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Perspectives
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Thyroid hormones (L-T3 and L-T4) are important for nearly
all human tissues. They have profound effects on metabolic
rate and oxygen consumption, but also have unique functions
in a variety of organs, including the heart, liver, and pituitary
gland, which reflect the specialized nature of these systems.
Many of the effects of thyroid hormone occur at the level of
gene expression, and are mediated by nuclear thyroid hor-
mone receptors (TR)' (1). Evidence for the existence and im-
portance of nuclear TRs with high affinity and specificity for
T3 has been recently reviewed by Oppenheimer et al. (2) and,
in this journal, by Samuels et al. (3). The purpose of this Per-
spective is to provide an up-to-date summary of new knowl-
edge that has directly resulted from the cloning of multiple
TRs and related molecules.

Thyroid hormone receptors are protooncogene products
related to steroid and retinoic acid receptors
A major breakthrough in our understanding of T3 action oc-
cuffed when Sap et al. (4) and Weinberger et al. (5) simulta-
neously discovered that c-erbA, the product of the cellular
homologue of the viral oncogene v-erbA (6), has the ability to
bind T3 with great affinity and specificity. It had previously
been noted that v-erbA was structurally related to the gluco-
corticoid, estrogen, and progesterone receptors (7-11). Subse-
quently, receptors for mineralocorticoids ( 12), androgens ( 13,
14), vitamin D (15, 16), and retinoic acid (17, 18) were deter-
mined to have similar structures. Thus, the TR is a member of
a superfamily of intracellular hormone receptors (19, 20).
Each receptor interacts with its cognate hormone as well as
with the subset of genes responsive to that hormone. DNA
binding to target genes is mediated by basic amino acid resi-
dues at the tips of two highly conserved (40-90%) "zinc finger"
structures, formed by the tetrahedral coordination of zinc with
four cysteine residues (21). The hormone-binding regions of
the receptors are less well conserved, and are located at the
carboxyl termini of the proteins.

Multiple thyroid hormone receptors
Following the initial isolation of TR cDNAs from chick em-
bryo (4) and human placental (5) libraries, it has become clear
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1. Abbreviations used in this paper: RA, retinoic acid, RAR, retinoic
acid receptor; TR, thyroid hormone receptor; TRE, thyroid hormone
response element.

that multiple TR-encoding mRNAsexist in a given species.
These distinct TRs are divided into a and (3 forms on the basis
of sequence similarities and chromosomal localization
(22-24).

,8-Thyroid hormone receptors. The human placental TR,
whose gene has been localized to human chromosome 3, is the
prototype (-form of TR. Studies in the rat have revealed two
distinct TRf,s (Fig. 1). TR#1 is the rat homologue of the
human placental TR,B, displaying 97 and 99% identity in the
DNAand T3-binding domains, respectively. TR#1 has been
cloned from the GH3 pituitary cell line (25) and from liver
(26) and its mRNAis expressed in most rat tissues and cell
lines. The level of expression of TR#1 mRNAis unaffected by
T3 in the liver, heart, and brain of intact rats (27); however, it
is up-regulated by T3 in the pituitary and in GH3cells (28). In
contrast, the mRNAencoding TR462 is down-regulated by T3
in the pituitary and in GH3cells. Remarkably, expression of
TR(32, which was cloned from a GH3 library, has only been
detected in pituitary cells (28). mRNAencoding TRfl2 has
been detected in mouse pituitary (Lazar, M., R. Hodin, and
W. Chin, unpublished observations, and reference 29) but to
date only the rat cDNA has been isolated due to inadequate
pituitary libraries from other species.

