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tion time. Unfortunately, none of
these measurements is specific and,
more importantly, none is sensitive
enough to clearly discriminate sub­
jects with GRTH from those in
whom the tests are not altered by
mild degrees of thyrotoxicosis or
from those in whom the tests are af­
fected by other factors. In fact, con­
siderable overlap of results has been
observed between hyperthyroid,
euthyroid and hypothyroid subjects.
The value ofthese tests, and their
interpretation, is much enhanced if
the measurements are obtained dur­
ing the administration of thyroid
hormone.

In our institution, diagnostic tests
are earned out before, and at 3-day
intervals following, the administra­
tion of a replacement dose and two
incremental supraphysiologic doses
ofT3• This hormone, rather than T

4
,

is given because of its direct effect on
tissues, bypassing potential defects
of T4 transport or metabolism. In
addition, the more rapid onset and
shorter duration ofT3 action reduce
the period of evaluation and shorten
the duration of symptoms that may
arise in individuals with normal re­
sponses to the hormone. 15 Valuable
information can be obtained on the
anabolic vs catabolic effects of thy­
roid hormone~ reflecting physio­
logic vs toxic effects, respectively~
by following body weight and urea
nitrogen excretion under constant
calorie and protein nitrogen intake.

Using this protocol, a significant
increase in serum SHBG concentra­
tion was observed with the inter­
mediate T3 dose of 100 /lg/day in
95% of nonresistant subjects ir­
respective oftheir baseline thyroid
state. 16 A similar response occurred
only in one often subjects with
GRTH (Figure 1). Furthermore, a
paradoxic decline of serum SHBG
was observed in more than one half
of subjects with GRTH. The
responses of other parameters of
thyroid hormone action to the same
regimen of short-term T3 admin­
istration are shown in Figure 2.
Note that the subject with GRTH
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Figure 1. Serum SHBG responses to graded doses ofT, in patients with GRTH and nonresistant subjects.
Each T

3
dose level was given for 3 consecutive days and was administered as a split dose every 12 hours.

Open bars represent the full range of values in 21 nonresistant subjects (euthyroid, hypothyroid and
thyrotoxic) and the vertical lines, means ± SD for each group. Numbered diamonds indicate individual
patients with GRTH. Note the reduction of serum SHBG concentration, which was significant in 6 of the 10
subjects with GRTH while receiving 100 !lg T

3
daily (Reprinted from Same et al,'6 with permission.)

Figure 2. Responses to the administration ofT, according to the schedule outlined in Figure 1. Average
responses for each treatment period are expressed as percent increments or decrements from the mean basal
value. Results in a patient with GRTH are compared to those from a normal relative. Serum levels ofT,
achieved on each dose ofT, were higher in the patient, with values on 100!lg T,Iday comparable to those of
the normal subject receiving 200!lg T,Iday (Modified from Sakurai et al,17 with permission.)
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had not only blunted responses to T3
but also paradoxic changes in most
parameters measured. As expected,
subjects with GRTH also have a
reduced but not absent response of
the pituitary thyrotrophs and
lactotrophs to T3(Figure 3). The
resistance to T3is manifested as an
alteration in the set point ofthyroid
hormone inhibition. IS Although a
comparable resistance of TSH to
thyroid hormone has been observed
in subjects with PRTH, it is not clear
whether the prolactin (PRL)
response in such subjects is also
abnormal. The least overlap
between resistant and nonresistant
subjects was observed when PRL
responses to TRH were measured
during the administration of the
highest T3dose.

Tissue Diagnosis
ofGRTH

ters and the clinical manifestations
of GRTH.22 More disturbing is the
fact that discrepant results were
obtained in studies of affected indi­
viduals belonging to the same
family. 23

Measurements ofthe respiratory
control in muscle mitochondria,19
and ofthe effect ofthyroid hormone
on low density lipoprotein metabo­
lism,24 protein phosphorylation25 and
glycosaminoglycan synthesis26 in the
patient's fibroblasts either showed
no consistent abnormality and poor
reproducibility or were carried out
on only one or two patients with lim­
ited information on normal re­
sponses. However, measurement
of the normal inhibitory effect of T3
on fibronectin (Fn) synthesis27 or
its messenger ribonucleic acid
(mRNA)28 appears to be more prom­
ising (Figure 4). Ofthe 12 patients
with GRTH who were studied, 11

showed either an attenuated or
paradoxic response.

