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The corepressors N-CoR (nuclear receptor corepressor) and SMRT (silencing mediator for retinoid and
thyroid hormone receptors) interact with unliganded nuclear hormone receptors, including thyroid hormone
(T3) receptor (TR). Several N-CoR/SMRT complexes containing histone deacetylases have been purified. The
best studied among them are N-CoR/SMRT complexes containing TBL1 (transducin beta-like protein 1) or
TBLR1 (TBL1-related protein). Despite extensive studies of these complexes, there has been no direct in vivo
evidence for the interaction of TBL1 or TBLR1 with TR or the possible involvement of such complexes in gene
repression by any nuclear receptors in any animals. Here, we used the frog oocyte system to demonstrate that
unliganded TR interacts with TBLR1 and recruits TBLR1 to its chromatinized target promoter in vivo,
accompanied by histone deacetylation and gene repression. We further provide evidence to show that the
recruitment of TBLR1 or related proteins is important for repression by unliganded TR. To investigate the
potential role for TBLR1 complexes during vertebrate development, we made use of T3-dependent amphibian
metamorphosis as a model. We found that TBLR1, SMRT, and N-CoR are recruited to T3-inducible promoters
in premetamorphic tadpoles and are released upon T3 treatment, which induces metamorphosis. More im-
portantly, we demonstrate that the dissociation of N-CoR/SMRT–TBLR1 complexes from endogenous TR
target promoters is correlated with the activation of these genes during spontaneous metamorphosis. Taken
together, our studies provide in vivo evidence for targeted recruitment of N-CoR/SMRT–TBLR1 complexes by
unliganded TR in transcriptional repression during vertebrate development.

Thyroid hormone (T3) receptors (TRs) are hormone-depen-
dent transcription factors belonging to the superfamily of nu-
clear hormone receptors (12, 42, 46, 67). TR, which most likely
functions as a heterodimer with 9-cis-retinoic acid receptor
(RXR), also a member of the nuclear receptor superfamily,
binds to T3 response elements (TREs) in genes regulated by T3

and, upon binding by T3, activates the transcription of these
genes. The binding of TREs by TR-RXR heterodimers is,
however, independent of T3 even in chromatin (49, 59, 67, 72),
implying a role for unliganded TR in gene regulation. Indeed,
various in vitro and in vivo studies have revealed that unligan-
ded TRs repress target transcription, whereas in the presence
of T3, they enhance the transcription of these same genes (14,
29, 50, 67, 72, 80).

TRs regulate gene expression by recruiting TR-interacting
cofactors (7, 10, 33, 47, 51, 73, 76, 80). In the absence of T3,
they bind to corepressors, a number of which have been iden-
tified (7, 80). The best studied among them are the highly
related corepressors N-CoR (nuclear receptor corepressor)
and SMRT (silencing mediator for retinoid and thyroid hor-
mone receptors), which were first identified as proteins capa-
ble of binding unliganded TR and retinoic acid receptor
(RAR) and acting as transcription corepressors (9, 27).

Both N-CoR and SMRT exist in multiple histone deacety-
lase (HDAC)-containing complexes (24, 35–37, 44, 68, 69, 77,
79), possibly reflecting the fact that numerous transcription
factors in addition to TRs and RARs may use N-CoR and
SMRT to repress target genes (22). A complex containing
N-CoR, Sin3, and Rpd3 was found to be present in the frog
oocyte (36), in agreement with earlier findings that both N-
CoR and SMRT interact with the corepressor Sin3, which in
turn binds to the HDAC Rpd3 or HDAC1/2 (2, 26, 41, 48).
Another N-CoR or SMRT complex first identified in HeLa
cells was found to contain HDAC3 and TBL1 (transducin
beta-like protein 1) (24, 44). Subsequently, GPS2 (G-protein
pathway suppressor 2) was also shown to be a component of
this TBL1 or TBLR1 (TBL1-related protein) complex (77, 79).
In addition, TBLR1 has also been shown to form a complex
with N-CoR in the frog oocyte (66).

Studies with frog oocytes and tissue culture cells support the
involvement of the TBL1-TBLR1-HDAC3 complex but not
the Sin3-Rpd3 complex in transcriptional repression by unli-
ganded TR (24, 36, 44, 55, 77). On the other hand, there has
been no direct evidence that TR interacts with TBL1-TBLR1
in vivo, although TBL1-TBLR1 can be recruited to TR target
genes (31, 77). In this study, we used two complementary
systems to investigate the role of N-CoR/SMRT–TBLR1 com-
plexes in TR function in the context of chromatin in vivo and
during development. In the first, we made use of the frog
oocyte system (71) to demonstrate in vivo association of
TBLR1 with TR and the recruitment of N-CoR/SMRT–
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TBLR1 complexes to a T3-inducible promoter assembled into
minichromosomes in vivo.

To determine whether such a mechanism functions in vivo
on endogenous T3 target genes during vertebrate develop-
ment, we used Xenopus laevis metamorphosis as a develop-
mental model system. Anuran metamorphosis involves the
transformation of every organ and tissue of the tadpole. Dif-
ferent organs and tissues undergo vastly different changes,
including de novo development of the limbs, complete resorp-
tion of the tail and gills, and drastic remodeling of other or-
gans, and yet all are controlled by T3 (11, 21, 60, 64, 78). This
total dependence on T3 makes anuran metamorphosis a
unique model with which to study T3 function in vertebrate
development. On the basis of various studies in different lab-
oratories, we have previously proposed a dual-function model
for the role of TR in frog development (57). In premetamor-
phic tadpoles, TR-RXR heterodimers function as transcrip-
tional repressors of T3-inducible genes to promote animal
growth and prevent premature metamorphosis. During meta-
morphosis, they act as transcriptional activators of these genes
when T3 becomes available, thus initiating metamorphic
changes in different tissues. We show that TBLR1 is present in
premetamorphic tadpoles when N-CoR/SMRT and TRs are
expressed in the absence of T3. Furthermore, TBLR1 is re-
cruited to T3-inducible genes, just like N-CoR/SMRT, and all
are released upon T3 treatment of the tadpoles, which induces
precocious metamorphosis. More importantly, the N-CoR/
SMRT–TBLR1 complexes at the TR target promoters are also
released during natural metamorphosis when endogenous T3

levels rise to initiate the tadpole-to-frog transformation. These
results thus provide in vivo evidence to support a role for the
N-CoR/SMRT–TBLR1 complex in gene repression by unli-
ganded TR during vertebrate development.

