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The roles of thyroid hormones (3,5,39

triiodo-L-thyronine; T3 and thyroxine; T4)
in development, homeostasis, cellular
proliferation and differentiation have
been widely documented. The biological
functions of T3 are mediated largely
through thyroid hormone receptors
(TRs). TRs, along with the receptors for
steroid hormones, retinoids and vitamin
D, belong to the nuclear receptor (NR)
superfamily1. Two distinct genes, THRA
and THRB (encoding TRa and TRb, re-
spectively), produce various forms of TR
proteins including the functional recep-
tors TRa1, TRb1 and TRb2. Effects of TRs
on gene regulation are initially achieved
through binding to specific DNA se-

quences, known as thyroid hormone-
response elements (TREs), in the regu-
latory regions of target genes. TRs bind
to TREs even in the absence of T3. TREs
are usually composed of two or more
receptor-binding ‘half sites’ arranged as
direct repeats, inverted repeats or everted
repeats. Although TRs are capable of
binding to TREs as monomers or homo-
dimers, TRs preferentially bind to many
TREs as heterodimers with the retinoid
X receptor (RXR), another member of
the NR superfamily. TRs can enhance
or inhibit gene expression depending on
the nature of the TREs, the hormonal
status and the cellular environment.
Most of the characterized natural TREs
are ‘positive’ TREs, in which gene tran-
scription is repressed by unliganded TRs
and activated by T3-occupied TRs. Less
well characterized are ‘negative’ TREs,
from which transcription is stimulated
by unliganded TRs and repressed by 
T3-occupied TRs.

Structural and functional analyses
have demonstrated that TRs and other

NRs exhibit a modular structure with
distinct functional domains. These in-
clude an N-terminal A/B domain that
often harbors a constitutive activation
domain (AF-1), a centrally located DNA-
binding domain (DBD) containing two
zinc fingers, and a C-terminal ligand-
binding domain (LBD) containing a 
ligand-dependent activation domain
(AF-2). In general, TRs share a high
degree of similarity in their DBDs and
in their LBDs. However, the N-terminal
domains of these proteins are unrelated
(Fig. 1). Although TRa1, TRb1 and TRb2
are structurally and functionally related,
experimental evidence suggests that they
have distinct functional roles. For ex-
ample, the syndrome of resistance to
thyroid hormone (RTH) is caused by
mutations within the LBD of the TRbs
(Ref. 2). No patients have been reported
with mutations in TRa. In addition, mice
with a homozygous null mutation of TRb

show an entirely different phenotype
from TRa1-knockout mice. For example,
mice with a homozygous null mutation
of TRb show thyroid hormone resist-
ance [raised serum T4, non-suppressed
thyroid-stimulating hormone (TSH)]3,4,
whereas TRa1-knockout mice tend to
have low circulating T4 and TSH levels5.

TR modulation of gene expression
involves the coordination of an array of
coregulatory proteins, including coacti-
vators and corepressors. In general, the
binding of unliganded TRs to positive
TREs results in repression of transcrip-
tion, and this is mediated by interaction
of the TR with a corepressor complex.
The binding of ligand induces confor-
mational changes in the TR that result
in release of the corepressor complex
and recruitment of coactivators, thereby
leading to gene activation.

• Functional Roles of the Ligand-
binding Domain in TR Action

The LBD is functionally complex, per-
forming various activities, including
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ligand binding, receptor dimerization
and hormone-inducible transcriptional
activation or repression. A conserved
region known as the ninth heptad near
the C-terminus (Fig. 1) appears to be
important for mediating the formation
of RXR–TR heterodimers or TR homo-
dimers. The crucial role of the AF-2
domain in mediating ligand-dependent
transcriptional activation was initially
suggested by mutational analysis and
subsequently confirmed by X-ray crys-
tallography6,7. Crystal structures of sev-
eral NR LBDs, including that of TRa1,
revealed that the LBDs exhibit a com-
mon structure containing 12 a-helices
and several b turns folded into three
layers to create a central hydrophobic
binding pocket for the ligand7,8. The
binding of ligand triggers significant
conformational changes, including the
repositioning of the amphipathic helix
12 containing the core of AF-2, which
generates a coactivator-binding surface.
The ligand- and AF-2-dependent recruit-
ment of coactivators by NRs is important
for transcriptional activation.

• Gene Activation by T3
Roles of Coactivators
To date, the identified coactivators for TR
action include at least: (1) three mem-

bers of the structurally and functionally
related p160 family: steroid receptor
coactivator 1 (SRC-1)/NCoA-1 (Ref. 9),
transcriptional intermediary factor 2
(TIF2)/GRIP-1/NCoA-2 (Ref. 10) and
p/CIP/ACTR/AIB1/RAC3/TRAM-1 (Ref.
11); (2) p300/CBP [cAMP-response el-
ement-binding protein (CREB)-binding
protein]12 and p300/CBP-associated
factor (p/CAF)13; (3) TRAPs (TR-associ-
ated proteins)14; and (4) miscellaneous
coactivators.

