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Thyroid Hormone Receptors

Thyroid hormones are involved in a complex
arrangement of physiological and developmen-
tal responses in several tissues of higher verte-
brates. Thyroxine, the main product of the thy-
roid gland, circulates in the blood stream being
bouird either to specific plasma proteins (i.e.
thyroxine binding globulin and transthyretin)
or non-specifically to albumin. In the target tis-
sue it is transported into the intracellular space
by both the diffusion and energy dependent
process (KRENNING et al. 198i). In the cyto-
plasmic space there is a "pool" of thyroid hor-
mones containing the biologically active
metabolite of thyroxine-3,5,3'-L-triiodothy-
ronine (Tr) which originates from the mono-
deiodination of thyroxine. The T, enters the cell
nucleus probably in the free form where it is
specifically bound to nuclear receptors.

The existence of high-affinity and low-ca-
pacity nuclear receptors was first demonstrated
two decades ago by OppENffin/mR et al. (T972).
Tissues such as the pituitary,liver, kidney, heart
and brain were found to contain relatively high
number of T, receptors, while other tissues such
as spleen and testes were found to have lower
numbers of T. receptors (OTTNHEIMER et al.
1974)" The nuclear T, receptors are thermo-
labile "acidic" non-histone proteins with a mo-
lecular mass of approximately 50 kDa (LAfi{AM
et a. 1976; IcrilKAwA et al. 1989). In the cell
nucleus, the T, receptors arelocalized between

nucleosomes and close to the linker region of
DNA (PERLMAN et al. 1982; Onrz-CARo er

al. 1989), and they may be easily extracted from
cell nuclei at higher ionic strength conditions
(DeGnoor and StReussER 1974; Tonnnser.u
and DeGRoor 1975).

The molecule of T, receptor molecule reveals
one'binding site for T, as determined by
Scatchard plots (ScercHARD, 1949) with an

equilibrium association constant (K,) equal to
2.0 x 10e limol (DeGnoor and ToRnESAM
1975). Photoaffinity labelling of thyroid hor-
mone nuclear receptors in GH, rat pituitary
tumor cells followed by 0.4 moUl KCI extrac-
tion of nuclei and SDS polyacrylamide gel
electrophoresis demonstrated the existence of
two forms of T, receptors, a predominant form
with a molecular mass of 47 kDa and a less

abundant one of57 kDa (PescuAL et al.1982).
These results underscored the findings on
marked heterogeneity of T., receptors demon-
strated later by cloning of multiple thyroid hor-
mone receptor cDNAs. Isoelectric focusing of
T., receptors from rat liver also indicated the
existence of at least four forms of T, receptors
with different isoelectric points (Icmxawn and
DeGRoor 1987).
It is well known that the number of nuclear

receptors for T, in the liver may vary, i.e. it
may be reduced by starvation, glucagon treat-
ment or partial hepatectomy (DeGnooT et al.
1977;DTLLMAT.IN et al1978; BRTKO and KNopp
1988). Decreased number of nuclear T,
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receptors was also confirmed in rat or mouse
liver bearing transplantable neoplasms (SURKS

et al. 1978).

A remarkable breakthrough in the field of nu-
clear thyroid hormone receptors came with the
discovery of two research groups (WEIN-
BERGER er al., 1986; SRp et al. 1986) showing
that the c-erbA proto-oncogene, which is a

cellular counterpart of the viral verbA
oncogene, encodes a high affinity receptor for
Tr. Moreover, the above authors demonstrated
that the genes coding the T, reiceptors belong
to a "superfamily" of regulatory genes respon-
sible for coding receptors for glucocorticoids,
mineralocorticoids, estrogen, dihydroxy vita-
min D, retinoic acid and many other receptors
for which the ligand is still unknown, so they
are called "orphan receptors". The interaction
of the nuclear receptors with specific DNA se-

quences represents one of the mechanisms by
which the transcription of genes is controlled.
Fig. 1 illustrates the domain structure of two
different T, receptor (TR) forms within the nu-
clear receptor "superfamily" (EvANs 1988).