Etiology

Efforts to demonstrate abnormali­
ties at the site of thyroid hormone
action resumed following the isola­
tion of human complementary de­
oxyribonucleic acids (cDNA) that en­
code proteins with hormone-binding
properties similar to those previ­
ously extracted from cell nuclei. 29,30
These cellular homologues of the vi­
ral oncogene erb-A were mapped to
the human chromosomes 17 and 3
and were named thyroid hormone
receptors (TR) ex and ~, respec­
tively.30.32 In addition to having
great structural similarity, these
two genes generate isoform products
by alternative splicing and, probably
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Figure 3. T
J
suppression ofTSH and PRL secretion following the administration of a TRH bolus. T, was

given according to the schedule outlined in Figure 1. Integrated areas under the secretion curves are
expressed as percentage ofthat obtained in each subject prior to T

J
administration. *= mean values

significantly lower (p<0.05) than baseline 000%). Values in parentheses are the fraction of subjects in each
group who achieved 75% and 50% suppression of the basal secretion ofTSH and PRL, respectively.
(Reprinted from Same et aI, J8 with permission,)

Early studies have shown that the
thyroid hormone in patients with
GRTH is normal stereochemically,
undergoes degradation through nor­
mal pathways and adequately pene­
trates peripheral tissues. Thus,
soon after the description ofthe syn­
drome, it was postulated that the de­
fect most likely resides at the cellu­
lar level, at a site of thyroid hormone
action. 19 The opportunity to test this
hypothesis was provided with the
demonstration of a putative nuclear
thyroid hormone receptor.20 While
the first study carried out in the
original family with recessive inheri­
tance showed a significant reduction
in the affinity for the hormone,21
data derived from 12 laboratories on
a total of 35 patients belonging to 22
unrelated families have been disap­
pointing (Table 3). Abnormalities in
affinity and/or capacity were de­
tected in mononuclear cells of one
third of the cases studied and in
fibroblasts in one half. Even the
allegedly more sensitive kinetic
analysis failed to show a correlation
between nuclear T3-binding parame-
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Table 3. Nuclear T 3 Receptor Binding in Subjects with. GRTH

Total subjects and families studied

Source

Circulating
mononuclear
cells

Cultured
skin
fibroblasts

Affinity Capacity

U 11'
N U
N N

Total

U** U**
U 11'
U N
N 11'

N+2nd N
binding site

N N
Total

Number of Number of
cases families

4 3
3 3
15 8
22 13*

4 2
1 1
1 1
1 1
2 2

9 7
18 12*

35 t 22*t

Numbers do not sum up because:
(1) *affected members of the same family yielding different results, or

(2) t studies carried out on mononuclear cells and on fibroblasts from the same subject

** Data generated by kinetic studies on nuclear T, uptake
N = Normal; 11= increased; 11 = decreased

also, by synthesis from different
translation start points.3o,32 All TRs
possess, near their amino terminal
region, a DNA-binding domain simi­
lar to that present in steroid
hormone receptors.33 A specific thy­
roid hormone-binding domain has
been mapped to the carboxy termi­
nus of the human TRp and TRa

l
; it

is not present in the nonhormone­
binding isoform product (TRa

2
) of

the TRa gene.
TRs regulate the expression of

thyroid-responsive genes by binding
to specific DNA sequences, termed
thyroid-response elements (TRE),
which are usually located upstream
of the RNA polymerase binding site
or the transcription start point.
TRa

l
and p are activated by T3 , most

likely through alterations in the
steric configuration of the receptor
molecule. This leads to changes in
the rate oftranscription of the target
gene. The effect is often stimula-
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Figure 4. Inhibitory
effect ofT, on fibronectin
(Fn) synthesis by
fibroblasts from patients
with GRTH (resistant)
compared to those from
normal subjects.
Cultures were exposed to
lO~9 M free T

3
and Fn

was measured by
incorporation of [35S1­
methionine into Fn.
Results are expressed as
percent inhibition
compared to each
subject's fibroblasts
cultured without added
T

3
• (Reprinted from

Ceccarelli et al,27 with
permission.)
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AAT GGG GGT CTT GGG TTC CCC CCT TTG TTC
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Rrg His

(345) (453)

hTRB-Mf hTRB-Mh

Figure 5. Mutations (Mf and Mh) in the TR~ gene, each found in affected members of two unrelated families with GRTH. In each case, a single nucleotide
substitution resulted in the replacement of an amino acid located in the T,-binding domain of the TR. Filled areas in boxes (exons) represent coding sequences and
IVS, intervening sequences or introns. Note that correction of a sequence error, resulting in the addition of 5 amino acids to the amino-terminus of the deduced
sequence, changed the original amino acid number assignment.

tory, as in the case of rat growth
hormone and ofthe cardiac
a-myosin heavy chain; or inhibitory,
as in the case ofTSH (see E.C.
Ridgway III, Thyroid Today, Vol.
XII, No.3, 1989). Expression of
thyroid hormone action usually
requires only partial saturation of
the TRs with the hormone (see H.H.
Samuels, Thyroid Today, Vol. II, No.
3,1979).