MATERIALS AND METHODS

Plasmids. Plasmids pcDNA4-N-CoR-3"4k, which encodes the C terminus of
the Xenopus N-CoR protein (N-CoR-C; amino acids [aa] 1151 to 2498) (58), and
pCRT7-SMRT-C, which encodes the C terminus of Xenopus SMRT (GenBank
accession no. AY498876; SMRT-C corresponds to human SMRT aa 2120 to
2507 [GenBank accession no. AF125672]), were generated through PCR cloning
and used for in vitro translation (Promega). For expression and detection in frog
oocytes, a Flag tag was added to the N terminus of Xenopus TR#A (75) by PCR
with a primer containing the Flag sequence. The PCR products were cloned into
the T7Ts expression vector (a gift from G. J. C. Veenstra, University of Nijme-
gen, Nijmegen, The Netherlands), which is based on the pGEM-4Z vector
(Promega) and contains the 5" and 3" untranslated regions of the X. laevis
#-globin gene flanking the multiple cloning sites. Plasmid pSP64-RXR, which
encodes Xenopus RXR$, was described before (71). Dominant negative N-CoR
with an N-terminal Flag tag (F-DN-RD1) was made by PCR cloning of the DNA
fragment corresponding to the TBL1-interacting domain (aa 154 to 304) of
Xenopus N-CoR (58). A nuclear localization signal sequence was also added
during the PCR. The PCR primers were as follows: 5"-AGA TCT ACC GGT
GCC ATG GAC TAC AAA GAC GAT GAC GAT AAA (Flag tag underlined)
GGA TCC CCA AAG AAG AAG CGT AAG GTA (nuclear localization signal
underlined) CTC GAG ATG TCT GGC CAA CCT GGA GAT-3" and 5"-GCC
GCC ACT AGT TCA ATC ATA GCG CTG ACA AAT GTT-3". Another
version, DN-RD1, which has a Myc tag instead of a Flag tag, was also made by
PCR. The Myc sequence (5"-ATG GAA CAA AAA CTC ATC TCA GAA GAG
GAT CTG-3") was used instead of the Flag sequence in the PCR primer. The
pGL-TRE luciferase reporter vector (TRE-Luc) contains the T3-dependent pro-
moter of the X. laevis TR#A gene (3).

Antibody preparation and purification. Rabbit anti-Flag polyclonal antibody
was purchased from Affinity BioReagents (Golden, Colo.). Mouse anti-Flag M2
monoclonal antibody was purchased from Stratagene. Rabbit anti-Xenopus N-
CoR serum (58) was affinity purified with the glutathione S-transferase (GST)-

tagged Xenopus N-CoR N-terminal fragment (aa 155 to 264). Rabbit anti-Xeno-
pus TBLR1 (66) was affinity purified with the GST-tagged N terminus of TBLR1
(aa 1 to 211). Rabbit anti-Xenopus SMRT serum was generated against a syn-
thetic peptide (KSKKQEMIKKLSTTNRSEQE) in the C-terminal nuclear re-
ceptor-interacting domain and was affinity purified with the same peptide.
Briefly, N-hydroxysuccinimide-activated Sepharose 4 Fast Flow beads (Pharma-
cia) were conjugated with the synthetic peptide and washed sequentially with 10
mM Tris HCl (pH 7.5), 100 mM glycine (pH 2.3), 10 mM Tris HCl (pH 8.8), 100
mM triethylamine (pH 11.3), and 10 mM Tris HCl (pH 7.5). The antiserum was
then mixed with the conjugated Sepharose beads and incubated for 2 h at 4°C.
The beads were washed with 10 mM Tris HCl (pH 7.5), and the bound antibody
was eluted with 100 mM glycine (pH 2.3).

IP assay. A 100-%l volume of protein A agarose beads was mixed with 25 %l of
each affinity-purified antibody, and the mixture was incubated for 1 h at room
temperature. After washing with 0.2 M triethanolamine (TB) at pH 8.5, 20 mM
dimethyl pimelimidate cross-linker (Pierce) in TB was added to the beads and
the mixture was incubated for 30 min. The beads were then washed sequentially
with TB, TB plus 0.5% NP-40, 100 mM glycine (pH 2.3), Tris-buffered saline, and
phosphate-buffered saline. Ten microliters of the resulting beads was used for
each immunoprecipitation (IP) assay as described below.

Twenty X. laevis stage VI oocytes were lysed by pipetting in 400 %l of IP buffer
(20 mM HEPES [pH 7.5], 5 mM KCl, 1.5 mM MgCl2, 1 mM EGTA, 10 mM
#-glycerophosphate, 150 mM NaCl, 0.1% NP-40, 1 mM dithiothreitol, 0.2 mM
phenylmethylsulfonyl fluoride, protease inhibitor cocktail [Roche]). After cen-
trifugation, the supernatant was subjected to IP. Antibody-cross-linked protein
agarose beads (10 %l) were added to the oocyte lysate. After incubation for 4 h
at 4°C, the beads were washed three times with IP buffer. Immunoprecipitated
protein complexes were eluted with 100 mM glycine at pH 2.3 and subjected to
Western blot analysis.

