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Abstract

Wehave examined the c-erbAfl thyroid hormone receptor gene
in a kindred, G.H., with a member, patient G.H., who had a
severe form of selective pituitary resistance to thyroid hor-
mones (PRTH). This patient manifested inappropriately nor-
mal thyrotropin-stimulating hormone, markedly elevated
serum free thyroxine (T4) and total triiodothyronine (T3), and
clinical hyperthyroidism. The complete c-erbAfil coding se-
quence was examined by a combination of genomic and cDNA
cloning for patient G.H. and her unaffected father. A single
mutation, a guanine to adenine transition at nucleotide 1,232,
was found in one allele of both these members, altering codon
311 from arginine to histidine. In addition, a half-sister of pa-
tient G.H. also harbored this mutant allele and, like the father,
was clinically normal. The G.H. receptor, synthesized with re-
ticulocyte lysate, had significantly defective T3-binding activity
with a K. of - 5 X 108 M-l. RNAphenotyping using leuko-
cytes and fibroblasts demonstrated an equal level of expression
of wild-type and mutant alleles in patient G.H. and her unaf-
fected father. Finally, the G.H. receptor had no detectable domi-
nant negative activity in a transfection assay. Thus, in contrast
to the many other ,8-receptor mutants responsible for the gener-
alized form of thyroid hormone resistance, the G.H. receptor
appeared unable to antagonize normal receptor function. These
results suggest that the arginine at codon 311 in c-erbA,6 is
crucial for the structural integrity required for dominant nega-
tive function. The ARG-31 1-HIS mutation may contribute to
PRTHin patient G.H. by inactivating a P-receptor allele, but it
cannot be the sole cause of the disease. (J. Clin. Invest. 1993.
91:538-546.) Key words: thyroid hormone receptor * resis-
tance* mutation

Introduction

Generalized resistance to thyroid hormones (GRTH)' is a syn-
drome characterized by a clinically euthyroid state, elevated
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1. Abbreviations used in this paper: chloramphenicol acetyltransferase
GRTH, generalized resistance to thyroid hormones; PCR, polymerase
chain reaction; PRTH, pituitary resistance to thyroid hormones;
TRAP, thyroid hormone receptor auxiliary proteins; TRE, thyroid

levels of free thyroid hormones, and inappropriately normal
thyrotropin-stimulating hormone (TSH) ( 1). The majority of
patients with this genetic syndrome have been found to have
mutations in one allele of the c-erbA(3 thyroid hormone recep-
tor gene on chromosome 3 (2, 3). These mutations have been
located in the thyroid hormone-binding domain (T3-binding
domain) of the c-erbA( receptor ((-receptor) and result in
mutant proteins with variable T3-binding affinity (4-12).
Somemutant receptors such as those from kindreds Mf and S
(4, 7) have an undetectable T3-binding affinity, whereas other
mutant receptors such as those from kindreds CL and WR(8,
11 ) have reduced, but considerable T3-binding activity. The
vast majority of these mutations lie within the penultimate and
final exons of the receptor gene. Transient expression studies
using these mutant receptors and thyroid hormone response
elements (TREs) in heterologous promoters have demon-
strated variable transactivating function that correlated with
the T3-binding affinities of the mutant receptors ( 13, 14).

The molecular basis of GRTHis a dominant negative func-
tion conferred by the T3-binding domain mutations. These
mutant receptors inhibit in some manner thyroid hormone
action mediated by wild-type receptor from the remaining (3-
receptor allele and from the two c-erbAa receptor ( 15 ) alleles
on chromosome 17. The dominant negative activity resulting
from the single allele c-erbA(3 mutations can be inferred from
kindred G (16-19). The Refetoff patients with GRTHin
kindred G have total absence of functional (-receptor. How-
ever, the obligate heterozygotes with only one normal (3-allele
from kindred Gare phenotypically normal ( 16-19). These ge-
netic data taken together demonstrate that the mutant f(-recep-
tors of GRTHmust act by antagonizing wild-type thyroid hor-
mone receptor function and not solely through lack of activity
( 18, 19). Furthermore, a patient from kindred S, the Bercu
patient, has been described who is homozygous for a dominant
negative (3-mutation (7, 20, 21 ). The Bercu patient differs from
the Refetoff patients and patients with heterozygous (3-muta-
tions in that he is much more severely resistant to thyroid hor-
mones. The Bercu patient, by way of comparison with the Re-
fetoff patients, demonstrates that a dominant negative (-recep-
tor can inhibit at least some of the functions in man of the
a-receptor. Finally, several transfection studies with the hu-
man mutant (-receptors support the notion of dominant nega-
tive activity drawn from these genetic data ( 13, 14, 22).

Selective pituitary resistance to thyroid hormones (PRTH)
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hormone response element; TREfr, inverted repeat TRE; TSH, thyro-
tropin-stimulating hormone.
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is a syndrome of clinical hyperthyroidism, with elevated free
thyroid hormones, but inappropriately normal serum TSHlev-
els as described by Gershengorn and Weintraub (23). Unlike
GRTH, where the syndrome usually segregates with a domi-
nant allele,2 the mode of inheritance in PRTHhas not been
established and the molecular pathology of this variant form of
thyroid hormone resistance has not been elucidated.

