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Introduction

Thyroid hormone (T3) resistance is inherited in most cases in an
autosomal dominant manner. The disorder is characterized by
elevated free thyroid hormone levels and partial resistance to
thyroid hormone at the cellular level. Distinct single amino acid
substitutions in the ligand binding domain of the ft form of the
thyroid hormone receptor have been described in two kindreds
with this disorder. We used transient expression assays to char-
acterize the functional properties of these receptor mutants,
one containing a Gly to Arg change at amino acid 340 (G340R)
and the other a Pro to His change at amino acid 448 (P448H).
A nine amino acid carboxy terminal deletion (A448456), analo-
gous to an alteration that occurs in v-erbA, was also studied for
comparison with the mutations that occur in the T3 resistance
syndrome. None of the receptor mutants were able to mediate
thyroid hormone dependent activation (TreTKCAT) or repres-
sion (TSHaCAT) of reporter genes when compared with the
wild type receptor. In addition, the mutants inhibited the activ-
ity ofnormal a and (3 receptor isoforms when examined in coex-
pression assays. This activity, referred to as dominant negative
inhibition, was manifest with respect to both the positively and
negatively regulated reporter genes. Although mutant receptor
binding to DNA was unaffected, ligand binding studies showed
that the G340R and A448456 mutants failed to bind T3,
whereas the P448H mutant bound hormone with reduced affin-
ity (- 10% ofnormal) compared to the wild type receptor. Con-
sistent with this finding, the P448H mutant receptor was par-
tially active at higher T3 concentrations. Furthermore, the domi-
nant negative inhibition elicited by the P448H receptor mutant
at higher T3 concentrations was reversed in the presence of high
doses of T3. These findings indicate that mutant (3 receptors in
patients with thyroid hormone resistance have reduced affinity
for T3 and are functionally deficient, but impair the activity of
normal receptors, thereby providing a mechanism for the domi-
nant mode of inheritance in this disorder. (J. Clin. Invest. 1991.
87:1977-1984.) Key words: transcriptional regulation - erbA -

thyroid-stimulating hormone - thyroid hormone resistance * thy-
roid hormone
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The syndrome of generalized thyroid hormone resistance
(GTHR)' was first described by Refetoff et al. (1), and is char-
acterized by elevated circulating levels of free thyroxine (T4)
and triiodothyronine (T3) and inappropriately normal or in-
creased levels of thyroid-stimulating hormone (TSH). Al-
though patients with GTHR are relatively refractory to the
metabolic effects of increased thyroid hormone, there is vari-
ability in the degree of resistance in different target tissues
within an individual and the clinical phenotype varies in differ-
ent kindreds (2). An autosomal recessive mode of inheritance
was suggested in original GTHR kindred, but the disorder has
been shown to segregate in an autosomal dominant manner in
most families (1, 3).

Although both quantitative (4) and qualitative defects (5) in
thyroid hormone binding to fibroblast nuclear receptors from
GTHR patients have been described, these studies did not
firmly establish a defect at the level of the thyroid hormone
receptor. Recently, two thyroid hormone receptor genes, desig-
nated hTRa and hTR#, have been identified, encoding highly
homologous proteins with different tissue distributions (6, 7).
Genetic analysis has now shown linkage between the GTHR
syndrome and the (3 receptor gene locus in three kindreds (8,9).
These observations have been extended by sequencing (3 recep-
tor cDNAs from two separate families with the disorder. In
both cases, affected individuals have a point mutation in one
allele of the (3 receptor gene together with a second normal
allele, whereas their unaffected relatives have two normal al-
leles. In each kindred, the point mutation alters a single amino
acid codon in the carboxy-terminal ligand binding domain of
the receptor. In one kindred, the mutation is a Glycine to Argi-
nine substitution at amino acid 340 (G340R) (10). In the other
kindred, a Proline to Histidine substitution was identified at
amino acid 448 (P448H) (9).

Although ligand binding studies have shown that these mu-
tant proteins either fail to bind T3 (10) or bind hormone with
reduced affinity (11), their ability to modulate target gene ex-
pression has yet to be defined. Moreover, because the affected
individuals also possess a second normal (3 receptor allele and
presumably two normal a receptor alleles, the mechanism by
which the mutant receptor causes resistance to thyroid hor-
mone action is unclear. It has been hypothesized that the mu-
tant receptor might block the activity of normal receptors (9,
10). In support of this concept, receptor homologues (v-erbA;
splicing variant a2) that are unable to bind thyroid hormone

1. Abbreviations used in this paper: ABCD, avidin-biotin complex
DNA; CAT, chloramphenicol acetyltransferase; GTHR, generalized
thyroid hormone resistance; K,, receptor affinity constant; RSV, Rous
sarcoma virus; TRE, thyroid response element; nTRE, negative TRE;
TREp, positive TRE.
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have been shown to inhibit the action ofthe wild type receptors
(12-14).