Four functional domains have been identi-
fied in all members of the receptor superfamily:
The AIB domain is the most variable domain
with a stimulatory or inhibitory transcription
function responsible for protein - protein in-
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Fig.1 Steroid/thyroid hormone receptor superfamily
(TR: thyroid hormone receptor; GR: glucocorticoid
receptor; MR: mineralocorticoid receptor; PR: proges-

terone receptor; ERR: estrogen receptor; RAR: retinoic
acid receptor; VDR: dihydroxyvitamin D, receptor)

teractions between the receptor molecule and

other factors participating in the transcriptional
process.

The C domain is the highly conserved cen-

tral cysteine rich DNA-binding region of the

receptor molecule containing 66-68 amino ac-

ids, including 10-11 cysteines. Cysteine con-

taining repeats within the C domain allow to

form the finger-like structures stabilized by
coordinate complex formation with a zinc ion,

"zinc fingers" which enable the binding of
receptor molecule to DNA. Fig.2 illustrates the
amino acid sequence and the structure of the
DNA binding C domain of the human thyroid
hormone receptor as adapted from recent data
(UMESoNo and EvANS 1989; GLRss and
HoLLowAY 1990). The"zinc finger l" contain-
ing a loop of 13 amino acids is formed by four
cysteines chelating one zinc ion. The "zinc frn-
ger 2", formed by additional four cysteines and

zinc ion and containing a loop of 12 amino ac-

ids, is connected with the first one by a "linker"
of 17 amino acids. UN,ESoNo and EveNs (1989)

localtzed two non contiguous "boxes" in the
DNA binding domain, one proximal "P-box"
and one distal "D-box". The "P-box" follows
one cysteine and includes the three amino acid
highly conserved cluster, containing the E
(glutamic acid), G (glycine)-G (glycine). The

EG-G amino acid cluster within the first finger
was also found in retinoic acid receptors, in the
vitamin D, receptors as well as in some "or-
phan" receptors. The "D-box" was found to be

located between two cysteines within the sec-

ond zinc finger, and its amino acid sequence is
specific for each of the above nuclear receptors.
Both amino acid "boxes" within the C domain
of nuclear receptors were found to be impor-
tant for DNA binding specificity. The "P-box"
is critical for identifying the primary nucleotide
sequence of the half sites, while the "D-box" is
important for the determination of the half-site
spacing (UMESoNo and EveNs 1989).

The D domain represents a highly flexible
structure and it plays a role as a "hinge" in the

receptor molecule. The carboxy-terminal E/F
domain contains the hormone binding region.

Mutations in this domain reduce the affinity of

108



o

c

o

E (L)

.Cyr RtF

K

'cv" l('vvculT
t ll I

"Zlnc tlngor 1" 'Zlnc llnger 2'

Fig.2 C-domain of the nuclear thyroid hormone receptors. Comparison of the human B-form with that of the
(Amino acids of the c,-form by which the C-domain differs from that of the B are shown in brackets)

the receptor for the hormone, but have no ef-
fect on DNA binding (GIGIJERE et al. 1986;
GREEN and CHervrsoN, 1988). Moreover, the
E/F domain was also found to be important for
h om odime rrzation or heterodimerization of the
TR with other receptor molecules of the ster-
oid/thyroid hormone receptor superfamily
(LAZAR et al. 1991).

The landmark findings of the close relation-
ship between the c-erbA proto-oncogene and
genes coding the above receptors led to the
discovery of multiple isoforms of thyroid
hormone receptor. The evidence supporting
the data on the existence of multiple thyroid
hormone receptor, and not species variation
was given by TnovrsoN et al. (1987) who
showed that a novel T, receptor gene was
mapped to human chromosome L7, distinct
from the other T. receptor gene which was
found on human chromosome 3 (WEINBERGER
et al. 1986). Multiple forms of the thyroid
hormone receptor molecule have been identi-
fied within two years since 1986 (THoMpsoN
et al. 1987; MITSUI{ASHr et al. 1988; Izul'/]o
and MeHoAVI, 1988). In general, thyroid hor-
mone receptors are classified into cr and B

subtypes based on mapping to human chromo-
somes and on sequence homology. Gene 1o-

cahzation of the thyroid hormone receptor 0(

(TRcr) corresponds to human chromosome 17

and the B-form of thyroid hormone receptor
(TRB) to human chromosome 3 (BRADLEv et
al. 1989).