To express proteins in the oocytes, expression plasmids were used to make the
corresponding mRNAs with T7 or SP6 in vitro transcription kits (mMESSAGE
mMACHINE; Ambion). The mRNA (5.75 ng/oocyte) was microinjected into the
cytoplasm of 20 oocytes. After incubation overnight at 18°C, the oocytes were
lysed by pipetting in IP buffer. After centrifugation, the supernatant was used for
IP with anti-Flag-M2 agarose beads (Sigma). Each lysate was incubated with
appropriate beads for 4 h and washed three times with IP buffer. Immunopre-
cipitates were eluted with 100 mM glycine and immunoblotted with specific
antibodies.

Transcription assay in the Xenopus oocyte system. The cytoplasm of stage VI
oocytes from X. laevis was injected with the indicated mRNAs (1.15 to 5.75
ng/oocyte for TR and RXR, 1.15 to 11.5 ng/oocyte for F-DN-RD1). The lucif-
erase reporter plasmid TRE-Luc (0.33 ng/oocyte) and the control vector
phRG-TK (0.03 ng/oocyte; Promega) were coinjected into the germinal vesicle
(nucleus) after mRNA injection. After overnight incubation at 18°C, oocyte
lysates were assayed with a dual-luciferase assay kit (Promega). Six oocytes were
lysed by pipetting in 90 %l of 1& lysis buffer from the dual-luciferase assay kit
(Promega), and 7 %l of the lysate was used for each luciferase assay. Triplicate
assays were performed at the same time, and the experiments were repeated
three times. The relative expression of firefly luciferase from the reporter plas-
mid to Renilla luciferase from the control plasmid was determined and is re-
ported here.

ChIP assay. The chromatin IP (ChIP) assay on oocyte samples for the recruit-
ment of corepressor complexes and histone acetylation was done essentially as
previously described (43, 66). Six oocytes were used for each assay. For Flag
ChIP, anti-Flag-M2-agarose beads were used. Affinity-purified TBLR1 or N-
CoR polyclonal antibody was used for TBLR1 or N-CoR ChIP. For acetylated
histone H3 (Ac-H3) and Ac-H4, anti-Ac-H3 and anti-Ac-H4 antibodies (Up-
state) were used. Salmon sperm DNA-protein A-agarose (Upstate) was used for
ChIP of TBLR1, N-CoR, Ac-H3, and Ac-H4. After reversal of the DNA-protein
cross-links, purification of the immunoprecipitated DNA was carried out with a
PCR purification kit (QIAGEN). Buffer EB (40 %l) was used for elution, and 4
%l of eluted DNA was used for the PCRs: 95°C for 3 min, followed by 25 cycles
of 95°C for 30 s, 55°C for 30 s, and 72°C for 20 s. Amplified DNA was loaded onto
a 2% agarose gel and visualized by ethidium bromide staining after electrophore-
sis. The PCR primers used for the ChIP assay were as follows: TRE-Luc forward,
5"-TGC CTG TGT CTA TAC TGA TGG GAT-3"; TRE-Luc reverse, 5"-CAT
TTT ACC AAC AGT ACC GGA ATG C-3". These primers amplify regions
containing the TRE to produce fragments of 190 bp.

Extraction of chromatin from tadpole intestines for ChIP was performed as
previously described (59). The nuclei of the intestines were isolated from stage
54 tadpoles, stage 54 tadpoles with T3 (5 nM) treatment for 24 h, and stage 61
tadpoles. The nuclei were cross-linked in buffer B (10 mM Tris-HCl [pH 7.5], 3
mM CaCl2, 0.25 M sucrose, 1 mM dithiothreitol, protease inhibitor cocktail) with
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1% formaldehyde for 20 min. After centrifugation at 6,000 & g for 5 min, the
nuclei were lysed in 200 %l of sodium dodecyl sulfate lysis buffer (Upstate) for 10
min and sonicated to fragment the DNA (five times for 5 s on ice with a Branson
Sonifier 450 [output 2, duty cycle 30]). Two microliters of each sonicated DNA
sample was diluted 50 times in water for measurement of the DNA concentration
by UV absorption. The DNA concentration was adjusted to 100 ng/%l with
sodium dodecyl sulfate lysis buffer. The DNA samples were then further diluted
with ChIP dilution buffer (Upstate) to 10 ng/%l. To preclear the samples, salmon
sperm DNA-protein A-agarose beads (Upstate) were added and the mixture was
incubated for 1 h. Equal amounts of those samples were aliquoted into 0.6-ml
prelubricated polypropylene microcentrifuge tubes (slick tubes; PGC Scientific,
Frederick, Md.) and used for IP with N-CoR antiserum, and affinity-purified
SMRT and TBLR1 antibodies. After overnight incubation of the antibody and
protein A-agarose beads with the precleared DNA supernatant, the mixture was
washed. The bound DNA was eluted and purified as described for the ChIP assay
on oocyte samples (66). The purified DNA was analyzed for the presence of
specific DNA fragments by PCR. Each PCR, with or without [$-32P]dCTP, was
done at 95°C for 3 min, followed by 31 cycles of 95°C for 30 s, 55°C for 30 s, and
72°C for 20 s. For detection of amplified DNA fragments with [$-32P]dCTP, the
DNA was analyzed on 6% Tris-borate-EDTA gels. After the gels were dried,
DNA was detected with a phosphorimager. PCR samples not labeled with 32P
were loaded directly into a DNA bioanalyzer system (Agilent Technologies). The
DNA was electrophoresed, quantified, and visualized as digital gel-like images.

PCR primers for the tadpole ChIP assay were as follows: TR# promoter
forward, 5"-TGT GTC TAT ACT GAT GGG ATG-3"; TR# promoter reverse
5"-GAG GAA CTG AAG TAG CAG CG-3"; TH/bZIP promoter forward,
5"-TCT CCC TGT TGT GTA TAA TGG-3"; TH/bZIP promoter reverse,
5"-CTC CCA ACC CTA CAG AGT TCA-3". These primers amplify the region
containing the TREs to produce fragments of 186 and 284 bp, respectively.