Our attention was drawn to a kindred G.H. because of an
unusual patient (patient G.H.) with markedly elevated free thy-
roxine (T4) and T3, and overt hyperthyroidism but with inap-
propriately normal TSH(24). Although patient G.H. satisfied
the criteria for PRTH, she differed from previously reported
cases in terms of strikingly elevated serum thyroxine (T4), free
T4, and T3 levels (25, 26). In our search for the cause of PRTH
in patient G.H., a mutation in the T3-binding domain of
c-erbA,3 was identified. Quite unexpectedly, this mutant allele
did not confer thyroid hormone resistance to other members of
kindred G.H. This lack of dominant negative activity of the
G.H. receptor was confirmed in a transfection assay. Wereport
here a mutant c-erbAf3 that has defective T3-binding affinity
but does not result in dominant negative activity in humans.

Methods

Phenotyping. Informed consent was obtained from all members and/
or their parents of kindred G.H. TSH, free T4, T4, T3, a-subunit, sex
hormone-binding globulin, and cholesterol were assayed in the clinical
laboratories of the UCLAMedical Center, the West Los Angeles Vet-
erans Administration Medical Center, or Endocrine Sciences (Calaba-
sas Hills, CA). Pulse, weight, and height were obtained during physical
examination. Patient G.H. with severe PRTHhas been followed seri-
ally and treated at the Pediatric Endocrinology Clinic, UCLASchool of
Medicine, and has been studied in the Clinical Research Center of the
West Los Angeles Department of Veterans Administration Medical
Center (24).

DNAand RNApreparation. Leukocyte DNAwas prepared from
subjects as previously described (27). Leukocyte RNAwas obtained
from the father (member 1, see Fig. 1 ). Blood obtained by phlebotomy
was immediately centrifuged; the buffy cell layer was removed and
placed in a 15-ml solution containing guanidinium isothiocyanate (5).
This solution was frozen at -80'C until total RNAwas recovered by
centrifugation through cesium chloride (5). Skin biopsies were per-
formed on patient G.H. and her father. Primary fibroblast cell lines
were established from both patients and total RNAwas isolated by lysis
in guanidinium isothiocyanate and centrifugation through cesium chlo-
ride (5).

Genomic cloning and sequencing. The genomic sequences of c-er-
bAB in patient G.H. and her father were examined using the same
strategy that has been successfully applied in kindreds D, S, and CL
(6-8, 28). Multiple clones of exons 5-10 were sequenced using am-
plimers that have been previously published3 and the polymerase chain
reaction (PCR) (3, 8). The majority of exon 4 at the NH2terminus was
cloned (codons 7-86) with amplimers 5'-GGGGATCCATCTGGT-
TACCTTTACATTT-3' and 5'-GGGAATTCAACCCTTTAGAAA

2. The Refetoff mutation is an exception to this rule. GRTHwas in-
herited recessively in kindred G ( 16).
3. This exon numbering is according to Cugini et al. (8). Sakurai et al.
(29) have assigned a different nomenclature; addition of -2 to the
exon numbers here translates to their coordinate system. Also, Sakurai
et al. have noted a correction in the NH2- terminus of the originally
published c-erbAf3 sequence (30), which predicts an additional five
amino acid residues. The codon coordinates used here can be con-
verted to the Sakurai et al. coordinates by +5.

ATGGCCT-3' and PCRconditions of 940C for I min, 550C for 1 min,
and 720C for 2 min.

The following genomic clones of c-erbA,3 were sequenced from
patient G.H.: exon 5 (codons 90-123, 12 clones), exon 6 (codons
124-173, 11 clones), exon 7 (codons 173-240, 12 clones), exon 8
(codons 241-290, 10 clones), exon 9 (codons 291-377, 17 clones),
and exon 10 (codons 377-457, 11 clones). The following genomic
clones were sequenced from the father: exon 4 (portion consisting of
codons 7-86; 11 clones) and exon 9 (6 clones). Also, 6 clones of exons
7 and 10 were partially sequenced. Unless otherwise stated, all PCR
amplification conditions that follow were 940C for 1 min, 550C for 1
min, and 720C for 2 min.

cDNA cloning and sequencing. A partial cDNAcontaining the 3'-
coding portion of c-erbAd I was cloned using leukocyte RNAfrom the
father. An antisense oligomer to the 3'-untranslated region of c-erbAfl
was used for first strand synthesis using avian myeloblastosis virus re-
verse transcriptase (7) and the resulting cDNAamplified with this anti-
sense oligomer and with oligomer (5'-CAATTACCAGAGTGGTG-
GATTTTGlCCA-3', nucleotides 1,120-1,147). This PCRproduced a
cDNAcontaining codons 283-457, which was gel-purified in NuSieve
GTG(FMC Corp., Rockland, ME) for RNAphenotyping purposes
(see below).

