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ABSTRACT Thyroid gland function is regulated by the
hypothalamic-pituitary axis via the secretion of TSH, accord-
ing to environmental, developmental, and circadian stimuli.
TSH modulates both the secretion of thyroid hormone and
gland trophism through interaction with a specific guanine
nucleotide-binding protein-coupled receptor (TSH receptor,
TSH-R), which elicits the activation of the cAMP-dependent
signaling pathway. After TSH stimulation, the levels ofTSH-R
RNA are known to decrease dramatically within a few hours.
This phenomenon ultimately leads to homologous long-term
desensitization of the TSH-R. Here we show that TSH drives
the induction of the inducible cAMP early repressor (ICER)
isoform of the cAMP response element (CRE) modulator gene
both in rat thyroid gland and in the differentiated thyroid cell
line FRTL-5. The kinetics of ICER protein induction mirrors
the down-regulation of TSH-R mRNA. ICER binds to a
CRE-like sequence in the TSH-R promoter and represses its
expression. Thus, ICER induction by TSH in the thyroid gland
represents a paradigm of the molecular mechanism by which
pituitary hormones elicit homologous long-term desensitiza-
tion.

Thyroid gland function is regulated by the hypothalamic-
pituitary axis via the secretion of thyrotropin (thyroid-
stimulating hormone; TSH), according to environmental, de-
velopmental, and circadian stimuli (1, 2). TSH modulates both
the secretion of thyroid hormone and gland trophism through
interaction with a specific receptor on the thyroid cell mem-
brane (TSH receptor; TSH-R; ref. 3). The TSH-R belongs to
the guanine nucleotide-binding protein (G protein)-coupled,
seven-transmembrane-domain receptor family and presents
regions of homology with the other receptors for pituitary
glycoprotein hormones (4). The cAMP signal-transduction
pathway is essential in mediating signaling through the TSH-R
(4). cAMP, in turn, interacts with the regulatory subunit of
protein kinase A (PKA), releasing the catalytic subunit from
constitutive inhibition and allowing phosphorylation of mul-
tiple substrates residing both in the cytoplasm and in the
nucleus (5).
TSH-mediated triggering of the cAMP signal-transduction

pathway in thyroid cell elicits the activation of genes such as
thyroglobulin and thyroid peroxidase, which are involved in
the production of thyroid hormone (6). cAMP inducibility of
these genes has been shown to be dependent on the homeo-
domain transcription factor thyroid transcription factor 1
(TTF-1), whose DNA-binding activity is stimulated by phos-
phorylation by PKA (7-10). In addition to the stimulation of
these genes, the expression of other genes in the thyroid gland
is repressed by TSH. The best known example is represented

by the TSH-R (11). Down-regulation of the TSH-R gene is
crucial in the attenuation process of the thyroid cell response
to TSH. Using this negative feedback mechanism (long-term
desensitization; LTD), it is possible to avoid excessive hor-
mone production and gland hypertrophia after TSH stimulus.
In fact, inappropriate stimulation in the production of cAMP
in the thyroid leads to hyperthyroidism and goiter formation.
This is demonstrated by the recent finding of activating
mutations in the coding sequence of the human TSH-R in
some cases of congenital hyperthyroidism and thyroid ade-
noma (12, -13).

Importantly, it has been shown that transcriptional down-
regulation represents the molecular basis for TSH receptor
LTD in thyroid cells (11). Here we show that TSH treatment
drives cAMP-response element modulator (CREM) expres-
sion in the rat thyroid gland and in the differentiated thyroid
cell line FRTL-5. The TSH-induced CREM isoform corre-
sponds to inducible cAMP early repressor (ICER), a small
protein encoded by an alternative, intronic promoter in the
CREM gene. ICER is known to be a powerful transcriptional
repressor. ICER displays a characteristic early response in-
ducibility in thyroid cells, which correlates with TSH-R tran-
scriptional down-regulation. We show that ICER represses the
expression of TSH-R. Thus, CREM inducibility may represent
a paradigm of the molecular mechanism used by pituitary
hormones to obtain homologous LTD of their own receptor.

