
another 2 h of incubation. The resin was then washed three times with lysis buffer
and resuspended in SDS-PAGE loading buffer for immunoblot analysis.

For Western blot analysis, the polyacrylamide gel was transferred to a poly-
vinylidene membrane (Millipore, Bedford, Mass.). Duplicate blots were made
from the same set of immunoprecipitation experiments. One blot was probed
with rabbit anti-GFP antibody (Clontech) to detect GFP-RIP140 in the HA-
TR2–GFP-RIP140 immunocomplex, and another was probed with a rabbit anti-
TR2 antibody (22) to monitor the amount of HA-TR2 protein that had been
immunoprecipitated by the anti-HA antibody in each reaction. The blots were
subsequently probed with a horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G (IgG) antibody (Gibco BRL, Gaithersburg, Md.) and de-
tected with an enhanced chemiluminescence system (Amersham, Arlington
Heights, Ill.).

Nucleotide sequence accession numbers. The 3-kb 59 untranscribed region,
exon 1, exon 2, and partial intron 1 sequences of the TR2 gene have been
deposited in GenBank under accession no. U96095 and U28269 (unpublished
data). The nucleotide sequences containing the partial 59 untranslated region,
the coding sequence, and the entire 39 untranslated region of RIP140 (Fig. 1)
have been submitted to GenBank under accession no. AF053062.

RESULTS

Cloning of mouse RIP140. Two cDNA libraries, one of
mixed mouse embryos at E11.5 and E12.5 and another of adult
mouse testes, were constructed in the pAD-GAL4 prey vector.
The bait was prepared by fusing the entire TR2 DEF in the
pBD-GAL4 vector. S. cerevisiae YRG-2 was cotransformed
with the bait and prey libraries. Positive clones were selected
on selection medium and identified based on positive LacZ
activity on the filters. The positive clones were further con-
firmed by a liquid LacZ assay, and their inserts were charac-
terized by DNA sequencing. None of the total of 60 positive
clones represented any known nuclear receptor corepressor.
Interestingly, one strongly positive clone appeared to be ho-
mologous to RIP140, a coactivator of RAR, ER, vitamin D
receptor, and T3Rb1. By rescreening the original embryonic
cDNA library with the partial mRIP140 cDNA, the full-length
mRIP140 cDNA was isolated and completely sequenced. Fig-
ure 1 shows the alignment of mRIP140 and hRIP140, which
exhibits 83% (970/1,161) amino acid identity between the two
sequences. Like RIP140, the mouse protein contains nine cop-
ies of the LXXLL signature motif scattered within the mole-
cule (12) (Fig. 1, underlined).

Since no expression data were provided for hRIP140, we
then performed a Northern blot analysis to determine its tissue
distribution pattern (Fig. 2). Total RNAs isolated from differ-
ent adult mouse tissues, as well as E12.5 placenta and embryos,
were examined on the Northern blot by hybridizing to an
RIP140-specific probe followed by an actin-specific probe.
mRIP140 mRNA has a size of approximately 8 kb and is
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detected in all samples examined. The strongest expression is
observed in the testis (lane 7) and brain (lane 1), a relatively
constant but weaker expression is observed in the heart (lane
2), lung (lane 3), stomach (lane 4), and kidney (lane 6), and the
spleen appears to express RIP140 at the lowest level (lane 5)
among all tissues examined. In the embryonic stages, this mes-
sage is also weakly expressed in E12.5 embryos (lane 8) and
placenta (lane 9).

