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Abstract. Thyroid hormones (T3, T4) exert multiple cellular effects through nuclear
thyroid hormone receptors (TR, TRB). Thyroid hormone receptors are transcription
factors that act by altering patterns of gene expression. Resistance to thyroid hor-
mone (RTH) is a rare disorder caused by mutations in the TRB gene. Biochemically,
the syndrome is defined by elevated circulating levels of free thyroid hormones due to
reduced target tissue responsiveness and normal, or elevated, levels of thyroid-
stimulating hormone (TSH). This “inappropriate” TSH elevation contrasts with the
situation in hyperthyroidism, where the pituitary secretion of TSH is suppressed.
Patients with RTH usually present with goiter and an euthyroid or mildly hypothyroid
metabolic state. Thus, pituitary resistance results in hypersecretion of TSH, which
compensates, at least in part, for hormone resistance in peripheral tissues. Despite
this compensation, clinical effects of RTH can include short stature, delayed bone
maturation, hyperactivity, learning disabilities, and hearing defects, as well as variable
features of hyper- and hypothyroidism.

With the exception of a single sibship, which harbored a deletion of the entire
coding sequence of the TRB gene and a recessive pattern of inheritance, all other
cases of RTH have been inherited in an autosomal dominant manner or have been de
novo heterozygous mutations of the TR gene. The dominant pattern of inheritance is
explained by the functional properties of the mutant receptors which act in a dominant
negative manner to block the activity of normal TRa and TRP receptors. Now that a
large number of different RTH mutations have been identified, it is striking that the
mutations are clustered within restricted domains in the carboxyterminal region of the
receptor. Mutations in these regions have been shown to preserve critical receptor
functions such as dimerization and DNA binding, while inactivating other activities
such as T3 binding and transcriptional activation. The examination of patients with
RTH and their mutated receptors has provided important insights into the mecha-
nisms of thyroid hormone action, the structure-function relationship of the receptors,
and the molecular mechanisms of dominant negative activity. [P.S.E.B.M. 1996, Vol 211]
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is in major part derived from T4 in peripheral tissues
by enzymes referred to as 5'-deiodinases. Although
circulating T4 is more abundant, T3 is more potent,
because it has a higher affinity for thyroid hormone
receptors. Aside from their affinities for the receptors,
the hormones appear to have indistinguishable biolog-
ical actions. Thyroid hormones have myriad physio-
logic effects, causing alterations in essentially all met-
abolic pathways and organs as well as effects on cel-
lular differentiation and development (reviewed in
Ref. 1).

Some of the most prominent effects of thyroid hor-
mone occur during fetal development and early child-
hood. In humans, the requirement for thyroid hor-
mone during development is manifest dramatically in
the syndrome of cretinism in which fetal hypothyroid-
ism, often combined with maternal hypothyroidism,
causes irreversible mental retardation and growth im-
pairment if not treated early. Similarly, childhood hy-
pothyroidism is characterized by striking impairment
of linear growth. In adults, the primary effects of thy-
roid hormone are apparent by alterations in metabo-
lism. Clinical features of hypothyroidism such as
slowed mentation and speech, depression, hypother-
mia, skin changes, bradycardia, constipation, and re-
productive dysfunction serve as emphatic reminders
that thyroid hormone causes pleiotropic effects on
many different organ systems (1).

Thyroid Hormone Acts via Nuclear Receptors
to Modulate Gene Expression. Based upon an ele-
gant series of experiments in which injected T3 was
shown to induce gene transcription, followed by in-
corporation of amino acids into protein, Tata sug-
gested in 1966 that alterations in gene expression might
be the most proximal step in thyroid hormone action
(2). In 1972, nuclear binding sites for thyroid hormone
were demonstrated (3), and subsequent experiments
showed that the affinity of various thyroid hormones
for the receptor paralleled their biologic potencies (4).

In contrast to some of the steroid hormone recep-
tors, thyroid hormone binding does not seem to be
required for receptor transport into the nucleus. The
receptors are tightly associated with chromatin (5),
consistent with their proposed role as DNA binding
proteins that act to regulate gene expression. The cur-
rent model for thyroid hormone action is shown in
Figure 1. According to this view, thyroid hormone
binds to nuclear receptors which in turn act upon thy-
roid hormone response elements (TREs) in specific
target genes. At least in part, thyroid hormone recep-
tors act in conjunction with thyroid receptor accessory
proteins (TRAPs) that dimerize with the TR and en-
hance their binding to DNA. After activation by thy-
roid hormone, the receptor causes alterations in gene
expression, either stimulating or repressing the tran-
scriptional activity of the target gene. Changes in gene
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Figure 1. Model for thyroid hormone action. Thyroid hormones
(T4 and T3) enter the cell and bind to nuclear receptors. Thyroid
hormone receptors (TRs) interact with thyroid hormone re-
sponse elements (TREs) in the promoter regions of target genes.
TRs typically bind to DNA as homodimers or as heterodimers
with partners such as retinoid X receptors (RXRs). Thyroid hor-
mone receptors alter patterns of gene transcription either by
stimulating or repressing transcription from specific target
genes.

transcription are reflected in alterations in mRNA
levels and subsequently, changes in protein biosynthe-
sis. A number of genes that respond to thyroid hor-
mone, either by being activated or repressed, have
been identified (1).

