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Regulation of gene transcription by nuclear receptors involves association with numerous coregulators.
Receptor-interacting protein 140 (RIP140) is a corepressor that negatively regulates the ligand-induced activity
of several nuclear receptors, including the glucocorticoid receptor (GR). In the present study, we have
characterized the role of the intranuclear localization of RIP140 in its corepressor activity. In the absence of
ligand-activated GR, RIP140 is localized in small nuclear foci targeted by a 40-amino-acid-long sequence.
Although the focus-targeting domain overlaps with a binding sequence for the corepressor CtBP (C-terminal
binding protein), interaction with CtBP is not involved in the localization. RIP140 foci do not correspond to
PML bodies but partly colocalize with domains harboring the corepressor SMRT. Upon ligand binding, GR
and RIP140 are redistributed to large nuclear domains distinct from the RIP140 foci. The redistribution
requires regions of RIP140 with corepressor activity, as well as the DNA-binding domain of GR. Furthermore,
we show that full RIP140 corepressor activity is contributed both by C-terminal receptor-binding LXXLL
motifs and interaction with the CtBP corepressor. In conclusion, our results suggest that the corepressor
function of RIP140 is multifaceted and involves binding to nuclear receptors, as well as additional functions
mediated by the formation and intranuclear relocalization of a repressive protein complex.

Nuclear hormone receptors are ligand-regulated transcrip-
tion factors that may either activate or repress gene transcrip-
tion. Transcriptional activation by nuclear receptors is depen-
dent on the recruitment of numerous coregulator proteins to
the receptors (for a review, see reference 18). These encom-
pass ATP-dependent chromatin-remodeling proteins, proteins
with histone acetyltransferase activity, and protein complexes
involved in recruitment of the basal transcriptional machinery,
including RNA polymerase II. Ligand-induced gene activation
by nuclear receptors has been suggested to constitute a switch
from a repressed state that is maintained by receptor interac-
tion with corepressor proteins such as SMRT and NCoR, re-
cruiting histone deacetylases (HDACs), to an activated state
induced by coactivator proteins such as p160/SRC-1 proteins
that have histone acetylase activity or recruit proteins that do.
The C-terminal ligand-binding domain (LBD) of the receptor
is the main docking site for the coregulators (1). Many coregu-
lators have specific LXXLL motifs (NR boxes) that are in-
volved in the interaction with the receptor LBDs (7, 13, 24).

Receptor-interacting protein 140 (RIP140), also called nu-
clear receptor-interacting protein 1 (Nrip1), is a unique co-
regulator of nuclear receptors (3). It acts mainly as a corepres-
sor reducing gene transcription but, in contrast to other
corepressors that interact with unliganded or antagonist-acti-
vated receptors, RIP140 interacts with ligand-activated recep-
tors. RIP140 has a restricted number of target proteins that
only includes some nuclear receptors and the aryl hydrocarbon
receptor (12, 14, 15, 25, 32). Genetic knockout studies with

mice showed that the RIP140 protein has important physio-
logical functions, especially in female fertility (31). RIP140 has
been suggested to repress receptor activity by competing with
binding of coactivators to the receptor (25). However, RIP140
also has an intrinsic repression activity possibly mediated
through interaction with HDAC proteins (29, 30) and/or the
corepressor CtBP (C-terminal binding protein) (26), which
represses gene transcription by an unknown mechanism (5).

We have previously shown that the glucocorticoid receptor
(GR), a member of the nuclear receptor family, interacts with
RIP140 and that RIP140 acts as a corepressor on GR-regu-
lated genes (21, 32, 35). In the absence of glucocorticoid li-
gand, GR is mainly located in the cytoplasm in a multiprotein
complex including heat shock proteins. Upon ligand binding,
the receptor translocates to the nucleus and can bind specific
DNA response elements and function as a transcriptional ac-
tivator. However, GR also mediates glucocorticoid responses
by mechanisms not involving DNA binding and gene activation
(for a review, see reference 16).

Recently, the role of intranuclear compartmentalization in
gene regulation has become appreciated. The cell nucleus con-
tains several different identified areas or domains associated
with distinct functions or defined by the colocalization of spe-
cific proteins (for a review, see reference 2). These include the
nucleolus, the splicing factor speckles, PML bodies, and do-
mains enriched in HDAC activity. The aims of the present
study were to characterize the intranuclear localization of
RIP140 and determine the role of this localization in its core-
pressor activity on GR.

MATERIALS AND METHODS

Plasmids. Green fluorescent protein (GFP)-fused RIP140 was expressed from
plasmid pEGFP-RIP140 as previously described (35). GFP-fused RIP/1-281
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(amino acids [aa] 1 to 281) and RIP/431-1158 (aa 431 to 1158) were made by
subcloning fragments from corresponding pBK-CMV expression plasmids into
pEGFP-C2 (Clontech) (25). GFP-fused RIP/1-472 (aa 1 to 472), RIP/431-745 (aa
431 to 745), and RIP/747-1158 (aa 747 to 1158) were generated by subcloning of
corresponding PCR fragments into pEGFP-C2. Plasmids expressing GFP-GR
(aa 1 to 777), the GFP-GR DNA-binding domain (DBD; aa 418 to 503),
GFP-GR DBD-LBD (aa 418 to 777), and GFP-GR LBD (aa 485 to 777) were
made by subcloning fragments from plasmids pEG202-GR, pEG202-GR DBD,
pEG202-GR DBD-LBD, and pEG202-GR LBD into pEGFP-C2 (27). pSG5-
HA, for expression of hemagglutinin (HA)-tagged proteins, was made by inser-
tion of a double-stranded oligonucleotide encoding the influenza virus HA
epitope into plasmid pSG5 (Stratagene). pSG5-HA-RIP140, expressing HA-
tagged RIP140, has been described previously (25). Plasmids for expression of
HA-tagged RIP140 domains were made by subcloning the corresponding frag-
ments from the pEGFP-C2 plasmids. Plasmid pFLAG-CMV-6b-GR, for expres-
sion of FLAG-tagged GR, was made by transfer of a fragment from pEG202-GR
into pFLAG-CMV-6b (Sigma). Plasmids expressing GAL4 DBD-fused RIP140
and RIP140 domains were made by subcloning the corresponding fragments
from pEGFP-C2 plasmids into plasmid pM (Clontech). The expression plasmid
for FLAG-tagged CtBP was a kind gift from Catharina Svensson, Uppsala
University. Expression plasmid pCMX-SMRT was a kind gift from Ronald
Evans, The Salk Institute. Expression plasmid pCMV4-hGR and reporter plas-
mids p19-tk-luc, pGAL4-luc, and pCMV-�gal were described previously (27, 28).
Point mutations and deletions in RIP140 were introduced by using the
QuikChange XL site-directed mutagenesis kit (Stratagene).