C-erbAfll cDNAs from patient G.H. and her father were cloned
from fibroblast RNAin overlapping 5' and 3' portions. The 5'-cDNAs
were synthesized using oligomer (5'-GGTCGCCACATGGGCT-
TCGGTGACAGT-3', nucleotides 981-955) for first strand synthesis
and the 3'-cDNAs were synthesized using oligomer (5'-GGAATTAT-
GAGAATGAAT(T)CAGTCAGT-3', nucleotides 1,698-1,672) for
first strand synthesis (7). (Nucleotides in parentheses are changes from
wild-type sequence to create restriction sites.) The 5'-cDNAs (codons
5'-untranslated-197) were amplified by PCR with amplimers (5'-
CCTGCGTGGGT(A)CCAAGTTCCACACAT-3',nucleotides 209-
235) and (5'-CTTGTGCCCGATGGACTTCTGCAGCTC-3', nu-
cleotides 918-892). The 3'-cDNAs (codons 150-448) were amplified
by PCRwith amplimers (5'-AAATATGAAGGAAAATGTGTCATA-
GAC-3', nucleotides 721-747) and (5'-CTAATCCTCGAA(T)(T)-
CTTCCAAGAACAA-3', nucleotides 1,671-1,645). Control reactions
without added RNAor DNAwere always run simultaneously to verify
lack of contaminants in reagents. Aliquots of the 3'-cDNA polymerase
chain reactions were used in RNAphenotyping (below). Six clones of
the BamHI-PstI portion of the 5'-cDNAs (nucleotides 263-895, co-
dons 5'-untranslated-197) of both patient G.H. and her father were
sequenced. Two clones (mutant and wild-type) of the PstI-EcoRI por-
tion of the 3'-cDNAs (nucleotides 895-1,657, codons 199-448) of
both patient G.H. and her father were sequenced.

Screening for the G.H. mutation. Genomic specimens were
screened for the presence of the A-1232 base substitution that elimi-
nated an HhaI restriction site by amplifying a segment bounded by
amplimers (5'-AAGACCAGATCATCCTCCTCAAAGGC-3', nu-
cleotides 1,181-1,206) and (5'-TCTCACTTTCTGGGTCATAG(T)-
GCACA-3', nucleotides 1,265-1,239).The second amplimer con-
tained a C to T (nucleotide 1,244), which eliminated an HhaI site that
would have confounded the subsequent analysis. The PCRproducts
were extracted with phenol/chloroform, precipitated with ethanol, and
digested with HhaI. The digestion products were analyzed on 3 to 4%,
3:1 NuSieve GTGgels. The mutant allele generated an 84-bp fragment
that was refractory to HhaI digestion whereas the wild-type allele gener-
ated 54-bp and 32-bp bands on HhaI digestion. 48 random individuals
(96 random alleles) were screened using a panel of DNAspreviously
published (5-8).

RNAphenotyping. Leukocyte c-erbAflB cDNA(codons 283-457)
from the father was gel purified and amplified as described for screen-
ing the G.H. mutation. The products were extracted with phenol/
chloroform, precipitated with ethanol, and then submitted to HhaI
digestion and gel electrophoresis.

Alternatively, I-,d aliquots of the fibroblast cDNA (codons 150-
448) for patient G.H. and her father were directly amplified with the
screening amplimers for only 15 cycles under the following conditions:
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940C, 1 min; 55°C, 30 s; 720C, 30 s. The amplified products were
phenol/chloroform extracted, ethanol precipitated, and then submit-
ted to HhaI digestion and gel electrophoresis.

Construction of the G.H. receptor cDNAand T3-binding studies. A
splicing overlap extension method was used to introduce the A-1232
base substitution into the wild-type human placental c-erbAfl cDNA
(peA101) (30) as has been previously detailed (7, 8). The portion of
the recombinant cDNA, synthesized via PCR, was checked by se-
quencing to rule out an unintended mutation.

The G.H. receptor and wild-type human (3-receptor were synthe-
sized with reticulocyte lysate using the reticulocyte lysate L-
[335]methionine kit (Dupont-New England Nuclear; Wilmington,
DE), (7, 8). The T3-binding affinity measurements were done by satu-
ration analysis with [123I]T3 and a nitrocellulose filter binding assay
(7, 8).