TR2-RIP140 interaction. To dissect the interaction domains,
serial deletions of RIP140 and TR2 were each constructed in
the yeast two-hybrid expression vectors. In the first series of
experiments, the full-length TR2 was cloned into pBD-GAL4
(BD-TR2), and different portions of RIP140 were cloned into
pAD-GAL4; the interaction test was conducted in yeast (Fig.
3A). It appears that all RIP140 constructs that contain LXXLL
clusters interact strongly with TR2, including N-terminal mRIP

FIG. 1. Complete coding region of mRIP140 aligned to that of hRIP140. Colons show conserved residues, and dashes represent deleted residues. The mRIP140
contains 1161 amino acids, of which 970 are identical to the human clone. The sequences for the receptor-interacting signature motif LXXLL, where L is leucine and
X is any amino acid, are underlined.
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(1–495), central mRIP (336–1006), and C-terminal mRIP
(623–1161). The very C-terminal part of this molecule, mRIP
(977–1161), which contains no LXXLL signature motif, fails to
interact with TR2. Consistent with this result, construct mRIP
(623–951), in which this very C-terminal sequence was deleted
from mRIP (623–1161), interacts well with TR2, although with
lower efficiency. mRIP (623–951) was further dissected to de-
termine whether a single motif is sufficient for the interaction.
Intriguingly, both mRIP (654–939) and mRIP (933–1006),
which contain two motifs and one motif, respectively, interact
poorly with TR2, as demonstrated by slow growth of yeast cells
and low b-Gal activity. In summary, these data suggest that the
receptor-interacting domains of mRIP140 are scattered within
the molecule, a finding which correlates with the presence of
the LXXLL clusters. Although a deletion mutant containing
one LXXLL is sufficient for a weak interaction, multiple LXX-
LLs are required for efficient interaction with TR2. In addi-
tion, since yeast culture contains no animal sera, it is suggested
that RIP140 interacts with TR2, presumably the apo-form re-
ceptor.

To define the RIP140-interacting domains of TR2, we con-
ducted the second series of experiments by deleting various
segments from the C terminus of TR2 LBD in the pAD-GAL4
vectors and tested them against the full-length RIP140 cloned
in the pBD-GAL4 vector (BD-RIP140) as shown in Fig. 3B. In
contrast to a previous report (30), BD-RIP140 alone did not
induce any b-Gal reporter activity. It appears that construct
mTR2 (166–580), with 10 amino acids deleted from the C
terminus, is capable of interacting with RIP140, albeit at an
approximately 50% efficiency compared to the wild type [con-
struct mTR2 (166–590)]. However, deletion of 20 amino acids
of TR2 LBD (spanning the putative AF-2 region) or more
[constructs mTR2 (166–570) and (166–560)] completely abol-
ishes its interaction with RIP140. Intriguingly, although the
C-terminal 20-amino-acid sequence appears to be important
for this interaction (from comparison of the results for 10-, 20-,
and 30-amino-acid-deletion mutants), the C-terminal 73-ami-
no-acid sequence alone [construct mTR2 (517–590)] does not
interact with RIP140.

It is known that corepressors N-CoR and SMRT are in-
volved in silencing activity of RAR, T3R, and orphan receptor
COUP-TFI. To determine whether apo-TR2 also interacts
with the common corepressor N-CoR and to compare the
apo-TR2–RIP140 interaction with that of holo-RAR and
RIP140, two-hybrid interaction tests for different combinations
of receptors and coregulators were performed (Fig. 4). The
positive control in this system (the p53-SV40 pair) results in

moderate LacZ activity, whereas TR2-RIP140 interaction re-
sults in a stronger reporter activity that is comparable to or
even stronger than that for RIP140 interaction with the holo-
RAR. As expected, the apo-RAR does not interact with
RIP140. The lack of TR2 interaction with N-CoR is demon-
strated by comparison of the basal reporter activity in the
TR2–N-CoR pair to that in the positive control (the apo-
RAR–N-CoR pair), which induces a strong reporter activity.
Therefore, we conclude that RIP140 interacts with TR2 in the
absence of putative ligands and with RAR in a ligand-depen-
dent manner. Furthermore, TR2 does not interact with N-
CoR, which is consistent with our screening results.

TR2 interaction with RIP140 in solution and in mammalian
cells. A GST pull-down assay was performed to examine TR2
interaction with RIP140 in solution. Full-length TR2 and
TR2DEF were each fused to the GST vector. The GST control
or a fusion protein was applied to a glutathione column and
incubated with 35S-labeled RIP140 prepared in in vitro TNT
reactions. After extensive washing, RIP140 was eluted and
analyzed on a polyacrylamide gel as shown in Fig. 5A. Com-
pared to the control (GST alone), both GST-TR2 and GST-
TR2DEF columns retained a significant amount of the labeled
RIP140. This result indicates that RIP140 interacts with the
LBD of apo-TR2 in solution.