Using the technique of restriction
fragment length polymorphism
(RFLP), Usala et aP4 were able to
demonstrate linkage between the
TR~ locus on chromosome 3 and the
GRTH phenotype in one family.
Subsequent studies at the Univer­
sity of Chicago and at the National
Institutes of Health (NIH) have
identified distinct point mutations in
the TR~ genes of two unrelated
families with GRTH.l7,s5 Both point
mutations resulted in the substitu­
tion of single amino acids in the Ts­
binding domain of the TR~ (Figure
5). Also, in both families, the defect
involved one o(the two TR~ alleles,
compatible with the apparent domi­
nant mode of inheritance. Although
no functional information is avail­
able concerning the mutation in the
family studied by the NIH group
(Mh),S5 the mutation ofthe Chicago
family (Mf)17 was shown to produce a
TR product virtually devoid ofTs­
binding property. To investigate the

phTRI3-W

phTRI3-Mf~~~~~::t:::t,:(::~

~~~~ ~ !d
bp 301 1127 1318 1563

/rL-1--------+1--'1'----+1---,
Eco RI (linker) 85t XI 8g1 II Eco RI (linker)

Figure 6. Characterization of the properties of the mutant TR~ gene (Mf) following its in vitro expression.
A. Strategy of plasmid construction for in vitro transcription. Filled boxes and arrows indicate the position
of primers Band F and the direction of elongation in the amplification reaction.
B. Molecular size determination ofTRs synthesized in vitro by translation of the transcribed normal (W,
lane 1) and mutant (Mf, lane 2) genes and in the absence of mRNA (lane 3). The position of protein size
markers of66.2 KD (bovine serum albumin) and 45.0 KD (ovalbumin) are indicated. Note that both genes
yielded two protein products (55,000 and 52,000 daltons) as a result of translation initiation at two different
methionines, 31 amino acids apart.
C. 1251_T, binding to the products of translation without (-) and with (+) addition of an excess (10,000 fold)
unlabeled T,. The control is rabbit reticulocyte lysate processed without the addition ofmRNA. For details,
see text. (Reprinted from Sakurai et al,17 with permission.)
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Figure 7. The strategy of allele-specific amplification. A single mismatch at the 3' end of the oligonucleotide primer N prevents elongation and, thus, amplification
of the fragment by PCR. Accordingly, the primer complementary to the normal DNA sequence (primer N) does not amplifY the mutant gene. Construction of a
primer complementary to the mutant gene (primer M) results in its amplification. For details, see text.

Figure 8. Detection ofthe normal (primer G) and mutant (primer H) TR~ alleles in genomic DNA by allele­
specific amplification. The strategy is depicted on top of the figure and the principle of the method in Figure
7. Products of the reaction carried out with the normal pair of primers (I and G) are analyzed in "a" lanes
and those carried out with the mutant pair of primers (I and H), are in the "boo lanes of an agarose gel, stained
for DNA. A normal member of the family (lanes Ia and Ib) and an unrelated subject with GRTH (lanes 4a
and 4b) possess only the normal alleles. In contrast, two affected members of the family expressing Mfhave
both a normal and a mutant allele. IVS, intervening sequences (introns) and 4> X174, a DNA size marker.
(Reprinted from Sakurai et aI," with permission.)
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latter, first the mutant cDNA was
reconstructed by swapping an ampli­
fied DNA region containing the mu­
tation for the corresponding frag­
ment in normal cDNA inserted in a
plasmid vector (Figure 6A). The
mutant (phTR~-Mf)and normal
(wild [W]) type (phTR~-W)cDNA
containing plasmids were then tran­
scribed and translated in vitro. Both
yielded proteins in the same amount
and of the same size (Figure 6B).
However, addition of 125I-Iabeled T

3
showed specific binding only to the
protein synthesized from the normal
TR~-WcDNA (Figure 6C).

To further confirm that a nucleo­
tide substitution is responsible for
an inherited defect and that inheri­
tance is transmitted as a dominant
trait, it is useful to demonstrate that
the mutation is present in each
affected family member but not in
normal members and that affected
subjects possess a copy of both
mutant and normal genes. This can
now be achieved by the method of
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Mutant thyroid
receptor

GRTH had both the mutant (MD
and normal (W) allele, that both
alleles of unaffected members of the
family were of the W-type, and that
subjects from other families with
GRTH did not have the Mf mutation
(Figure 8). As in the case of other
genetic diseases, unrelated families
are expected to have unique
genotypes.

These novel findings have added
a new dimension to the study of
GRTH and to the understanding of
the mechanism of thyroid hormone
action. However, while proofhas
been secured to support some of the
earlier hypotheses, new questions
have arisen, and these have led to
further speculations. It is now clear
that GRTH can result from abnor­
malities at the level of the thyroid
hormone receptor. The demonstra­
tion of a mutant receptor devoid of
hormone-binding properties explains
the failure to find T3-binding abnor-

Mutant TR