Transient expression assays provide a convenient model for
examining the functional properties ofthyroid hormone recep-
tors. We have previously used a receptor deficient human cell
line (JEG-3) for studies ofthe functional properties ofhuman a
and ,3 receptor isoforms (15, 16). Both types of thyroid hor-
mone receptor are capable of activating expression of a re-
porter gene (TreTKCAT) that contains a palindromic -positive
TRE (TREp) and repressing the activity of a reporter gene
(TSHaCAT) that contains a negative thyroid response element
(nTRE) (15, 16). Transcriptional stimulation and repression
each require receptor activation by thyroid hormone.

In this study, we used this transient assay system to charac-
terize the functional properties of the mutant receptors from
twoGTHR kindreds (G340R and P448H) as well as a carboxy-
terminal truncated form of the 1B receptor (A448-456) that
corresponds to the deletion in v-erbA (13). We demonstrate
that in addition to being nonfunctional, the receptor mutants
inhibit the action oftheir wild type receptor counterparts. This
dominant negative action by the mutant receptors may explain
the dominant mode of inheritance as well as resistance to hor-
mone action.

Methods

Plasmid constructions and receptor mutagenesis. TSHaCAT contains
846 bp, of 5' flanking sequence and 44 bp of exon I from the human
TSH a subunit gene, linked to the gene encoding chloramphenicol
acetyltransferase (CAT) (15). TreTKCAT (provided by G. Brent and
D. Moore, Massachusetts General Hospital, Boston, MA) contains two
copies of a palindromic TRE (5' gatc TCAGGTCATGACCTGAgatc-
3'; linker sequences are shown in small case letters) inserted upstream
of the thymidine kinase (TK) promoter and CAT gene (17).

For site directed mutagenesis (18), the human thyroid hormone ft
receptor cDNA was subcloned into Ml3mpl8. The following oligonu-
cleotides were used to direct second strand synthesis: G340R, 5' CAG-
CTGAAAAATGGGCGTCTTGGGGTGGTG 3', P448H, 5' ACA-
GAACTCCTCCCCCATTTGTTCCTGGAA 3', ,# A448-456, 5'-
TGCCCCACAGAACTCCTCCCCATAGACTGACTGGATTCCT
3'. Recombinant phage containing the desired mutations were identi-
fied by sequence analysis. Both mutant and wild type receptor cDNAs
were then subcloned into a vector in which expression is driven by the
Rous sarcoma virus (RSV) promoter (14). The mutations are illus-
trated schematically in Fig. 1 A.

Cell culture and transient expression assays. JEG-3 cells (HTB 36,
American Type Culture Collection, Rockville, MD) were grown in
Optimem (BRL-Gibco Laboratories, Grand Island, NY) containing
2% (vol/vol) FCS, penicillin (100 U/ml) and streptomycin (100 ug/ml).
The cells were trypsinized 18 h before transfection and plated into
medium containing 2% FCS depleted ofT3 by treatment with activated
charcoal. Triplicate plates of cells were transfected with 5 Mg reporter
plasmid (TreTKCAT or TSHaCAT) together with 0.2-4 ug of wild
type or mutant receptor expression vector with the addition of
RSVLUC plasmid as necessary to maintain a constant amount of
RSV-containing plasmid. Following a 16-h exposure to a calcium
phosphate-DNA precipitate (19), fresh serum-stripped media were
added with or without T3. After an additional 48 h, the cells were
harvested and CAT enzyme activity was measured by quantitating the
acetylation of ["Clchloramphenicol (20). The intraassay variation in
CAT activity in triplicate transfections was typically < 10%. Absolute
CAT assay values varied two to threefold in separate experiments, pre-
sumably reflecting differences in transfection efficiency. Representa-
tive experiments from a single group oftransfections are therefore pre-
sented, but similar results were obtained in independent experiments.
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Figure 1. Structures ofwild type and mutant T3 receptors and reporter
genes. (A) Schematic representation of human a and j3 receptor
isoforms and ft receptor mutants. Putative DNA (open boxes) and T3
binding domains are shown schematically. The positions of amino
acid substitutions as well as a nine amino acid deletion in the i re-
ceptor are indicated. The T3 binding properties ofthese receptors are
summarized at the right ofthe figure (+, normal binding; -, absent
binding; ±, reduced binding affinity). (B) Reporter gene constructs
used in transient expression assays. In TreTKCAT, the location of
two copies of a positive TRE (TREp) is indicated by arrows. In
TSHaCAT, the positions of two cAMP response elements (CREs)
and the putative negative TRE (nTRE, hatched box) are diagrammed.
The locations of the TATA box, transcriptional start site, and the
CAT gene are also indicated for both constructs.