MATERIALS AND METHODS
Cell Culture. FRTL-5 rat thyroid cells were cultured as

described (14). JEG-3 human choricarcinoma cells were grown
in Dulbecco's modified Eagle's medium, supplemented with
10% (vol/vol) fetal calf serum, penicillin at 100 units/ml, and
streptomycin at 100 mg/ml.
Animals and Drug Treatments. Hypophysectomized and

normal 9-week-old Fischer 344 male rats were obtained from
Iffa-Credo (L'Anbresle, France). For hormonal stimulations,
hypophysectomized animals were injected i.p. with 1 unit of
bovine TSH, ovine follicle-stimulating hormone (FSH), or
sheep prolactin. Groups of normal rats were treated with
methimazole (0.05% in drinking water) or daily injected with
triiodothyronine (T3; 100 ,ug/100 g of body weight). Both
treatments lasted for 8 days. The efficacy of the treatment was
confirmed by assay of free T3 and thyroxine in rat serum. All
hormones and drugs were obtained from Sigma.

Abbreviations: PKA, protein kinase A; CRE, cAMP response ele-
ment; CREM, CRE modulator; ICER, inducible cAMP early repres-
sor; TSH, thyroid-stimulating hormone; TSH-R, TSH receptor; LTD,
long-term desensitization; G6PD, glucose-6-phosphate dehydroge-
nase; RT, reverse transcription; G protein, guanine nucleotide-binding
protein; FSH, follicle-stimulating hormone; TTF-1, thyroid transcrip-
tion factor 1; T3, triiodothyronine.
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RNase Protection. RNA was extracted from rat organs by
the guanidinium thiocyanate method (15). RNase protection
was performed as described (16, 17). Equivalent loading was
confirmed by glucose-6-phosphate dehydrogenase (G6PD)
reverse-transcribed PCR internal controls (16).
Western Analysis. Thyroid glands dissected from rats im-

mediately after cervical dislocation were directly homogenized
in Laemmli buffer. Western blotting was performed as de-
scribed (18), using an affinity-purified rabbit antiserum raised
against bacterially produced CREMT protein. This antiserum
shows minimal crossreactivity to cAMP-response element
(CRE) binding protein (18).

Reverse Transcription (RT)-PCR. One microgram of RNA
obtained from 5H and 6H FRTL-5 cells and from the thyroid
glands of hypophysectomized rats was reverse-transcribed, and
cDNA was amplified as described (19). Use of the same
quantity of cDNA for TSH-R amplification was verified by
G6PD RT-PCR. For TSH-R amplification, primers AGCAC-
CCAGACTCTGAAGCT and GGTTTCATTGCATAGTC-
CCTG were used, which amplify a 380-bp fragment. For G6PD
amplification, primers ATCTACCGCATTGACCACTAC-
CTG and CCCACAGAAGACATCCAGGATGAG were
used, which amplify a 756-bp fragment (16). For both TSH-R
and G6PD, PCR conditions were 30 cycles of 30 sec at 94°C,
1 min at 60°C, and 45 sec at 72°C. PCR products were
transferred to a Hybond N+ nylon membrane (Amersham).
The blot was hybridized with a full-length human TSH-R
cDNA probe and with the internal G6PD oligonucleotide
TTCATCCTGCGCTGTGGCAAAGCTCTGAATG-
AGCGCAAAGCTGAA.

Gel Mobility Shift Assays. Gel retardation assays were
performed as described (20), using as probes the -199/+1
TSH-R promoter DNA sequence (excised from plasmid pGE-
T200 by Sac I-HindIII digestion) and a double-stranded
oligonucleotide containing the TSH-R promoter - 146/-114
(relative to the translation start site) sequence (CCAGCGAT-
GAGGTCACAGCCCCTTGGAGCCCTC; the underlining
indicates the CRE sequence). For competition experiments, in
addition to cold -146/-114 oligonucleotide, cold double-
stranded oligonucleotides with the somatostatin CRE (AGC-
TCCGCCCAGTGACGTCAGAGAGA) and the heat shock
transcription factor (AGCTTGAGAAACAAGAACAT-
TCGGGTGGTTT) binding site were used. Bacterially ex-
pressed CREM ICER proteins were prepared as described
(17), whereas a small-scale method was used to prepare
FRTL-5 cell nuclear extracts (21).