To conduct mammalian two-hybrid tests, various portions of
RIP140 were each fused to the pBD-GAL4 mammalian ex-
pression vector, and the LBD of TR2 was fused to the mam-
malian pVP16 expression vector. COS-1 cells were cotrans-
fected with one of the BD-RIP140 vectors and VP16-
TR2DEF, together with the GAL4-TK-Luc reporter and an
internal control lacZ vector. As shown in Fig. 5B, all three RIP
constructs that contain the LXXLL motif are able to interact
with TR2, whereas the C-terminal RIP140 segment which con-
tains no LXXLL motif [construct BD-RIP (977–11610)] re-
mains negative in this mammalian two-hybrid interaction test.
This finding is consistent with results of the yeast experiments.
Therefore, it is concluded that TR2 interacts with RIP140 in
both yeast and mammalian cells.

Corepressor function of RIP140 in TR2 repressive activity.
We have previously observed a trans-repressive activity of the
LBD of TR2 fused to the GAL4 BD (5, 23). To verify whether
the association of RIP140 contributes to this trans-repressive
activity of TR2, we perform two series of experiments in the
BD-TR2DEF fusion system. In the first series of experiments,
COS-1 cells were cotransfected with the BD-TR2DEF and
RIP140 expression vectors together with the GAL4-TK-Luc
reporter and the internal control lacZ reporter. As shown in
Fig. 6A, BD-TR2DEF exerted a trans-repressive activity that
was enhanced by the addition of RIP140 in a dose-dependent
manner, indicating a corepressive activity of RIP140 for BD-
TR2DEF. As a control, cotransfection of RIP140 with the BD
vector had no effect on the reporter activity. Furthermore, the
C-terminal TR2 deletion mutant (BD-TR2DEFD20) lost its
trans-repressive activity, which could not be rescued by the
addition of RIP140, suggesting that the interaction between
TR2 and RIP140 is required for this trans-repression function.
This result strongly supports a corepressive activity of RIP140
for TR2, which is mediated by a specific interaction of RIP140
with the C terminus of TR2.

In the second series of experiments, we examined whether
the corepressive activity of RIP140 in the BD-TR2DEF system
could be sequestered by providing the cells with extra amounts
of free receptors. COS-1 cells were transfected with BD-
TR2DEF and the reporter, with the addition of different
amounts of TR2 and RAR expression vectors. As shown in Fig.
6B, BD-TR2DEF represses reporter activity (column 2) com-

FIG. 2. Northern blot analysis of RIP140 expression. Total RNAs (30 mg)
from various adult mouse tissues and E12.5 embryos and placenta were loaded
onto a denaturing agarose gel, transferred to a nylon membrane, and hybridized
with a RIP140-specific probe. An actin probe was included as a quantitative
control. Arrowheads on the left indicate positions of 28S and 18S rRNAs. Lane
1, brain; 2, heart; 3, lung; 4, stomach; 5, spleen; 6, kidney; 7, testis; 8, E12.5
embryo; 9, E12.5 placenta.
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FIG. 3. Mapping of the domains contributing to the interaction between TR2 and RIP140 in yeast two-hybrid interaction tests. (A) Different portions of RIP140
were cloned into the yeast expression vector pAD-GAL4 to test their abilities to interact with BD-TR2 (full-length TR2 fused to GAL4 BD). The activation domain
(AD) fusion constructs and BD-TR2 were introduced into yeast strain YRG-2, and the criteria for positive interaction were based on their growth on histidine-deficient
medium and LacZ activities as shown on the right. The LXXLL motif is depicted with small solid bars. The numbers for each construct correspond to amino acid
residues, and the restriction sites shown on the top indicate cloning sites. (B) Sequence comparison of the putative AF-2 domain of TR2 (bold letters) with RARa and
RXRa (2, 35). (C) Interactions between the AD fusions of TR2 C-terminal deletion mutants and BD-RIP140 (full-length RIP140 fused to GAL4 BD).
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pared to the control using the empty BD vector (column 1),
and the addition of 50 and 100 ng of TR2 (columns 3 and 4) is
able to rescue the GAL4 reporter gene activity from the re-
pression by BD-TR2DEF, presumably due to the sequestration
of the endogenous RIP140 by extra TR2 molecules. In con-
trast, the addition of apo-RAR (columns 5 and 6) fails to do so,
indicating that apo-RAR cannot sequester the endogenous
RIP140 because of the lack of interaction between RIP140 and
apo-RAR. For a control of this trans-repressive activity of
TR2, TR2DEF was fused to the VP16 vector and tested. As
expected, VP16-TR2DEF had no effect on the reporter activity
due to the lack of specific DNA binding (column 7).