Cloning, Structure, and Expression of Thyroid
Hormone Receptors. Thyroid hormone receptors
were cloned based upon their relationship to other
members of the steroid receptor superfamily of nu-
clear receptors. Sap et al. (6) isolated a cDNA encod-
ing a 46-kDa protein now referred to as the thyroid
receptor a (TRa) isoform. Weinberger et al. (7) iso-
lated a B form of the TR from a human placental li-
brary. The TRa and B isoforms are encoded by sepa-
rate genes that are located on Chromosomes 17 and 3,
respectively. Both receptors bind thyroid hormones
with high affinity, but they differ in some important
properties including their developmental patterns of
expression, tissue distributions, and patterns of splic-
ing to create additional isoforms (see below).

Functional Domains of Nuclear Receptors

The overall domain structure of the thyroid hor-
mone receptors is depicted in Figure 2. Major func-
tional domains include the central DNA binding do-
main and a carboxyterminal ligand binding domain.
These domains are remarkably modular as indicated
by domain swapping experiments in which the func-
tional features of a specific domain are preserved in
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Figure 2. Domain structure of thyroid hormone receptors (TRs).
The locations of different TR domains are depicted. The func-
tional properties of these domains are described in the text.

chimeric receptors (8). The carboxyterminus of the re-
ceptor also contains nuclear localization signals,
dimerization domains, and transactivation functions.
The functional properties of the aminoterminal region
of the receptor have not been determined, although a
role in transactivation is postulated based upon anal-
ogy to other nuclear receptors and interactions with
transcription factor TFIIB (9).

DNA Binding Domain. The DNA binding do-
mains of nuclear receptors, including the thyroid hor-
mone receptors, are comprised of two distinct zinc
fingers in which a single zinc atom is coordinated tet-
rahedrally with four cysteines. Elegant mutational
analyses, in combination with X-ray crystallography
and NMR, have defined the key structural determi-
nants for binding to specific DNA sequences. These
experiments show that a small stretch of amino acids
at the base of the first finger (referred to as the P-box)
define the specificity for binding to DNA (10). A sec-
ond region of the DNA binding domain (referred to as
the D-box) is located between the first two cysteines of
the second zinc finger, and is thought to be involved in
spacing between receptor homodimers. The thyroid
hormone receptors can also bind as heterodimers with
related proteins such as RXR (11). In the case of het-
erodimers, distinct dimerization surfaces in the DNA
binding domain are used to specify protein-protein in-
teractions. DNA binding domain swapping experi-
ments and x-ray crystallographic studies demonstrate
that the D domain of the second zinc finger in RXR
still makes contacts with its heterodimeric partner, but
the orientation of the TR is rotated such that the RXR
D domain contacts the first zinc finger of the TR (12,
13). As discussed below, the arrangement of TRE half-
sites specifies how the DNA binding domains will be
oriented, which in turn dictates interactions between
dimerization surfaces.

Dimerization Domains. In addition to dimeriza-
tion contacts in the DNA binding domain, a strong
dimerization interface also exists in the carboxytermi-

nal region of the receptors. Although there are proba-
bly a number of dimerization contacts within this re-
gion of the receptor, a series of repeated hydrophobic
sequences have been most clearly implicated (14). Mu-
tations in the so-called ninth heptad repeat near the
end of the receptor disrupt heterodimerization and ad-
jacent mutations prevent homodimerization (15, 16).
Receptor dimerization is important for high-affinity
binding of most receptors. Thus, the dimerization do-
mains encode specificity determinants for receptor
pairs as well as modulating DNA binding.
Transactivation Domains. The transactivation
domains (TADs) are receptor regions that are thought
to make contacts with other transcription factors to
induce or repress transcription. These domains have
been mapped either by showing that the transactiva-
tion property can be transferred to another protein
and/or by demonstrating that a mutation in the recep-
tor alters transcription without modifying other known
properties such as hormone binding, nuclear localiza-
tion, dimerization, or DNA binding. Although the
TADs have not been mapped extensively in the TR,
there are domains in the carboxyterminus that are in-
volved in basal repression and in hormone-induced
transactivation (17). Recently, there have been some
insights into possible molecular mechanisms for TAD
action. TRs have been shown to interact with tran-
scription factor TFIIB, which is a key component of
the basal transcription machinery (9). The thyroid hor-
mone receptor also interacts with Trip (thyroid-
hormone-receptor interacting protein), the homolog of
Sugl, which is a co-activator in yeast (18).
Ligand-Binding Domain. The ligand binding
pocket of the thyroid hormone receptors has not been
clearly defined. Although a 250 amino acid carboxy-
terminal fragment is sufficient for high-affinity T3
binding, deletions from either end of this fragment
cause loss of hormone binding (19). In addition, a va-
riety of natural and artificial mutations scattered
throughout the carboxyterminus reduce or eliminate
hormone binding (20, 21). Taken together, these data
suggest that extensive tertiary structure is required to
form the T3 binding pocket. Of note, T3 binding in-
duces marked conformational changes as reflected by
circular dichroism, mobility on nondenaturing gels, or
susceptibility to proteases (22). Although the ligand
binding domain overlaps the dimerization domains,
there is no evidence that dimerization is required for
binding or that hormone binding induces dimerization.
On certain binding sites (e.g., lap, see below), hor-
mone binding causes homodimers to dissociate from
one another and from DNA, presumably because of
conformational changes in the protein (23).
Structural Variants of the Thyroid Hormone Re-
ceptors. The TRa gene is alternately spliced to result
in a number of distinct carboxyterminal protein prod-
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ucts (24). One variant, referred to as a2, is identical to
TRal through the first 370 amino acids, but then the
sequences diverge completely reflecting the splicing of
alternative exons (Fig. 3). The functional conse-
quences of substituting the carboxyterminal sequences
of al with those of a2 are profound. First, a2 no longer
binds thyroid hormone because of substitution of crit-
ical amino acids at the extreme carboxyterminal end of
the protein. The a2 isoform has been proposed to be
an endogenous inhibitor of thyroid hormone receptor
function (25), in part because thyroid hormone action
is thought to be blunted in some of the tissues in which
a2 is highly expressed. In contrast to the TRa gene,
the splicing variants of the TRB gene involve the ami-
noterminus of the receptor. One variant, referred to as
TRB2, is expressed predominantly in the pituitary and
the hypothalamus (24). In TRB2, the aminoterminal
region of the receptor is distinct, reflecting the use of
a tissue-specific promoter as well as alternate splicing.
The functional consequences of alterations in the ami-
noterminus of the thyroid hormone receptor are not
known but may involve modulation of translation ef-
ficiency, interactions with other cellular proteins (in-
cluding transcriptional co-factors), tissue-specific ex-
pression from different promoters, or control of recep-
tor turnover.

