








Figure 4. TR isoforms: Major sites of tissue expression and regulation by thyroid hormone.

each isoform. Unfortunately, little
information is yet available to verify
this concept.

regulation is tissue-specific and TR
isoform-specific. Thyroid hormone
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administration generally decreases
TRa-l and c-erbAa-2 mRNAs in
most tissues, except brain, while it
has little effect on TRI3-1 mRNA ex­
cept in the pituitary, where there
may be some stimulation. The pitu­
itarylbrain-specific TRI3-2 mRNA is,
however, markedly decreased with
thyroid hormone treatment. Fur­
thermore, other hormones may also
regulate TR mRNAs. For example,
thyrotropin-releasing hormone
(TRH) suppresses TRI3-2 mRNA
only, in clonal growth hormone­
secreting pituitary cell lines.30

In summary, TR mRNAs and, pre­
sumably, their encoded proteins are
expressed in a differential tissue­
specific manner so that the ratios of
the TR isoforms vary from tissue to
tissue. Further, hormones and other
regulatory factors can also control
the levels ofTR mRNAs. It is impor­
tant to note that there is occasional

Figure 5. Heterodimer formation involving TRs, RARs, RXRs and other TRAPs on a TRE. Arrows indicate
the site of initiation and direction of transcription. (Abbreviations as in Figure 1.)
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TRa-l, TRI3-1 and c-erbAa-2 are
widely expressed in different tissues,
although in varying levels4

,6 (Figure
4), TRa-l is found predominantly in
skeletal muscle and brown fat and to
a lesser extent in heart, liver and
brain. The receptor variant c-erbAa-2
exhibits a tissue distribution similar
to that ofTRa-I, but is generally
more abundant than TRa-l, espe­
cially in the brain. TRI3-1 is expressed
in liver, kidney, brain (especially
during development27

), pituitary,
heart and brown fat. The most sur­
prising finding regarding the tissue
distribution of the TR isoforms in­
volves TRI3-2, which has been identi­
fied only in the anterior pituitary
gland in the adult rat26 and in spe­
cific areas of the hypothalamus;8

Both in vivo and in vitro studies
show that thyroid hormones regu­
late the levels ofTR mRNAs (Figure
4).29 In addition, the nature of the
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This heterodimerization apparently
increases TR binding to TREs and
also augments TR-mediated transac­
tivation ofTREs. Parenthetically,
the RXRs can form productive inter­
actions with retinoic acid receptors
(RARs) and the vitamin D receptor
as well. These exciting results indi­
cate that RXR is a TRAP-like pro­
tein. Since there are at least three
members of the RXR subfamily, it is
yet unclear whether all the TRAP
activity in nuclear extracts may be
explained solely by the RXRs
(Figure 5). The ability of an endoge­
nous ligand to activate the het­
erodimer partner of the TR raises
further possible interesting and com­
plex regulatory scenarios.

TR dimer

TR

TR TR

Figure 6. Formation ofmonomer, homodimer and heterodimer by TR on a TRE. (Abbreviations as in Figure 1.)

mismatch of changes in TR mRNAs
and changes in total nuclear thyroid
hormone binding activity in certain
tissues, suggesting possible addi­
tional control at the post-transla­
tionallevel,31 These variations in
amounts ofTR isoforms in different
tissues could thus account for differ­
ential tissue responsiveness to thy­
roid hormone, assuming that each
form has different biologic activities.

Nuclear Auxiliary Factors in
Thyroid Hormone Action

We and others have shown that nu­
clear extracts contain heat-labile
proteins that can interact with TRs
to augment their binding to
TREs.32,33 These proteins are known
as thyroid hormone receptor auxil­
iary proteins (TRAPs). O'Donnell et
al have examined TR~ mutants that

TR heterodimer

TRE

are altered in a conserved region in
the presumed transactivation do­
main located in the ligand-binding
domain of the TR and studied their
ability to interact with TRAPs.
These TR~ mutants are poorly capa­
ble oftransactivation ofTREs and
their lack of interaction with TRAP
may be causal. 34 Further studies
have shown that there are dimeriza­
tion domains within the ligand-bind­
ing domain ofTR that permit
interactions with TRAPs, suggesting
that TRAPs may be a member of the
steroidITR family. It should be noted
that earlier work had shown that
retinoic acid could also interact with
TR to form heterodimers. 11

These initial observations were
confirmed, in part, by the recent ob­
servation that retinoid X receptor
(RXR), an orphan member of the
family that binds a natural ligand,
9-cis retinoic acid,35 can form het­
erodimers with TR36-39 (Figure 5).

Mechanisms of
Thyroid Hormone Action:

A Current Model

In order to develop a working model
of the interactions ofthyroid hor­
mone, TR, RXRs and other nuclear
auxiliary proteins, and of potential
post-translation modifications of
TRs, including phosphorylation, let
us review several salient features of
the TR system (Table 1).

First, the TR exists in several
functional isoforms, each possibly

Table 1: Features of Thyroid
Honnone Receptors

• Multiple isoforms

• Form multimers

@ Predominantly located in the
nucleus

@ Active in the unliganded state

e Tissue-specific expression of
isoforms

@ Hormonal regulation of
isoforms

@ Syndromes of thyroid hormone
resistance
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TREs.45 Such action may playa role
in the de-repression step.