Our recent unpublished data suggested an autoregulatory
mechanism for TR2 expression. This negative feedback control
is mediated by an IR7 element that serves as the binding site
for TR2. This IR7 element, which is located in the proximal
region of the TR2 promoter, is highly conserved in all species
examined, including human, zebrafish, Xenopus, and mouse
(28). To investigate whether RIP140 could also function as a
corepressor for TR2 in the context of this natural promoter, we
used a lacZ reporter containing the TR2 promoter. The dia-
gram at the top of Fig. 6C shows the TR2 promoter-lacZ
reporter, IR7 sequence, and gel shift result demonstrating the

specific binding of TR2 to the IR7 element (lane 1). This
specific binding can be completely competed out by a 50-fold-
excess amount of the unlabeled DNA molecule (lanes 2 to 5).
The lacZ reporter, TR2 and RIP140 expression vectors, and an

FIG. 4. RIP140 interaction with apo-TR2. Full-length mouse TR2 and
RARa were each fused to pBD-GAL4 to examine their interaction with pAD-
GAL4 fusions of the full-length RIP140 as well as the common receptor-inter-
acting region of N-CoR (residues 1843 to 2453). The bait and prey were intro-
duced into yeast cultures, and RA (1026 M) was added to the medium for the
RAR-RIP140 pair. Addition of RA at this concentration did not cause trans
activation of lacZ and HIS3 reporters by BD-RAR in this system. The lacZ
reporter with three GAL4 binding sites is shown on the top. The pairs GAL4
BD/GAL4 AD and p53-SV40 are negative and positive controls, respectively.

FIG. 5. RIP140-TR2 interaction in solution and in mammalian cells. (A)
GST pull-down assay for specific interaction between TR2 and RIP140. Purified
GST or GST fusion to full-length TR2 (GST-TR2) or TR2DEF (GST-TR2DEF)
was bound to glutathione-Sepharose beads and incubated with 35S-labeled
RIP140. After extensive washes, specific interacting protein was eluted and
analyzed by SDS-PAGE and autoradiography. Positions of the protein ladder (in
kilodaltons) and RIP140 are shown on the left and right, respectively. (B)
RIP140 interaction with TR2 in mammalian two-hybrid interaction tests. The
diagram at the top shows a luciferase reporter containing five copies of GAL4
binding sites, the BD-GAL4 fusion constructs, and the VP16 fusion construct.
The reporter (400 ng) and different combinations of GAL4 BD and VP16 fusion
vectors (50 ng of each) were cotransfected, along with SV40-LacZ (30 ng) as an
internal control, into COS-1 cells. Forty-eight hours after transfection, cells were
harvested, and luciferase and LacZ activities were determined. Activity in RLU
was calculated by normalizing the specific luciferase activity to that of b-Gal.
Fold activation was determined by comparing the RLU of each GAL4BD-VP16
fusion pair to the RLU of the corresponding GAL4 BD-VP16 empty vector.
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internal control TK-Luc construct were cotransfected into
COS-1 cells. As shown at the bottom of Fig. 6C, TR2 represses
the TR2-lacZ reporter activity (column 2), and the repression
is enhanced by the addition of RIP140 (columns 3 and 4). This
result provides evidence that in a reporter system that contains
a natural TR2 binding site, RIP140 potentiates the trans re-
pression by TR2. Collectively, our data suggest that RIP140
functions as a corepressor for TR2.