In general, the o and B receptor isoforms are dis-
tributed widely and exhibit overlapping patterns of ex-
pression. Spleen and testis are notable for their rela-
tive deficiencies of al and BI receptors, a feature that
i1s consistent with data indicating that these tissues
have minimal metabolic responses to thyroid hor-
mone. The o2 isoform is highly expressed in many
tissues, particularly brain, kidney, and testis.

Specific DNA Recognition Sequences for TRs in
Target Genes

Characterization of Thyroid Hormone Re-
sponse Elements (TREs). The thyroid hormone re-
sponse elements, or TREs, have been delineated by

Thyroid Hormone Receptor Isoforms

T3
Binding

2

Figure 3. Splicing variants of the TRs give rise to different re-
ceptor isoforms. As described in the text, both the TRa and TRB
genes give rise to different receptor isoforms. TR31 and TRB2
differ at the aminoterminus whereas TRa1 and TRa2 differ at the
extreme carboxyterminus. T3 binding is absent for the TRa2
isoform.
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performing detailed mutagenesis of the promoters of
thyroid hormone responsive genes (26). Although
there is considerable heterogeneity in the TREs of dif-
ferent target genes, certain common features emerge
when a large number of such sequences are compared.
Most TREs contain two or more ‘‘half sites’” which
correspond to the minimal recognition motif for a re-
ceptor monomer. Although thyroid hormone receptors
can bind to selected DNA sequences as monomers,
they generally bind with greater affinity as ho-
modimers or as heterodimers with structurally related
nuclear receptors (see below). The consensus TRE
half-site consists of the DNA sequence, AGGTCA.
Dimers bind to repeated copies of this minimal ele-
ment. Remarkably, receptor dimers can bind TRE half
sites in a variety of different orientations. For exam-
ple, half-sites can be arranged as a palindrome, a direct
repeat, or as an inverted repeat, also called lap (an
eponym created by inversion of palindrome). The
ability of TR dimers to bind to TREs in different ori-
entations raises the possibility of flexibility in the de-
terminants of the protein-protein interface. Receptor
binding to these repeats is greatly influenced by neigh-
boring nucleotides as well as by the spacing between
the elements. In fact, the spacing between elements
provides one of the primary determinants of receptor
specificity, allowing a half-site sequence that can bind
to a large repertoire of nuclear receptors (e.g., thyroid
hormone receptors, retinoid receptors, vitamin D re-
ceptors) to selectively bind some classes of receptors
and not others (27).

Interactions of Thyroid Hormone Receptors
with Other Nuclear Proteins. As noted above, TRs
contain a series of hydrophobic sequences that overlap
with the ligand binding domain to comprise dimeriza-
tion surfaces. In addition, to the thyroid hormone re-
ceptor itself, a variety of dimerization partners have
been identified, and all are members of the nuclear
receptor superfamily. Three such proteins are referred
to as RXR a, B, and v, reflecting their previous iden-
tification as retinoic acid receptor related proteins
(28). Transcription factor COUP, the peroxisome pro-
liferator activating protein (PPAR), and retinoic acid
receptors (RARs) also dimerize with TR, although
probably less well than RXRs. The most striking fea-
ture of dimerization partners such as RXR proteins is
their ability to enhance receptor binding to DNA. The
receptor heterodimers are known to form in solution,
but are probably stabilized by binding to DNA.

The observation that the thyroid hormone recep-
tors bind to target sequences as heterodimers has ma-
jor implications for physiologic responses to thyroid
hormone action. The tissue distributions of the various
RXR isoforms are different and it remains to be seen
whether there are differences in transcriptional en-
hancement of thyroid hormone receptor function by



different partners. Although the RXRs were initially
classified as ‘‘orphan receptors’’ because they had no
apparent ligand, it is now known that these receptors
bind the stereoisomer, 9-cis retinoic acid, with high
affinity (29). Therefore, ligands that bind to TR dimer-
ization partners have the potential of modulating tran-
scriptional responses to TRs.

Transcriptional Effects of TRs. The steps that
occur after TRs bind to TREs are being actively inves-
tigated. In the absence of T3, TRs generally have an
inhibitory effect on basal gene transcription (17, 26).
When T3 binds to its receptor, it induces conforma-
tional changes in the receptor which relieve basal re-
pression and cause additional transcriptional enhance-
ment. Thus, the TR acts as a very potent transcrip-
tional switch which can exert both repressive and
stimulatory effects on transcription depending upon
occupancy by T3. The mechanism of transcriptional
induction is postulated to involve transcriptional acti-
vation domains (TADs) in the TR which contact tran-
scriptional adaptor proteins or components of the
basal transcription apparatus. By interacting with pro-
teins such as TFIIB, the activated TR is thought to
recruit rate-limiting proteins to the transcriptional
initiation complex, thereby increasing the rate of
transcription.