Cell Transfections. JEG-3 cells were transfected as de-
scribed (20), by the calcium phosphate technique. As a re-
porter plasmid, pGE-T200 (gift of D. Civitareale, Maris Negri
Institute) was used, which contains the -199/+1 TSH-R
promoter sequence cloned upstream of the luciferase gene
(22). As expression vectors, we used pCH110, which encodes
Escherichia coli f-galactosidase as a transfection control;
pCaEV (gift of G. S. McKnight, University of Washington),
which encodes the catalytic subunit of the mouse PKA gene;
and pSV-ICERII and pSV-ICERIIy, which encode the two
ICER isoforms comprising or not the CREM-specific y do-
main, respectively (17). The luciferase assay was performed on
cell extracts as described (23).

RESULTS
CREM Is Expressed at High Levels in the Rat Thyroid

Gland. The importance of the cAMP-responsive pathway in
the endocrine system and the crucial role played by CREM in
the nuclear hormonal response (5) prompted us to analyze the
levels of CREM expression in various tissues (Fig. 1A). While
expression from the Pl-originated transcripts is very low (data
not shown), transcripts originating from the intronic, cAMP-
inducible P2 promoter are readily detected at high levels in the

thyroid gland (lane 7), as well as in other endocrine tissues such
as the pineal and pituitary glands (lanes 4 and 6), as reported
earlier (24). The transcripts originating from the P2 promoter
generate the powerful, cAMP-inducible transcriptional repres-
sor ICER (17).
ICER Expression in the Thyroid Is Modulated by TSH. In

the pineal gland, ICER expression can be modulated by
adrenergic signals from the suprachiasmatic nucleus (24). The
molecular mechanism responsible for ICER responsiveness to
the adrenergic stimulation involves the presence of four CRE-
like promoter elements in the P2 CREM regulatory region
(17).
To investigate the relationship of ICER expression in the

thyroid with the principal regulator of thyroid functions, the
pituitary hormone TSH, we utilized the model of the hypophy-
sectomized rat. In these animals, production of TSH is sup-
pressed and thyroid glands are hypotrophic. TSH administra-
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FIG. 1. Pituitary hormone TSH directs CREM expression in the
thyroid gland. (A) ICER expression in rat tissues. RNase protection
analysis ofCREM RNA in a panel of rat tissues, using the P75 probe,
which specifically recognizes transcripts originating from the P2
CREM promoter (17). Ten micrograms of total RNA per lane was
used; yeast tRNA was used as a negative hybridization control. The
size of the protected fragment is indicated (122 nt). OLF., olfactory.
(B) ICER induction in the thyroid gland by TSH. The time course of
CREM expression in the hypophysectomized (HYP.) rat thyroid after
i.p. injection of 1 unit of bovine TSH is shown. Ten micrograms of total
thyroid RNA per time point was used in a RNase protection assay
using the P75 probe. Each lane represents a single animal. Animals
were sacrificed before (lane 1) and 0.5, 1, 2, 4, 6, and 8 hr after injection
(lanes 2-7). ICER expression in normal rat thyroid is also shown (lane
8). The results have been reproduced in three independent experi-
ments. The asterisk indicates a nonspecific band. (C) ICER expression
is specifically induced by TSH in rat thyroid. Levels of ICER RNA
expression in the thyroid gland of hypophysectomized rats before (lane
1) and 4 hr after i.p. injection of 1 unit of bovine TSH (lane 2), 1 unit
of ovine FSH (lane 3), or 1 unit of sheep prolactin (PRL; lane 4) are
shown. An asterisk indicates nonspecific hybridization of the probe.
(D) Effect of pharmacological modulation of thyroid function on
ICER expression in the thyroid gland. Western blot of thyroid gland
extracts using an anti-CREM affinity-purified rabbit antiserum (18).
Lane 1, euthyroid rat; lane 2, rat treated with methimazole (MMI;
0.05% in drinking water) for 8 days; lane 3, rat treated with T3 (100
,ug/100 g of body weight) for 8 days. Each sample is representative of
a series of five animals. Bacterially produced CREMT, -P3, and --y and
ICER and ICER-y (lane 4) are shown as standards.
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tion to hypophysectomized rats can induce ICER expression in
their thyroid gland. Fig. lB shows the kinetics of induction of
ICER RNA after i.p. injection of 1 unit of bovine TSH per
animal. In uninjected animals a low, but detectable, ICER
level is present, which is dramatically increased after TSH
injection, reaching a peak at 4 hr and sharply decreasing
thereafter. Rapid metabolism of the injected hormone is likely
to account for this kinetics of induction. The TSH effect on
ICER expression was specific, since it could not be mimicked
by two other pituitary hormones, prolactin and FSH (Fig. 1C).
This is particularly significant, since the FSH a-subunit is also
common to the TSH molecule.