trans-repressive activity of RIP140. From the above experi-
ments, we conclude that RIP140 itself, when present in the free
form, has no effect on GAL4 reporter activity. We then tested
whether RIP140, if itself rendered DNA bound, could exert

FIG. 6. Corepressive activity of RIP140 for TR2. (A) Corepressive activity of
RIP140 for the LBD of TR2 fused to the BD of GAL4. Cells were cotransfected
with GAL4 BD or a BD fusion to TR2DEF (BD-TR2DEF) or the C-terminal
20-amino-acid deletion of TR2DEF (BD-TR2DEFD20) (20 ng) with different
amounts of RIP140 expression vector (0 to 50 ng), along with the luciferase
reporter (400 ng) and the lacZ internal control (30 ng). An equal amount of the
transfected DNA was maintained for each experiment by supplementation with
the corresponding control vector. Activity in RLU was measured as described for
Fig. 5. (B) Sequestration of the trans-repressive activity of BD-TR2DEF by TR2
but not RAR. COS-1 cells were transfected with 20 ng of BD-TR2DEF and an
increasing amount of either TR2 or RARa expression vector (50 to 100 ng),
along with 400 ng of the luciferase reporter and 30 ng of the lacZ internal
control. GAL4 BD and VP16-TR2DEF were included for control reactions. (C)
RIP140 enhances the trans-repressive activity of TR2 on a natural TR2 promoter
containing an IR7 element. The diagram at the top shows a lacZ reporter driven
by the proximal region of TR2 promoter, the IR7 sequence (shown in capitals),
and the gel mobility shift experiment. For the gel shift, the TR2-IR7 complex is
shown in lane 1; lanes 2 to 5 represent competition experiments in which 2-, 10-,
50-, and 100-fold-excess amounts of unlabeled IR7 DNA fragment were in-
cluded. For the transfection assay, COS-1 cells were transfected with the TR2-
lacZ reporter (400 ng) and a TK-Luc internal control (30 ng), with or without
TR2 (50 ng) and RIP140 (10 to 50 ng) expression vectors.
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any repressive effect on this reporter. The entire RIP140 was
fused to pBD-GAL4 (BD-RIP140) and tested in the GAL4-
TK-Luc reporter system as shown in Fig. 7A. Compared to the
control pBD-GAL4 vector (column 1), RIP140 tethered to the
GAL4 BD represses the GAL4 reporter activity, and the re-
pression is dose dependent (columns 2 to 4). For a control,
RIP140 fused to the VP16 vector (VP16-RIP140) has no effect
on this reporter (column 5), again suggesting that the core-
pressive activity of RIP140 is mediated by its recruitment to
DNA. Therefore, it is concluded that RIP140 encodes a trans-
ferable, repressive activity when tethered to gene promoters.

A recent study showed that at low doses, RIP140 weakly
(less than twofold) enhanced trans activation by ER whereas it
strongly suppressed ER trans activation when the amount of
RIP140 increased (3). Since the interaction of RAR and
RIP140 is also ligand dependent, we used the GAL4 BD-RAR
and GAL4 reporter system to study the function of RIP140 in
the ligand-induced trans activation by nuclear receptor. The
full-length RAR was fused to the BD of GAL4 (BD-RAR). As
shown in Fig. 7B, unliganded BD-RAR represses GAL4 re-
porter activity as found previously (columns 1 and 2, 2RA). In
the presence of RA, the activity of this reporter can be induced
up to 100-fold (column 2). However, the RA induction of the
GAL4 reporter mediated by BD-RAR is strongly suppressed
by RIP140 (columns 3 to 7). The suppression of RA induction
was also observed in a system utilizing wild-type RARs and a

DR5-type RARE-containing reporter (data not shown). Al-
though the interaction of RAR and RIP140 is ligand depen-
dent, our data do not support a coactivator role for RIP140 in
RAR-mediated gene activation.