Confocal microscopy. COS-7, HeLa, or A549 cells were plated on coverslips in
six-well plates and, on the following day, transfected with expression plasmids by
using the Fugene 6 transfection reagent (Roche). One hundred nanograms of the
expression plasmid for GFP fusion proteins and 200 ng of the expression plasmid
for FLAG or HA fusion proteins were used. On the next day, fresh medium was
added and the cells were maintained in the presence of 100 nM dexamethasone
(Dex) or ethanol vehicle for 3 h. Thereafter, the cells were fixed with 3%
paraformaldehyde in 5% sucrose–phosphate-buffered saline (PBS), rinsed with
PBS, and permeabilized with PBS containing 0.1% Tween 20 (PBS-T). Cells
were then blocked with 5% goat serum (Jackson ImmunoResearch) in PBS-T
and incubated with a primary antibody diluted in PBS-T for 1 h at room tem-
perature. Anti-FLAG M5 monoclonal antibody (Sigma), anti-HA.11 monoclonal
antibody (BabCO), anti-SMRT monoclonal antibody (MA1-843; Affinity Biore-
agents), anti-PML polyclonal antibody (H-238; Santa Cruz Biotechnology), and
anti-GR polyclonal antibody (E-20; Santa Cruz Biotechnology) were used at a
dilution of 1:200. After being washed, the cells were again blocked with 5% goat
serum in PBS-T and incubated with appropriate secondary antibodies conjugated
with tetramethyl rhodamine isothiocyanate (Jackson ImmunoResearch) diluted
1:200 in PBS-T for 1 h at room temperature. Cells were washed and fixed to
slides with Immu-Mount (Shandon). Subcellular images were determined with a
TCS SP Multiband Confocal Imaging System (Leica). Fluorescence images from
more than 100 cotransfected cells were studied for each experiment, and the
images shown are representative of the majority of the cells studied, as indicated
in each figure legend.

Reporter gene assays. COS-7 or A549 cells were plated in 24-well plates and,
on the following day, transfected with plasmids by using the Fugene 6 transfec-
tion reagent (Roche). The plasmid amounts used were as follows: 100 ng of
p19-tk-luc, 100 ng of pGAL4-luc, 5 ng of pCMV-�gal, 2.5 ng of pCMV4-hGR, 10
ng of pSG5-HA-RIP140, and 100 ng of pM-RIP140. The plasmid amount was
kept constant in each transfection by addition of the corresponding empty plas-
mid. On the next day, fresh medium containing 1 �M Dex or ethanol as a vehicle
was added and after 24 h, the cells were harvested. Luciferase and �-galactosi-
dase assays were performed with a Gen-Glow-1000 kit (Bioorbit) and a Galacto-
Light plus kit (Tropix), respectively, in an Anthos Lucy 3 luminometer (Anthos
Labtec-Instruments).

Coimmunoprecipitation. Rat hepatoma HTC cells were incubated in the pres-
ence or absence of 1 �M triamcinolone acetonide (TA) for 2 h. The cells were
harvested in PBS, and the cell pellet was snap-frozen in liquid nitrogen and
resuspended in extraction buffer (50 mM phosphate buffer [pH 7.6], 0.4 M KCl,
10% glycerol, 1 mM EDTA, Complete protease inhibitors [Roche]). The buffer
for non-TA-treated cells contained 10 mM Na2MoO4 to stabilize the nonacti-
vated GR, and that for TA-treated cells contained 1 �M TA. The cells were
homogenized and incubated on ice for 1 h, and the cell extract was centrifuged
(50,000 rpm [Beckman TL-100 ultracentrifuge], 30 min, 4°C). The supernatant
was diluted 1:8 with EPG buffer (20 mM phosphate buffer [pH 7.4], 10% glyc-
erol, 1 mM EDTA, Complete protease inhibitors [Roche]) and incubated with
normal mouse immunoglobulin G-Sepharose for 2 h at 4°C and thereafter with
GR-specific mouse monoclonal antibody 250-Sepharose or, as a negative control,

with normal mouse immunoglobulin G-Sepharose overnight at 4°C. The Sepha-
rose pellet was washed with EPG buffer containing 50 mM NaCl three times, and
bound proteins were eluted by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer and analyzed by SDS-PAGE and West-
ern blotting with anti-RIP140 polyclonal antibody (H-300; Santa Cruz Biotech-
nology) and anti-GR monoclonal antibody (250; Ann-Charlotte Wikström,
Karolinska Institutet).