Stimulation of the TSH-R by other means than its natural
ligand can also lead to ICER inducibility in the hypophysec-
tomized animal. Injection of serum from a patient with Graves
disease, which contains a high level of TSH-R stimulating
autoantibodies, resulted in ICER RNA induction (data not
shown). To check the effects of altered endogenous TSH
levels, we induced pharmacologically a state of hypo- or
hyperthyroidism in otherwise healthy animals. Hypothyroid
rats, which have high serum TSH after methimazole admin-
istration, expressed higher ICER levels than euthyroid control
rats. In contrast, ICER levels were reduced in rats that were
rendered hyperthyroid by injection of T3 (Fig. 1D) and whose
circulating TSH is very low. We have previously shown that
stimulation of ICER expression is obtained through increased
transcription from its intronic P2 promoter, which contains
several CREs (17). To our knowledge, this is the first example
of a transcriptional repressor whose expression is directed by
a pituitary hormone in the target gland. We have previously
reported that FSH treatment can dramatically increase
CREMT activator expression in testis germ cells. In this latter
case, however, induction is obtained through RNA stabiliza-
tion by use of differential polyadenylylation sites (16).
The Kinetics of ICER Induction by TSH Correlates with

TSH-R Down-Regulation. The rat thyroid FRTL-5 cell line is
well characterized to be TSH-dependent for growth and
expression of thyroid-specific markers, such as the TSH-R (11,
14). In this cell line, TSH treatment has been shown to result
in the down-regulation of TRH-R mRNA at the transcrip-
tional level. As early as 4 hr after TSH addition to the culture
medium, TSH-R expression was repressed, after a transient
up-regulation at earlier times (11). Importantly, the down-
regulation ofTSH-R has been demonstrated to require a newly
synthesized factor, since it is abolished by cycloheximide (11).

Similar to what was observed in the animal (Fig. 1), TSH
treatment of these cells also elicited the powerful induction of
the ICER transcriptional repressor. Significantly, the elevation
in ICER protein levels correlates with the concomitant de-
crease in TSH-R expression (Fig. 2A).
A striking temporal correlation also exists between TSH-

mediated induction of ICER protein and down-regulation of
TSH-R mRNA in the thyroid gland of the hypophysectomized
rat (Fig. 2B). By RT-PCR, we were able to detect increased
levels of TSH-R RNA levels in the hypophysectomized rat
compared to the control animal (Fig. 2B). This finding is
consistent with the reported increase in the number ofTSH-Rs
in the thyroid gland of hypophysectomized rats and increased
response to TSH in terms of cAMP production, compared to
control rats (25). By 1 hr after TSH administration, there was
a transient increase in TSH-R RNA levels, which was rapidly
followed by its down-regulation, reaching a nadir between 2
and 4 hr after TSH injection. Subsequently, a partial recovery
in the levels of receptor transcripts occurred, but the levels
were still lower than the baseline after 8 hr. The modulation
of TSH-R RNA levels in the first hours after TSH adminis-
tration to the hypophysectomized rat closely follows the ki-
netics observed in vitro in FRTL-5 cells (11). The kinetics of
TSH-R RNA down-regulation after TSH administration
closely mirrors the kinetics of ICER induction (Fig. 2B).
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FIG. 2. Expression of the TSH-R is inversely correlated with ICER
induction. (A) TSH induces ICER expression in FRTL-5 thyroid cells.
FRTL-5 cells were cultured for 1 week in medium without TSH (5H;
lane 1) or kept in the constant presence of TSH (6H; lane 2).
Expression of CREM proteins and TSH-R and G6PD RNA are shown
for the two different culture conditions. Migration of bacterially
produced CREM proteins is shown on the right side of the Western
blot. (B) Time course of ICER protein and TSH-R RNA expression
in vivo in the hypophysectomized (HYP.) rat thyroid after i.p. injection
of 1 unit of bovine TSH. ICER (lane 1) and TSH-R (lane 6) levels are
shown in the hypophysectomized rat and 2, 4, 6, and 8 hr (ICER; lanes
2-5) or 1, 2, 4, 6, and 8 hr (TSH-R; lanes 7-11) after hormone
administration. Normal rat TSH-R level is also shown (lane 12).
Equivalent loadings of thyroid cDNA for TSH-R amplification were
verified by G6PD RT-PCR.