Transient transfection analysis of wild-type and mutant human c-er-
bAl3 cDNAs. The assay for transactivation and dominant negative activ-
ity of mutant forms of c-erbA has been previously detailed (31).
Briefly, the reporter plasmid MTV-TREir-CAT (CAT is chlorampheni-
col acetyltransferase) contains one copy of an inverted repeat (palin-
dromic) thyroid hormone-responsive element (TREir) (AGGTCAT-
GACCT) (31 ) cloned upstream of a mouse mammary tumor viral
LTR-CAT vector lacking glucocorticoid response elements (32). To
construct the plasmid vector expressing wild-type human c- erbA# 1, a
fragment encompassing the entire coding region of c-erbA,1 in the
plasmid pheA4/ 12 (30) was cleaved with Hinf I. The c-erbABl se-
quence (29) predicts that the 5' Hinf I cleavage site would remove the
first ATGin the open reading frame and the 3' site would cleave down-
stream of the stop codon. This fragment was blunt-end ligated into a
blunt-ended pEXPRESSvector (33) which had been digested with
NcoI and XhoI to remove a rat c-erbA sequence. The blunt-ended
NcoI site, when fused to the blunt-ended Hinf I fragment, regenerates
the ATG of the open reading frame to form pEXPRESS-wild-type
(WT). The StyI-BglII fragment from peAlO l-G.H. (containing the
G.H. mutation) was inserted into the corresponding position in the
pEXPRESS-wild-type. The derived pEXPRESS-G.H. vector was veri-
fied by restriction enzyme digestions and with DNA sequencing.
Translation of in vitro RNAtranscripts of pEXPRESS-G.H. in rabbit
reticulocyte lysates resulted in the expression of a [3S] methionine-
labeled protein of the predicted size. A pEXPRESSvector expressing
the kindred S mutation was also constructed using the StyI-Bgl II frag-
ment of the kindred S human c-erbA# cDNA in peA 101 -S. HeLa cells
were transfected by electroporation with 5 Mg of MTV-TREi,-CAT and
with either pEXPRESS-WT, pEXPRESS-G.H., or pEXPRESS-S
alone or in various combinations (see Fig. 6). After transfection, cells
were incubated for 40 h without hormone or with 5 nMor 100 nMT3.
CATactivity was quantitated using a thin-layer chromatography assay
(34). The amount of cell protein assayed and the incubation time were
adjusted to yield 2 0.5-1.0% and < 30% acetylation of [ 14C]chloram-
phenicol (total 250,000 cpm). The fold stimulation represents the ratio
of CATactivity in cells incubated with T3 to that in control cells incu-
bated without ligand. The data are shown as the range of duplicate
samples from experiments performed on the same day. Variation
among duplicated flasks was < 10%.

Results

Phenotype of kindred G.H. Patient G.H. is a black female who
presented at age 12 yr with symptoms and signs of severe hyper-
thyroidism. Her clinical presentation and course have been de-
tailed elsewhere (24). At presentation, her serum TSH was
normal at 5.1 ,uU/ml, but the total T4 was 38.7 Mg/dl (nor-
mals, 5-13 ,g/dl), and the free T4 index was 58.5 (normals,
5-13). Graves' disease and pituitary tumor were excluded as
causes of her hyperthyroidism (24). Her serum T4 and T3 have
remained in the hyperthyroid range since diagnosis, when off
of therapy (Table I).

Table L TSHand Thyroid Hormone Levels in Kindred G.H.

Patient Age TSH Free T4 T3

yr AU/mI ng/dl ng/dl

[G-H1* 17 2/12 3.7 6.0 664
[11 39 0.88 1.43 150
2 37 0.95 0.88 133
[3] 164/12 0.59 1.85 181
4O 223/12 1.50 1.13 2240
Normal ranges 0.40-4.0 0.71-1.85 80-200

* At age 12 yr and 2 mo, TSH = 5.1 MAU/ml (0.32-5.0), T4 = 38.7
Mg/dl (5-13), free thyroxine index = 58.5 (5-13), T3 = 750 ng/dl
(80-200); levels for patient G.H. previously reported in reference 24.
Brackets denote members with ARG-311-HIS mutation in the
c-erbAfl gene. * Normal range for age, 95-250 ng/dl.

At the time of diagnosis, the patient's bone age was ad-
vanced, consistent with the diagnosis of PRTH(bone age of 14
yr, chronologic age of 12 yr) (24). The patient's height and
weight have remained within normal ranges for her age. The
serum cholesterol of patient G.H. was below the normal range
(24), and her serum sex hormone-binding globulin was 146%
above the mean of the other female members of kindred G.H.,
consistent with hepatic hyperthyroidism. In contrast to patient
G.H., her father and mother (members 1 and 2, Fig. 1), half-
sister (member 3, Fig. 1), and half-brother (member 4, Fig. 1)
had no history of thyroid disease and had normal TSH and
thyroid hormone levels (Table I). They were clinically euthy-
roid on examination (Table II).

A mutant c-erbAfl allele in patient G.H. and her unaffected
father. Because of the severe PRTHof patient G.H., genomic
DNAwas first prepared from her leukocytes and the c-erbA(3
gene was sequenced using a previously described strategy (7, 8,
28). Multiple clones of exons 5-10 (codons 90-457) from pa-
tient G.H. were sequenced, and a single authentic base substi-
tution at nucleotide 1,232 in exon 9, a guanine to adenine, was
found in 11 out of 17 independent clones (Fig. 2). Surpris-
ingly, two of six clones of exon 9 from the patient's unaffected
father also contained the A-1232 base substitution. To com-
pletely evaluate the sequence of the 3 1 -receptors, 5'- and 3'-
cDNAs of c- erbAf l (codons 5'-untranslated- 197 and 150-
448, respectively) from fibroblasts of patient G.H. and her fa-
ther were also cloned. cDNA segments consisting of codons
5'-untranslated- 197 from the 5' clones and codons 199-448

I Figure 1. Pedigree of
(\------in--.-.-...g\I('\ _kindred G.H. Members,

patient G.H., 3, and 4
2 have different mothers

unrelated to the father,
member 1. Members

GH 3 4 1, 3, and patient G.H.
harbor one mutant c-

erbA(3 allele (see Fig. 3) and are shown by darkened symbols.
Members 2 and 4 do not have the mutation. Members 1-4 all had
normal levels of serum TSH, free T4, and T3 and were clinically eu-
thyroid. Patient G.H. had markedly elevated serum free T4, T3, and
inappropriately normal TSHand was clinically hyperthyroid (Table
I). Circles, females; squares, males.
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Table II. Clinical Parameters of Thyroid Hormone Action for Kindred G.H.