Resistance to Thyroid Hormone (RTH)

History. The concept of resistance to hormones
was introduced in 1937 by Albright in his description
of pseudohypoparathyroidism (30, 31). Since then,
clinical, biochemical and genetic studies of hormone
resistance syndromes have flourished. There have
been descriptions of resistance to insulin, growth hor-
mone, vasopressin, luteinizing hormone, thyroid stim-
ulating hormone, androgen, estrogen, glucocorticoid,
and thyroid hormones (32). These disorders share in
common that they are caused by mutations in the hor-
mone receptors.

Resistance to thyroid hormone (RTH) was first
reported in 1967 by Refetoff, DeWind, and DeGroot
(33). An historical perspective of the discovery of
RTH and its further molecular characterization has
been published recently (34). In the initial report,
Refetoff described two sibs of a consanguineous mar-
riage presenting with goiter, high levels of protein-
bound iodine, deaf-mutism, delayed bone age, and
stippled epiphyses, without signs of hyperthyroidism
(33). Abnormalities in thyroid hormone itself, or its
transport into tissues were excluded, and it was hy-
pothesized that target organ resistance was the expla-
nation for the absence of signs and symptoms of thy-
rotoxicosis. Thyroid hormone receptors had not been
characterized at the time of these initial studies. Sub-
sequent studies of thyroid hormone receptors in these
and other patients with RTH failed to show consistent

abnormalities in receptor binding or numbers. This ap-
parent paradox is now accounted for by the fact that
there is more than one type of hormone receptor.
Thus, hormone binding to the a receptor is preserved
even when mutations involve one, or both, 8 receptor
genes.

The cloning of the two genes encoding thyroid hor-
mone receptors (c-erbAa for TRa on Chromosome 17;
c-erbAp for TRB on Chromosome 3) in 1986 was fun-
damental for the further molecular elucidation of the
syndrome (6, 7). Subsequently, linkage analysis dem-
onstrated that c-erbA is tightly linked to RTH,
whereas no association could be demonstrated to the
c-erbAa gene (35, 36). The ultimate proof that a defect
in the receptor is the cause of RTH was provided in
1989 by the demonstration of mutations in the TRB
gene in affected, but not in unaffected individuals with
the disorder (37, 38). This observation has now been
confirmed in multiple reports (reviewed in Refs. 20
and 21), and a database has been established (39). Al-
though the true incidence of RTH remains unknown, it
appears to be a relatively rare disorder. About 100
families have been reported, but it is likely that the
recognition of the disorder will increase with the avail-
ability of genetic testing.

Classification. The key finding in RTH is the el-
evation of thyroid hormones with concomitantly un-
suppressed TSH (Fig. 4). Based on clinical features,
two forms of RTH are discriminated: general and pi-
tuitary resistance to thyroid hormone (GRTH, PRTH)
(20). The eponym PRTH was coined in 1975, when
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Figure 4. Feedback inhibition of TSH by thyroid hormone is im-
paired in RTH. Inhibition by thyroid occurs at the hypothalamic
(TRH) and pituitary (TSH) levels. In RTH, inhibition is impaired
resulting in inappropriately normal TSH levels in the setting of
increased circulating T4 and T3. Variable degrees of thyroid hor-
mone resistance also occur in peripheral tissues giving rise to a
range of phenotypic variability in the disorder.
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Gershengorn and Weintraub reported a patient with
the same biochemical characteristics as seen in
GRTH, but with associated signs of hyperthyroidism
in peripheral tissues, suggesting selective resistance at
the level of the pituitary thyrotroph cells (40).

Most patients present with GRTH in which the
resistance includes peripheral tissues as well as the
thyrotroph cells of the pituitary gland (20, 21). The
hyposensitivity of the pituitary results in unsuppressed
TSH levels; this TSH elevation in turn leads to an
increase of thyroid hormone. The raised thyroid hor-
mone levels overcome, at least in part, the hormone
resistant state. Most of the patients with GRTH are
therefore in a nearly eumetabolic state. This compen-
sation may, however, be variable among affected in-
dividuals, even within the same kindred (41). In addi-
tion, signs of hormone excess and deficiency fre-
quently coexist in the same individual. Administration
of pharmacological doses of thyroid hormones are re-
quired to suppress the basal TSH secretion and they
do not necessarily induce the signs of thyrotoxicosis at
the level of peripheral tissues (20). Almost all patients
with GRTH exhibit goiter, due to chronic stimulation
of the thyroid by elevated TSH levels. In some pa-
tients with GRTH, signs reminiscent of those encoun-
tered in thyroid hormone deprivation during early life
are encountered. These can include stunted growth,
delayed bone development, learning disabilities, men-
tal retardation, sensorineural deafness, and nystagmus.

Although the distinction between these two forms
of RTH seems clearcut, there is considerable overlap
between these two phenotypes and spontaneous tem-
poral variations can even be observed in an individual
patient (41).

Peripheral tissue resistance to thyroid hormone
(PTRTH) has also been reported in a single patient
requiring high doses of T3 to maintain an eumetabolic
state (42). In this situation, the thyrotrophs of the pi-
tuitary gland are spared and there is no compensatory
increase in TSH. While there are many anecdotal clin-
ical observations of patients tolerating supraphysiolog-
ical doses of T3 to achieve a clinically eumetabolic
condition, this condition has not been shown to be
caused by true hormone resistance.