Thus, increases in ICER levels correlate with a transcrip-
tional down-regulation of the TSH-R. In this respect, it should
be pointed out that the levels ofTSH-R in the rat thyroid gland
have been demonstrated to be down-regulated by propylthio-
uracil treatment, which induces hypothyroidism with high
circulating TSH levels (26). Hypothyroidism induced by me-
thimazole treatment, which shares with propylthiouracil the
same pharmacological action on iodine organification and
thyroid hormone production, is characterized by elevated
ICER levels in the thyroid gland (Fig. 1D), constituting
another example of inverse correlation between ICER and
TSH-R expression.
A CRE in the TSH-R Promoter Is a Target for ICER. The

TSH-R gene promoter contains a CRE (TGAGGTCA) be-
tween positions -139 and -132 (27). Reporter constructs
harboring a minimal promoter containing this CRE are subject
to negative regulation by forskolin in transfected thyroid cells
(27, 28). Bacterially expressed ICER proteins bind a fragment
containing the TSH-R minimal promoter, which includes the
CRE sequence (Fig. 3, lanes 1 and 2). ICER proteins also bind
an oligonucleotide including the TSH-R CRE sequence (Fig.
3, lanes 3 and 4). Importantly, nuclear extracts from FRTL-5
cells contain TSH-R/CRE binding activity, which generates a
complex of mobility similar to ICER (lanes 5 and 6). In
addition, this binding activity is induced by TSH in FRTL-5
cells [compare 5H (lane 5) and 6H (lane 6) in Fig. 3]. This
binding is specific as shown by competition experiments (lanes
7-15). To test whether the TSH-inducible complex that binds
the TSH-R CRE contains ICER, we studied the effect of
CREM-specific antibodies (18). Addition of the anti-CREM
antiserum to the binding reaction completely eliminated the
complex formation. Conversely, a nonimmune rabbit serum
had no effect on binding of the complex (lanes 16-19). Thus,
down-regulation of TSH-R expression is coupled with a par-
allel increase in ICER repressor protein, which binds to the
CRE sequence in the TSH-R promoter. Significantly, the

Biochemistry: Lalli and Sassone-Corsi
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FIG. 3. FRTL-5 nuclear extracts (NE) form a TSH-inducible
complex containing ICER with the CRE sequence in the TSH-R
promoter. Bacterially produced ICERII-y and ICERII proteins (1 ,g)
and 5 ,ug of nuclear extracts from FRTL-5 cells grown in the absence
(5H) or in the presence (6H) of TSH were used in electrophoretic
mobility shift assays. Lanes 1 and 2, binding of ICERIIy (lane 1) and
ICERII (lane 2) proteins to the - 199/+1 TSH-R promoter sequence.
Asterisks indicate nonspecific retarded complexes. Lanes 3-6, binding
of ICERII-y (lane 3), ICERII (lane 4), 5H extract (lane 5), and 6H
extract (lane 6) to the TSH-R promoter - 146/-114 sequence. Lanes
7-15, competition of 6H nuclear extract binding to the TSH-R
-146/-114 sequence (lane 7), using 20, 60, and 100 ng of unlabeled
-146/-114 oligonucleotide (lanes 8-10), 20, 60, and 100 ng of
unlabeled somatostatin (Som) CRE oligonucleotide (lanes 11-13),
and 20 and 60 ng of unlabeled heat shock transcription factor (HSTF)
binding site oligonucleotide (lanes 14 and 15). An anti-CREM anti-
serum can interfere with 6H cell binding to the -146/-114 sequence.
Binding of 6H nuclear extract (lane 16) is antagonized by 1 ,ul of an
unpurified (I; lane 18) or abolished by an affinity-purified (AP I; lane
19) anti-CREM antiserum, while the same quantity of nonimmune
serum (NI; lane 17) has no effect on binding. An asterisk indicates a
nonspecific gel-retarded band present in samples when unpurified
serum was used.