GST pulldown experiments. The GST-GR LBD was expressed in Escherichia
coli strain BL21(DE3)pLysS, and extract was prepared as previously described
(35). [35S]methionine-labeled proteins were synthesized in vitro with the TnT-
coupled reticulocyte lysate system (Promega). GST fusion protein (5 �g) bound
to 30 �l of glutathione beads (Sigma) was incubated with 10 �l of in vitro-
translated protein in 200 �l of pulldown buffer (20 mM HEPES-KOH [pH 7.9],
10% glycerol, 100 mM KCl, 5 mM MgCl2, 0.2 mM EDTA, 1 mM dithiothreitol,
0.2 mM phenylmethylsulfonyl fluoride, 1 mg of bovine serum albumin per ml,
0.01% Igepal CA-630) overnight at 4°C. The beads were recovered by centrifu-
gation and washed six times with pulldown buffer without bovine serum albumin,
and bound proteins were eluted with SDS-PAGE sample buffer, analyzed by
SDS-PAGE, and visualized by autoradiography. In experiments with the
GST-GR LBD, the fusion protein bound to glutathione beads was incubated
with 1 �M Dex for 2 h before being mixed with translated proteins.

Western blotting. Whole-cell extracts were prepared from COS-7, HeLa,
A549, and HTC cells. The cell pellet was washed in PBS and resuspended in
extraction buffer (10 mM Tris-HCl [pH 7.8], 150 mM NaCl, 1 mM EDTA, 0.1%
Igepal CA-630, Complete protease inhibitors [Roche]), incubated for 15 min on
ice, and homogenized. The supernatant after centrifugation (13,000 rpm
[Heraeus Biofuge Fresco], 10 min) was analyzed by SDS-PAGE and Western
blotting with anti-RIP140 polyclonal antibody (H-300; Santa Cruz Biotechnol-
ogy) or anti-GR polyclonal antibody (E-20; Santa Cruz Biotechnology).

RESULTS

RIP140 is localized in small, discrete foci in the nucleus. To
analyze the intracellular localization of RIP140, we transfected
COS-7 cells with a plasmid expressing GFP-tagged RIP140.
GFP-RIP140 was localized in the nucleus in discrete, small,
bright foci that often appeared as doublets (Fig. 1A). The same
localization was also observed for HA-tagged RIP140 (Fig.
1B). Furthermore, GFP-RIP140 expressed in HeLa cells also
localizes in discrete foci in the nucleus (Fig. 1C, part a). A
similar localization has previously been described for the en-
dogenous RIP140 in COS-1 cells, showing that the localization
in nuclear foci is not due to overexpression of the protein (3).

To further analyze the nature of the RIP140 foci in the
nucleus, the colocalization of RIP140 with previously described
nuclear domains was analyzed. PML nuclear bodies are char-
acterized by the presence of the PML protein and have been
implicated in regulation of transcription (34). However, GFP-
RIP140 did not colocalize with PML bodies identified by using
an antibody against the endogenous PML protein in HeLa
cells (Fig. 1C, parts a to c). The corepressors SMRT and Hr
colocalize with HDACs in specific nuclear domains termed
MAD bodies (6, 17). The possible localization of GFP-RIP140
in MAD bodies in COS-7 cells was investigated by using co-
transfected SMRT identified by a SMRT-specific antibody.
SMRT was expressed in a diffuse pattern in the nucleus, with
some localization in large domains. Some of the RIP140 foci
colocalized with SMRT-containing domains, indicating that
some of the RIP140 foci are related to the MAD bodies (Fig.
1D, parts a to c). However, the MAD bodies identified by
SMRT were larger than the RIP140 foci. Collectively, these
data show that RIP140 is localized in discrete punctate bodies
in the nucleus that are distinct from other nuclear domains.

A domain of 40 aa is necessary for targeting of RIP140 into
small nuclear foci. To investigate which domain of RIP140 was
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responsible for localization of the protein into nuclear foci, we
made GFP fusions of several RIP140 domains (Fig. 2A). Anal-
yses of the intracellular localization of overlapping fragments
encompassing the N terminus (RIP/1-472) and the middle and
C-terminal domains (RIP/431-1158) showed that both local-
ized in small foci in the nucleus (Fig. 2B, parts a and b). In
contrast, shorter fragments of the N terminus (RIP/1-281) or
the C terminus (RIP/747-1158) were evenly localized in the
nucleus (Fig. 2B, parts c and d). These results suggested that
the region encompassing aa 431 to 472 present in both RIP/1-
472 and RIP/431-1158 is responsible for the localization in the
punctate nuclear bodies. To further prove the role of the re-
gion in targeting RIP140 to the nuclear dots, deletions of aa
431 to 451, 431 to 461, and 431 to 472 in full-length GFP-
RIP140 were performed. RIP�431-451 and RIP�431-461 were
still localized in small foci (Fig. 2B, parts f and g). However,
RIP�431-472 was not localized in small RIP140 foci but rather
evenly distributed (Fig. 2B, part h). This result showed that the
domain encompassing aa 431 to 472 is necessary for the local-
ization of RIP140 in the small nuclear dots and, further, that aa

462 to 472 play the major role. RIP/431-745, however, contain-
ing the dot-targeting domain, was evenly distributed in the
cytoplasm (Fig. 2B, part e), indicating that factors other than
the dot-targeting domain are also necessary for the localization
of RIP140 to nuclear foci. To investigate whether forced nu-
clear localization of RIP/431-745 would result in focus forma-
tion, RIP/431-745 was expressed fused to the GAL4 DBD
containing a nuclear localization signal (NLS) or fused to GFP
coupled to an NLS. However, both constructs were still local-
ized in the cytoplasm (data not shown), suggesting that RIP/
431-745 contains a nuclear export sequence or a cytoplasmic
retention signal that overcomes the NLS. The CRM1 protein is
involved in the nuclear export of many proteins that have a
prototypic nuclear export sequence (9). However, nuclear ex-
port by CRM1 is not responsible for the cytoplasmic localiza-
tion of RIP/431-745 since the CRM1 inhibitor leptomycin B
did not change the localization of the protein (data not shown).