Receptor binding studies. Avidin-biotin complex DNA (ABCD)
binding assays were used to assess receptor binding to DNA as de-
scribed previously (15). Both wild type and mutant ft receptor cDNAs
were subcloned into pGEM 7 (Promega Biotec, Madison, WI) for in
vitro transcription and translation. The transcribed and capped
mRNAs were used to program translation in a rabbit reticulocyte lysate
system in the presence of [35S]radiolabelled methionine according to
the protocol ofthe supplier (Promega). Aliquots oflabeled protein were
analyzed using SDS polyacrylamide gel electrophoresis to confirm re-
ceptor integrity and to demonstrate that comparable amounts of the
different mutants were synthesized (data not shown). Double stranded
TREp (16) or a control oligonucleotide (-72 to -32 bp in the human
TSH a promoter) that does not bind to the thyroid receptor (15) were
annealed, and the 3' recessed ends were filled in with biotin- I l-dUTP
(Enzo Biochem, Inc., New York, NY), dATP, dCTP, and dGTP using
Klenow polymerase. Biotinylated DNA (500 fmol) was incubated with
[35S]methionine labelled receptor (100,000 cpm of TCA precipitable
protein) for 40 min at 240C. The receptor-DNA complexes were precip-
itated with streptavidin-agarose beads (Bethesda Research Laborato-
ries, Gaithersburg, MD) and quantitated by scintillation counting.

Receptor interactions withDNA were also analyzed usinggel mobil-
ity shift assays in which nuclear receptor extracts were prepared from
COS-I cells (16). COS-l cells (CRL 1650, American Type Culture Col-
lection) were transferred to Optimem with 2% charcoal stripped fetal
bovine serum before transfection. Cells were transfected with CDM8
expression vectors ( 16) encoding human a I, P, ordifferent site-directed
mutants ofthe ,B receptor. After 36 h, cells were harvested and extracts
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were prepared as described by Damm et al. (13). Binding reactions (50
Al) contained 32P-labelled TREp (50 fmol) or a control oligonucleotide
(-72 to -32 bp in the human TSH a promoter) incubated with trans-
fected COS cell nuclear extract (7.5 gg protein) in binding buffer (20
mM Hepes pH 7.9, 120 mM KCI, 2 mM dithiothreitol, 0.1% NP-40,
100 ,g/ml poly [d(I-C)J, and 100 nM T3). The DNA-protein mixture
was incubated at room temperature for 60 min before electrophoresis
through a 5% nondenaturing acrylamide gel.

For hormone binding assays, unlabelled in vitro translation prod-
ucts (5 gl) were incubated with 0.01 nM ['25I]T3 and increasing
amounts (0.001-0.4 nM) of T3 (21). The reactions were carried out at
4°C for 16 h in a final vol of 200 Ml of binding buffer (10% (vol/vol)
glycerol, 15 mM Tris pH 7.6, 50 mM NaCl, 2 mM EDTA, 1 mM
dithiothreitol). Nonsaturable binding was measured in the presence of
a 1,000-fold excess of unlabeled T3. Bound and free hormone was

separated by filtration (HAWP 2540; Millipore/Continental Water
Systems, Bedford, MA) (22). Receptor affinity constants (K.) were cal-
culated using Scatchard plot analyses.

Results

Functional properties ofmutant receptors. To assess the ability
of wild type and mutant receptors to activate or repress tran-
scription, TreTKCAT and TSHaCAT (Fig. 1 B) were used as
reporter genes to measure transcriptional activation and re-

pression, respectively, in thyroid hormone receptor deficient
JEG-3 choriocarcinoma cells. Receptors and mutants were

subcloned into an RSV expression vector. Using this system,
maximal receptor activity is elicited using 100 ng ofthe recep-
tor expression vector and 1 nM T3 (16). In these experiments,
supramaximal doses (200 ng) of wild type or mutant receptor
and T3 (5 nM) were used to ensure maximal receptor activity.

In the absence of cotransfected receptor, T3 treatment re-
pressed TSHaCAT activity (20-50% suppression in different
experiments) (Fig. 2 B). In other experiments, we have also
observed minimal induction of TreTKCAT expression in the
absence of transfected receptor (one to threefold, data not
shown). These T3-mediated effects may reflect the presence of
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low amounts of endogenous receptor in these cells. Coexpres-
sion of wild type ,3 receptor conferred a marked increase in T3
responsiveness. TreTKCAT expression was induced 18-fold
and TSHaCAT was suppressed by 79% (Fig. 2 A). Under the
same conditions, the mutant receptors exhibited markedly di-
minished activity. The ,B A448-456 mutant failed to mediate
activation of TreTKCAT or repression of TSHaCAT. The
GTHR receptor mutants (G340R and P448H) were also func-
tionally deficient, but differed in their activities. Whereas
G340R was essentially inactive (0.9-fold induction of TreTK-
CAT and 17% repression ofTSHaCAT), P448H exhibited par-
tial T3 responsiveness (4.2-fold induction of TreTKCAT and
35% repression ofTSHaCAT).