Bone Heart Livert Metabolism

Member* Age Height Percentile Pulse rate SHBG Cholesterol Weight Percentile

yr cm per min 1g/dl mg/dl kg

G.H. 12 157.7§ 75-90 118 1.91 146' 36.0 25
[1] 39 170.8 10-25 72 0.5 204 60.5 10-25
2 37 160 25 84 1.4 299 59.1 50-75
[3] 16.33 164.8 -90 72 1.2 179 53.6 25-50
4 2.25 91 -75 104 5.4 219 15.9 95

Most clinical data for patient G.H. reported in reference 24. * G.H., 1, and 3 harbor mutation in c-erbA# (see Fig. 3). * SHBG, sex
hormone-binding globulin (normals: adult males, 0.5-1.5; adult females, 1.0-3.0; prepubertal children 1.8-5.5 ,gg/dl). Cholesterol normal range
is 150-200 mg/dl. § Bone age of G.H. was 14 yr at chronologic age 12 yr. ' SHBGand cholesterol when patient was adult, age 17.25 yr.

from the 3' clones were sequenced. The only base substitution
found in the cDNAs of both patient G.H. and her father was
A-1232; cDNAs with the wild-type sequence, G-1232, were

Mutant Allele
GA T C

T 312

CIJ GALA

A- 1 232--- - C] 311
c His

_ow ~ \T1310
Wi-T Tllel LEU

Wild-Type Allele
GA T C/~CI

4 _ J G_

G- 1 232 --_

312
ALA

01311

C]JARG

T 310
TLE

Figure 2. Sequences of mutant and wild-type c-erbAfl alleles from
patient G.H. Multiple clones of exons 5-10 (codons 90-456) from
patient G.H. were sequenced and a single base substitution, guanine
to adenine, at nucleotide 1,232 was found. This altered an arginine
residue at codon 311 to histidine. Also, cDNAs encompassing the c-
erbAjSl coding sequence of codons 1-448 (30), cloned from G.H.
fibroblasts, showed only the A-1232 mutation or wild-type sequence.
Genomic and cDNAsequencing of the father of patient G.H., unaf-
fected member 1 (Fig. 1), also revealed only the A-1232 substitution
in one allele.

also isolated from patient G.H. and her father. In the father,
codon 198 and the last 27 coding nucleotides that were not
sequenced from the cDNAcloning were also examined by geno-
mic sequencing; multiple clones of exons 7 and 10 were nor-
mal. In addition, the majority of the NH2terminus of genomic
c-erbA# l (codons 7-86) which was wild-type was examined in
the father. Thus, the entire coding region of c-erbA# l in pa-
tient G.H. and her unaffected father was covered by genomic
or cDNAsequencing and, in addition, there was considerable
confirmatory overlap between the genomic and cDNA se-
quencing. In conclusion, both wild-type sequence and a single
base alteration of guanine to adenine at nucleotide 1,232 (i.e.,
two alleles) were identified in patient G.H. and her normal
father. This base substitution changed codon 311 from argi-
nine to histidine in the mutant allele.

Two unaffected members of kindred G.H. are heterozygous
with the mutant allele. Blood specimens were also obtained
from members 2, 3, and 4 (Fig. 1). The A-1232 base substitu-
tion eliminated an HhaI restriction site and a rapid screening
method could, therefore, be used (Fig. 3). This screening
method revealed wild-type and A-1232 alleles in patient G.H.,
the father, and in the unaffected half-sister of patient G.H. The
mother of patient G.H. and half-brother did not harbor the
A-1232 allele. The half-sister was close to the same age as pa-
tient G.H. (Table I) but had no history, symptoms, or signs of
thyroid disease. Furthermore, her serum free T4, T3, and TSH
were within normal ranges. Finally, 48 random individuals (96
random alleles) were screened and all lacked the A-1232 base
substitution.