a- Thyroid hormone receptor. TRa 1 cDNAs have been iso-
lated from rat (24, 26, 30-32), chick (4), human (33, 34), and
mouse (35) libraries. The "a" designation was first suggested
by Thompson et al. (24), who localized this TR to human
chromosome 17. TRal is 86% identical to the TRfls in the
DNA- and T3-binding domains (Fig. 1). TRa 1 mRNAis
widely expressed and is down-regulated by T3 in multiple tis-
sues including heart, kidney, and pituitary, but not in brain
(27, 31). The TRa gene is complex, and encodes other
members of the thyroid/steroid hormone receptor family. Al-
ternative splicing of the TRa gene transcript yields a species
called c-erbAa2 or TRvariant I (also TRa2, but this is mislead-
ing as discussed below) which is identical to TRa 1 for 370
amino acids, including the DNA-binding domain, then di-
verges completely (Fig. 1). Human (36, 37), rat (30-32), and
mouse (35) homologues of c-erbAa2 have been identified. The
c-erbAa2 mRNAis particularly abundant in brain, and is T3-
regulated in a manner similar to TRa 1 mRNA(27, 32, 38).
Mitsuhashi et al. (32) have also described a second variant
(TRvII) missing the first 39 unique amino acids of the diver-
gent sequence. An additional receptorlike molecule encoded at
the TRa genomic locus is Rev-ErbAa, whose mRNAcontains
a 269-nucleotide sequence which is complementary to c-
erbAa2 mRNAdue to its transcription from the DNAstrand
opposite of that used to generate TRa I and c-erbAa2 (34, 39).

Properties of thyroid hormone receptors
The original identification and definition of nuclear TRs was
based on their high affinity and specificity for T3. The ability
to manipulate putative TRs in vitro has led to even more
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Figure 1. Thyroid hormone receptors and the carboxyl terminal vari-
ant c-erbAa2. The sequences deduced from rat cDNAs are depicted
with the amino acids numbered above. Putative DNA- and T3-bind-
ing domains are indicated. Numbers in boxes indicate percent iden-
tity with TR,62. Shaded boxes indicate regions which are completely
dissimilar with respect to TR132. Amino acids 1-370 of TRa I and c-
erbAa2 are identical. Amino acids 370-409 of c-erbAa2 (shaded dif-
ferently) are lacking in another TR variant, TRvII (32).

stringent criteria. A bona fide TR must also be able to bind to
thyroid hormone response element (TRE) from target genes.
Furthermore, the binding of both T3 and the TRE must be
combined with an activation domain which regulates gene
transcription, as is the hallmark of a productive interaction
between T3 and its receptor.

T3 binding. TR#1, TR,B2, and TRa1 all have been shown
to bind T3 with high affinity. The reported Kds range between
10-10 and 10-" M. Although 10-fold differences in affinity
would likely have physiological consequences, it remains to be
determined whether these differences reflect variations among
separate laboratories, experiments, or species, or whether they
are biologically relevant. Indeed, a direct comparison of chick
TRal and human TR,1l has revealed no significant differ-
ences in affinity for T3, although quantitative differences in
binding of the acetic acid analog (triiodoacetic acid; TRIAC)
were noted (40). Preliminary experiments comparing all three
TRs from a single species (rat) in our laboratories have also
failed to demonstrate unique T3-binding properties.

The similar T3 binding among TRB1, TRi32, and TRa 1 is
not surprising given the identity (1 1 and ,B2) or near-identity in
T3-binding domains. However, the variant form of TRa, c-
erbAa2, has a unique carboxyl terminus which results in its
inability to bind T3 (30-32). Thus, despite being encoded by a
TRgene, both human and rat homologues of c-erbAa2 are not
TRs (41). Similarly, Rev-ErbAa, derived from the opposite
strand of the TRa gene, does not bind T3 and is not a TR
(39, 42).

DNAbinding. T3 influences the expression of many genes
to varying degrees, and thus there could be a multitude of
TREs with which the TRs interact. The transcriptional activa-
tion of the rat growth hormone (rGH) gene by T3 is well
established (43, 44), and appears to be due to a TRE located
between nucleotides -208 and -163 (relative to the transcrip-
tional start site) (45-49), although another TRE has recently
been discovered in the third intron of the gene (50). Direct
binding of TRs to the rGH TRE has been demonstrated in
vitro by the avidin-biotin complex to DNA(ABCD) (30, 48,
51-54) and gel mobility shift (47, 55-58) assays. Interestingly,

this binding appears to be independent of T3. When directly
compared, no differences in TREbinding have been detected
among the multiple TRs. c-erbAa2 also binds the rGH TREin
the ABCDassay (31), though to a lesser extent than the TRs.
This difference correlates with an apparent inability to bind in
the gel mobility shift assay (55), which is more sensitive to
dissociation rate. The reduced TRE binding of c-erbAa2 is
presumably due to its unique carboxyl terminus.