Interestingly, a consensus binding motif (PIDLSCK; aa 440
to 446) for the corepressor protein CtBP has been identified
within the domain targeting RIP140 to nuclear foci (26), pre-
senting the possibility that CtBP interaction recruits RIP140 to
the foci. To investigate the intracellular localization of CtBP,
FLAG-tagged CtBP was expressed in COS-7 cells. FLAG-
CtBP was mainly localized in the nucleus, but some cytoplas-
mic expression was also observed (Fig. 2C). FLAG-CtBP had
an even distribution in the nucleus, distinct from the localiza-
tion in small foci observed for RIP140, making it unlikely that
the typical RIP140 localization is due to CtBP recruiting
RIP140 to the foci. However, cotransfection of GFP-RIP140
and FLAG-CtBP resulted in redistribution of CtBP to RIP140-
like foci (Fig. 2D, part b) and colocalization of the two proteins
in the foci, confirming the interaction between the two pro-
teins. In contrast, GFP–RIP�431-451 containing a deletion of
the CtBP consensus binding site did not redistribute CtBP to
the small foci (Fig. 2E, part b), indicating that the deletion
mutant form did not interact with CtBP. Since RIP�431-451
was still localized in small foci, this result shows that interac-
tion with CtBP is not necessary for RIP140 localization in small
foci.

In conclusion, these results indicate that a 40-aa-long seg-
ment encompassing aa 431 to 472 is necessary for the targeting
of RIP140 to the typical nuclear dots and that although the
CtBP corepressor can bind within this segment, CtBP interac-
tion is not involved in RIP140 targeting to the foci.

CtBP binding and the dot-targeting domain are dispensable
for the intrinsic repression activity of RIP140. RIP140 has an
intrinsic repression activity that can be mediated by the for-
mation of a repression complex involving proteins such as
HDAC and CtBP (14, 26). The intrinsic repression activity of
RIP140 can be analyzed by GAL4 DBD-fused RIP140-induced
repression of a reporter gene regulated by GAL4-binding sites.
In order to map the intrinsic repression activity of RIP140, we
used GAL4 DBD-fused RIP140 domains (Fig. 3). Interest-
ingly, both the N-terminal domain RIP/1-472 and the middle
and C-terminal domains contained in RIP/431-1158 repressed
the reporter gene activity to the same extent as the wild-type
protein (Fig. 3). In contrast, the shorter fragments, RIP/1-281
and RIP/747-1158, did not repress well. Since both RIP/1-472
and RIP/431-1158 contain the CtBP-interacting domain and
the domain targeting RIP140 to the nuclear small foci, we

FIG. 1. RIP140 is localized in discrete foci in the nucleus.
(A) COS-7 cells were transfected with a GFP-RIP140 expression plas-
mid. (B) COS-7 cells were transfected with an HA-RIP140 expression
plasmid. (C) HeLa cells were transfected with a GFP-RIP140 expres-
sion plasmid. The localization of endogenous PML protein in GFP-
RIP140-transfected cells was detected with a PML-specific antibody.
Part a shows the localization of GFP-RIP140 in green, and part b
shows the localization of PML protein in red in the same cell. Part c
shows the merged image, where colocalization of the proteins is in
yellow. (D) COS-7 cells were cotransfected with expression plasmids
for GFP-RIP140 and SMRT. The localization of SMRT protein in
GFP-RIP140-transfected cells was detected with a SMRT-specific an-
tibody. Part a shows the localization of GFP-RIP140 in green, and part
b shows the localization of SMRT protein in red in the same cell. Part
c shows the merged image, where colocalization of the proteins is in
yellow. Protein localization was visualized by confocal microscopy. The
images shown in panels A to D are representative of 85, 85, 100, and
40% of the cells studied, respectively.
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FIG. 2. The domain targeting RIP140 to small nuclear foci is mapped to aa 431 to 472. (A) Schematic representation of the RIP140 domains
and deletion mutant forms used. NR boxes (LXXLL motifs), the CtBP-binding motif (PIDLSCK), and the dot-targeting domain (in gray) are
indicated. (B) COS-7 cells were transfected with expression plasmids for GFP-fused RIP140 domains or deletion proteins. Part a, GFP-RIP140
aa 1 to 472; part b, GFP-RIP140 aa 431 to 1158; part c, GFP-RIP140 aa 1 to 281; part d, GFP-RIP140 aa 747 to 1158; part e, GFP-RIP140 aa
431 to 745; part f, GFP-RIP140 with a deletion of aa 431 to 451; part g, GFP-RIP140 with a deletion of aa 431 to 461; part h, GFP-RIP140 with
a deletion of aa 431 to 472. (C) COS-7 cells were transfected with an expression plasmid for FLAG-CtBP. The localization of FLAG-CtBP was
visualized with a FLAG-specific antibody. (D) COS-7 cells were cotransfected with expression plasmids for GFP-RIP140 and FLAG-CtBP. Part
a shows the localization of GFP-RIP140 in green, and part b shows the localization of the FLAG-CtBP protein in red in the same cell. Part c shows
the merged image, where colocalization of the proteins is in yellow. (E) COS-7 cells were cotransfected with expression plasmids for GFP-RIP140
with a deletion of aa 431 to 451 (RIP�431-451) and FLAG-CtBP. Part a shows the localization of RIP�431-451 in green, and part b shows the
localization of the FLAG-CtBP protein in red in the same cell. Part c shows the merged image, where colocalization of the proteins is in yellow.
The images shown in panels B (parts a to h), C, D, and E are representative of 70, 85, 90, 90, 90, 60, 60, 80, 100, 40, and 100%, respectively, of
the cells studied.
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asked whether these domains are necessary for the observed
intrinsic repression activity. The RIP140 deletion mutant form
RIP�431-451, which does not interact with CtBP, could re-
press the GAL4 reporter gene to the same extent as the wild-
type protein (Fig. 3). The mutant form RIP140�431-472, which
does not localize in nuclear foci, still retained strong repression
activity (Fig. 3). This suggests that the intrinsic repression
activity of RIP140 can be mediated by both N- and C-terminal
domains and that neither the CtBP-binding domain nor the
dot-targeting domain is necessary for intrinsic repression.