Mutational analyses have defined the
helical LXXLL motif (where L is leucine
and X is any amino acid) present in p160
family members and other coactivators
as a crucial element in interacting with
the AF-2 domain of ligand-bound NRs,
including TRs (Ref. 15). p160 proteins
contain three copies of the LXXLL motif
in their central receptor interaction do-
mains (NR boxes). Domain analysis has
provided evidence that NRs can differ-
entially interact with different combi-
nations of these LXXLL motifs to form
distinct coactivator complexes. For ex-
ample, NCoA-1/SRC-1 employs the sec-
ond LXXLL motif to mediate interaction
with estrogen receptors (ERs)16, and it
appears that each ER homodimer binds
two molecules of SRC-1. By contrast, a
single SRC-1 molecule uses two of its
three LXXLL motifs to interact sim-
ultaneously with both receptors in
RXR–RAR (retinoic acid receptor) het-
erodimers or peroxisome proliferator-
activator receptor g (PPARg) homo-
dimers17,18. Mutational analysis has
revealed that the sequences adjacent to
the coactivator LXXLL motifs determine
the preference of receptor binding16.

The existence of the multiple p160
proteins could reflect redundancy or
could suggest that each protein sub-
serves distinct functions. SRC-1-knock-
out mice exhibit partial steroid19 and T3
(Ref. 20) resistance. However, there is a
compensatory increase in TIF2, sug-
gesting partial redundancy among p160
proteins.

In addition to binding to nuclear re-
ceptors, p160 family proteins interact
with CBP/p300. CBP and p300 are struc-
turally conserved proteins that function
as coactivators for a variety of tran-
scription factors, including CREB, signal
transducer and activator of transcription

(STAT) proteins, nuclear factor kappa B
(NF-kB), AP-1 and NRs. CBP enhances
activation by TRs and other NRs in a
ligand- and AF-2-dependent manner.
P/CAF binds to CBP/p300 and to p160,
and also plays a role in NR action13.

Numerous coactivators (including
CBP/p300, p/CAF and p160 proteins)
possess HAT (histone acetyltransferase)
activity21,22. Histone hyperacetylation
correlates with gene activation, presum-
ably by facilitating access of key tran-
scription factors to the promoter. Thus,
it appears that TRs activate target gene
expression in response to ligand at least
in part by directing the assembly of a
HAT-containing coactivator complex
around promoters. However, studies
using a Xenopus oocyte nuclei system
have demonstrated that chromatin dis-
ruption by T3 is necessary but not suf-
ficient for transcription23. Furthermore,
in this same system, p300 has no obvious
affect on chromatin disruption, but can
stimulate transcription from previously
disrupted chromatin templates, and this
requires HAT activity24. Notably, HATs
are capable of acetylating non-histone
substrates as well, including transcrip-
tion factors such as p53 (Ref. 25) and
basal transcription factors such as TFIIE
and TFIIF. In addition, liganded TRs
enhance the recruitment of basal tran-
scription factors to the promoter26.
Taken together, these data indicate that
although histone acetylation is likely to
be crucial for gene activation by TRs,
TRs might be involved in additional
functional steps such as acetylation of
non-histone proteins or formation of the
preinitiation complex (PIC).