The G.H. receptor has defective T3-binding activity and is
expressed in the unaffectedfather and patient G.H. To further
characterize the G.H. mutation and better understand the find-
ing of normal family members with this mutation, we recreated
a G.H. receptor cDNA, synthesized the receptor using reticulo-
cyte lysate, and measured the T3-binding affinity (Fig. 4). In
three separate experiments, the T3-binding affinity of the mu-
tant receptor was near the level of sensitivity of the filter-bind-
ing assay (- 5 X I0 M-'). A representative T3-binding study
with the in vitro mutant receptor and the human placental
c-erbAll receptor is shown in Fig. 4. The magnitude of
T3-binding affinity for the G.H. receptor was much lower com-
pared with many other mutant receptors responsible for
GRTH(e.g., CL; DC; and E-D, Q-W; references 8, 13, and 9,
respectively). The very defective T3-binding activity of the
G.H. receptor supported the findings of the genetic analysis
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Figure 3. Screening for the G.H. mutation.
The presence of the adenine mutation at
nucleotide 1,232 was examined in leuko-
cyte DNAfrom members of kindred G.H.
and in 48 random individuals. (A) Oligo-
mers of nucleotides 1,181-1,206 and
1,239-1,264 (antisense) were used to am-
plify a segment containing an HhaI restric-
tion site, which was eliminated by the
A-1232 mutation. The wild-type allele gen-
erated two fragments of 54- and 32-bp sizes
on HhaI digestion of the amplified segment
whereas the mutant allele generated an 84-
bp segment refractory to digestion. The
bands shown schematically are from an in-
dividual heterozygous for the G.H. muta-
tion (Heterozygote) and from an individual
with two normal alleles (WT). (B)
Kindred members 1, G.H., and 3 demon-
strated the A-1232 and wild-type sequences
whereas members 2 and 4 did not harbor
the mutant allele. 48 random individuals
did not have the mutation (data not
shown). Cl is a random individual, and
C2 is a control amplification reaction with
no DNA. Mis marker, and the 84-, 54-,
and 32-bp fragment sizes are indicated. B
is an ethidium-stained agarose gel.

showing that the A- 1232 base substitution was a mutation and
not a polymorphism.

Given the normal phenotypes of the father and the half-sis-
ter, we compared the level of expression of the mutant allele

between patient G.H. and her father. RNAspecimens from
leukocytes and fibroblasts from the father were used to clone
c- erbA# 1 cDNAs, which were in turn screened for the presence
of the G.H. mutation (Fig. 5). This was also performed with

o 0 *n 0 rlo 0 w n 0 rN.
0 o00m _- (0 0) * _
* N 000 * N 000
6 6 6 6 6 66 66(nM

125 -T3 Concentration (nM)

Figure 4. T3-binding activity
of G.H. and wild-type recep-
tors. Wild-type human c-
erbAfll and G.H. proteins
were synthesized with reticu-
locyte lysate and used to
measure T3-binding activity.
Two microliter aliquots of
lysate were incubated with
increasing concentrations of
["2I ]T3; bound ['l5I ]T3 was
separated from free by a
filter-binding assay. Specifi-
cally bound ['2I]T3 was
measured as the difference
between the total amount
bound and that in the pres-
ence of 0.5 gMunlabeled T3.
The T3-binding affinity of
the wild-type receptor in this
representative experiment
was 2.9 X 01'0 M-' whereas
the G.H. protein had an af-
finity of - 7 x 10' M-'.
Approximately equal
amounts of proteins
(TCA-precipitable 35S) were
used and the
[ 35S I methionine-labeled pro-
teins were analyzed by SDS-
PAGE(inset).
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Figure 5. RNAphenotyping: mutant versus wild-type c-erbA# l ex-

pression in patient G.H. and in her unaffected father. (A) Leukocyte
RNAwas prepared from the father, who had a normal phenotype but
harbored the G.H. mutation. C-erbA,6l cDNA (codons 283-456),
synthesized by reverse transcription and PCRamplification, was

gel-purified and screened for mutant and wild-type sequences by the
method shown in Fig. 3. The 84-bp amplified product that was re-

fractory to HhaI digestion contained the G.H. mutation; the two
lower bands (54 and 32 bp) were generated from the population of
wild-type cDNA. For comparative purposes, genomic DNAfrom
patient 3, who had a mutant and a wild-type allele, and from a normal
individual, Cl, were similarly screened for the G.H. mutation. C2
was a control amplification reaction without added DNA. (B) Fibro-
blast RNAwas prepared from patient G.H. and her father, and c-

erbABl cDNAs (codons 150-448) were cloned by reverse transcrip-
tion and PCRamplification. I-Ml aliquots from these PCRamplifica-
tions were further amplified 15 cycles with the screening amplimers in
Fig. 3 and the products were subjected to HhaI digestion. The 84-bp
band produced from mutant cDNAand the 54- and 32-bp bands
produced from wild-type cDNAwere seen in patient G.H. and her
father. For comparative purposes, genomic DNAfrom patient G.H.
(G.H. genomic) and from her unaffected half-brother with two nor-
mal alleles (4 genomic) were screened for the G.H. mutation as de-
scribed in Fig. 3. A and B are taken from ethidium-stained gels.

fibroblast RNAfrom patient G.H. To compare the proportion
of mutant versus wild-type cDNA, genomic DNAspecimens
from wild-type individuals and heterozygous mutant carriers
(half-sister or G.H.) were also amplified, screened with HhaI,
and run on the same agarose gel (Fig. 5). (The relative intensi-
ties on ethidium-staining of the mutant [84-bp] band vs. wild-
type [54-bp, 32-bp] bands from the heterozygous, genomic
specimens correspond to products produced from a 1:1 propor-
tion of mutant vs. wild-type DNAtemplate.) The results shown
in Fig. 5 indicate that the relative abundance of mutant to
wild-type fibroblast cDNA, and therefore, mRNA,for both the
father and patient G.H. was approximately 1:1. The father also
showed equal abundance of mutant and wild-type mRNAin
leukocytes. Weinfer from these data that the normal pheno-
types of the father and half-sister cannot be explained by lack of
expression of the G.H. allele but must result from a lack of
dominant negative function of the mutant receptor.