Both CtBP binding and C-terminal NR boxes contribute to
the corepressor activity of RIP140. To analyze whether endog-
enous GR and RIP140 can interact in cells, we performed
coimmunoprecipitation experiments with the rat hepatoma
HTC cell line. Precipitation of proteins from cell extracts with
an anti-GR antibody coupled to Sepharose showed that en-
dogenous RIP140 protein coprecipitated with endogenous GR
(Fig. 4A, lane 2). A slightly enhanced interaction between GR
and RIP140 was observed in cells treated with the glucocorti-
coid ligand TA (Fig. 4A, lanes 2 and 4). The RIP140 protein
was not precipitated by a negative control antibody-Sepharose,
showing the specificity of the coimmunoprecipitation (Fig. 4A,
lane 5).

To map the interaction site of GR on RIP140, GST pull-
down experiments were performed with the GST-fused GR
LBD and in vitro-translated fragments of RIP140 (Fig. 4B).
Interestingly, all fragments of RIP140, except the middle do-

main (RIP/431-745), interacted with the GR LBD, indicating
that RIP140 can make several contacts with GR.

RIP140 can act as a corepressor for GR and repress GR
activation of a glucocorticoid response element (GRE)-regu-
lated reporter gene (21, 32, 35). To determine whether RIP140
also can corepress the activity of endogenous GR in cells, we
used the human lung carcinoma A549 cell line, which contains
endogenous GR protein. The cells were transfected with a
GRE-regulated reporter gene and increasing amounts of a
RIP140-expressing plasmid. Endogenous GR showed strong
ligand-induced activation of the reporter gene in the absence
of the RIP140 protein, whereas increasing amounts of the
RIP140 protein resulted in repression of the endogenous GR
activity (Fig. 5A).

To gain insight into the mechanism of the corepressor ac-
tivity, the effects of different RIP140 fragments on GR trans-
activation were studied with a GRE-regulated reporter gene.
The corepressor activity of RIP140 was mainly contained
within the C-terminal domain (RIP/747-1158), which strongly
repressed GR activity (Fig. 5B). However, the N-terminal do-
main RIP/1-472, which includes the focus-targeting region and
the CtBP-binding site, could also slightly corepress GR activity
(Fig. 5B). RIP/431-1158, containing the C-terminal domain,
the focus-targeting region, and the CtBP-binding site, was the
best corepressor (Fig. 5B). However, although RIP/1-281 could
interact with GR, it did not have any corepressor activity (Fig.
5B). RIP/431-745, which did not bind the GR, also did not
corepress (Fig. 5B). To further analyze the role of the dot-
targeting domain and the CtBP-binding site for the corepres-
sor activity, the deletion mutant forms RIP�431-451 and
RIP�431-472 were used. Interestingly, deletion of the CtBP-
binding site (RIP�431-451) reduced the corepressor activity to
the same level as that of the C-terminal fragment (RIP/747-
1158) (Fig. 5C). Further deletion of the dot-targeting domain
(RIP�431-472) did not have any major additional effect (Fig.
5C).

To analyze the mechanism of the corepressor function of the
C-terminal domain (RIP/747-1158), the role of the NR boxes
was addressed. RIP140 has nine NR boxes (LXXLL motifs), as
well as one NR box-like motif (LXXML) (25). Two of the NR
boxes and the NR box-like motif are present within the C-
terminal domain that strongly represses GR activity. Mutation
of the last two leucine residues to alanine in individual NR
boxes or combinations of sequences was performed in the
context of RIP/747-1158, and the corepressor activity of the
mutated forms was tested (Fig. 5D). Mutation of all three NR
boxes (RIP�NR8,9,10) dramatically reduced corepressor ac-
tivity (Fig. 5D). NR box 8 seemed to be the most important NR
box within the C-terminal domain for the corepressor activity
since mutation of NR box 8, individually (RIP�NR8) or in
combination (RIP�NR8,9 and RIP�NR8,10), had the most
dramatic effect on the activity (Fig. 5D). Mutation of the NR
boxes also reduced binding affinity for GR, as determined by
GST pulldown assays with the GST-GR LBD and in vitro-
translated RIP140 mutant forms (data not shown). Collec-
tively, these data suggest that the corepressor activity of
RIP140 involves two distinct mechanisms. First, corepression is
mediated by the C-terminal domain (RIP/747-1158) and the
importance of the NR boxes implies that competition for bind-
ing to the GR is involved. Second, although the C-terminal

FIG. 3. Mapping of the intrinsic repression activity. COS-7 cells
were transfected with plasmids expressing the GAL4 DBD, GAL4
DBD-fused RIP140, or RIP140 domain, as well as reporter plasmids
pGal4-luc, containing a luciferase reporter gene regulated by GAL4-
binding sites (Gal4 bs), and pCMV-�gal, containing a constitutively
expressed �-galactosidase reporter gene. Relative luciferase activity
was calculated by relating the measured luciferase reporter gene ac-
tivity to the constitutive �-galactosidase reporter gene activity. The
values were related to the activity obtained for the control GAL4 DBD
protein. The mean and standard deviation (n � 6) of a representative
experiment are shown.