Dominant negative action ofmutant receptors. Having es-
tablished the functional capabilities of the individual receptor
mutants, their ability to modulate the activity of wild type a

and ,3 receptors was examined. Wild type ,B receptor (200 ng)
was cotransfected with or without a 10-fold excess (2 ,g) of
each of the mutant receptors. Under these conditions, the re-
ceptor mutants markedly inhibited both positive and negative
transcriptional responses mediated by the wild type receptor
(Fig. 3). For example, T3-dependent activation ofTreTKCAT
was reduced from 73-fold with ,B receptor alone to 21-fold and
24-fold in the presence of coexpressed G340R or P448H, re-
spectively. The A448-456 mutant was more potent and re-
duced activation to sixfold. A similar pattern of results was
obtained with respect to negative regulation using TSHaCAT.
Repression ofTSHaCAT activity in the presence of wild type
receptor alone (80%) was blunted to 16% by G340R, 50% by
P448H, and repression was eliminated using A448-456.

Dose response studies were carried out to determine the
amount of mutant receptor expression vector required to in-
hibit wild type receptor activity. Increasing concentrations of
the G340R mutant receptor progressively reduced transcrip-
tional activation of TreTKCAT from 22- to 7-fold (Fig. 4 A).
Similarly, the degree of repression ofTSHaCAT was reduced
from 62% with wild type receptor alone to 30% with a 10-fold
excess ofG340R (Fig. 4 B). In both cases, half-maximal inhibi-
tion of wild type receptor activity occurred using a four to
fivefold excess of mutant receptor.
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Figure 2. Functional properties of the wild type and mutant ,B recep-
tors. Control plasmid (RSVLUC) or RSV expression vector (200 ng)
encoding either wild type or mutant fl receptors were transfected into
JEG-3 cells with 5 ug of the indicated TreTKCAT or TSHaCAT
reporter genes. Triplicate transfections were incubated in either the
absence (dark bars) or presence (hatched bars) of 5 nM T3. CAT
activity is expressed as percent chloramphenicol acetylation per mil-
liliter of cell extract per hour. The data shown is the mean±SD of
triplicate transfections. Relative stimulation or repression in the pres-
ence of T3 treatment is indicated above the bars. (A) Positive regula-
tion ofTreTKCAT by T3. (B) Negative regulation ofTSHaCAT by T3.

TreTKCAT TSHcZCAT

Control 0
Vs Vs AsG;34OR P448H A 448456

s vs *s
C;340R P44RH A 449-456

Figure 3. Effect of receptor mutants on positive and negative tran-
scriptional regulation by wild type 6 receptor. JEG-3 cells were trans-
fected with 5 gg of TreTKCAT or TSHaCAT together with either
2,200 ng ofRSVLUC (Control), or 200 ng of ,B receptor and a 10-fold
excess (2,000 ng) of RSVLUC or mutant # receptors. Triplicate
transfections were incubated in either the absence or presence of 5
nM T3 and the results are presented as the relative activity of +T3/
-T3 treated plates. (A) Positive regulation ofTreTKCAT by T3. (B)
Negative regulation ofTSHaCAT by T3.

Dominant Negative Regulation by Thyroid Hormone Receptor Mutants 1979

17.9x

1L.0.9x 4.2x lOx



TreTKCAT B

7'.

S +

A:
i i 6 8 10 12

Receptor Ratio P-G3 aR

TSHaCAT

*/

0 2 4 8 i 10

Receptor Ratio P-G34uRA-wlldtype

12

Figure 4. Dose response for inhibition of wild type ,3 receptor activity
by mutant receptor. Transfections were performed with 200 ng of
wild type # receptor and increasing amounts (0-2,000 ng) of the
G340R receptor mutant. RSVLUC was added as required to keep
the total amount of expression vector constant. Triplicate transfec-
tions were incubated with 5 nM T3 and CAT activity is expressed as
the ratio of +T3/-T3 treated transfections. (A) Positive regulation of
TreTKCAT by T3. (B) Negative regulation of TSHaCAT activity
by T3.