Mechanism ofMutant TRs
in Syndrome of

Generalized Resistance to
Thyroid Hormone

Figure 8. Schematic diagram illustrating the two major components ofactivation ofgene expression by thy­
roid honnone: de-repression and "pure" activation.
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Although a rare disorder, the syn­
dromes of generalized resistance to
thyroid hormone (GRTH) are ofspe­
cial interest to those keen on under­
standing the molecular aspects of
thyroid hormone action. These syn­
dromes have recently been reviewed
by S. RefetoffCThyroid Today, Vol.
XIII, No.3, 1990). Briefly, the famil­
ial disorder is generally inherited as
an autosomal dominant disorder but
also occasionally as an autosomal re­
cessive trait.

In individuals with the autosomal
dominant disorder, there are typi­
cally few symptoms of peripheral
resistance to thyroid hormone, al­
though there is large variability in
the clinical presentation. There may
be a demonstrable attention deficit,
dyslexia and other central nervous
system abnormalities. The level of
free thyroid hormone is abnormally
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much as several TREs are repressed
by unliganded TRs, any model must
take into consideration the separate
events of de-repression (return to
the basal activity state from the re­
pressed activity state) and "pure" ac­
tivation (basal to activated state)
(Figure 8). Recent evidence suggests
that thyroid hormone may decrease
the binding of homodimer to specific

exhibiting distinctive activity in its
interaction with specific TREs in
specific tissues. Second, TRs can bind
TREs as monomers, homodimers
and heterodimers (TR:TR inter­
actions, including TRrr:TRJ3), and
heterodimers (TR:RAR, TR:RXR,
TR:TRAP) (Figure 6). Third, unli­
ganded TR can bind TREs, and is
apparently capable of repressing
basal gene activity40-43 (Figure 7).

While there are still many unan­
swered questions, it is possible to
construct a model of thyroid hor­
mone action. The TR, in the absence
of thyroid hormone, probably resides
in the nucleus and is probably bound
to TREs. TRs may be present on
TREs as monomers, as homodimers
or as heterodimers.44 Thyroid hor­
mone binds to its receptor and medi­
ates a conformational change in the
protein that alters the activity ofthe
bound receptor. It is likely that both
monomeric and multimeric TR forms
are active. Further, it is likely that
different protein:protein combina­
tions possess different biologic activ­
ities. The mechanism by which
liganded TR mediates the stabiliza­
tion of the transcription initiation
complex in the case of positive regu­
lation is still unclear. Further, inas-

Figure 7. The unliganded TR can repress gene activity with certain TREs. This condition may be de-repressed
by thyroid honnone via unknown mechanisms.
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high and is accompanied by an inap­
propriately elevated TSH level.

Early studies on the putative TR
abnormality in these patients were
confusing and often inconsistent.
However, the availability of the hu­
man TRf3 and TRo. gene sequences
permitted an analysis of genetic
linkage of these genes on chromo­
somes 3 and 17, respectively, -with
the disease. Remarkably, strong
linkage ofGRTH with the TRI3 gene
led to the careful examination of the
TRf3 gene. Indeed, a number ofpedi­
grees with the autosomal dominant
trait have been analyzed to date.46

-
49

Although other alterations may be
seen, the defects most often are mu­
tations in several "hot spots" in
exons 9 and 10 of the TRI3 gene that
encode a portion of the ligand-bind­
ing domain.46

,47 These single amino
acid changes result in TRs that are
defective in thyroid hormone bind­
ing. In patients who manifest the au­
tosomal recessive pattern of
inheritance, symptoms of mild to
frank hypothyroidism may be pre­
sent. Here, the molecular defect is
the deletion ofa major part of the
coding region of the TRI3 gene in
both alleles.48

,49 It is important to
stress that, in these pedigrees,
heterozygotes for the defective TRI3
gene are clinically and biochemically
normal.

Thus, it appears that the point
mutation in one of the alleles in the
autosomal dominant form ofGRTH
acts in a dominant negative manner
to affect the function of normal or
wild-type TR. Elucidation of the
mechanism of action of the mutant
TRf3s is of critical interest. The de­
fective TR could form inactive
dimers with normal TRs, inactive
heterodimers -with RAR, RXR and
TRAP or could compete for binding
at the TRE. Note that the DNA­
binding domain in the TRs with
point mutations is unaffected, as is
their binding to DNA. These possi­
bilities are under active investiga­
tion. Finally, it is interesting to note
that no patients with GRTH have
yet been described with defects in
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the TRa gene. Among several possi­
bilities' this suggests that the TRa
gene is indispensable for develop­
ment, that it exerts other critical
functions or that its products serve
redundant functions.

Summary and Future
Directions

As is readily apparent, while
tremendous progress has been made
in our understanding of thyroid hor­
mone action, much still must be
learned. First, what is the role of
thyroid hormone in the action ofTRs
and TREs? Does thyroid hormone af­
fect the three-dimensional structure
ofTRs? Second, what are the roles of
the TR isoforms and the nuclear
auxiliary factors in differential acti­
vation ofTREs? Third, are there
post-translational modifications
such as phosphorylation, as seen in
the steroid hormone receptors? Ifso,
what are the physiologic conse­
quences? Fourth, what are the co­
activator proteins that may interact
with the TR and that serve to com­
municate with the transcriptional
initiation complex? Fifth, what is the
role of higher-order DNA structure,
such as chromatin, in thyroid hor­
mone action? Sixth, what is the ex­
tent of cellular cross-talk of
signaling pathways that converge on
the thyroid hormone action path­
way? Seventh, what are the molecu­
lar mechanisms ofnegative
regulation by thyroid hormone? Fi­
nally, what are the molecular and
physiologic details of thyroid hor­
mone action and development?

Despite this large number of
unanswered questions, the prospects
for further elucidation of the mecha­
nisms of thyroid hormone action at
the level of gene expression are ex­
cellent, and the upcoming years will
undoubtedly prove exciting.
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