VOL. 23, 2003 SUBNUCLEAR LOCALIZATION OF THE COREPRESSOR RIP140 4191



domain contains the main corepressor activity, CtBP interac-
tion contributes slightly to the corepressor effect. The binding
of CtBP seems to be the only mechanism for corepression in
addition to the role of the C terminus, since deletion of the
CtBP-binding domain reduces corepression activity to the level
of the C-terminal domain (RIP/747-1158).

Corepression correlates with an intranuclear redistribution
of GR and RIP140. To analyze the intracellular localization of
GFP-RIP140 under corepressing conditions in the A549 cell
line containing endogenous GR, confocal microscopy studies
were performed. GFP-RIP140 was localized in the typical in-
tranuclear foci in the A549 cell line (Fig. 6A, part a). However,
upon treatment with the glucocorticoid ligand Dex, GFP-
RIP140 was redistributed to a more diffuse pattern (Fig. 6A,
part b), indicating that endogenous ligand-activated GR can
redistribute RIP140 from the small foci. To analyze the colo-
calization of RIP140 and endogenous GR in A549 cells, en-
dogenous GR protein was detected with a GR-specific anti-
body. In the absence of ligand, endogenous GR was mainly
localized in the cytoplasm and did not colocalize with GFP-
RIP140 (Fig. 6B, parts a to c). However, upon ligand treat-

ment, endogenous GR was partly colocalized with GFP-
RIP140 in diffuse larger structures in the nucleus (Fig. 6B,
parts d to f).

To study the intranuclear redistribution of RIP140 and GR
in more detail, we used transfected COS-7 cells. Western blot-
ting experiments showed that transfection of COS-7 cells with
the amount of RIP140 or GR expression plasmid used for
confocal microscopy experiments (100 ng) did not result in
overexpression of the proteins but rather gave expression lev-
els similar to or lower than those of endogenous proteins in the
HeLa, A549, and HTC cell lines (Fig. 6C and D). We therefore
assume that studies with transfected proteins are representa-
tive of endogenous proteins. GR was expressed in COS-7 cells
tagged with either GFP or FLAG. In the absence of glucocor-
ticoid, GR was mainly localized in the cytoplasm but some
nuclear staining was also observed (data not shown). Upon
ligand treatment, GR translocated into the nucleus. In the
nucleus, GR had an even distribution (Fig. 7A and 8A, part a).
The same localization pattern was observed for both GFP-GR
and FLAG-GR and resembled the localization of endogenous
GR in A549 cells. When GFP-RIP140 and FLAG-GR were

FIG. 4. Interaction between endogenous GR and RIP140. (A) RIP140 was coimmunoprecipitated with GR from HTC cells with anti-GR
antibody–Sepharose (anti-GR) in the absence (�) or presence (�) of the glucocorticoid ligand TA. Coimmunoprecipitation with normal mouse
antibody-Sepharose (control ab) was used as a negative control. Proteins in the cell extract used for the precipitation (input) and precipitated
proteins (ppt) were analyzed by Western blotting with anti-RIP140 and anti-GR antibodies. IP, immunoprecipitate. (B) In vitro-translated RIP140
or RIP140 domains were incubated with GST or the GST-GR LBD bound to glutathione beads. The interacting proteins were visualized by
SDS-PAGE and autoradiography. The values on the left are molecular sizes in kilodaltons.
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FIG. 5. Corepressor activity of RIP140 is dependent on the C-terminal NR boxes and CtBP binding. (A) A549 cells containing endogenous GR
protein were transfected with reporter plasmid p19-tk-luc, containing a GRE-regulated luciferase reporter gene, and increasing amounts of a
plasmid expressing RIP140. The cells were maintained in the presence or absence of 1 �M Dex. (B and C) COS-7 cells were transfected with a
plasmid expressing GR in the presence or absence of a plasmid expressing RIP140 or RIP140 domains or deletions, as well as reporter plasmids
p19-tk-luc, containing a GRE-regulated luciferase reporter gene, and pCMV-�gal, containing a constitutively expressed �-galactosidase reporter
gene. The cells were maintained in the presence or absence of 1 �M Dex. The values were related to the activity obtained with GR treated with
Dex in the absence of the RIP140 protein. (D) COS-7 cells were transfected with a plasmid expressing GR in the presence or absence of a plasmid
expressing the C-terminal domain of RIP140 (aa 747 to 1158) or proteins containing mutations of the indicated NR boxes in the context of
RIP/747-1158, as well as reporter plasmids p19-tk-luc, containing a GRE-regulated luciferase reporter gene, and pCMV-�gal, containing a
constitutively expressed �-galactosidase reporter gene. The mean and standard deviation (n � 6) of a representative experiment are shown.
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coexpressed in COS-7 cells in the absence of ligand, RIP140
was localized in the typical small foci and GR was mainly in the
cytoplasm, as when they were individually expressed (data not
shown). However, upon Dex treatment for 3 h, the proteins
colocalized in diffuse, large domains in the nucleus (Fig. 7B,
parts a to c). Thus, the localization of the coexpressed proteins
was distinct from that of the individually expressed proteins;
i.e., the localization of GFP-RIP140 was changed from the
localization in small foci and the localization of FLAG-GR was
changed from an even distribution. The same redistribution of
coexpressed proteins in the presence of Dex was also seen for
HA-RIP140 and GFP-GR, indicating that tagging of the pro-
teins did not contribute to the effect (Fig. 8B, parts a to c). The
redistribution confirmed the results obtained for endogenous
GR and GFP-RIP140 in A549 cells (Fig. 6B). In contrast,
coexpression of GR with other cofactors did not change the
GR localization (data not shown). Dex treatment did not have
any effect of RIP140 localization in the absence of GR (data
not shown).