RT-PCR analysis of gene expression in tadpoles. RNA was isolated from the
intestines of tadpoles at stages 54, 58, 62, and 66 with Trizol (Invitrogen). The
primers used for TBLR1 expression were 5"-GAG GTG TTT ATT TGT GCT
TGG and 5"-TGC ACT TAA TAT GAA GTT GCC. The primers used for TR$,
N-CoR, SMRT, and the internal control gene rpl8 were previously published
(58). All primers were designed to include more than one exon to avoid signals
from potential genomic DNA contamination. Reverse transcription (RT)-PCRs
were carried out with SuperScriptII (Invitrogen) for 30 min at 50°C for reverse
transcription, followed by 24 to 28 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C
for 30 s. The primer concentrations were 0.04 %M for rpl8 and 0.2 to 0.4 %M for
the other genes, and 0.5 %g of RNA was added to each reaction mixture. In all
cases, equal rpl8 bands were obtained to confirm equivalent RNA amounts and
uniform reaction conditions. All reactions were repeated at least three times with
similar results.

RESULTS

Unliganded TR associates with TBLR1 in Xenopus oocytes.
We have previously shown that TR-RXR heterodimers ex-
pressed in the frog oocyte through microinjection of their
mRNAs into the oocyte cytoplasm can repress or activate a
T3-inducible promoter in the context of chromatin in the ab-
sence or presence of T3, respectively (71). Our earlier studies
have shown that unliganded TR is capable of recruiting both
N-CoR and SMRT to its target promoter in chromatin in
oocytes (28). To investigate whether they participate in repres-
sion by TR through TBLR1-containing complexes, we first
analyzed the association of endogenous TBLR1 with endoge-
nous SMRT and N-CoR in the oocyte. We carried out IP on
oocyte extract with an antipeptide antibody against the recep-
tor-interacting domain of Xenopus SMRT that specifically rec-
ognizes Xenopus SMRT but not N-CoR (Fig. 1A), anti-Xeno-
pus TBLR1 (66), or anti-Xenopus N-CoR (58). Western blot
analysis of the immunoprecipitates showed that both the anti-
N-CoR (Fig. 1B, lane 2) and anti-SMRT (Fig. 1B, lane 3)
antibodies were able to immunoprecipitate TBLR1 and that
the anti-TBLR1 antibody was able to immunoprecipitate both
N-CoR and SMRT (Fig. 1B, lane 4). These results indicate that

TBLR1 is complexed not only with N-CoR, as we have shown
recently (66), but also with SMRT in the oocyte.

To investigate whether N-CoR/SMRT–TBLR1 complexes
participate in the repression by unliganded TR-RXR, we de-
termined whether unliganded TR interacts with TBLR1 in
vivo. We microinjected in vitro-transcribed mRNAs encoding
Flag-tagged TR# protein (F-TR) and wild-type RXR$ into the
cytoplasm of oocytes to allow the synthesis of these proteins.
After overnight incubation in the presence or absence of 50

FIG. 1. Endogenous TBLR1 forms a complex with N-CoR or
SMRT in the frog oocyte. (A) An anti-Xenopus SMRT antibody spe-
cifically recognizes SMRT but not N-CoR. In vitro-translated 35S-
labeled proteins were subjected to Western blot analysis with the crude
(lanes 1 to 3) or affinity-purified (lanes 4 to 6) anti-Xenopus SMRT
antibody or detection by 35S autoradiography (lanes 7 to 9). Lanes: 1,
4, and 7, no template in the translation reaction mixture; 2, 5 and 8,
template encoding the C terminus of Xenopus SMRT (SMRT-C); 3, 6,
and 9, template encoding the C terminus of Xenopus N-CoR (N-CoR-
C). The values on the left indicate the positions of the molecular
weight markers. (B) TBLR1 interacts with endogenous N-CoR and
SMRT in Xenopus oocytes. Twenty oocytes were lysed for IP with
affinity-purified antibodies against the control (C) HA tag (lane 1),
Xenopus N-CoR (lane 2), Xenopus SMRT (lane 3), and Xenopus
TBLR1 (lane 4) after cross-linking of the antibodies to protein A
beads. The immunoprecipitated proteins were eluted, and 20% of each
eluted sample was subjected to immunoblotting with anti-Xenopus
N-CoR, anti-SMRT, or anti-TBLR1 antibodies, as indicated. Five per-
cent of the oocyte lysate before IP was used in lane 5 as a control.
(C) Unliganded TR interacts with endogenous N-CoR, SMRT, and
TBLR1 in oocytes. In vitro-transcribed mRNAs for F-TR/RXR (5.75
ng/oocyte) were injected into 20 oocytes (lanes 2 and 3), which were
incubated overnight with (lane 3) or without (lanes 1 and 2) 50 mM T3.
After lysis, the whole lysate was subjected to IP with anti-Flag affinity
beads. Eluted proteins (20%) were subjected to immunoblotting with
anti-N-CoR, anti-SMRT, anti-TBLR1, and anti-Flag antibodies.
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nM T3, the oocytes were lysed and subjected to an IP assay
with anti-Flag affinity agarose beads. Western blot analysis
showed that endogenous N-CoR, SMRT, and TBLR1 were all
immunoprecipitated with F-TR in the absence of T3 (Fig. 1C,
lane 2). When T3 was added to the oocyte culture medium,
these corepressors were dissociated from TR (Fig. 1C, lane 3).
These results indicate that F-TR interacts with N-CoR, SMRT,
and TBLR1 in vivo.