Inheritance and Incidence. The analysis of the
first RTH family suggested an autosomal recessive
pattern of inheritance (33). In this family, the disorder
has been shown to be caused by a deletion of the entire
coding sequence of the TRB gene. Only the homozy-
gous patients were affected, and the heterozygous rel-
atives had no evidence of RTH (43). All other reported
families with RTH exhibit autosomal dominant trans-
mission of the disorder. A single subject who inherited
two doses of dominantly acting TR alleles from con-
sanguinous parents showed the most severe form of
RTH and died at the age of seven (44). This is the only
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Table I. Clinical Features of RTH

Clinical features

Common signs

Elevated free T4 and T3 combined with
inappropriately normal or elevated TSH.

Goiter in 95% of patients. Frequent recurrences of
goiter and hyperthyroxinemia after ablative
therapy.

Variable signs

Phenotypic variability with features compatible with
hyper and/or hypothyroidism.

Tachycardia.

Attention deficit hyperactivity disorder (ADHD).

Short stature.

Delayed bone age and dentition.

Deafness.

known death that is directly related to RTH. A minor-
ity of the patients present with sporadic de novo
mutations.

The true incidence of this rare disease is unknown,
as is its prevalence among different ethnic groups. In
contrast to many other thyroid diseases which are
more frequent in women, RTH occurs with equal fre-
quency in males and females. In a comprehensive re-
view of the syndrome by Refetoff et al., published in
1993, 296 patients of 98 families were listed (20) and
the worldwide registry for subjects with RTH, estab-
lished at the University of Chicago, currently contains
data on more than 404 patients.'

The clinical features of RTH are outlined in Table
I. Goiter and abnormalities in thyroid function tests
usually prompt further investigation (20, 41). The most
striking feature of the thyroid function tests is the non-
suppressed TSH in the setting of elevated thyroid hor-
mone levels. Since TSH is chronically elevated, an
enlargement of the thyroid gland occurs because TSH
stimulates cell proliferation and growth as well as thy-
roid hormone biosynthesis (45). Goiter is present in
the vast majority (92%-95%) of patients with RTH and
varies from minimal enlargement to the formation of
huge goiters with recalcitrant regrowth (46). In the few
cases in which no goiter was found, this likely reflects
the difficulty of detecting a small enlargement of the
thyroid. Because patients with RTH have historically
been misdiagnosed with Graves’ hyperthyroidism,
many have been subjected to thyroid surgery or radio-
iodine therapy. Recurrence of goiter after thyroid sur-
gery occurs in about 80% of patients (20). As in other
instances of long-standing goiter, nodular transforma-
tion of the initially diffuse gland can also occur (47).

Roughly one-third of the patients present with

! This registry is accessible on the Internet: gopher.uchicago.edu —
Subfolder Medicine — RTH registry. (J Clin Endocrinol Metab 79:1560, 1994.



tachycardia. In older patients, atrial fibrillation has
been reported in a few patients, and this constellation
leads to suspicion of hyperthyroidism, particularly in
combination with goiter.

Many of the classical signs and symptoms compat-
ible with hyper- or hypothyroidism can be associated
with RTH. In children, short stature, hyperactivity,
learning disability, and goiter suggest the possibility of
RTH. Although many reports make an association be-
tween RTH, growth retardation, and short stature, this
classic constellation is relatively uncommon. Of 72 pa-
tients with known height, six (8%) were found to be
below the third percentile utilizing North American
growth standards. Not infrequently, bone age is sig-
nificantly retarded (<2 SD) in patients with GRTH,
consistent with hypothyroidism at the level of the bone
(20). In patients displaying signs of toxic effects in
peripheral tissues, bone age is rarely accelerated (20).

In a study of 49 affected and 55 unaffected mem-
bers of 18 families with RTH, a strong association of
attention deficit-hyperactivity disorder (ADHD) and
RTH was found (50% vs 7% in adults, 70% vs 20% in
children) (48). The overall likelihood of having ADHD
was 15 times higher in adults and 10 times higher in
children with RTH than in the unaffected family mem-
bers with a similar genetic and environmental back-
ground. Consistent with the observation that ADHD is
more prevalent in male patients in the general popula-
tion, the risk of ADHD was 3.2 times higher in males
with RTH. Although an ADHD-like syndrome is
strongly associated with RTH, RTH is a rare cause of
the relatively common problem of ADHD. Other stud-
ies have noted a slight reduction in intelligent quotient
(IQ) tests in some families with RTH, and it has been
suggested that this may confer a higher likelihood of
exhibiting ADHD symptoms (49). It is noteworthy that
mild mental retardation has also been reported in chil-
dren with congenital hyperthyroidism, suggesting that
high intrauterine levels of thyroid hormones might im-
pair brain development (50, 51). In contrast to patients
with RTH, the most prevalent psychiatric diagnoses in
patients with hyperthyroidism are anxiety and mood
disorders (48).

One of the most striking and puzzling features of
RTH is its marked intra- and interfamilial heterogene-
ity in clinical phenotypes, a phenomenon that has been
addressed in several studies (41, 52). Some patients
seem to compensate for resistance through elevation
of thyroid hormone levels such that their growth and
mental development is relatively normal. Other pa-
tients with thyroid hormone levels in the same range
may present with signs of hormone deficiency and/or
excess (20). The degree of impairment of T3 binding of
the mutant TR does not correlate well with the sever-
ity of organ hyposensitivity. Initially, it was antici-
pated that differences in the functional impairment due

to different mutations would explain the high degree of
variation of RTH among affected kindreds (53). How-
ever, as an example of these types of analyses, a mu-
tation reducing T3 binding affinity 5-fold caused more
severe resistance than a mutation with 100-fold re-
duced T3 binding affinity (37, 38, 53-55).