To determine which domains of RIP140 can redistribute GR
into the diffuse, large domains, GFP-RIP140 domains were
coexpressed with FLAG-GR (Fig. 7). All of the fragments that
could corepress GR activity were also shown to redistribute
GR within the nucleus (RIP/1-472, RIP/431-1158, and RIP/
747-1158) (Fig. 7C, D, and E, parts a to c). In contrast, RIP/
1-281, which did not function as a corepressor for GR, did not
redistribute GR either, although the protein could bind to GR,
as shown by the GST pulldown experiment (Fig. 7F, parts a to
c). Cytoplasmically localized RIP/431-745, which does not in-
teract with GR, also did not redistribute GR (Fig. 7G, parts a
to c). The fact that RIP/431-745 was still localized in the cyto-
plasm when coexpressed with GR in the presence of ligand and
not cotransported with GR into the nucleus confirmed that the
two proteins did not interact. To evaluate the role of CtBP
binding and the dot-targeting domain of RIP140 in the redis-
tribution, we analyzed the RIP140 deletion mutant forms. Both
RIP�431-451 and RIP�431-472 redistributed GR (data not
shown), indicating that these domains are not required for
redistribution.

To determine which domains of GR are involved in the
redistribution of RIP140, GFP-GR domains were coexpressed
with HA-RIP140 (Fig. 8). The GR DBD-LBD redistributed
RIP140 into the large, diffuse domains in the presence of
ligand in the same way as the full-length GR (Fig. 8C, parts a
to c). Interestingly, the GR LBD did not redistribute RIP140
but rather colocalized with RIP140 in small foci similar to
typical RIP140 foci (Fig. 8D, parts a to c), suggesting that the
DBD is necessary for redistribution of RIP140. RIP140 inter-
acts with the LBDs of nuclear receptors and, accordingly, the

FIG. 6. Intranuclear redistribution of RIP140 by ligand-activated
endogenous GR. (A) A549 cells containing endogenous GR were
transfected with a plasmid expressing GFP-RIP140. The cells were
treated with (�) or without (�) 100 nM Dex for 3 h before visualiza-
tion of the RIP140 protein by confocal microscopy. The images shown
in parts a and b are representative of 80 and 73%, respectively, of the

cells studied. (B) A549 cells were transfected with a plasmid expressing
GFP-RIP140. The cells were treated with (�) or without (�) 100 nM
Dex for 3 h. Endogenous GR was detected with a GR-specific anti-
body. Parts a and d show the localization of GFP-RIP140, parts b and
e show the localization of endogenous GR, and parts c and f show the
merged images. (C and D) The expression levels of endogenous
RIP140 and GR in the COS-7, HeLa, A549, and HTC cell lines were
compared to the levels of the transfected RIP140 and GR proteins by
Western blotting. The values on the left are molecular sizes in kilo-
daltons.
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GFP-GR DBD and HA-RIP140 did not colocalize in cells (Fig.
8E, parts a to c). All of the GR domains had an even distri-
bution in the nucleus in the presence of Dex when expressed
alone (Fig. 8A). In conclusion, these studies imply that the
formation of a repressing complex between GR and RIP140
correlates with the relocalization of both proteins within the
nucleus to specific large nuclear domains. The redistribution
requires a fragment of RIP140 containing corepressor activity,
as well as the GR DBD.

DISCUSSION

The activity of transcription factors and transcriptional co-
regulators can be modified at many levels, including posttran-
scriptional regulation, such as phosphorylation and acetylation.
An additional important regulatory mechanism involves pro-
tein targeting to distinct intracellular sites. Regulation of nu-
clear translocation has previously been implicated in the reg-
ulation of transcription factor activity (2). This mechanism is
also, to some extent, used for regulation of GR activity. How-
ever, the specific intranuclear localization of nuclear proteins
may also be of major importance for the functional activity of
those proteins. In this report, we describe a role for the regu-
lation of the intranuclear localization of the corepressor
RIP140 in its repression of GR-regulated genes.

We have observed a redistribution of the intranuclear local-
ization of RIP140 correlating with corepression of GR activity.
In the absence of ligand-activated GR, RIP140 is localized in
specific small foci in the nucleus. However, upon ligand treat-
ment, RIP140 is redistributed to large nuclear domains, where
it is colocalized with GR. We have identified a sequence ele-
ment that is necessary for localization of RIP140 in the specific
small foci in the nucleus. The sequence necessary for targeting
of RIP140 to the foci has been mapped to a 40-aa-long seg-
ment, and the C-terminal third of the segment plays the major
role. In addition to the focus-targeting domain, a region for
nuclear localization is also needed. Subnuclear targeting do-
mains in nuclear proteins, including proteins localized in the
nucleolus and splicing speckles, have been identified previ-
ously. For example, the domain targeting the protein phospha-
tase 1 regulator NIPP1 to nuclear domains called speckles
interacts with a splicing factor that is also localized in the
speckles, suggesting that the subnuclear targeting domain can
act by protein-protein interaction (8). However, although the
focus-targeting domain in RIP140 overlaps a CtBP-binding
site, CtBP binding is not needed for localization in nuclear foci.
It will be interesting to determine the functional mechanism
for the targeting domain and identify the putative proteins or
nuclear structures involved in the localization of RIP140. Lo-
calization in nuclear foci and the targeting domain has been
implicated in the function of some transcription-regulatory
proteins. The coactivator TAZ and the transcription factor
RunX2 both contain domains involved in subnuclear targeting,
and the domains are also needed for transcriptional activationFIG. 7. Corepression correlates with intranuclear redistribution of

GR and RIP140. (A) COS-7 cells were transfected with a plasmid
expressing FLAG-GR. The cells were treated with 100 nM Dex for 3 h
before visualization of the expressed protein with a FLAG-specific
antibody. (B to G) COS-7 cells were transfected with plasmids express-
ing GFP-RIP140 or GFP-RIP140 domains and FLAG-GR, and the
cells were treated with 100 nM Dex for 3 h. Part a shows the localiza-
tion of GFP-RIP140 in green, and part b shows the localization of

FLAG-GR protein in red in the same cell. Part c shows the merged
image, where colocalization of the proteins is in yellow. The images
shown in panels A to G are representative of 100, 70, 60, 70, 60, 100,
and 100%, respectively, of the cells studied.
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(10, 33). The sequence elements needed for localization of
RIP140 in the small foci do not seem to be involved in the
corepressor activity on GR transcription, and the functional
role of the localization of RIP140 in the typical small foci still
has to be determined.

