








Structure of naturally occurring TR variants. Shown are the normally occurring TRa2, a variant ofTRal contain­
ing a unique C-terminus that does not bind TIl; a prototypical TRI3 causing resistance to TIl due to a C-terminal
mutation that interferes with TIl binding; and v-erbA, a variant ofchicken TRa that contains several mutations
and a C-terminal deletion (indicated by the unfilled box) that prevents high-affinity TH binding.

three distinct categories: (1) normal
TR gene products, such as TRa231; (2)
human mutations in TRf3 leading to
the syndrome of resistance to TH
(RTH) (reviewed in reference 32);
and (3) a chicken oncogene called
v-erbA,33 derived from the normal
TRa gene, that contributes to the
erythroleukemia produced by the
avian erythroblastosis virus.

The naturally occurring dominant
negative TRs are pictured schemati­
cally in Figure 2. All have the ability
to bind DNA, a property that is im­
portant for their function in the
presence of normal TRs, with which
they compete for DNA binding. In
addition, most ofthe dominant neg­
ative TR variants retain the ability
to interact with RXR. This not only
allows them to interact with DNA
more avidly, but provides an addition­
allevel of competitive inhibition-in
this case competition with normal TRs
for RXR.32,34 TRa2 is relatively weak
at RXR heterodimerization and DNA
binding35 and, not surprisingly, is a
weaker dominant negative than the
other variants. Interestingly, this
naturally occurring TR variant is
particularly abundant in brain tissue36

and perhaps has its major function
in that organ, where its weak DNA
binding would be stoichiometrically
offset by its abundance relative to the
other TRs. Regulation of TH action

TRn2

TR~31 RTH
mutant

by normally occurring TRa2 would
represent a physiological mechanism,
whereas the effects of the RTH TR
variants and v-erbA are pathological
and result in disease.

Regulation by Interaction
of Thyroid Hormone

Receptors With
Coactivator Proteins

Thus far we have considered numerous
mechanisms regulating TH action, all
of which are of physiological or path­
ological significance. Yet we have not
even considered how the binding of
TH to the receptor results in tran­
scriptional regulation. It is known
that TH binding to TR causes major
changes in the protein's conforma­
tion.37,38 However, except for the ability
ofTH to inhibit DNA binding by TR
homodimers, TH has little or no effect
upon the other important functions
ofTR that we have discussed so far,
such as RXR interaction and DNA
binding by the TR-RXR heterodimer.
Recently, however, it has become clear
that the conformational changes in
TR upon ligand binding have profound
effects upon the ability of the TR to
interact with coregulator proteins
that provide the link between the TR
and the cellular transcription machin-

ery that directly transcribes RNA
from DNA. The rate of this phen­
omenon is actually regulated by TH
and is responsible for the changes in
gene expression that occur in response
toTH.

One of the major structural effects
ofTH binding is to alter the orienta­
tion of a short stretch of amino acids
at the C-terminus of the TR, such that
it turns toward the core of the receptor
protein and makes contact with the
TH itself.37 This conformational
change is likely to be important
because this region, termed the AF2
activation helix, is absolutely required
for T3-dependent transcriptional
activation by TH.39 A crucial function
of this conformational change appears
to be the generation of a protein­
protein interaction surface recognized
by a number of nuclear proteins,
including proteins called thyroid
receptor-interacting protein 1 (Tripl),'o
steroid receptor coactivator 1 (SRC1),41
receptor interacting protein 140
(RIP140),42 transactivation domain
interacting factors 1 and 2 (TIF1
and 2),43.45 and CREB binding protein
(CBP).46 Some or all ofthese proteins
are likely to function as coactivators
for the TR. As envisioned, these pro­
teins would be brought to TH respon­
sive genes by the TH binding to the
TR-RXR heterodimer on DNA, and
they would then serve to increase

the transcriptional rate of
the gene. The mechanisms
by which coactivator pro­
teins cause this increased
transcription are just begin­
ning to be understood. Three
major effects, alone or in com­
bination, may be involved, as
illustrated in Figure 3: (1)