The mutant G.H. receptor minimally transactivates but ex-
hibits no dominant negative activity in transient transfection
studies. The remarkable in vivo data were substantiated by
transfection in HeLa cells, which has been used to assay tran-
sactivation and dominant negative properties of artificial and
natural c- erbAf mutants ( 13, 31 ). The ability of G.H. receptor
to induce MTV-TREir-CAT was measured versus that of the
wild-type c-erbA# l receptor (Fig. 6). At 100 nMT3, stimula-
tion of CATactivity by the G.H. receptor in HeLa cells trans-
fected with 2 or 20 ,ug of pEXPRESS-G.H. was only two- to
threefold. In contrast, stimulation in cells transfected with 2 ,g
of the wild-type human c-erbAfl vector was - 60-fold at 5 nM
T3 and 100-fold with 100 nMT3. The ability of the G.H. recep-
tor to block wild-type receptor function was studied along with
a vector expressing the mutant kindred S receptor. The kindred
S cDNAwas cloned from a family with generalized resistance
to thyroid hormone (7) and can mediate a potent dominant
negative effect ( 13). The kindred S receptor, which has vir-
tually no affinity for T3, does not transactivate the TREir re-
porter gene and markedly inhibits wild-type receptor function
in HeLa cells (Fig. 6) (13). The G.H. receptor did not inhibit
T3 stimulation of wild-type receptor even at a G.H./wild-type
plasmid mass of 20:2 ,g. In contrast, 10 ,g of the kindred S
expression vector almost completely inhibited T3 stimulation
in cells cotransfected with 2Mgg of the wild-type receptor expres-
sion vector. Thus, there is excellent correlation between the in
vivo characteristics of the G.H. mutation determined by the
genetic analysis and the properties as assayed by transfection.

Discussion

All human mutations identified to date in the c-erbAf3 gene
have resulted in the generalized form of resistance to thyroid
hormones. Over 25 different point mutations have been re-
ported (4-12), and all lie within exon 9 or 10 with the excep-
tion of one identified in exon 7 (35). A single case of a double
mutation in exon 9 and exon 10 has also been found ( 10). The
mutations that have been characterized all variably affect
T3-binding affinity (twofold reduction to complete T3-binding
inactivity) and have different potencies as dominant negative
proteins on thyroid hormone-regulated reporter genes in tran-
sient transfection systems (4, 7-9, 11, 13, 14, 22). Most impor-
tantly, the genetic analysis of GRTHis entirely consistent with
a dominant negative mechanism where a mutant c-erbA# al-
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Figure 6. Transactivation and dominant negative properties of the
mutant G.H. receptor. pEXPRESSvectors (regulated by the Rous
sarcoma virus LTR) expressing either the human c-erbA(31 wild-type
(WT) or the mutant G.H. or S receptors were transfected into HeLa
cells as indicated. All transfections contained 5 gg of the MTV-
TRE&r-CAT reporter gene (TREfr = AGGTCATGACCT). Duplicate
flasks were incubated for 40 h without hormone or with either low
(5 nM) or high (100 nM) T3 concentrations. Results of CATassays
are expressed as fold stimulation calculated as the ratio of T3-stimu-
lated activity divided by the basal activity.

lele universally segregates with the affected phenotype (27,
28). The only exceptions to this rule are the Refetoff patients of
kindred G, where homozygosity for a major (-gene deletion
resulted in GRTH( 18, 19). Significantly, the Refetoff hetero-
zygotes of kindred Gwere phenotypically normal. The central
result of our study with kindred G.H. is that a point mutation
in proximity to a "hot spot" of exon 9 (9) did not segregate as a
dominant allele with thyroid hormone resistance. The demon-
stration that two members with the mutation had normal thy-
roid function tests and were clinically euthyroid indicates that
the ARG-3 1 1-HIS mutation does not result in dominant nega-
tive function. Given its significantly defective T3-binding affin-
ity, the G.H. receptor would be severely compromised in its
transactivation activity and in its ability to mediate thyroid
hormone action. The transfection studies with the G.H. recep-
tor support the inference of relative lack of transactivation and
dominant negative functions. The G.H. allele, therefore, ap-
pears to be a "null allele," and the phenotypes of the father and
half-sister are consistent with that of the Refetoff heterozy-
gotes.