Demonstration of in vivo interaction between TR2 and
RIP140. To provide evidence for TR2 interaction with RIP140
in vivo, GFP was used to tag these molecules for tracing their
intracellular distribution and translocation. TR2 tagged with
GFP exhibits a homogeneous, nuclear distribution (Fig. 8A),
whereas RIP140 tagged with GFP exhibits a very different
intranuclear distribution pattern, predominantly in many local-
ized foci (Fig. 8E). In the presence of RIP140, the GFP-TR2
fusion exhibits a pattern (Fig. 8B) mimicking that of GFP-
RIP140 fusion (Fig. 8E). Upon deletion of the nuclear local-
ization signal of TR2 (43), the GFP-tagged TR2-DEF becomes
cytosolic (Fig. 8C). Interestingly, in the presence of untagged
RIP140, this otherwise cytosolic TR2-DEF mutant is retained
in the nucleus (Fig. 8D), strongly supporting the notion that
the interaction of TR2 with RIP140 occurs in vivo.

The physical association of TR2 and RIP140 in vivo was
further confirmed by coimmunoprecipitation assay. HA-tagged
TR2 was cotransfected with GFP or GFP-tagged RIP140 into
COS-1 cells. The cell lysate was then incubated with or without
a mouse anti-HA monoclonal antibody in the presence of
protein A-Sepharose beads. The immunocomplex was ana-
lyzed on a Western blot and detected with a rabbit anti-GFP

FIG. 7. RIP140 encodes an active repressive activity and suppresses RA induction. (A) Transcriptional repressive activity of RIP140 when tethered to the BD of
GAL4. The full-length RIP140 was fused to GAL4 BD or VP16 (top panel), and effects on the GAL4 reporter were examined in COS-1 cells. BD, VP16-RIP140 (50
ng), or an increasing amount of BD-RIP140 (10 to 50 ng) was introduced into cells together with the reporter (400 ng) containing the GAL4 binding sites and an internal
control lacZ vector (30 ng). The total amount of transfected DNA for each experiment was kept constant by supplementation with the corresponding control vector.
(B) RIP140 suppresses RA induction mediated by BD-RAR fusion. Full-length RARa was fused to GAL4 BD and designated BD-RAR. The GAL4 reporter (400 ng),
BD-RAR (25 ng), lacZ internal control vector, and increasing amounts of wild-type RIP140 (0 to 25 ng) were cointroduced into COS-1 cells, and all-trans RA was added
at a final concentration of 5 3 1027 M. Lanes 1 and 8 are control experiments in which GAL4 BD control vector was used. A nonspecific twofold increase in reporter
activity was observed in the control (column 1). This increased activity was not affected by the addition of RIP140 (column 8).
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antibody. It appears that GFP-RIP140, but not GFP, can be
coprecipitated with HA-TR2 by the anti-HA antibody (Fig. 8F,
lanes 1 and 2). The reaction for lane 3, a negative control, is
similar to that for lane 1 except that the antibody was omitted.
Lanes 4 and 5 are total cell lysates from GFP-RIP and GFP-
transfected cells, showing the relative amounts of GFP-RIP
and GFP expression, respectively. At the bottom of Fig. 8F is
a duplicate blot probed with anti-TR2 antibody, confirming
that equal amounts of HA-TR2 were immunoprecipitated in
all reactions. These data clearly indicate that TR2 and RIP140
physically interact with each other in vivo.

DISCUSSION

In this study, we report the cloning of mRIP140 by using the
LBD of orphan receptor TR2 as the bait in yeast two-hybrid
screening experiments. We also characterize the receptor-in-
teracting domains of the mRIP140, which correlate with the
presence of multiple LXXLL signature motifs scattering within
this molecule. The RIP-interacting domain of TR2 is mapped
to the C-terminal 10- to 20-amino-acid sequence of TR2, but
the C terminus of TR2 is not sufficient for this interaction. In
addition, we provide the evidence for a corepressor function of
RIP140 in the GAL4 BD-TR2 fusion system as well as in the