the coactivator may interact
directly with basal transcrip­
tion machinery; (2) the coac-
tivator may interact with an
intermediary protein that
then interacts directly with
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Mechanisms oftranscriptional activation by TH. T3 binding to TR-RXR heterodimer on DNA leads
to recruitment ofa coactivator protein or proteins (see text for a list of candidate coactivators). The
positive effects of the coactivator are transmitted to the basal transcription machinery, indicated
as containing RNA polymerase II, TATA-binding protein (TBP), basal transcription factors (TFs:
B, E, F, and H are indicated), and TAFs (TBP-associated factors). The numbers in the figure corre­
spond to the text, indicating the possible mechanisms by which the coactivator may activate transcrip­
tion: (1) direct interaction with basal transcription machinery; (2) interaction with an intermediary
protein ("downstream activator") that itselfinteracts directly with the basal transcription machinery;
and (3) enzymatic alteration ofchromatin structure in the region ofthe gene that is regulated.
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the basal transcription machinery;
and (3) the coactivator may enzyma­
tically alter chromatin structure in
the region of the gene that is regu­
lated. An enzyme activity that has
been implicated recently is histone
acetylase (reviewed in reference
47), which may be an intrinsic
activity of the coactivator or may be
a function of yet another protein that
is recruited to the active gene by the
coactivator. Clearly, the existence of
multiple putative coactivator proteins,
with potentially disparate mechan­
isms ofaction, allows for a high degree
of regulation ofTH activity in a given
cell and at a given time in development.

Regulation by Interaction
of Thyroid Hormone

Receptors With
Corepressor Proteins

Activated State

Activity states ofa thyroid hormone responsive gene. The ordinate arbitarily depicts relative transcrip­
tional activities ofa gene containing a TH-response element (TRE). Basal state ofthe gene is defined
for this purpose as the activity ofthe gene in the absence of receptor or hormone. The presence
of receptor causes repression by a certain fold (indicated here as "R"). The presence of hormone
plus receptor increases activity by a certain fold over basal (indicated here as "A"). The addition
ofTH to a cell containing TR, assuming the promoter ofthe gene is active in that cell type, increases
activity by (A+R)-fold. Thus, the observed action ofTH is due to both derepression and activation.

~c
13 Responsive gene

The ability of TH to turn on gene
expression was suspected prior to
the cloning of the TRs because the
levels of numerous messenger RNA
and protein increase in response to
TH. This is particularly apparent
when an organism makes the transi­
tion from hypothyroidism to hyper­
thyroidism. However, it was assumed
that the level of expression of the
target gene in the absence ofTH was
''basal,'' meaning that in the absence
ofTH, the TR was transcriptionally
neutral. However, as noted, the TR
binds to target genes in the ab­
sence of TH (generally as a hetero­
dimer with RXR), and now it is clear
that rather than having no effect
upon gene transcription the DNA­
bound TR actually reduces the activ­
ity of the target gene:s Thus, in the
absence of TH, but in the presence
of adequate receptor concentrations,
target gene expression is repressed.
As diagrammed in Figure 4, TH
binding to its receptor does two things:
(1) derepression from the repressed
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The effect of thyroid hormone on the transition of a gene from the repressed state in the absence of
TH to the activated state in the presence ofTH. Differential interactions with transcriptional coreg­
ulators are determined by thyroid hormone levels; they determine the activity state ofa thyroid
hormone responsive gene. Repression is due to interaction of the TR with a corepressor protein on
DNA. Derepression is due to TH-mediated corepressor dissociation, and activation above basal
activity is due to recruitment of a coactivator by TH-bound TR. See text for details about the core­
pressors and coactivators. The positive effects ofcoactivators and negative effects ofcorepressors are
transmitted to the basal transcription machinery by unknown mechanisms (see text and Figure 3).

understanding the molecular mechan­
ism oftranscriptional repression by
TR in the absence ofTH. Remark­
ably, this appears to be the mirror
image of transcriptional activation.
Thus, there are corepressor proteins,
called nuclear receptor corepressor
(N-CoR)49 and silencing mediator of
retinoid and thyroid receptors
(SMRT),50 that interact with TR only
in the absence ofTH. These corepres­
sors then actively repress transcription.
Thus, binding of these corepressors
in the absence of TH explains the
repression state of TR function, as
shown in Figure 5. It is likely that
the mechanisms of corepressor func­
tion are the opposite of those used
by the coactivators. As such, the
possibilities include direct inhibitory
interaction with transcriptional
machinery, interaction with an inter­
mediary protein that contacts and
inhibits the transcription machinery,
and/or expression of an enzyme activ­
ity (possibly histone deacetylation)
that interferes with transcription via
effects on chromatin. The change in
TR conformation induced by TH
causes derepression by destabilizing
the TR-corepressor interaction, and
causes additional activation by pro­
moting the recruitment of one or
more coactivator proteins. The mul­
tiple corepressors have different
activities with different nuclear
receptors on different target genes,51
thus providing a further mechanism
of specifically regulating TH action
in different cellular milieus and
developmental stages.
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state to the basal state, and (2) activa­
tion from the basal state to an even
more active level of transcription. This
ability ofTR to repress transcription
in the absence of thyroid hormone has
two important physiological conse­
quences. First, it ensures that genes
that are TH responsive are turned
off in the absence of TH. Second, it
increases the fold-magnitude of acti-