Family members harboring an identical mutant
TRB may also present with very variable severity in
the clinical presentation, presumably because of ge-
netic variability of other factors contributing to thyroid
hormone action (52). Some mutants may produce clin-
ical symptoms in some members of a family while
sparing others (56). Noticeable temporal variations
have even been reported within individual patients
(41). Vaniable tissue resistance with signs of hyperthy-
roidism with tachycardia and signs of hypothyroidism
with delayed bone age may coexist in the same patient
(20, 53). The phenotypic variability within an individ-
ual might be due to differing tissue distributions of
TRo and TR receptors. According to one report the
relative proportion of wild type to mutant receptors in
a given tissue may vary among individuals and during
development (57); others, however, did not find sig-
nificant differences in the expression of wild-type and
mutant receptors (58, 59). The understanding of the
clinical variability of RTH at the molecular level is
complicated by the fact that various receptor isoforms
with variable tissue distribution are present and other
nuclear factors are involved in the mediation of thy-
roid hormone action. The phenotypic variability may
also depend on the location of the mutation as well as
on compensatory mechanisms and effects of prior
therapy.

Because of the presentation of some patients with
signs of hyperthyroidism and elevated thyroid hor-
mone levels, the most common misdiagnosis is hyper-
thyroidism (20). In primary hyperthyroidism due to
Graves’ disease, or an autonomous uni- or multinod-
ular goiter, the TSH levels are suppressed and are now
casily distinguishable from normal levels using ultra-
sensitive assays. Measurement of thyroid stimulating
antibodies or anti-thyroglobulin and anti-peroxidase
antibodies, which are often elevated in autoimmune
hyperthyroidism, can also be helpful in the discrim-
ination of the two entities. The same biochemical
constellation as in RTH can be found with a TSH-
secreting pituitary adenoma (60). To confirm or ex-
clude the presence of the latter, CT scan or MRI of the
pituitary and measurement of the a-glycoprotein sub-
unit,? which is usually increased in a TSH-secreting
pituitary adenoma. Abnormalities of thyroid hormone

2TSH is formed of an « and B subunit; the « subunit is common to the
glycoproteins TSH, follicle stimulating hormone (FSH), and LH (luteinizing
hormone).

RESISTANCE TO THYROID HORMONE 55



Table Il. Differential Diagnosis of RTH

Disorder Clinical status Inheritance Diagnostic test
Generalized RTH Euthyroid Autosomal dominant Thyroid receptor B mutation
Pituitary RTH Hyperthyroid Autosomal dominant Thyroid receptor B mutation
TSH-secreting Tumor Hyperthyroid Sporadic Increased a-subunit; MRI
FDH Euthyroid Autosomal dominant Serum electrophoresis
TBPA Variant Euthyroid Autosomal dominant Serum electrophoresis
TBG Excess Euthyroid X-Linked 1 TBG
Anti-thyronine Ab Euthyroid/Hypo Sporadic Precipitation of T4 Tracer
Acute systemic illness Euthyroid Sporadic Spontaneous Resolution

Note. FDH, Familial dysalbuminemic hyperthyroxinemia; TBPA, Thyroxine binding prealbumin; TBG, Thyroxine binding globulin.

transport proteins such as an increase of thyroxine
binding globulin (TBG), thyroxine binding prealbumin
(TBPA), or familial dysalbuminemic hyperthyroxine-
mia (FDH) are other conditions which have to be dif-
ferentiated from RTH (Table II) (20).

The variability in clinical presentation and the lack
of pathognomonic signs requires a high degree of sus-
picion for the detection of RTH. Although the diagno-
sis is usually suspected after documenting elevated
thyroid hormone levels together with a ‘‘inappropri-
ate,”’ nonsuppressed TSH in association with a goiter
(Table III), the formal proof of the diagnosis requires
demonstration of hyposensitivity to thyroid hormone
action at the level of the pituitary gland as well as in
peripheral tissues. This is performed by administering
a stepwise increase in T3 over several days (20). An
array of parameters of thyroid hormone action can be
assessed including basal metabolic rate, systolic time
intervals, nitrogen balance, sex hormone-binding
globulin, cholesterol, ferritin, bone Gla protein, an-
giotensin converting enzyme, sodium content of eryth-
rocytes and serum-soluble interleukin-2 receptor (slIL-
2R). The effect of T3 on the pituitary TSH secretion is

Table lll. Diagnosis of RTH

Diagnosis of RTH

Important Diagnostic Features
Elevated free thyroxine with inappropriately normal
or elevated TSH
Goiter
Familial pattern of paradoxical nonsuppressed TSH
(Except sporadic cases)
Absence of TSH secreting pituitary adenoma
Incompletely suppressed basal and TRH-stimulated
TSH after administration of T3
Mutations in the TRB gene
Features of Altered T3 Action in Peripheral Tissues
Basal metabolic rate
Nitrogen balance
Delayed bone age
Sex hormone binding globulin (SHBG)
Cholesterol
Hydroxyproline excretion
Creatine phosphokinase (CPK)
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assessed by measuring TSH before and after adminis-
tration of TRH.

Lastly, the possibility of identifying mutations in
the TRB gene provides a definitive means for making
the diagnosis.

Therapy. The diagnosis of RTH and an attempt to
distinguish GRTH and PRTH is crucial for defining the
therapeutic approach. In patients with GRTH who are
in an eumetabolic, compensated state, no treatment is
required. In those with signs of hypothyroidism (e.g.,
children with growth retardation) or in whom misdiag-
nosis leads to inappropriate ablation of the thyroid
gland and thus hypothyroidism, supplementation with
levothyroxine is indicated. In these instances, levothy-
roxine should be administered in supraphysiologic
doses to allow for compensation of the resistance. The
administration of levothyroxine should aim at normal-
izing TSH levels, which should be monitored carefully
together with other parameters of thyroid hormone ac-
tion. Normalization of TSH in these patients will also
prevent recurrent goiter growth.