The human a isoform of the thyroid hormone receptor is
highly homologous (> 85%) to the ,3 receptor in the central
DNA binding and carboxy-terminal ligand binding domains
(Fig. 1 A). Consonant with this observation, the a receptor
isoform binds T3 and can activate and repress target reporter
genes in JEG-3 cells in a manner similar to the ft receptor (12,
16). To test the ability of the mutant receptors to inhibit wild
type a receptor activity, experiments analogous to those with
the f3 receptor were performed (Fig. 5). T3-dependent activa-
tion of TreTKCAT by the a receptor was reduced from 118-
fold to 36- and 43-fold with the G340R and P448H mutants,
respectively. A448-456 was a more potent inhibitor and re-
duced stimulation to 11-fold. The receptor mutants were less
effective in their inhibition of T3 dependent suppression by a
receptor. After treatment with T3, TSHaCAT was repressed by
84% in the presence of a receptor alone and the degree of re-
pression was reduced to 61%, 64%, and 43% in the presence of
excess G340R, P448H, and A448-456 mutants, respectively.

Ligand and DNA binding properties of the receptor mu-
tants. As shown in the foregoing experiments, the mutant re-
ceptors exhibited somewhat different functional properties.
When tested alone, the P448H mutant was capable ofmodulat-
ing target gene activity slightly, whereas G340R and A448-456
were completely inactive (Fig. 2). Likewise, when listed in

order of potency as dominant negative inhibitors of wild type
receptor activity (Fig. 3, 5), the rank order was A448-
456>G340R>P448H. One potential explanation for these re-
sults could involve differences amongst the receptors in their
ligand binding properties. Therefore, each of the receptors was
generated by in vitro transcription and translation to allow
measurements of the affinity of T3 binding (Table I). The wild
type receptor binding affinity (1.46 X 10" M-') was similar to
values reported previously (21). The P448H mutant bound T3,
but with an affinity that was reduced by a log order (1.52 X 109
M-l). Binding to G340R and A448-456 mutants, if it occurs,
was below detection in these assays.

Two different assays were employed to assess the ability of
receptor mutants to bind to DNA. In the ABCD binding assay,
[35S]methionine-labelled receptors were prepared by in vitro
translation, and binding of labelled receptors to biotinylated
DNA was measured after precipitation with streptavidin aga-
rose beads (Fig. 6 A). Using a known receptor binding site
(TREp), the binding of each of the ligand domain receptor
mutants (G340R, P448H, A448-456) was comparable to that
of the wild type A receptor, whereas a mutation in the DNA
binding domain ofthe # receptor (C122S) (15) resulted in negli-
gible interaction with TREp.

Receptors were also expressed in COS-1 cells and used to
assess DNA binding properties using gel mobility shift assays
(Fig. 6 B) (16). In addition to providing an independent mea-
surement ofDNA binding, this assay has the potential advan-
tage of detecting major alterations in mRNA or protein stabil-
ity that might result from receptor mutations. As shown
previously (16), untransfected COS cells contain little receptor
binding activity (lane 3). However, after transfection with ei-
ther wild type a 1 or is receptors, distinct receptor-DNA com-
plexes were formed using nuclear extracts and TREp (lanes 4
and 5), but not with control DNA that does not bind to recep-
tor (15) (lanes I and 2). Expression and DNA binding of the
G340R mutant (lane 6) and the A448-456 mutant (lane 7)
were similar to the wild type # receptor. These assays indicate
that the ligand binding domain mutations have not altered the
ability of the receptors to interact with DNA.

T3 dose dependence ofmutant receptor action. In light of its
ability to bind T3 with reduced affinity, the properties of the
P448H mutant receptor were examined at low and high T3
concentrations (Fig. 7). Activation and repression of reporter
gene expression by wild type ,3 receptor was similar in the pres-
ence of 0.75 nM or 100 nM T3 concentrations. The mutant

TreTKCAT
B

TSHaCAT

a a a a

G340R P44H Abe84

Control at a to

3400R 1'4481[ A448-456

Figure 5. Effect of receptor mutants on positive and negative tran-
scriptional regulation by wild type a receptor. Transfections were
carried out as described in Fig. 3 except that wild type human a re-

ceptor expression vector was used. (A) Positive regulation of TreTK-
CAT by T3. (B) Negative regulation ofTSHaCAT by T3.