FIG. 8. In vivo interaction of RIP140 with TR2. (A) GFP-tagged TR2; (B) GFP-TR2 plus untagged RIP140; (C) GFP-tagged TR2-DEF; (D) GFP-tagged TR2-DEF
plus untagged RIP140; (E) GFP-tagged RIP140. COS-1 cells were transiently transfected with different combinations of expression vectors; 48 h after transfection, cells
were fixed and observed under a microscope. Magnifications: A, B, and E, 3400; C and D, 3200. (F) Immunoprecipitation (IP) experiment showing the association
of RIP140 and TR2. COS-1 cells were cotransfected with HA-tagged TR2 and either GFP-tagged RIP140 or GFP control vector. The cell lysate was incubated with
a mouse anti-HA monoclonal antibody in the presence of protein A-Sepharose beads. The immunocomplex was then analyzed on a Western blot, which was probed
first with a rabbit anti-GFP polyclonal antibody and then with a horseradish peroxidase-conjugated goat anti-rabbit IgG antibody and detected with an enhanced
chemiluminescence system (top, lanes 1 to 3). Lanes 1 and 2 are from cells expressing HA-TR2–GFP-RIP140 and HA-TR2–GFP, respectively. Lane 3 is a control for
lane 1 with no antibody (Ab) added. One-sixth of the total cell lysate used in immunoprecipitation was loaded onto lanes 4 and 5 as an indication of the relative
expression level for GFP-RIP140 and GFP protein. The positions of GFP-RIP140 (;170 kDa) and GFP (;30 kDa) are indicated with arrows on the left and right,
respectively. The nonspecific bands present in all the reactions (recognized by anti-IgG antibody) are labeled with asterisks. A duplicate blot was also probed with a
rabbit anti-TR2 polycolonal antibody to monitor the amount of TR2 protein precipitated in each reaction (bottom).
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natural TR2 promoter. A transferable repressive activity of
RIP140 is also demonstrated in the GAL4 BD-RIP140 fusion
system. The presence of RIP140 suppresses RA induction by
GAL4 BD-RAR on a GAL4 reporter, even though the inter-
action of RAR with RIP140 is ligand dependent. Finally, the
interaction of TR2 and RIP140 in vivo is demonstrated in the
GFP-tagged protein translocation and coimmunoprecipitation
studies.

As reported for hRIP140, SRC-1, and CREB-binding pro-
tein (CBP) (12), mRIP140 employs an LXXLL signature motif
for receptor interaction, further supporting the notion that this
sequence motif is conserved for interaction with nuclear re-
ceptors. In contrast to a recent study showing that a short
peptide, derived from RIP140 containing a single LXXLL se-
quence, when fused to GAL4 BD interacted strongly with
liganded GAL4 AD-ER in yeast (12), our data suggest that
although a deletion mutant containing one LXXLL can inter-
act weakly with TR2, a cluster of three LXXLLs, in the case of
the C-terminus region of RIP140, is required for an efficient
association between TR2 and RIP140 (Fig. 3A). However, it is
also possible that sequences adjacent to the LXXLL motif that
are important for maintaining the conformation for interaction
are interrupted in the GAL4 activation domain fusion con-
struct. Detailed point mutation studies will answer this ques-
tion in the future. On the other hand, like all nuclear receptors
that are capable of interacting with RIP140, the RIP140-inter-
acting domain of TR2 is located at its C terminus, a presump-
tive AF-2 domain. A recent structural study has revealed that
the ligand-induced interaction between the nuclear receptor
and LXXLL motif of the coactivator involved helices 3, 5, 6,
and 12 (AF-2) of the LBD of the receptor (10). This may
explain why the C-terminal 73-amino-acid sequence of TR2
alone does not interact with RIP140. As expected, mRIP140
interacts with the holo-RAR but not the apo-RAR. The li-
gand-independent association of peroxisome proliferator-acti-
vated receptor (PPAR) with RIP140 was observed in the yeast
system but not pull-down assays (40). However, for TR2,
RIP140 appears to interact with its apo form, since their in-
teraction occurs in yeast and mammalian cultures supple-
mented with serum depleted with charcoal as well as in the
GST pull-down assay. It cannot be ruled out that ligands for
TR2 exist in charcoal-depleted serum or buffer solutions. From
the structural study, the hydrophobic cleft of the LBD for
LXXLL binding comprises two parts. Helices 3, 5, and 6 form
the constitutive part; helix 12, which contains the AF-2 domain
and responds to active hormone, forms the second part. As no
ligands have been identified for TR2, it remains to be deter-
mined how conformational changes of TR2 (i.e., by second
messenger) may affect its interaction with RIP140. We are
testing the hypothesis that mutations that alter the TR2 LBD
conformation will affect this receptor’s ability to interact with
RIP140 and its repressive activity.