The related palindromic sequence TREpal (TCAGGT-
CATGACCTGA)also binds the TRand is sufficient to confer
T3-responsiveness to reporter genes (59). It has been suggested
that the TR may bind specifically to the sequence AGGT(C/
A)A (5 1) which is also present in T3-responsive and TR-bind-
ing regions of the genes encoding TSHa (53, 54), TSH13 (52,
60), and myosin heavy chain a (30), although less highly re-
lated sequences appear to confer T3-responsiveness to the
malic enzyme (61) and spot 14 (62) genes. This motif is similar
to the responsive elements bound by other hormone receptors,
and some overlap seems to occur between the most structur-
ally related receptors. Thus, retinoic acid receptor (RAR),
which is more similar to the TR than to any other receptor,
can bind to TREpal (63). Furthermore, the estrogen response
element present in the Xenopus vitellogenin gene is identical to
TREpal except for a central three-base pair insertion, and
there is evidence that the TR and estrogen receptor can inter-
act with one another's binding site (59).

Mediation of T3 action. The most physiologically relevant
property of the cloned TRs is the ability to confer T3-respon-
siveness when expressed in cells which otherwise do not re-
spond to T3. This requires the ability to bind both T3 and
TREs, and has been demonstrated for all three TRs. The exact
mechanism of these effects is unclear but, by analogy to other
transcription factors (64, 65), the TRs may contain activation
domains which interact with cellular transcription machinery.
A region located in the middle portion of the TRs has recently
been implicated in this regard (66).

In contrast, c-erbAa2 does not produce a T3 dependency
of transcription of reporter genes bearing TREs. Rather, it
inhibits the action of the TRs in a concentration- (but not T3-)
dependent manner (41, 67). A similar dominant negative ef-
fect is caused by the v-erbA protein (57, 58). The mechanism of
these effects could involve formation of inactive heterodimers
or competition for binding, either to the TRE or transcrip-
tional factors. The DNA-binding domain of v-erbA appears to
be necessary for its inhibitory properties (57), but studies with
mutated TRs suggest a role for the potential dimerization do-
main (discussed below) (68). Furthermore, in the absence of
retinoic acid (RA), the RARalso inhibits T3-responsive gene
expression, again due presumably to interference with TRE
binding and/or heterodimer formation (56, 69, 70). The unli-
ganded receptors may actually decrease basal expression as
well (56, 57, 70). In the presence of RA, the RARactivates
transcription from TRE-containing genes, consistent with its
ability to bind to the TRE (69, 71). Interestingly, the first
reported RA-responsive element, from the laminin B 1 gene, is
not affected by expression of a TR in the presence of T3 (72),
indicating that the receptors have separate, though overlap-
ping, DNA-binding specificities.

Other properties. Recently, in vitro formation of TR-RAR
heterodimers formation has been demonstrated (63). A puta-
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tive dimerization domain, comprised of a hydrophobic "leu-
cine-zipper"-like heptad repeat in the vicinity of the ligand-
binding domain, has been identified in the TRs and RARs
(68). A similar region of the estrogen receptor appears to be
responsible for its homodimerization (73, 74). However, it re-
mains unclear whether the TRs can form homodimers or he-
terodimers with each other, and whether this is required for
DNAbinding and/or transcriptional activation either in vitro
or in vivo. Binding of the TRs to TREs does appear to be
stimulated by one or more nuclear proteins whose identities
and physiological functions are unknown (55, 75). Finally, the
intracellular location of the TRs is likely to be specified by a
nuclear targeting signal (76).