Table I. T3 Binding to Mutant # Receptors*

Receptor K. (M-')

iBwild type 1.46 x 1010
, G340R Below detection
,BP448H 1.52 x 109
AB/ 448-456 Below detection

* is receptors were transcribed and translated in vitro as described in
Methods. T3 binding was measured using a filter binding assay, and
the affinity constants (K.) were determined by Scatchard analysis.
Below detection (- 5 x 10 M-') refers to binding measurements that
were indistinguishable from control reactions using unprogrammed
reticulocyte lysates.
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Figure 6. Expression
and DNA binding prop-
erties of mutant ft re-
ceptors. (A) ABCD re-
ceptor-DNA binding as-
says. In vitro translated,
3S methionine-labeled
wild type (3 or (3 receptor
mutants (G340R,
P448H, A448-456,
C122S) were bound to
biotinylated TREp and

j the receptor-DNA com-
plexes precipitated with
streptavidin agarose
beads. Results are the
mean±SD of triplicate
assays. Background
binding in the absence
ofadded DNA was sub

observed in other experiments. Thus, although P448H binds
T3 with reduced affinity, it appears to function normally in the
presence of saturating doses of hormone. As expected based
upon the T3 binding data, the reduced activity of mutants
G340R and A448-456 was unaffected by increasing the dose of
T3 (data not shown).

The dominant negative effects of the P448H receptor mu-
tant were also dependent on T3 concentration (Fig. 7). TreTK-
CAT activation by wild type (3 receptor was reduced from 25-
fold to 4-fold by mutant P448H at 0.75 nM T3, but TreTK-
CAT activation was not inhibited at 100 nM T3. Similarly,
repression of TSHaCAT activity was effectively blocked by
mutant P448H at a low T3 concentration, but full repression
was retained at the high T3 concentration.

Discussion

%J1Q%%A%%AA-11I-1'"a au_ In this study, we have characterized the functional properties of

binctdigBidntoailpeii mutant thyroid hormone receptors (G340R and P448H) that
control. BidinA frgetoa were identified previously in two separate kindreds with
(human TSH a pro- GTHR syndrome (9, 10). Several main conclusions can be
moter -72 to -32 bp) drawn from these studies. First, the mutant receptors bind T3
that does not bind re- with greatly reduced affinity and their ability to transcription-
ceptor with high affinity ally activate or repress target genes in response toT3 is therefore
is indicated as control impaired. This observation is in keeping with previous studies
DNA. (B) Gel mobility showing T3 receptor isoforms (e.g., v-erbA, a2) that cannot
shift assays. Wild ty'le bind T3 are transcriptionally inactive (12, 13, 16) and empha-

to COS-lI cells to attain high siethfattatrncitoargutonsa gndeen
aining transiently expressed siethfattatrncitoareutonsalgndep-
ift assays using either 32p_ dent process. Second, the different receptor mutants have dis-
'IA fr-agment derived human tinct functional properties. Whereas G340R and A448-456 ex-
cs not bind receptors (lanes hibit no T3 binding and are completely inactive in transfection
OR, A448-456) are indicated assays, P448H binds T3 with reduced affinity, and conse-
ansfected cells is denoted quently is partially active in response to T3. Third, we find that
nsublonedinto CDM8 the mutant receptors inhibit the transcriptional activity of the

this experiment. The loca- wild type thyroid hormone receptor. Notably, the inhibition by
NIA complexes are indicated mutant receptors applies to the activity of both (3 and a recep-

tors and is manifest using both positively and negatively regu-
lated target genes.

Two major mechanisms might be considered to explain the
old activation of TreTK- fact that GTHR can be inherited in an autosomal dominant
at the low T3 concentra- manner. Given that the mutant receptors are transcriptionally
the hger T3 concentra- inactive, one possibility is that the amount of functional recep-
,tivity of the P448H mu- tor is reduced as a consequence ofhaving the mutation occur in
rat high T3 doses, was not one of two autosomal alleles. Alternatively, it is possible that

the mutant receptor in some manner interferes with the func-
tion ofnormal receptors, thereby accounting for its phenotypic

TSHOOCAT of gT3 expression in the heterozygous state. The receptor deficiency
80 ~~~~~mechanism assumes that the quantity of functional receptor
60 ~~~~~~within the cell is a limiting step for hormone action and that the

normal allele is not upregulated to compensate for the mutant
40 ~~~~~~allele. There is currently no evidence that excludes this mecha-
20 ~~~~~nism. However, the observation that mutant receptors can

block the transcriptional regulation of two different reporter
Control 3P448H genes supports an interference mechanism as the basis for resis-

P44~8H tance to thyroid hormone action in heterozygotes.
itant receptor function and Given the apparent complexity of transcriptional regula-
were carried out as de- tion by thyroid hormone receptors, it is useful to consider po-
cells were treated with ei- tential cellular mechanisms by which mutant receptors could
ncentrations. (A) Positive inhibit wild type receptors. One mechanism could involve the
ative regulation of formation of nonfunctional heterodimers between wild type

and mutant receptor proteins (Fig. 8, model 1). This type of
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Figure 8. Potential mecha-
nisms for dominant negative
inhibition. Three potential
models for inhibition by ligand
binding domain (LBD) mu-
tants of T3 receptor action are