Activation of normal TR

Thyroid response
eiement

Mid-

8 Thyroid receptor S Activated TR

8JA

malities in nuclei of a large propor­
tion of patients with GRTH. Indeed,
T3-binding affinity in nuclear ex­
tracts will remain unaltered since it
reflects hormone binding only to the
normal receptor. Furthermore, the
presence of one normal TR~ allele in
these heterozygous individuals, as
well as expression of the two intact
TRa alleles, mitigates the reduced
total T3-binding capacity, which un­
der normal circumstances is vari­
able. In that case, what is the basis
for their clinically observed defect?

One possible explanation is that
the mutant TR competes with the
normal TR for its interaction with
TREs but, considering the excess of
functional TR, a simple competition
is unlikely to have an important ef­
fect. A more plausible explanation
is derived from recent work that
showed that, in the absence of hor­
mone, TRs can exert an inhibitory
effect on genes whose expression is

activated by the TR in the
presence ofhormone.37,38

Accordingly, the heterozy­
gous expression of a mu­
tant TR that is defective in
its T

3
-binding site may not

only compete with the nor­
mal TR for binding to
TREs but may also act as
an inhibitor (a dominant­
negative effect) to block
transactivation of thyroid
responsive genes even in
the presence of hormone
(Figure 9A).

Another possible cause
of the observed hormone
refractoriness can be pos­
tulated based on data sug­
gesting that transactiva­
tion requires the forma­
tion of receptor dimers.39

The formation ofhetero­
dimers between normal
and functionally inactive
mutant TRs would further
diminish the activity of the
expressed normal TR,
even ifthe latter were as-
sociated with the hormoneFigure 9. Diagrammatic representation ofgene activation through interaction of the TR-T, complex with TRE. A and Bare

examples of postulated interactions of the mutant TR with the hormone, the normal TR and its TRE. For details, see text. (Figure 9B). This would

allele-specific amplification.36 The
principle, illustrated in Figure 7,
involves amplification of genomic
DNA by the polymerase chain
reaction (PCR) using allele-specific
primers. First, oligonucleotide
primers that bind to complementary
sequences in the DNA region of
interest are synthesized. When
added to genomic DNA, extracted
from any of the subject's tissues,
they amplify the DNA sequence
contained between pairs of primers.
The latter are constructed so that
one primer is common for each pair
(primer a in Figure 7) and the other
is specific for either the normal or
mutant allele, by placing the variant
nucleotide at the elongation (3') end
ofthe primer. Mismatched primers
do not function in the PCR reaction
and, thus, fail to amplify the DNA
fragment. Using this technique, it
was possible to demonstrate that
only the family members with

9



further reduce the amount of normal
and potentially functional TR-T3

complexes, wasting hormone and
producing clinical impairment. In
such a setting, a larger quantity of
the hormone would be required to
produce sufficient amounts of hor­
mone-saturated normal TR homo­
dimers. Such interaction, and the
fact that expression of TRI3 and TRa
and their isoforms are tissue specific
and differentially regulated,4o,41 pro­
vides an explanation for the sub­
stantial heterogeneity in the expres­
sion of thyroid hormone resistance
in different tissues and among fami­
lies with the defect. The observed
paradoxic responses to thyroid
hormone in some tissues of patients
with GRTH lend further support to
these theoretical considerations.

Treatment

Although no specific treatment is
available to fully and specifically
correct the defect, the ability to iden­
tifY specific mutations in the TRs
may soon provide means for prena­
tal diagnosis and appropriate family
counseling. This would be particu­
larly important in families whose af­
fected members show evidence of
growth or mental retardation. For­
tunately, in most cases ofGRTH, the
partial tissue resistance to thyroid
hormone appears to be adequately
compensated for by an increase in
the endogenous supply of thyroid
hormone. Thus, treatment may not
be given to such patients. This is
not the case in patients with limited
thyroidal reserve due to prior abla­
tive therapy; in these patients, the
serum TSH level can be used as a
guideline for hormone dosage.

Not infrequently, some peripheral
tissues in patients with GRTH ap­
pear to be relatively more resistant
than the pituitary. Thus, compensa­
tion for the defect at the level of pe­
ripheral tissues is incomplete. In
such instances, judicious admini­
stration of supraphysiologic doses of

10

the hormone is indicated. Since the
dose varies greatly from case to case,
it should be individually determined
by assessing tissue responses. In
children, particular attention must
be paid to growth, bone maturation
and mental development. It is sug­
gested that thyroid hormone be
given in incremental doses and that
the BMR, nitrogen balance, serum
SHBG, urinary excretion ofhy­
droxyproline and, possibly, carnitine
be monitored at each dose. Develop­
ment of a catabolic state is an indi­
cation of overtreatment.
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