Rubinstein–Taybi syndrome (RTS) is
a disease characterized by abnormal
thumbs and facial features, short stature,
mental retardation and other abnormal-
ities. RTS is caused by mutations in 
one allele of the gene encoding CBP
(CREBBP). Because CBP is important
for TR action, one might expect RTS to
be associated with thyroid hormone
resistance. Surprisingly, patients with
RTS have normal serum levels of thyro-
tropin and thyroid hormone27, suggest-
ing that one normal CREBBP allele
might be sufficient for T3 signaling, or
that CBP homologs, such as p300, can
replace CBP for this function.
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Figure 1. Schematic representations of func-
tional TRs b1 and a1. For simplicity, other splice
variants are not shown. The N-terminal A/B do-
main is unrelated among various forms of TR
proteins. TRb1 and TRa1 are highly conserved
in their DBDs and LBDs. The TR DBDs are
approximately 100 amino acids in length and
contain two zinc fingers. The LBD is approxi-
mately 250 amino acids in length and is pri-
marily made up of 12 a-helices. A small hinge
region separates the DBD from the LBD. The
ninth heptad (shaded region) is part of the LBD
helix 11, and is important for receptor dimeriz-
ation. The core of the AF-2 domain is located in
helix 12 near the C-termini of TRb1 and TRa1;
it is involved in interactions with coactivators.
Abbreviations: AF-2, activation domain 2;
DBD, DNA-binding domain; LBD, ligand-bind-
ing domain; TR, thyroid hormone receptor.
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Biochemical purification schemes led
to the identification of TRAP, a large
multiprotein complex that associates
with T3-bound TRs (Ref. 14). The TRAP
complex is composed of at least nine
proteins and is very similar to or identi-
cal with DRIP (Ref. 28) and ARC (Ref.
29), which are multiprotein complexes
identified by their interactions with 
ligand-bound vitamin D receptors and
transcription factors Sp1 and NF-kB,
respectively. Thus, the TRAP/DRIP/ARC
complex appears to play a broad role in
gene activation. TRAP is targeted to the
LBD of liganded TR through a single pro-
tein, TRAP220, of the complex, and this
interaction is mediated by a TRAP220
LXXLL motif in an AF-2-dependent
manner30. However, TRAP does not con-
tain p160–CBP–p/CAF proteins and lacks
HAT activity. In vitro, TRAP and p160
compete for binding to the TR AF-2 do-
main31. Two components of TRAP are
closely related to the yeast Mediator
complex proteins, Med 6 and Med 7,
which are known to associate with RNA
polymerase II. In addition, TRAP220
can interact directly with the basal
transcription factor TATA box-binding
protein (TBP), and can enhance gene
activation in an in vitro transcription
assay using naked DNA templates30,31.
All these data indicate that, in contrast
to the p160–CBP–p/CAF complex, TRAP
probably does not function in chromatin
remodeling. Instead, the TRAP complex
might help form the PIC or convert the
PIC from a repressive state to an active
state. Perhaps the ligand-occupied NR
first recruits a p160–CBP–p/CAF com-
plex, which remodels chromatin. This
coactivator complex might then be dis-
placed by TRAP, which would interact
with basal transcription factors to en-
hance gene expression (Fig. 2). However,
this model is very speculative, and the
details of how the TRAP complex en-
hances TR action must await further
experimentation.

By contrast to the above coactivators,
which are relatively nonspecific, a novel
protein designated NRIF3 (nuclear
receptor-interacting factor 3) was found
to be a specific coactivator for TR and
RXR, but not for other NRs (Ref. 32).
NRIF3 has no homology with other 
identified coactivators. Other potential

coactivators such as p120 have been 
described33, but the in vivo roles of 
each of these proteins remains poorly
understood.

Role of Corepressors
On ‘positive’ TREs, unliganded TRs 
associate with corepressors to repress

transcription. Binding of ligand to TRs
promotes dissociation of the corepressor
complex and recruitment of the coacti-
vator complex, which leads to transcrip-
tion. NCoR (nuclear corepressor)34 and
SMRT (silencing mediator for RXR and
TR)35 are two functionally and struc-
turally related corepressors. NCoR and
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Figure 2. Model of gene repression by unliganded TR and activation by liganded TR. (a) In the
absence of ligand, the DNA-bound RXR–TR heterodimer interacts with a corepressor complex
composed of NCoR/SMRT, Sin3 and HDAC, and actively represses gene transcription. (b) In the
presence of ligand, the TR undergoes a conformational change, which results in the replacement
of the corepressor complex by a coactivator complex composed of p160 proteins, p300/CBP,
p/CAF and perhaps other proteins. The histone acetyltransferase activity derived from coactivators
results in an ‘open’ transcriptionally active chromatin configuration. (c) Ligand-occupied TR then
associates with the multiprotein TRAP complex, which activates transcription, perhaps by interaction
with general transcription factors. This model, including the displacement of the coactivator com-
plex by TRAP, is speculative. Abbreviations: CBP, cAMP-response element-binding protein
(CREB)-binding protein; DBD, DNA-binding domain; HDAC, histone deacetylase; LBD, ligand-
binding domain; NCoR, nuclear corepressor; pCAF, p300/CBP-associated factor; RXR, retinoid X
receptor; SMRT, silencing mediator for RXR and TR; TRAP, thyroid hormone-associated protein;
T3, thyroid hormone; TR, thyroid hormone receptor; TRE, thyroid hormone-response element.



SMRT interact with the protein Sin3,
which itself associates with histone de-
acetylases (HDACs) to form a corepressor
complex36. Antibody blocking of each
component of the NCoR–Sin3–HDAC
complex causes relief of repression by
TR and RAR, suggesting that each com-
ponent of the complex is important for
repression. In addition to the repressive
role of NCoR–SMRT–Sin3–HDAC com-
plexes in NR action, HDAC complexes
have been linked to repression by various
other transcription factors, including
Mad-Max (Ref. 37) and antagonist-
occupied steroid receptors38. Sin3A–
HDAC also associates with methyl-
CpG-binding proteins to mediate DNA
methylation-dependent transcriptional
repression39.