presented. Wild type receptors
(WT) can bind T3, whereas
mutant receptors (Mut) are
unable to bind T3. The forma-
tion of homodimers and het-
erodimers of wild type and
mutant receptors is hypotheti-
cal. Model 1 suggests that mu-
tant receptor could form non-
functional heterodimers with
the wild type receptor to de-

plete the amount of residual
active receptor. Model 2 sug-
gests that mutant receptors
could block wild type activity
by competing for binding to
a common target TRE se-

quence. Model 3 indicates a
mechanism in which function-

ally inactive receptors interact
with and deplete a limiting
cellular factor (X) that is re-

quired for the function of normal receptors. The formation of dimers
is shown, but is not required to invoke mechanisms 2 or 3. These
models are not mutually exclusive and it is possible that dominant
negative inhibition involves several different mechanisms.

mechanism has been documented with other DNA binding
transcription factors. For example, in the CREB/ATF family
of transcription factors, homodimers and heterodimers form
via a conserved leucine zipper motif (23) and mutant CREB
proteins function in a dominant negative manner by dimeriz-
ing with the wild type protein to inhibit transcriptional capabil-
ity (24). Another such example is provided by the Id protein
which inhibits the transcriptional activity of the muscle differ-
entiation factor MyoD by forming heterodimers via a shared
helix-loop-helix (25). In the case ofthyroid hormone receptors,
deletion mutants of the chicken a receptor repress wild type
receptor function and this inhibitory property has been local-
ized to the carboxy-terminal domain that may contain a dimer-
ization interface (14, 26). In support of this concept, the thy-
roid hormone receptor has recently been shown to form heter-
odimers with the. retinoic acid receptor via a shared structural
motif within the carboxy-terminal region (27). Both of the
GTHR receptor mutations occur outside of this putative di-
merization domain, raising the possibility that they could still
form dimers. Further structure-function analyses within this
region will be required to precisely delineate the receptor se-

quences that are required for receptor-receptor interactions.
A second mechanism for dominant negative activity would

be for the transcriptionally defective mutants to compete with
the wild type receptor for binding to a common DNA target
sequence, which in this case is the TRE (Fig. 8, model 2). The
finding that a mutation in the DNA binding domain of the
viral oncogene, v-erbA, abolishes its dominant negative proper-
ties, lends support to this type of mechanism (13). The intro-
duction of DNA binding domain mutations into the GTHR

receptors may provide further insight regarding the contribu-
tion of this mechanism to their dominant negative activity. It is
interesting to note that in another receptor resistance syn-
drome (hereditary resistance to vitamin D), the disorder is in-
herited in an autosomal recessive manner and heterozygotes
are phenotypically normal (28). In this instance, the mutations
occur within the DNA binding domain of the vitamin D recep-
tor, consistent with the hypothesis that binding toDNA may be
required for receptors to exert inhibitory activity in the hetero-
zygous state.

The mutant receptors could also inhibit the action of nor-
mal receptors by sequestering a shared accessory factor that is
necessary for wild type receptor modulation of gene transcrip-
tion (Fig. 8, model 3). This property, sometimes referred to as

"squelching" (29), has been postulated to explain transcrip-
tional interference between coexpressed estrogen and proges-
terone receptors (30), and recent analyses of transcriptional
regulation by the adenovirus Ela protein also support this con-
cept (31). Because inhibition by the GTHR and A448-456 mu-
tants occurs with relatively low doses of coexpressed mutant
receptors, we do not favor such a mechanism for these mu-

tants, but it cannot be excluded at this point. These three po-
tential pathways for transcriptional interference by the mutant
receptors are not mutually exclusive and inhibition may well
result from a combination of several different mechanisms.

In many respects, the dominant negative properties that we
have observed with the GTHR receptor mutants are analogous
to the findings with other transcriptionally inactive thyroid
hormone receptor variants (12, 13, 16). For example, both the
v-erbA oncogene and the a2 isoform have been shown to act as

dominant negative inhibitors when coexpressed with the wild
type receptor in transient expression assays. The GTHR mu-

tants, v-erbA, and a2 receptors share in common the fact that
they contain sequence alterations in the extreme carboxy ter-
minus of the receptor. Although these alterations eliminate or
greatly reduce hormone binding in each of these mutants, it
may be premature to conclude that this is the only modifica-
tion in receptor function that is required for dominant negative
activity. For example, the carboxy-terminal nine amino acid
deletion that occurs in v-erbA has been proposed to serve as a
transactivation domain (32). Thus, its deletion could poten-
tially eliminate both T3 binding and the potential for transacti-
vation. As suggested in Fig. 8, the activity of heterodimers
formed between v-erbA and a normal cellular receptor could
potentially be influenced by the presence or absence ofa trans-
activation domain within v-erbA. This feature might account
for the somewhat greater inhibition that is observed with the
v-erbA homologue (A448-456) than with the GTHR mutants
(G340R, P448H) (Figs. 3 and 5), or with the a2 isoform (16).