Unliganded TR recruits TBLR1 to its target promoter in
chromatin in gene repression. To study the potential role of
the TR-TBLR1 interaction in gene repression in vivo, we mi-
croinjected in vitro-transcribed mRNAs encoding F-TR and
wild-type RXR$ into the cytoplasm of oocytes. Two hours
later, we microinjected into the germinal vesicle (nucleus) two
reporter plasmids, one containing a T3-dependent promoter
driving the expression of firefly luciferase (TRE-Luc) (Fig. 2A)
and the other containing a control promoter driving the ex-
pression of Renilla luciferase (phRG-TK). After overnight in-
cubation in the presence or absence of 50 nM T3, the oocytes
were lysed for the luciferase assay. As shown in Fig. 2B, the
F-TR/RXR heterodimer repressed the T3-dependent pro-
moter in the absence of T3 (lane 2) and activated it when T3

was present (lane 3), in agreement with our earlier study with
untagged TR# and RXR$ (71).

We next determined if N-CoR/SMRT–TBLR1 complexes
are indeed recruited to the promoters by unliganded TR. Oo-
cytes were injected and incubated in the presence or absence of
T3 as described above and subjected to a ChIP assay to deter-
mine the association of specific proteins with the target pro-
moter (Fig. 2C and D). As expected, the ChIP assay with
anti-Flag antibody confirmed that F-TR was bound to the
target promoter constitutively (Fig. 2C and D, lanes 2 and 3).
In the absence of ligand, TR recruited both N-CoR and
TBLR1 to the promoter (Fig. 2C and D, compare lane 2 to
lane 1). SMRT is also recruited to TR target promoters in the
oocyte under these conditions (28). Accompanying this core-
pressor recruitment, the acetylation levels of both histones H3
and H4 were reduced concurrently (Fig. 2C and D). Upon
ligand addition, all corepressors were dissociated from the
promoter and histone acetylation levels were restored (Fig. 2C
and D, lane 3). These data suggest that N-CoR/SMRT–TBLR1
corepressor complexes were recruited by unliganded TR-RXR
to the target promoter, leading to histone deacetylation and
gene repression.

Disruption of N-CoR/SMRT–TBLR1 complexes inhibits
gene repression by unliganded TR. To study the role of N-
CoR/SMRT–TBLR1 interaction in transcription regulation by
unliganded TR, we investigated whether interfering with the
association between N-CoR/SMRT and TBLR1 in vivo would
alter gene regulation by TR. We have previously generated
N-terminally Flag-tagged (F-DN-RD1) dominant negative Xe-
nopus N-CoR (66) that contained the region corresponding to
the TBL1-interacting domain of human N-CoR (24, 79). When
the mRNA encoding F-DN-RD1 was injected into oocytes, the
resulting protein interacted with endogenous TBLR1, as dem-
onstrated by coimmunoprecipitation of TBLR1 with F-DN-
RD1 by the anti-Flag antibody (Fig. 3A) (66).

To determine if dominant negative N-CoR interferes with
the TBLR1-TR interaction, we generated a construct encoding
dominant negative N-CoR with a Myc tag (DN-RD1) instead

of a Flag tag and microinjected the corresponding mRNA
together with the mRNAs for F-TR and wild-type RXR into
oocytes. Following overnight incubation in the absence of T3,
the oocytes were lysed and subjected to IP with anti-Flag an-
tibody to precipitate F-TR and associated proteins. Western
blot analysis of the immunoprecipitates with the anti-Flag an-
tibody confirmed that similar amounts of F-TR were immuno-
precipitated in all of the samples, with different levels of DN-
RD1 expression (Fig. 3B). Likewise, similar levels of
endogenous full-length N-CoR were coimmunoprecipitated by
the anti-Flag antibody, confirming that DN-RD1 did not inter-
fere with the TR–N-CoR interaction. In contrast, with increas-
ing levels of DN-RD1 expression, less endogenous TBLR1 was
coimmunoprecipitated with unliganded TR (Fig. 3B). These
results suggest that DN-RD1 functions as dominant negative
N-CoR by competing for binding to endogenous TBLR1, thus
disrupting the association of TBLR1 with endogenous N-CoR/
SMRT, thereby reducing the association of TBLR1 with unli-
ganded TR. These results further support the view that TBLR1
interacts with unliganded TR through N-CoR/SMRT.

The consequence of the disruption of the TBLR1-TR asso-
ciation on transcriptional repression by unliganded TR was
investigated next. We microinjected increasing amounts of F-
DN-RD1 mRNA together with mRNAs for TR-RXR, fol-
lowed by nuclear injection of reporter DNA. After overnight
incubation, the oocytes were harvested for luciferase assay.
Again, unliganded TR-RXR repressed the target promoter.
Expression of increasing levels of F-DN-RD1 gradually re-
lieved the repression by unliganded TR-RXR (Fig. 3C, col-
umns 1 to 4) but had no effect on the promoter activity in the
absence of TR-RXR (Fig. 3C, columns 5 to 7), suggesting that
TBLR1 or related proteins are critical for repression by unli-
ganded TR-RXR.

TBLR1 is expressed in premetamorphic tadpoles when un-
liganded TR is presumed to repress T3-inducible genes. To
determine whether TBLR1 participates in gene repression by
unliganded TR under physiological conditions, we turned to
the remodeling of the tadpole intestine during frog metamor-
phosis. As mentioned in the introduction, earlier studies have
provided strong evidence that unliganded TR functions as a
transcriptional repressor in premetamorphic tadpoles to en-
sure tadpole growth (57). As a first step to study the function
of TBLR1 during this process, we analyzed the expression
profiles of TBLR1 in the intestines of X. laevis tadpoles during
metamorphosis. The intestine has been studied extensively at
the morphological, biochemical, and, more importantly, mo-
lecular levels. In particular, we have shown that N-CoR and
SMRT are expressed and recruited to T3-inducible promoters
in the premetamorphic tadpole intestine when the hormone is
absent (6, 58), making the intestine an ideal model for the
study of the in vivo involvement of TBLR1 in TR function
during development. Thus, we isolated total RNA from the
intestines of premetamorphic (stage 54), metamorphic (stages
58 to 62), and postmetamorphic (stage 66) animals. RT-PCR
analysis showed that TBLR1 was expressed throughout meta-
morphosis, with slightly lower levels at the climax of metamor-
phosis (stage 62) (Fig. 4). In comparison, SMRT and N-CoR
were also expressed throughout metamorphosis, with the
SMRT expression levels upregulated during metamorphosis
(climax or stage 62), in agreement with earlier reports (58).
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These results and the constitutive expression of TR$ (Fig. 4)
(40, 62, 71, 74) suggest that N-CoR/SMRT–TBLR1 complexes
may participate in gene repression by unliganded TR in
premetamorphic tadpoles.