In PRTH, reduction of thyroid hormone levels be-
cause of toxic signs may be required. Antithyroid
drugs are not ideal because their administration results
in further increase of the goitrous gland. Compounds
suited for this purpose should inhibit TSH secretion
together with diminishing thyromimetic actions in pe-
ripheral tissues. Bromocriptine or octreotide are of
limited value because an escape of their inhibitory ef-
fect occurs in the long term (20, 41). Triac (61, 62) and
D-T4 (63) have been administered successfully. Triac,
as well as 3,5,3'-triiodothyroproprinonic acid
(Triprop) have a higher affinity than T3 for the TRB
receptor, but their affinity for TRa receptor is the
same (64, 65). In transient transfection assays with
several TRP mutants, these compounds resulted in
50% induction at lower levels compared with T3 and
higher maximal transactivation (65). These in vitro re-
sults suggest that Triac may be able to partially restore
the function of a subset of mutant TRB receptors that
retain partial hormone binding. Triprop has analogous
properties, but does not seem to be suited for this
purpose because it also alters the transactivation of
TRa. In view of the spontaneous variations in the dis-



order, periodic cessation of therapy and reevaluation
of the clinical status is indicated and measures aimed
at thyroid ablation should only be considered as last
resort or in cases with huge goiters (41).

Molecular Pathophysiology of RTH

Localization of TRB Mutations That Cause
RTH. Genetic linkage studies firmly established a re-
lationship between the TRB gene locus and RTH (35,
36). Subsequently, specific mutations in the TRB gene
confirmed the prediction of the linkage studies (37,
38). Consistent with the autosomal dominant inheri-
tance pattern in all but one kindreds, mutations in
the TRB gene are heterozygous. A large number of
different mutations have now been identified (20, 21,
66, 67). When their locations in the TRB protein are
shown in aggregate, it is apparent that the mutations
are clustered within restricted domains in the car-
boxyterminal region of the protein (Fig. 5). In most
cases, the mutations are nucleotide substitutions that
result in single amino acid replacements. In a few
cases, the mutations cause frameshifts, either altering
the reading frame, or causing premature termination of
translation.

The locations of the reported mutations provide
important clues for the molecular pathophysiology of
RTH. For example, mutations are not found randomly
throughout the receptor. No mutations have been
identified within the DNA binding domain or in the
amino terminus, with the exception of a large deletion
of the entire coding region in a recessive example of
RTH (43). The dominant mutations are largely clus-
tered between amino acids 310-347 (domain 1) and
amino acids 438-461 (domain II) (20, 21). A more lim-
ited number of mutations are also found in the so-
called hinge region that separates the DNA binding
and ligand binding domains (20, 67, 68). A high prev-
alence of mutations occur in CpG dinucleotide se-

quences, especially at sites where recurring mutations
have been reported (69). Of note, no mutations have
been found in the region between the two hot spots,
despite the presence of CG-rich sequences within this
area. As described below, it is likely that these clusters
of mutations represent a requirement to spare the
dimerization domain which resides between domains I
and II (14).

How Do Mutant Receptors Cause RTH? In
most cases, RTH mutations reduce T3 binding to its
receptor (20). However, there is a wide spectrum of
altered T3 binding, ranging from no detectable binding
to little effect on T3 affinity. The simplest explanation
for the molecular pathogenesis of RTH could be that
absent or reduced hormone response of mutant recep-
tors leads to a relative deficiency of functional recep-
tors, resulting in partial resistance to hormone action.
However, in the original kindred with a complete de-
letion of the coding region of the TR gene, the clinical
manifestations were only seen in homozygotes with no
expression of this gene. In contrast, heterozygotes
with a single allele of the wild-type TRB were clinically
and biochemically normal (33, 43). This important
piece of information implies that in the presence of
TRa, a single copy of the TRB gene is sufficient for
mediating normal thyroid hormone action. In other
words, defective function of one TR allele is not suf-
ficient to cause thyroid hormone resistance. This ob-
servation raises the possibility that RTH is caused by
interference of normal receptor function by the mutant
receptors, a mechanism referred to as dominant neg-
ative inhibition (70). To test this hypothesis, wild-type
thyroid hormone receptors were introduced into re-
ceptor-deficient cells either in the absence or presence
of RTH mutants. As predicted, the mutant TR inhib-
ited the ability of wild-type receptors to activate thy-
roid hormone responsive reporter genes (54, 71). This
dominant negative activity of the RTH mutants has
been observed using a broad array of positively regu-

Summary of RTH Mutations

Figure 5. Locations of mutations in
TRB that cause RTH. The structure of
the TRB protein is illustrated schemat-
ically. Two regions on either side of
the dimerization domain (mutant do-
mains | and Il) have been expanded to
illustrate the locations of specific
amino acid substitutions. In some in-
stances, there have been several inde-
pendent occurrences of the same
amino acid change in different fami-
lies, but these are not shown.
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lated genes as well as genes that are repressed by T3
(54, 55, 66).

Molecular Basis of the Dominant Negative In-
hibition by Mutant TRs. Three molecular mecha-
nisms were initially postulated to explain how mutant
TRs might inhibit the function of normal receptors
(72): (i) mutant receptors might bind to DNA as an
inactive complex and compete with normal TRs at the
level of the thyroid hormone response elements
(TREs) in target genes; (ii) because TRs are known to
form homo- and heterodimers, they might be able to
dimerize with normal receptors, or other cellular part-
ners, and thereby titrate out these normal proteins by
forming inactive dimers; or (iii) mutant TRs might be
able to interact with critical downstream targets in the
transcriptional machinery and impair access (some-
times called squelching) of normal receptors to these
proteins. It should be noted that these mechanisms are
not mutually exclusive as it is possible that each of
these pathways could contribute to a variable degree
to hormone resistance.