vation due to TH. For example, if
"basal" activity (that in the absence
of TH and TR) is considered to be at
a level of 1 and adding TH and TR
increases that lO-fold, then if un­
liganded TR reduced basal activity to
0.1, the activation due to TH is now
0.1 to 10, or 100-fold, rather than
merely lO-fold.

Much progress has been made in

Regulation by
Phosphorylation of
Thyroid Hormone

Receptors

Another way to regulate TH action
is by phosphorylation ofthe TR. TRoll
and TR~l are both phosphorylated,52,53
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and the function ofthe phosphoryla­
tion may be to alter the specificity of
the TR for their RXR heterodimeriza­
tion partner as well as DNA binding.52

,54

Phosphorylation also alters the stabil­
ity ofTR[31.55 TRa2 is also phosphor­
ylated on C-terrninal serines unique
to this variant isoform, and this
phosphorylation has been shown to
occur in vivo and to reduce the DNA
binding affinity of TRa2, which could
regulate its dominant negative activ­
ities related to competition for TREs.56
In general, phosphorylation of the
TR provides a rapid way to alter the
function of the TR, presumably via
conformational changes analagous
to those that occur with noncovalent
TH binding. Because phosphorylation
is a major mechanism for a variety of
second messenger systems involved
in signaling from the cell surface to
the nucleus, it is likely that TR
phosphorylation will prove to be an
important mechanism of cross talk
between signaling pathways, as has
already been sho'¥Il for other nuclear
hormone receptors such as ER57 and
peroxisome proliferator activated
receptor (PPAR).58,59

Regulation by Cross Talk
Between Thyroid

Hormone Receptors and
Other Transcription

Factors

Cross talk between TH action and
other hormonal signaling pathways
also can occur in the absence of TR
phosphorylation. Some of the coacti­
vators involved in TH action also are
utilized by other transcription factors.
For example, the CBP protein is a
downstream effector for both TR as
well as the API family oftranscrip­
tion factors, which are involved in the
cellular response to tumor promoters,
phorbol esters, and other extracellular
stimuli. The cross talk between TR

8

and API is inhibitory, ie, TH binding
to TR inhibits API transcription even
on genes lacking TREs.60 The mech­
anism appears to be functional com­
petition for CBP.46 TR also can be
involved in positive cross talk with
other transcription factors. For
example, the NF-E2 protein, which
is crucial for hematopoietic develop­
ment, potentiates the action of TH
through a mechanism involving CBP
but resulting in synergy rather than
inhibition.61 The ability ofCBP to act
as a positive or negative integrator of
the action of TH (as wen as other
hormones and signaling systems)
makes it a powerful regulator of the
overall effects of TH on a specific cell
at different times in development.

Future Understanding of
the Regulation of Thyroid

Hormone Action

This is an exciting time in our under­
standing of thyroid hormone action.
Molecular and cenular biological
approaches have been and will
continue to be a key source of new
information. In addition, structural
biology ofthe cloned receptors, alone
or together with thyroid hormone
and the multiple other proteins
that together comprise the active
states of the TR, will greatly clarify
the roles of RXR, coactivators, and
corepressors in TH action. Human
genetic studies will continue to be
helpful; and mouse genetics stimu­
lated by new technologies allowing
multiple mutations (or "knock­
outs") and cell-specific expression
("knock-ins") ofTRs will clarify the
cell and isoform specificity. As complex
as TH action is, there are likely to be
additional complexities as research
continues. It also is likely that new
models of integration of diverse
regulators of TH action win not only
simplify our understanding of TH

action but will generate new hypoth­
eses, predictions, and perhaps novel
therapies based on this understanding.
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