TBLR1 is recruited to endogenous T3-inducible genes in
premetamorphic tadpoles. To directly investigate the involve-
ment of TBLR1 in the regulation of T3-inducible genes during
development, we studied the binding of TBLR1 to the TRE
regions of known T3-inducible genes in developing tadpoles by
using a ChIP assay. For this purpose, we chose to analyze the
genes for TR#A and TH/bZip, two of the three X. laevis
T3-inducible genes whose TREs have been located (19, 45, 53)
(Fig. 5A). As expected, the ChIP assay with anti-TR antibodies
showed that TR was bound to the TRE regions of both genes
in the intestine (Fig. 5B). T3 treatment of the tadpoles did not
change the binding of TR. Similarly, N-CoR and SMRT were
also bound to both promoters in tadpoles. T3 treatment of the
tadpoles, however, led to the release of N-CoR (Fig. 5B), in
agreement with earlier findings (6, 58). More importantly, we
found that TBLR1 was recruited to both promoters in the
tadpole intestine and released upon T3 treatment of the tad-
poles (Fig. 5B). Thus, TBLR1 and N-CoR/SMRT were bound
to the promoters in the tadpole intestine in the absence, but
not in the presence, of T3.

To investigate whether the dissociation of corepressors plays
a role during natural development, we carried out a ChIP assay
on nuclei isolated from the intestines of premetamorphic tad-
poles at stage 54 and tadpoles at the climax of metamorphosis
(stage 61). Again, TR, TBLR1, N-CoR, and SMRT were
present at the TR target promoters in the intestines of
premetamorphic tadpoles (stage 54, Fig. 6). During metamor-
phosis (stage 61), when these target genes were induced (32,
61, 74), the corepressors N-CoR, SMRT, and TBLR1 were all
dissociated from the promoters (Fig. 6, stage 61). These data
thus support the idea that unliganded TR recruits N-CoR/
SMRT–TBRL1 complexes to the promoters to repress their
expression in premetamorphic tadpoles and the dissociation of
the corepressors from the promoters by the rising concentra-
tions of endogenous T3 contributes to the activation of these
target genes during metamorphosis.

DISCUSSION

Nuclear hormone receptors are ligand-dependent transcrip-
tion factors. Some of them, including TR, have dual functions,
repressing target genes in the absence of ligand and activating
them when ligand is present. The unliganded receptors bind
corepressors, such as SMRT and N-CoR, which form multi-
meric complexes containing HDACs, whereas in the presence
of ligand, they interact with coactivator complexes, such as
SRC-1, CBP-p300, or DRIP-TRAP complexes, many, but not
all, of which have histone acetyltransferase activity (7, 8, 10, 24,
26, 30, 33, 34, 36, 44, 47, 48, 51, 52, 56, 73, 76, 80). While much

FIG. 2. Transcriptional repression by unliganded TR in the frog
oocyte is associated with the recruitment of TBLR1. (A) Schematic
representation of a luciferase (Luc) reporter vector (TRE-Luc) that
contains the T3-dependent Xenopus TR# promoter driving the expres-
sion of the luciferase gene. The arrows at the bottom indicate the
locations of the primers used for the ChIP assay. pGL2, pGL2-basic
vector (Promega). (B) TR regulates transcription in a ligand-depen-
dent manner in the oocyte. The mRNA for F-TR (1.15 ng/oocyte) was
injected into the cytoplasm of 20 oocytes together with RXR mRNA
(1.15 ng/oocyte), as indicated. Subsequently, the TRE-Luc reporter
vector and phRG-TK luciferase control vector were coinjected into the
germinal vesicles (nuclei) of the oocytes (lanes 1 to 3). The oocytes
were incubated overnight with (lane 3) or without (lanes 1 and 2) 50
nM T3. The oocytes were lysed and subjected to dual-luciferase assays.
The relative activity of the reporter versus that of the control was
plotted with the basal activity set to 1 (lane 1). (C) Unliganded TR
recruits N-CoR and TBLR1 to the target promoter and induces his-
tone deacetylation in vivo. Oocytes were injected and incubated as
described for panel B. They were then processed for a ChIP assay with
antibodies against Flag, N-CoR, TBLR1, Ac-H3, and Ac-H4. The
presence of the TRE region of the promoter in the immunoprecipi-
tated DNA was determined by PCR with primer pairs flanking the
TRE (Fig. 2A). The PCR products were analyzed on a 2% agarose gel
containing ethidium bromide. The DNA prior to IP was amplified as
the “Input” control to show equal amounts of DNA in all samples.