Mechanism (i) was tested first as competition for
TRE occupancy seemed likely as no mutations were
identified within the DNA binding domain. This ob-
servation suggested that if mutations occurred in this
region, they might preclude dominant negative activity
even though they create an inactive receptor that was
still able to form dimers with itself and other cellular
proteins. To test the requirement for DNA binding in
dominant negative activity, mutations were introduced
into the first or second zinc finger of the DN A binding
domain of the wild type receptor as well as the recep-
tors containing an RTH mutation (73). The DNA bind-
ing domain mutations had no effect on the thyroid hor-
mone binding, but did eliminate DNA binding from
both the wild-type and RTH mutant receptors when
tested in gel mobility shift assays. When co-trans-
fected with wild-type receptors, the DNA binding do-
main mutation alone did not act in a dominant negative
manner, indicating that dimerization alone (Mecha-
nism [ii] ) is insufficient to account for dominant neg-
ative activity. However, the introduction of the DNA
binding mutations into the RTH mutants (double mu-
tants) eliminated the dominant negative potential of
the RTH mutant. This finding strongly supports the
idea that the dominant negative activity of mutant TRs
is due to competition at the level of DNA binding. In
this mechanism, the possible competitors may include
inactive monomers, complexes of mutant-RXR het-
erodimers, mutant-mutant homodimers, and also wild-
type mutant dimers.

In view of the fact that naturally occurring muta-
tions are confined to the ligand binding domain, but
spare the dimerization domain, it still seemed reason-
able to test whether dimerization was important for
dominant negative potential. To assess the role of
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dimerization, a novel mutation (L428R) was intro-
duced into the highly conserved ninth heptad repeat of
the dimerization domain (15). Unexpectedly, this mu-
tant selectively impaired heterodimerization, without
having a detectable effect on receptor homodimeriza-
tion. This heterodimerization mutant was functionally
inactive by itself (loss of T3 binding), but it failed to
exert dominant negative activity when co-transfected
with wild-type TR. Moreover, when it was inserted
into an RTH mutant (i.e., G345R/L428R), the dimer-
ization mutant abrogated the dominant negative activ-
ity of the RTH mutant (supporting Mechanism [ii]).
Although these findings initially seem to contradict the
results found with the DNA binding mutations, a par-
simonious explanation is that dimerization is impor-
tant for high-affinity binding to DNA (Fig. 6). Because
this particular dimerization mutant selectively impairs
heterodimerization while sparing homodimerization,
these results also implicate the heterodimer as a quan-
titatively important component of the inhibitory com-
plex at the level of DNA binding. The possibility that
mutant receptors could also compete for limiting
amount of transcriptional co-factors remains to be rig-
orously tested and could comprise part of the way in
which DN A-bound mutants function.

Future Perspectives

It is apparent from the amount of new information
that has been accumulated over the last 5 years that there
is strong interest in RTH both from the basic science
as well as the clinical communities. RTH has been a
topic for plenary discussions at most recent endocri-
nology meetings and two international workshops
have been held recently in an effort to speed progress
even further. Despite the advances in molecular patho-
physiology and the intense interest in this syndrome, a
number of important issues remain unresolved. Para-

RXR—TRB

RXR—TRa
RXR—TRBmut

—EE

Figure 6. Molecular pathophysiology of RTH. Mutant TRB retain
the ability to dimerize and to bind to TREs. Access of wild-type
receptors to thyroid hormone responsive genes is impaired by
the inactive mutant receptors.



Factors That Influence the Dominant Negative
Activity of Mutant Thyroid Hormone Receptors
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Figure 7. Factors that contribute to dominant negative activity in RTH. Some of the different quantitative and qualitative factors that

contribute to phenotypic variability in RTH are illustrated.

mount among these is our inability to fully explain the
phenotypic variability that occurs in RTH. As de-
picted in Figure 7, an array of quantitative factors
(such as levels of receptor expression in different tis-
sues) and qualitative factors (such as specific effects
that mutations have on mutant receptor properties)
may contribute to variations in hormone resistance.
An important challenge in the future is to determine
whether there is any correlation between genotype and
phenotype. Although such an association has not yet
emerged, this may be because we still do not have
highly quantitative means of classifying RTH aside
from thyroid function tests (which mainly assess hy-
pothalamic/pituitary resistance).

It is also apparent that the syndrome of RTH is
intensifying the debate about how normal TRs func-
tion. Are there specific functions for different receptor
isoforms? Do receptor monomers, homodimers, and
heterodimers each play a role in thyroid hormone ac-
tion? If so, do these various species of receptor ac-
count in part for variable degrees of hormone resis-
tance for different target genes? The list of thyroid
hormone responsive target genes continues to accu-
mulate. However, we are still lacking effective periph-
eral tissue markers of thyroid hormone action that can
be used clinically. Finally, a long-term goal is to use
these new molecular insights to intervene therapeuti-
cally when necessary. In this regard, it is important to
understand how much of the RTH phenotype is estab-
lished during early development versus postnatally
when it is more practical to intervene. Transgenic
models of RTH may help to address this issue. Given
that ADHD is more prevalent in RTH, we need to
understand its cause: Is it because regions of the cen-

tral nervous system are too resistant (and relatively
hypothyroid), or because that are not resistant enough
for the circulating levels of thyroid hormone (and rel-
atively hyperthyroid)? Clearly, there are many excit-
ing prospects and goals for future work.
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