If an interference mechanism is the basis for thyroid hor-
mone resistance in the heterozygous state, then in the simplest
case it might be proposed that the normal and mutant alleles
would be expressed equally resulting in a 1 :1 ratio of normal
and mutant receptor. The fact that mutant and wild type se-

quences comprise a similar number of isolated cDNA clones
(10) provides some data to support this assumption. However,
several lines of evidence suggest that the situation in vivo may
be complex. For example, T3 can regulate the expression of its
own receptors (33, 34) and the impact of thyroid hormone
resistance on this process is currently unknown. Furthermore,
the levels ofexpressed a and ,Breceptors varies widely in differ-
ent tissues (34, 35) and a number of receptor splicing variants
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have been recognized for both forms ofreceptor (36-38). Thus,
ifthe mutation occurs in one ofthe ( receptor genes, the degree
of resistance may reflect the composition of receptor isoforms
within a given cell as well as compensatory responses of the
various receptor isoforms to the T3 resistant state. Future stud-
ies of receptor expression and regulation in vivo may help to
clarify the relative proportions of different receptor isoforms.

We examined the issue of the stoichiometry of mutant re-
ceptor inhibition in vitro by altering the ratio ofmutant to wild
type receptors in transient expression assays (Fig. 4). Although
some degree ofdominant negative activity was apparent at low
mutant/wild type receptor ratios (1: 1 or 2:1), it was somewhat
surprising that 50% inhibition required at least a fourfold ex-
cess of mutant receptor. The basis for the requirement for ex-
cess mutant receptor and its relevance to clinical thyroid hor-
mone resistance are unclear. It is possible that clinical measure-
ments of resistance (e.g., elevated thyroid hormone levels) are
more sensitive indicators of receptor inhibition than our in
vitro assays oftransient gene expression. A more likely basis for
the requirement for excess mutant receptor may involve the
artificial nature of the transient expression assay. Although the
predicted ratios of expressed receptor are likely to correlate
with the amounts of transfected plasmid, we do not have a
quantitative measure of the expressed receptor proteins. Based
upon their levels of expression in transfected COS cells (Fig. 6
B), there is some evidence that the stabilities ofthe mutant and
wild type receptor mRNAs and proteins are similar in trans-
fected cells. It is possible that quantitative differences in domi-
nant negative activity would be found under different condi-
tions such as performing the experiments at a lower or higher
level ofexpressed reporter gene or using a different level ofwild
type receptor. In addition, the current studies have been per-
formed in only a single receptor deficient cell line (JEG-3 cells).
A number of recent reports indicate that T3 receptors interact
with other cellular proteins (27, 39-41) and the levels and com-
positions of such factors may alter dominant negative regula-
tion in a cell type specific manner. One must also consider that
the inhibitory effects of the mutant receptors may be depen-
dent upon the target gene for thyroid hormone receptor action.
For example, coexpressed thyroid hormone and retinoic acid
receptors act cooperatively to induce the expression of a target
gene containing a palindromic TRE, but inhibit the expression
of a gene containing TREs from the myosin heavy chain gene
(27). Because of these issues, it is apparent that one should
interpret transient receptor assays of receptor function
cautiously, particularly with respect to quantitative effects. De-
spite these reservations, this technique appears to provide a
valuable in vitro assay for the transcriptional activity of recep-
tor mutants and to serve as an index of dominant negative
activity.

The observation that different kindreds with GTHR dis-
play distinct clinical features is a particularly intriguing aspect
of this disorder (2, 3, 9). We have shown that the receptor
mutants from two kindreds differ in their functional proper-
ties. At a low T3 concentration, the properties of P448H and
G340R are essentially indistinguishable in vitro. However, at a
T3 concentration which saturates P448H, this mutant is tran-
scriptional active and loses its dominant negative activity. How-
ever, we note that individuals with the P448H mutation (9) and
the G340R mutation (10) have similar circulating thyroid hor-
mone levels and the clinical features of resistance are different,
but not necessarily less severe, in individuals with the P448H

mutation. Thus, it is unclear at this stage whether differences in
ligand affinity or some other aspect of mutant receptor func-
tion account for phenotypic differences in this disorder. To
better understand the clinical features that result from thyroid
hormone resistance, it will be necessary to acquire more infor-
mation about the in vivo distribution, regulation, and mecha-
nisms of action of normal and mutant receptors. Recent stud-
ies (9, 42) suggest that a number of different mutations may
exist in other kindreds with GTHR. Analyses of their func-
tional properties will be of interest to further elucidate the
pathophysiology of this disorder.
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