The fact that ARG-3 1 -HIS did not by itself lead to domi-
nant negative activity uncovers a functional complexity to the
T3-binding domain of c-erbA(3 in vivo. This functional com-
plexity has already been partially elucidated by recent transfec-
tion and DNA-binding studies that indicate the existence of
thyroid hormone receptor auxiliary proteins (TRAP) that het-
erodimerize with the (- and a-receptors and potentiate DNA
binding and possibly transactivation (31, 36-44). These stud-
ies imply that heterodimers of (-receptor TRAPor a-receptor
TRAP rather than homodimers of receptors transactivate
genes. The identity of the TRAP protein or proteins is still
under investigation, but very recent work indicates that reti-
noid X receptors may be members of this group (45-48). One
portion of the TRAPdomain of the rat A-receptor has been
determined to lie approximately between codons 280 and 300
(38, 40), very close to the mutation at codon 31 1.

This study suggests that a specific residue in the ligand-
binding domain of the (-receptor is critical for a dominant
negative function. Although the precise mechanism ofthe dom-
inant negative effect of the GRTHmutations has not been
elucidated, it appears that the mutant receptors compete with
wild-type receptors at TREs or compete for auxiliary transcrip-
tion factors ( 13, 14, 18). The mutations of (-receptor found in
GRTHavoid the important heptad repeats of the T3-binding
domain that are thought to be required for receptor-protein
interactions (34). Furthermore, these mutations are separated
from the TRAPdomain, also necessary for such interactions
(36-44). Therefore, the GRTHmutants can, theoretically,
successfully compete with wild-type receptors for TREs and
inhibit thyroid hormone action. Identification of the G.H. re-
ceptor strongly supports a model for receptor-protein interac-
tions in mediating thyroid hormone action in vivo. If no such
interactions were important, the G.H. receptor with an intact
DNA-binding domain would have been expected to behave as
a potent dominant negative protein, resulting in thyroid hor-
mone resistance in the father and half-sister of patient G.H. We
speculate that the ARG-3 1 1-HIS mutation perturbs a dimeriza-
tion or TRAPdomain of the c-erbA( receptor, abrogating its
ability to compete with wild-type receptor for transcription fac-
tors or to form a transcription complex with high affinity for
TREs. The crucial structural role of codon 311 in c-erbA(3
must await crystallographic data, which will resolve the puta-
tive dimerization and TRAPdomains. However, the special
role of codon 31 1 in c- erbA(3 structure and function is further
suggested by the complete conservation of arginine at this site
in the retinoic acid and vitamin D receptors, c-erbA, v-erbA
and Rev-erbA (34). A GRTHmutation at codon 312 reported
by Parrilla et al. (9) more modestly affected T3-binding affinity
compared with G.H., and this codon is not so strictly conserved
among other members of the thyroid/steroid gene super-
family. Future investigations using cloned retinoid X receptors
and other possible TRAP factors with assorted TREs in gel-
shift and transfection assays will be necessary to characterize
the range of effects the G.H. mutation has on DNA-binding
affinities, heterodimerization, transactivation, and dominant
negative function.

A trivial explanation for the lack of dominant negative ac-
tivity from the G.H. allele would be that the G.H. receptor
protein is not produced. This seems extremely unlikely, given
that the G.H. receptor synthesized in reticulocyte lysate was
quite stable and could be purified after bacterial expression
(Samuels, H. H., and F. Su, New York University Medical
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Center, unpublished data). Furthermore, Meier et al. (13)
have demonstrated that a wide range of GRTHreceptors are
stable in transfected HeLa cells.

Another important conclusion of this study is that it sug-
gests possible molecular heterogeneity to thyroid hormone re-
sistance syndromes. GRTHhas been shown to be a genetically
homogeneous syndrome. However, the form of PRTHthat
patient G.H. has cannot be due to the single mutant G.H. al-
lele. One can speculate that the severe pituitary resistance of
patient G.H. may be due to a second mutation in the remain-
ing c-erbA3 allele or c-erbAa alleles of the thyrotrophs, result-
ing in a dominant negative mutant, combined with compro-
mised thyroid hormone responsiveness due to a null c-erbAf
allele. Although this second putative mutation is predicted to
be somatic, we have sequenced multiple clones of the last two
exons of c-erbAa from patient G.H. that correspond to fl-exons
9 and 10, and no mutation was found (data not shown). Fur-
thermore, we have considered the possibility of a germ-line
mutation in the promoter of hTSH# (49) and have found no
mutation in the +3- to +37-bp segment of this promoter. It is
also possible that the putative second somatic mutation may
not result in a dominant negative thyroid hormone receptor
but may be in a retinoid X receptor gene or a yet to be identi-
fied TRAPgene.

Finally, it must be recognized that patient G.H. is unique in
her serum levels of thyroid hormones; many other patients
diagnosed with PRTHhave total thyroxine levels < 20-25 jig/
dl (25, 50). Although the clinical condition of PRTHmay turn
out to be heterogeneous in terms of molecular etiology,
c-erbAf defects may be generally involved with different clini-
cal forms of this syndrome. Wehave found a LEU-325-PHE
mutation in a previously published patient with PRTH(24,
51 ). The original patient with PRTHdescribed by Gershen-
gorn and Weintraub (23) has recently been found to have a
commonc-erbAf3 mutation (52). Further clinical and genetic
studies will be necessary to explain the molecular basis of the
variable clinical forms of PRTH.
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