In contrast, the colocalization of ligand-activated GR with
RIP140 in the large nuclear domains correlates with the core-
pressing activity of RIP140. The colocalization with RIP140 in
the nuclear domain is not specific for GR, since we have also
observed the colocalization of RIP140 with ER� (data not
shown); colocalization with the nuclear receptor TR2 and the
aryl hydrocarbon receptor in nuclear structures has previously
been reported (12, 14). However, the functional significance of
the nuclear domains has not previously been addressed. Our
data imply that the localization in the large nuclear domains
could be involved in the RIP140 corepression mechanism. Sev-
eral transcriptional repressors are localized in subnuclear do-
mains, including Sall1, RGS12TS-S, and Hr (4, 11, 17). The
functional significance of this pattern of localization is still
unclear. The intranuclear domains could be sites for assembly
of multiprotein complexes needed for the repression effect.
Alternatively, it may represent a mechanism by which to inac-
tivate transcription factors by transferring them to domains
that are not accessible for active transcription. In analogy,
sequestering of proteins in the nucleolus or PML bodies has
been shown to be a mechanism for protein regulation (2).
Covalent modification of proteins with SUMO and subsequent
localization in PML nuclear bodies have been implicated as
one mechanism for transcriptional repression. For example,
the activity of the transcription factor LEF1 is repressed by
localization in PML bodies (19). RIP140 contains several con-
sensus sumoylation sites, and it remains to be determined
whether it can be modified by sumoylation. However, RIP140
is not localized in typical PML bodies, but rather, the RIP140
foci appear to constitute distinct subnuclear domains. The
mechanism for the redistribution of GR and RIP140 could be
related to a conformational change in both proteins upon re-
ceptor-corepressor interaction, possibly modifying protein-
protein interactions important for the subnuclear localization.
Since the DBD of GR is needed for the redistribution, it is
possible that the complex formed between RIP140 and GR is
modulated by the DBD. Alternatively, the repressing nuclear
domain containing GR/RIP140 could be involved in chromatin
interaction through the DNA-binding activity of the GR DBD.
However, since a nuclear-matrix-targeting signal has been
mapped to the GR DBD (23), it is also possible that GR and
RIP140 are redistributed to the nuclear matrix. The fact that
the GR LBD, which cannot redistribute to the repressing nu-
clear domain because of the lack of a DBD, is colocalized with
RIP140 in RIP140 foci implies that the mechanism of the

FIG. 8. GR DBD is needed for redistribution of RIP140.
(A) COS-7 cells were transfected with plasmids expressing GFP-GR
(part a), GFP-GR DBD-LBD (part b), GFP-GR LBD (part c), and
GFP-GR DBD (part d). The cells were treated with 100 nM Dex for
3 h. (B to E) COS-7 cells were cotransfected with plasmids expressing

HA-RIP140 and GFP-GR or GFP-GR domains, and the cells were
treated with 100 nM Dex for 3 h. HA-RIP140 was visualized with an
HA-specific antibody. Part a shows the localization of HA-RIP140 in
red, and part b shows the localization of the GFP-GR protein in green
in the same cell. Part c shows the merged image, where colocalization
of proteins is in yellow. The images shown in panels A to E are
representative of 100, 70, 70, 100, and 100%, respectively, of the cells
studied.
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repressive effect of RIP140 on GR first involves colocalization
of the two proteins in RIP140 foci, whereupon the proteins
redistribute to the larger repressing domains.

RIP140 corepression of GR-regulated genes involves at least
two repression functions, one in the N-terminal part of RIP140
and the other in the C-terminal part. The two functions are
distinct and mediated by different mechanisms. The N-termi-
nal repression function is correlated with CtBP interaction
since disruption of CtBP binding reduces repression to the
same extent as that obtained with the isolated C-terminal do-
main. CtBP can act as a corepressor for a number of transcrip-
tion factors involved in growth and differentiation, including
E1A, Knirps, and BKLF (reviewed in reference 5). The mech-
anism of the transcriptional repression by CtBP is not clear,
but it may be related to recruitment of HDAC proteins or the
Polycomb (PcG) complex (20, 22). Further deletion of both
CtBP-binding and focus-targeting domains does not further
disrupt repression. The C-terminal repression function is at
least partly dependent on the integrity of the receptor-binding
sequences, the NR boxes. Especially NR box 8 is important for
the repression. This finding supports the idea that RIP140
represses nuclear receptors by competing with coactivators for
binding to the receptor LBD. However, since the repression
activity was not completely abolished by mutating the C-ter-
minal NR boxes, either additional receptor interaction se-
quences or additional repressor functions, such as interaction
with HDAC proteins, are involved (26).

In conclusion, we have mapped the domain targeting
RIP140 to discrete intranuclear foci to a 40-aa segment. Al-
though a CtBP-binding site is present within the N-terminal
part of this sequence, we show that CtBP interaction is not
involved in RIP140 localization, but rather the C-terminal part
of the sequence is important for the focus targeting. Further-
more, we show that RIP140 repression of GR-regulated genes
involves both CtBP binding and C-terminal NR box motifs.
The corepressor function also involves redistribution of
RIP140 and GR.
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