(D) Quantification of the ChIP data in panel C. The intensities of the
bands as shown in panel C from two independent experiments were
analyzed with BioMax 1D software (Kodak) (normalized against the
input control). The resulting data are presented as the relative inten-
sity against lane 1 for each antibody.
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has been learned about the biochemical composition and mo-
lecular properties of these complexes, few studies have ad-
dressed their relevance in vivo, especially during vertebrate
development. In this study, by using two complementary in vivo

FIG. 3. A dominant negative form of Xenopus N-CoR inhibits
TBLR1-dependent repression by unliganded TR in vivo. (A) F-DN-
RD1 interacts with endogenous TBLR1 in oocytes. The mRNA for
F-DN-RD1 (5.75 ng/oocyte) was injected into the cytoplasm of oocytes
(lanes 2 and 4). After overnight incubation, the oocytes were lysed and
subjected to IP with anti-Flag antibody. Pre-IP lysate (lanes 1 and 2)
and IP samples (lanes 3 and 4) were subjected to immunoblotting.
Detection was performed with anti-N-CoR, which recognizes F-DN-
RD1, and anti-TBLR1 antibodies. (B) DN-RD1 disrupts the associa-
tion of unliganded TR with endogenous TBLR1. The mRNAs for
F-TR/RXR (5.75 ng/oocyte) and the dominant negative form of N-
CoR with the Myc tag (DN-RD1) (2.3, 5.75, and 11.5 ng/oocyte in
lanes 3 to 5, respectively) were injected into the cytoplasm of oocytes
as indicated. After overnight incubation, the oocytes were lysed and
used for anti-Flag IP. Pre-IP and IP samples were subjected to immu-
noblotting with anti-N-CoR, anti-TBLR1, and anti-Flag antibodies.
Again, DN-RD1 was detected by the anti-N-CoR antibody. (C) Dom-
inant negative N-CoR reverses the transcription repression by unligan-
ded TR. A transcription assay with frog oocytes was performed

FIG. 4. Both TR and corepressors are expressed throughout meta-
morphosis in the intestine. (A) RT-PCR was carried out with primers
specific to the indicated genes on total RNA isolated from the intes-
tines of tadpoles at stages 54, 58, 62, and 66, encompassing the meta-
morphic period. The rpl8 gene was used as the internal control (63).
The data from three independent experiments were quantified by
using BioMax 1D software (Kodak), and the relative band intensity is
presented in panel B after normalization against the rpl8 signal and
setting of the signal at stage 54 to 1.

as shown in Fig. 2B. The TRE-Luc reporter vector and the phRLG-TK
control vector were injected into germinal vesicles (lanes 1 to 7). The
mRNAs for F-TR/RXR (1.15 ng/oocyte) (lanes 2 to 4) and increasing
amounts of F-DN-RD1 (1.15/oocyte in lanes 3 and 6 and 5.75 ng/
oocyte in lanes 4 and 7) were injected into the cytoplasm. After over-
night incubation, the oocytes were lysed and assayed for luciferase
activity.
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systems, we demonstrated that (i) unliganded TR interacts
with TBLR1 in vivo, likely through N-CoR/SMRT; (ii) N-CoR/
SMRT and TBLR1 are recruited to TREs assembled in chro-
matin in vivo and to TREs located in the endogenous T3-
inducible genes during vertebrate development when T3 is
absent, leading to histone deacetylation; and (iii) N-CoR/
SMRT–TBLR1 interaction is likely required for transcrip-
tional repression in vivo. Our data thus support a role for
N-CoR/SMRT–TBLR1–HDAC or related complexes in medi-

ating transcriptional repression by unliganded TR during ver-
tebrate development.

N-CoR/SMRT–TBLR1 complexes are directly recruited by
unliganded TR to repress transcription in vivo. A number of
earlier studies suggested that the highly related large corepres-
sors N-CoR and SMRT mediate gene repression by unligan-
ded TR and RAR through their interactions with the corepres-
sor Sin3, which in turn binds to HDAC Rpd3 (HDAC1/2) (2,
26, 41, 48). In addition, biochemical studies and purification
have suggested the existence of multiple N-CoR/SMRT–
HDAC complexes, including an N-CoR–HDAC complex con-
taining Sin3 and Rpd3 (24, 35–37, 44, 68, 69, 77, 79). Despite
these implications, no evidence has been reported for in vivo
association of unliganded nuclear receptors with an N-CoR/
SMRT–Sin3–Rpd3 complex. Thus, the significance of Sin3-
Rpd3-containing complexes in gene repression by unliganded
TR in vivo remains questionable.

The best-characterized N-CoR/SMRT–HDAC complexes
are those containing TBL1 or TBLR1 and HDAC3 first iso-
lated from HeLa cells (24, 31, 44, 77, 79). In our previous
studies of transcriptional repression by unliganded RAR$ and
its oncogenic fusion proteins PML-RAR$ and PLZF-RAR$
(66), we showed that endogenous N-CoR and TBLR1 also
form a complex with each other in the Xenopus oocyte and that

FIG. 5. N-CoR/SMRT–TBLR1 corepressor complexes associate
with T3-dependent promoters in the intestines of premetamorphic
tadpoles. (A) Schematic representation of Xenopus TR# and TH/bZip
promoters, which are regulated by TR directly (19, 45, 53). Each
promoter has one or two TRE sites, as indicated. The relative locations
of the PCR primers used for the ChIP assay are shown as thin arrows.
Transcription start sites are indicated as !1. (B) T3 treatment of
premetamorphic tadpoles induces dissociation of the corepressors
from TR target promoters. A ChIP assay was carried out on intestines
isolated from premetamorphic stage 54 tadpoles left untreated or
treated with 5 nM T3 for 24 h. Anti-TR, anti-N-CoR, anti-SMRT, and
anti-TBLR1 antibodies were used for IP. The precipitated DNA was
amplified by PCR in the presence of [32P]dCTP with primers specific
for the TR# or TH/bZip promoter, as indicated, and the 32P-labeled
products were analyzed on a 6% polyacrylamide gel. After the gel was
dried, the signals were detected with a phosphorimager. “Input” indi-
cates equal amounts of sample DNA from tadpoles left untreated or
treated with T3. The experiments were done three times with similar
results.