Further investigations led to discovery of the
carboxy-terminal TRcr2 variant of the T,
receptor which binds to DNA but it fails to bind
thyroid hormone (IZuMo and MeupeVI 1988;
MTTSUHASHT er al. 1988; LAZAR et al. 1988).
Due to alternative splicing, the TRcr2lacks C-
terminal40 amino acids of the thyroid hormone
receptor (TRul) but it contains an additional
120 (human) or 122 (rat and mouse) amino ac-
ids with no homology to other known sequences
(LAZAR 1993). Moreover, two additional TRcr
isoforms have also been identifled recently, the
TRcr3 and the Rev-ErbAo (MITSUHASHI et al.
1988; Lnznn et al. 1989). The DNA strand
coding for Rev-ErbAoc is opposite of that en-
coding the c-erbA proteins (LAZAR et al. 1990).
The TRcr2 and TRo3 as wellas the Rev-ErbAcr
are members of the steroid/thyroid hormone
receptors superfamily in spite of the fact that
they do not bind T, (FiS. 3). An additional func-
tional thyroid hormone receptor B, i.e. TRB2
which differs at its amino acid terminus from
the previously described TRB (WEINBERGER et
a1.1986), referred later to as TRBI, was de-
scribed by HoorN et al. (1989). Although, the
TRcr1, TRcr2, Rev-ErbAs, and TRB1 have
been detected in several tissues, the TRB2 was

found only in the anterior pituitary gland
(HoDIN et al. 1989), and in the rat central nerv-
ous system (LECHAN et al. 1993). The TRB1
was homogeneously distributed among various
tissues, a high concentration being found mainly
in the pituitary, brain, liver and kidney (HoDIN
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Fig.3 Structures of nuclear thyroid hormone receptors
(TRB2, TRB1, TRol) with their isoforms which fail to
bind T, (TRcr2, TRcr3, Rev-ErbAu)

et al. 1990). The TRol was found to be in high-
est abundance in skeletal muscle and brown fat
(MrrsuHASHI et al. 1988), and the TRcx2 was

detected in an extremely high abundance in the

brain (MITSUHASHI and NIrooEM 1989).

Transcriptional Control Represents
a Direct Action of Thyroid Hormone

Multiple levels of gene expression controlled
by thyroid hormone, including the rate of the

initiation of transcription, messenger RNA sta-

bility as well as protein half-life, have been

demonstrated. One of the most important prop-
erties of Tr-nuclear receptor complex is its abil-
ity to stimulate or inhibit gene transcription
(GLASS and HoLLowAy 1990). Thyroid hor-
mone receptors as well as the other members
of steroid/thyroid nuclear receptor family regu-

late gene expression through the binding to short

cis-acting DNA sequences referred to as hor-
mone response elements (FoRMANet al. 1988;

UMESoNO et al. 1988; LAZAR 1993). The "T,-
nuclear receptor" complex bound to its corre-
sponding response element subsequently inter-
acts with other components of transcriptional
apparatus to increase or decrease the rates of
transcription (GLASS et al. 1989). Therefore,

the identification of functional hormone respon-

sive elements became crucial for the under-
standing of the mechanisms by which the thy-
roid hormone-nuclear receptor complex acti-
vates the expression of target genes. The thy-
roid hormone response elements have been

shown to consist of either the palindrome pair
of hexameric (AGGTCA) "half-sites" or direct
repeats of this sequence spaced by a "gap" con-

taining preferentially four nucleotides (GLASS

et al. 1988; WRsrsrnovr et al.1992).
Generally, in terms of structure and function

of hormone response elements for the members

of the steroid/thyroid hormone receptor family
they were divided into two groups. As shown

in Tab. 1, the first one includes glucocorticoid,
progesterone, androgen, and mineralocorticoid
receptors and the second one includes thyroid
hormone, estrogen, retinoic acid, and vitamin
D, receptors (Brero 1989). The thyroid hor-
mone receptor, even in the absence of T, is
bound to thyroid hormone response elements

in target genes. Unliganded form of the thyroid
hormone receptor plays a role as a repressor,

whereas the T, Iiganded form is an activator of
gene transcription (LAZAR 1,993).