The consequence of RIP140 interaction with liganded nu-
clear receptors remains controversial. hRIP140 was shown to
function as a coactivator for the androgen receptor in mam-
malian cells (18) and for RAR and ER only in the yeast system
(20, 29). Although it was originally identified as an ER-asso-
ciating protein, RIP140 strongly suppressed the trans activation
of ER at a higher dose (3). It was recently suggested that
RIP140 suppressed PPAR/RXR trans activation by a possible
mechanism that involves competition with SRC-1 for receptor
binding (40). We (Fig. 3B) and others (40) were not able to
detect coactivator activity for RIP140 in yeast. Our data also
suggested that RIP140 not only suppresses RAR-mediated RA
induction of the reporter gene but also serves as a corepressor
for TR2. Moreover, once tethered to the GAL4 BD, RIP140 is

found to possess a transferable repressive activity in the GAL4
system (Fig. 7A). This result is in contrast to that for hRIP140
tethered to the BD of the B-cell-specific activator protein in
the pBS4 reporter system (29). This may be due to the differ-
ence in the BD and the promoter systems used in these studies;
the present study used the standard GAL4 system, whereas in
the other study a transcription factor system specific to B cells
was used. A recent report has also shown that the function of
RIP140 depends on the promoter context (7). It is possible that
RIP140 can function as a coactivator or a corepressor, depend-
ing on the cell environment, the interacting nuclear receptor,
and the context of target promoter.

Regardless of the transcription outcome in the different
promoter systems, the high homology between human and
mouse RIP140 suggests that this molecule has an essential
function(s) that is conserved during evolution. It is tempting to
speculate that functional constraints have been placed on the
RIP140 structure and that this molecule may interact with
many proteins that constitute a functional complex. According
to their nuclear distribution patterns, RIP140 appears in local-
ized foci, whereas TR2 is homogeneous. In the presence of
exogenous RIP140, the distribution of TR2 changes to a pat-
tern resembling that of the RIP140, providing evidence for
their interaction inside living cells. Their interaction results in
changing of intranuclear positioning of TR2, which is probably
required for specific events in the processes of gene expression.
The fact that RIP140 is able to render the translocation of the
otherwise cytosolic TR2 LBD into the nucleus suggests that
their in vivo interaction is fairly strong and requires only the
LBD of TR2. The ability of TR2 to interact with RIP140,
which also interacts with many ligand-bound receptors, sug-
gests that TR2 may be able to sequester the endogenous
RIP140, thereby modulating other hormonal signaling path-
ways.

Based on the criteria of interaction with nuclear receptors,
the recently identified receptor-interacting protein NSD1 was
reported to exhibit characteristics of both corepressors and
coactivators (10). Two distinct domains of this protein are
responsible for its interaction with liganded RAR, T3R, RXR,
and ER and with unliganded RAR and T3R. It is not clear
whether different clusters of the LXXLL motifs of RIP140
preferentially interact with apo or holo forms of receptors.
However, from both interaction and functional studies,
RIP140 may fit into this new category of bifunctional transcrip-
tional coregulator. In summary, the studies reported here pro-
vide the evidence that RIP140 can function as a corepressor for
the orphan receptor TR2. The corepressor activity of RIP140
depends on its interaction with the LBD of TR2 and is medi-
ated by a transferable repressive activity of RIP140. The bio-
chemical nature of RIP140 awaits further examination.
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