FIG. 6. Dissociation of N-CoR/SMRT–TBLR1 corepressor com-
plexes from TR target promoters is correlated with T3-dependent
metamorphosis during natural development. Intestines from tadpoles
at premetamorphic stage 54 and tadpoles at the climax of metamor-
phosis (stage 61) were isolated for ChIP assay. Anti-TR, anti-N-CoR,
anti-SMRT, and anti-TBLR1 antibodies were used for IP. The precip-
itated DNA was amplified by PCR with primers specific for the TR# or
TH/bZip promoter, as indicated. The PCR products were analyzed
with the DNA bioanalyzer system (Agilent Technologies). The digi-
tized signals in each lane were converted into digital gel-like image as
shown here. “Input” indicates equal amounts of sample DNA from
tadpoles at different stages. The experiments were done three times
with similar results.
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both interact with exogenously introduced unliganded RAR
and the RAR fusion proteins. Furthermore, we showed that
RAR$ and its fusion proteins recruit N-CoR and TBLR1 to
target promoters and reduce histone acetylation, supporting a
role for the N-CoR–TBLR1 complex in gene repression by
unliganded RAR proteins.

Here we have extended our oocyte studies to show that
endogenous TBLR1 interacts not only with N-CoR but also
with SMRT. In addition, we provide direct in vivo evidence
that unliganded TR, like unliganded RAR and its fusion pro-
teins (66), interacts with TBLR1 in the oocyte. Furthermore,
this TR-TBLR1 association is likely through N-CoR or SMRT
because dominant negative N-CoR, which consists of the
TBLR1-interacting domain of N-CoR, is able to inhibit the
TR-TBLR1 association in vivo. Finally, our ChIP assay dem-
onstrates that TBLR1 is recruited to TRE assembled into
chromatin in vivo by unliganded but not T3-bound TR. Con-
current with this recruitment, acetylation levels at the pro-
moter are reduced, in agreement with the presence of HDAC
activity in N-CoR/SMRT–TBLR1 complexes (24, 31, 44, 77,
79). Thus, our studies, together with earlier published work by
us and others (24, 31, 44, 66, 77, 79), support the model in
which unliganded nuclear receptors, at least the subfamily con-
taining TR and RAR, recruit N-CoR/SMRT–TBLR1 com-
plexes to deacetylate chromatin at promoters to mediate gene
repression.

Role of N-CoR/SMRT–TBLR1 complexes in normal and
pathological function of TR in vertebrate development. Tran-
scriptional repression by unliganded TR has received a lot of
attention in recent years because of increasing evidence impli-
cating unliganded TR in developmental and pathological pro-
cesses. In particular, mice lacking TRs have milder develop-
mental defects than do hypothyroid mice (13, 17, 18, 20, 23,
70), suggesting that unliganded TRs affect mammalian devel-
opment. In addition, a major cause of resistance to thyroid
hormone syndrome in humans is mutation of the gene for
TR#, leading to the formation of dominant negative TR#s
(dnTR#s) that behave like constitutively unliganded TRs (1, 5,
54, 76). Mice with dnTR# mutations, which mimic humans
with resistance to thyroid hormone syndrome, and dnTR$
mutations have been analyzed (25, 38, 39, 65, 81). These ani-
mals show various degree of resistance to T3, likely owing to
constitutive gene repression by the dnTRs. On the other hand,
in most of these studies with mammals, very little information
is available on the expression of genes known to be regulated
by T3. In mice with a mutation introduced into either the TR$
or the TR# locus, resulting in the expression of dnTR$ or
dnTR#, a number of known T3 response genes in different
tissues were found to have different expression levels com-
pared to wild-type mice, but the results obtained with dnTR$
and dnTR# mice were quite different and the underlying
mechanism remains to be determined (38, 39). Furthermore, it
has yet to be shown whether these genes are directly or indi-
rectly affected by the transgene, as no direct evidence is avail-
able to show if TR binds to these genes and/or recruits cofac-
tors to their promoters in the animals.

In the model system that we are studying, the metamorpho-
sis of the frog X. laevis, unliganded TR has also been suggested
to repress target gene expression in premetamorphic tadpoles
to allow animal growth and prevent premature metamorphosis

(57). Furthermore, TR binds target genes in tadpoles even
when T3 is not present (59). We have previously shown that TR
can recruit N-CoR and SMRT to endogenous promoters in
premetamorphic tadpoles (6, 58). Our results here suggest that
N-CoR/SMRT functions through N-CoR/SMRT–TBLR1
complexes in mediating transcriptional repression by unligan-
ded TR. First, N-CoR, SMRT, and TBLR1 are all expressed in
premetamorphic tadpoles when unliganded TR is presumed to
repress gene expression. Second, by using a ChIP assay, we
demonstrated directly that, in addition to N-CoR and SMRT,
TBLR1 is also recruited to T3-inducible promoters in premeta-
morphic tadpoles and that upon T3 treatment, TBLR1 is re-
leased from the promoters.

More importantly, by analyzing the association of N-CoR,
SMRT, and TBLR1 with endogenous TR target promoters
during development, we provide the first example in which
corepressor dissociation from target genes is correlated with
hormone-dependent developmental activation of these endog-
enous target genes. Thus, our studies with different in vivo
models, namely, the reconstituted frog oocyte system and the
T3-dependent metamorphosis model for vertebrate postem-
bryonic development, provide two independent lines of in vivo
evidence that strongly support the participation of N-CoR/
SMRT–TBLR1 or related complexes in the repression of T3-
inducible gene transcription by unliganded TR in premetamor-
phic tadpoles. Such a role for TBLR1 in vertebrate
development is also consistent with the finding that mutations
in both TR and TBL1 are associated with deafness in mammals
(4, 15, 16). Further molecular support for such involvement of
N-CoR/SMRT–TBLR1 or –TBL1 or related complexes in the
developmental function of nuclear receptors can be obtained
in the future through analysis of the abundance of such com-
plexes in different tissues and organs during development and
their recruitment to various nuclear hormone receptor target
genes in vivo.
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