Implications
The isolation of multiple TRs raises the question of whether
these species have different functions, as suggested by their
very existence as well as by their unique patterns of expression.
As discussed, no convincing functional differences have been
elucidated to date, but this remains an open issue given the
multitude of tissue-specific T3 effects and as yet undiscovered
responsive genes. As illustrated in Fig. 1, the three TRs are
least similar at their amino termini. Although this region does
not appear to be required for transcriptional activation of a
TREpal-containing reporter gene by TR#31 (77), this situation
may be analogous to the A and B forms of the progesterone
receptor, which differ only in their amino termini yet differen-
tially activate target genes (78). The amino terminal "T-l"
domain of the glucocorticoid receptor (79) also modulates
transcriptional activation. Nevertheless, given the likelihood
that receptors can interact with one another and with one
another's response elements, subtle dissimilarities in the di-
merization or DNA-binding domains of the TRs could also
result in different efficiencies and specificities of transcrip-
tional activation.

The similarity between the functions of the c-erbAa2 and
v-erbA is enigmatic. Although the isolation of TRs was antici-
pated because of the prior demonstration of nuclear T3 bind-
ing, the discovery of c-erbAa2 was serendiptious and unpre-
dicted by earlier work. Such an inhibitor of T3 action might
play a developmental role, particularly in the nervous system
where T3 is particularly important early in ontogeny. Indeed,
c-erbAa2 mRNAis regulated during brain maturation and
development (80). However, proof of the biosynthesis and bio-
logical function of c-erbAa2, whose mRNAis quite abundant
in multiple T3-responsive adult tissues, will be necessary to
fully understand its contribution to T3 action.

The isolation and characterization of TRs has also led to
increased understanding of some forms of generalized thyroid
hormone resistance (GTHR). In two affected families, single
base mutations resulting in an amino acid substitution (glycine
to arginine at amino acid 340, or proline to histidine at amino
acid 448) in the T3-binding domain of TR,B segregate with the
T3-resistant phenotype (81, 82). The mutation at amino acid
340 has been shown to abolish the T3-binding of TR,3l (82)
and would similarly affect TR("2, encoded at the same locus.
Even in the presence of a normal TR# allele and two normal
TRa alleles such a mutation could produce the dominant neg-
ative phenotype (accounting for the autosomal dominant in-
heritance of the disease) by the same mechanism as c-erbAa2,

Figure 2. Model of the mediation of T3 action by nuclear thyroid
hormone receptors. T3 either enters the cell (as depicted) or is de-
rived from intracellular deiodination of T4. Nuclear interaction be-
tween a T3-bound TR and a thyroid hormone-responsive element
(TRE) results in increased or decreased activity of RNApolymerase
II (pol II) on a T3-responsive gene. The TRE is indicated as contain-
ing two half-sites, and the TRmay bind as a dimer. Effects on
mRNAlevels are translated into increased or decreased cellular con-
centrations of proteins so as to promote differentiation, metabolic
processes, and other cell-specific effects of T3. In the absence of T3,
the TRE-bound TR may repress basal transcription. c-erbAca2
("a2"), the non-T3-binding splice variant, can inhibit the effects of
T3-bound TRs by a mechanism which has not been established,
probably involving heterodimer formation and/or competition for
the TRE. A similar mechanism is likely to explain the dominant neg-
ative effect of the v-erbA oncoprotein and mutated TRs, as in the
syndromes of generalized resistance to T3.

v-erbA, and mutant non-T3-binding forms of c-erbA which
have been created and studied in vitro (63, 68). The study of
other kindreds with GTHRmay lead to the discovery of addi-
tional mutations, perhaps affecting TRa 1 or involving the
DNA-binding, dimerization, or other domains of the TRs.

Conclusions
In summary, our current model of the mechanism of T3 ac-
tion attributes the regulation of gene transcription by T3 to
interaction with one or more TRs acting on TREs in a wide
variety of genes (Fig. 2). The actual molecular means by which
T3 binding to its TR stimulates these processes remains un-
clear. The magnitude of the effects are related to T3 concen-
tration, cell-type, concentration and composition of TRs, the
specific TRE involved, and, perhaps, the abundance of c-
erbAa2 and unliganded receptors for other hormones. The
challenge for the future will be to understand the integration of
this complex array of factors in normal and pathological states.
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