Research over the past decades allowed to
citaractenze the thyroid hormone dependent

effects on the expression of different target
genes. One of the most carefully studied proc-
esses is the regulation of rat growth hormone
gene transcription by Tr. Rat growth hormone
gene expression is known to be stimulated by
glucocorticoids and/or retinoic acid (EveNs et

al. T982; Yen'rn and SeI4ueI-s 1984; Bnpo et

al. 1989; ARANDA et al. 1992; GARCIA-
VILLALBA et al. 1993). The 5',flanking region
of the rat growth hormone (GH) gene contains

a thyroid hormone response element (TRE) 1o-

cated in a region between nucleotides -189 and

-164 upstream of the mRNA start site which
contains two imperfect direct AGGTCA repeats

(-189/-184; -1791-174) and an adjacent region
(-112l-167) which is an inverted copy of the

above repeats. All the above domains are re-
quired for full response to thyroid hormones and

retinoic acid (BRTNT et al. 1989; GARCIA-
VTLLALBA et al. L993). The TRE binds the thy-
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Table I

Nucleotide sequence of "half-sites" of the hormone response elements

Consensus
responsive
element

HRE 1/2 gap HRE 1/2

Group 1 GRE
PRE
ARE
MRE

GGTACA
GGTACA
GGTACA
GGTACA

nnn
nnn
nnn
nnn

TGTTCT
TGTTCT
TGTTCT
TGTTCT

Group 2 TRE/RARE
ERE
RARE
VitDRE
TRE

AGGTCA
AGGTCA
AGGTCA
AGGTCA
AGGTCA

*

nnn
nnnn
nnn

nnnn

TGACCT
TGACCT
AGGTCA
AGGTCA
AGGTCA

* no gap is present

roid hormone receptor which acts as a "ligand
inducible transcription factor" (SaMLIELS et al.
1988; Gtlss and HorLowAy 1990; BRrNr et
al. 1991), and both T, and retinoic acid receptors
activate the transcription from the rat growth
hormone gene via a common response elernent
(UNffisoNo et al. 1988; GARCTA-VrLreLse et
al. 1993). It has been found that the above
hexameric nucleotide sequence (AGGTCA) is
also well recognized by the retinoic acid
receptor (RAR), 9-cis-retinoic acid receptor
(RXR) and vitamin D (VDR) receptor. Yu et
al. (1991) recently identified the retinoic X
receptor (RXR), a novel nuclear receptor for
retinoids, as a "promiscuous" dimerization part-
ner for the TR, RAR and VDR. Heterodi-
merization of TR, RAR and VDRwith theRXR
("auxiliary protein factor") was found to be

important for stable interaction of the above
receptors with their cognate responsive ele-
ments (BUGGE et al. 1992).

As shown Fig. 4, in rat pituitary cell lines the
transcription of the growth hormone gene is
increased by both T, and retinoic acid (Baoo
et al. 1989). The RXR receptor also plays an

important role in controlling the activity of the
growth hormone gene since it is able to
heterodimerize with the T., and the retinoic acid
receptors and subsequently increase the bind-
ing of the complex structure to the TRE as well
as to enhance the transcriptional response to T,
and retinoic acid (Yu et al. 1991, AReNoe et
al. 1992; GARCTA-VTLLALBA et al. 1993). Vi-
tamin D is unable to activate rat growth hor-
mone gene transcription and, moreover, it re-
duces markedly the response of the rat growth
hormone mRNA to T, and retinoic acid
(GARCIA-VILLALBA et al. unpublished data).
The T, receptor also binds to estrogen response

element but it is transcriptionally inactive on
this site (GLASS et al.1988).In general, nuclear
receptors are capable to form homodimers or
heterodimers and thus yield selective
transcriptional responses to the respective
hormone(s) (GLASS er al. 1989; YU et al. 1991).

Expression of the growth hormone gene de-

pends on the presence of the pituitary-specific
transcription factor GHF-I, a homeodomain
protein also known as Pit-1. This protein binds
to two cis-active elements located from -95 to
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Fig.4 Schematic representation of the ligand-nuclear receptor- DNA complex: Ligand (O Tj; 6 all trans-retinoic
acid; O dihydroxyvitamin Dr) - heterodimerized forms of nuclear receptors (TR: T, receptor; RAR: retinoic acid
receptor; VDR: dihydroxyvitamin D,, receptor; RXR: 9--cis-retinoic acid receptor) - DNA (TRE: thyroid hormone
response element; GH: growth hormone gene);
(+) stimulation of transcription