The finding of HDACs in the
NCoR–SMRT–Sin3 repressor complex
suggests that gene silencing is mediated
by histone deacetylation, presumably
by restricting the accessibility of key
transcriptional factors to targeted pro-
moters. However, it is possible that other
mechanisms might also contribute to
repression. For example, unliganded
TR can directly interact with general
transcription factors such as TFIIB and
TFIID, which might interfere with the
formation of a functional PIC on TREs
(Ref. 40). Interactions between NCoR,
SMRT and Sin3 and general transcrip-
tion factors including TAFII32, TAFII70
and TFIIB have also been observed41.

Sequence alignments and mutational
analyses identified a signature motif
containing the sequence L/I-X-X-I/V-I
(called CoRNR) within two NR interac-
tion domains of NCoR or SMRT (Ref.
42). Structural predictions suggest that
this motif forms an amphipathic a-helix.
Functional studies show that a short
interaction domain containing this L/I-
X-X-I/V-I motif is both necessary and
sufficient for NR binding, a finding
reminiscent of the LXXLL motifs within
coactivators. Notably, replacement of
the p160 (GRIP1) LXXLL motifs with
CoRNRs converts GRIP1 from a ligand-
dependent coactivator to a ligand-inde-
pendent coactivator, demonstrating
parallel mechanisms for the interaction
of coactivators and corepressors with
TRs. In addition, these data suggest that
the CoRNRs are important for NR 

recognition but have no effects on other
separable functional domains. Thus,
these findings provide a mechanistic link
between repression and activation of
gene expression by NRs.

• Gene Repression by T3
T3-dependent repression of negatively
regulated genes is a very important prop-
erty of TRs. For example, several nega-
tively regulated genes such as those
encoding the thyrotropin (TSH) a- and
b-subunits (TSHA and TSHB, respec-
tively) and thyrotropin-releasing hor-
mone (TRH) are crucial targets for
physiological feedback by T3, through
which plasma thyroid hormone levels are
tightly controlled. In contrast to positive
TREs, a consensus sequence for negative
response elements (nTREs) has yet to
be established. Several lines of evidence
suggest that specific target genes might
adopt distinct mechanisms for repres-
sion, and that, in fact, TR–DNA binding
might not always be required for gene
repression by T3.

In general, it appears that genes that
are downregulated by T3 are upregulated
by unliganded TRs. Surprisingly, co-
repressors might be involved in the in-
duction of the TSHA, TSHB and TRH
genes by unliganded TRs (Ref. 43). For
example, the ability of unliganded TRs
to enhance transcription of the TSH and
TRH genes is greatly reduced when mu-
tations that impair the interaction with
corepressors are introduced into the
TR. Furthermore, overexpression of the
genes encoding SMRT or NCoR en-
hances stimulation of these genes by un-
liganded TRs. Further study of the TSHA
gene has led to the equally surprising
finding that coactivators are involved in
T3-dependent repression44. Consistent
with this, SRC-1-knockout mice have
central resistance to T3, manifested by an
impaired ability of T3 to suppress TSH
synthesis and secretion20. In transfection
experiments, TR mutations that abolish
p160 binding abolish T3-mediated re-
pression of the TSHA promoter, but do
not impair gene activation by unliganded
TRs (Ref. 44). These data suggest that the
roles of corepressors and coactivators
in negatively regulated genes are reversed
compared with those in positively regu-
lated genes. A mechanism for this is

suggested by experiments that showed
that TR binding to the TSHA promoter
appears not to be necessary for negative
regulation of that gene. On the basis of
the TSHA gene, a two-step model for a
subset of negatively regulated genes has
been suggested. In the absence of ligand,
DNA-unbound TR interacts with the co-
repressor–HDAC complex and sequesters
HDAC from the promoter, thereby acti-
vating gene expression. Binding of li-
gand to TR causes the replacement of the
corepressor–HDAC complex by coacti-
vators, so as to make HDAC available to
the promoter and to withdraw coregu-
latory factors like CBP/p300 and p/CAF
from the promoter, thereby leading to
ligand-dependent repression.

In contrast to TSHA, the negative regu-
lation of the TSHB gene might require
TR binding to its nTRE. Studies of the
TSHB gene show that HDAC2 and TRb

are directly recruited to the negative re-
sponse element of the TSHB promoter
in a ligand-dependent manner45. The
inhibition of HDAC activity greatly re-
duces T3-induced repression. These data
suggest that HDAC2 might play a tra-
ditional role in effecting repression of the
TSHB gene by T3. The overall data sug-
gest that the mechanisms of negative
regulation of the TSHA gene might be
distinct from that of TSHB.
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