-65 and from -137 to -107 in the rat growth
hormone gene promoter (BoDI{ER et al. 1988;
INcRenarvr et al. 1988; KARtr\ et al. 1990). The
transcription factor GHF-I, a member of a fam-
ily of DNA binding proteins, which is only ex-

GH promoter

Fig.5 Schematic depiction of the rat growth hormone
promoter, showing the known essential components for
the expression of the growth hormone gene in rat pitui-
tary nucleus when affected by thyroid hormone or retinoic
acid (TRE: thyroid hormone response element; Tr: 3,5,3'-
l-triiodo thyronine; c-erbA: nuclear thyroid hormone
receptor; RA: all-trans retinoic acid; GHF-I: growth
hormone transcription factor 1; GHF-I: DNA-binding
site for the growth hormone transcription faetor 1)

pressed in nuclei from growth hormone and

prolactin producing cells has been characteri-
zed as a 33 kDa polypeptide (BoDNER et al.

1988). This factor was found to be controlled
by at least three primary means: a cAMP-acti-
vated transcription factor (CREB), positive
autoregulation by its own gene product, and

transcriptional activation by other pituitary tran-
scription factors (McConvtICK et al. 1990;
ARANDA et al. L992).

The expression of the growth hormone gene

is also regulated by the hypothalamic growth
hormone releasing factor (GRF) which stimu-
lates the transcription of both the human and

rat growth hormone gene via a cyclic AMP-
dependent mechanism (BARINAcA et al. 1983),

most likely by increasing the expression of
GHF-I. As shown in Fig. 5, the nuclear T, and

retinoic acid receptors interact with the tran-
scription factor GHF-1 producing a coopera-

tive activation of the growth hormone gene. In
the absence of the GHF*I, the growth hormone
gene is silent and can not be activated by the
nuclear receptors for T., and retinoic acid or
other transcription factors (ARANDA et al.

1992). According to the recent data the thyroid
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hormone was found to decrease GHF-1 gene
expression by a novel mechanism that involves
transcriptional interference with other regula-
tory elements of the GHF-I promoter
(SANcmz-Pecsrco PAlorunlo and AReNoe
unpublished results).

Transcriptional Control of Other Target
Genes Expression by Thyroid Hormone

Studies of other thyroid hormone responsive
genes also showed that the interaction of T, with
nuclear receptors results in a subsequent altera-
tion of mRNA synthesis (OPPENr{ETMER et al.
1987; SAMUELS et al. 1987 Gress' and
Hortoway 1990). Specific examples include a
positive regulation of malic enzyme gene ex-
pression (TowLE et al. 1981), rar liver phospho-
enolpyruvate carboxykinase (HenroNc and
LeNreRs 1986), and rat hepatic cxr,-globulin
(KURTZ et al. 1976) gene expression by Tr. In
addition, the expression of the proteins called
Spot-11 and Spot-14 in lipogenic tissues (JItI\,{p

et al. 1984; OrrmrmrMER et al. l9B7) and the
rat cardiac cr-myosin heavy chain gene in the
heart ventricle (Snrua et al. 1982; Izuvto and
MernRvr 1988) were also found to be positively
reguiated by thyroid hormone. Inhibition of tran-
scription by thyroid hormone has been demon-
strated for both the cr- and B-subunits of thy-
roid stimulating hormone (TSH) genes
(SHUPMK et aI.1985) as well as for the B-myosin
heavy chain gene in both, the atrium and the
ventricle (Srmm et al. 1982; EvrRrrr et al.
1983). Moreover, thyroid hormone has been
demonstrated to regulate the expression of the
HMG CoA reductase gene which encodes the
enzyme controlling the rate-limiting step in the
production of cholesterol, isoprenoids and
dolichol compounds (SrnnoxeT and Nsss 1988;
Gtess and HotLowAy 1990), and to stimulate
the transcription of the apolipoprotein A-I and
A-IV genes (Aposrol-opoul,ous et al. 1988).

Due to a variety of different responses to T.,

in target tissues of mammals, the further inves-
tigation on the molecular and cellular mecha-
nisms of thyroid hormone action mediated by
nuclear thyroid hormone receptors and/or other

nuclear receptors acting as ligand dependent
transcription factors, is highly desirable.
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