consensus somatostatin CRE only partially blocks the binding
to the TSH-R CRE (lanes 11-13). This finding confirms that
a specific code of ICER binding to various CRE sequences
exists (unpublished results).
ICER Represses TSH-R Promoter Activity. To determine

whether ICER can functionally repress gene expression driven
by the TSH-R promoter, we performed transient transfection
experiments in the human choriocarcinoma cell line JEG-3.
We deliberately chose not to use FRTL-5 cells for transfection,
considering their low transfection efficiency and the fact that
TSH present in the culture medium, necessary to ensure cell
viability after transfection, is able to powerfully down-regulate
expression driven by the TSH-R promoter (27). Thus, we
performed our experiments in JEG-3 cells, which are strongly
responsive to stimulation of the cAMP signal-transduction
pathway and are readily transfectable. In addition, these cells
constitute a blank system to test TSH-R promoter activity,
since they lack endogenous TSH-R expression and TSH de-
pendence for growth. A reporter construct harboring the
TSH-R minimal promoter cloned upstream from the luciferase
gene (pGE-T200; ref. 22) showed increased activity as com-
pared to basal levels in JEG-3 cells stimulated with forskolin
or cotransfected with a PKA catalytic subunit expression
vector (Fig. 4). This result is expected since in nonthyroid cells
the TSH-R CRE acts as a constitutive and cAMP-inducible
promoter element (28). Both basal and induced promoter
activity were efficiently repressed by cotransfection with ex-
pression vectors containing ICER cDNAs (Fig. 4). Control
reporters and expression vectors lacking the ICER coding
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FIG. 4. ICER represses TSH-R expression. JEG-3 human chorio-

carcinoma cells were transiently transfected with pGE-T200 (22),
which harbors the TSH-R minimal promoter cloned 5' to the luciferase
reporter gene. TSH-R promoter activity was assayed under basal
conditions, in cells stimulated for 12 hr with forskolin (FSK; 10 ,ug/ml)
and in cells,cotransfected with 1 pLg pCaEV, which encodes the PKA
catalytic subtnit. The effect of cotransfection with increasing doses
(400 ng, 1 ,ug, and 2 jig) of pSV-ICERII (hatched bars) and pSV-
ICERII-y (open bars) expression vectors on basal and stimulated
TSH-R promoter activity is shown. Cotransfection with the simian
virus 40 expression vector without ICER had no effect (not shown).
Results are expressed as a percentage of the basal activity, after
normalization of luciferase activity to (3-galactosidase activity. The
data shown are representative of three independent experiments.
Variability was <15%.

sequence confirmed the specificity of the results (data not
shown).

DISCUSSION
The thyroid gland is entirely dependent on the pituitary
hormone TSH for the regulation of thyroid hormone produc-
tion (1). In addition, TSH is also a mitogen for thyroid cells,
and increased TSH secretion is responsible for thyroid gland
hypertrophia in pathological situatiots. This happens both in
the case of pituitary adenomas secerning TSH, with a clinical
situation of hyperthyroidism, and in the case of congenital
defects in iodine incorporation into thyroid hormone or en-
demic goiter, which produce symptoms due to hypothyroidism
(29).
The TSH-R has a large extracellular domain, which binds

TSH, and seven hydrophobic transmembrane domains, which
span the whole membrane and connect the ligand-binding
domain to three intracytoplasmic loops (4). This intracellular
domain is important for coupling the TSH-R to G proteins,
which can activate both adenylate cyclase and phospholipase
C, generating the second messengers cAMP and phosphati-
dylinositol bisphosphate (4). Binding of TSH to its own
receptor reduces the cAMP response to a subsequent stimu-
lation with the hormone; induction of refractoriness requires
at least 30 min of incubation of the tissue with TSH (30, 31).
This homologous desensitization has been shown to involve
decreased coupling of the TSH-R with Gs (32) and is likely to

L LU
ICER ICER z Z

1 I1 I I

I

Proc. Natl. Acad. Sci. USA 92 (1995)

w w
t, j



Proc. Natl. Acad. Sci. USA 92 (1995) 9637

depend on receptor phosphorylation by a G protein-coupled
receptor kinase and arrestin-like proteins (4, 33).

In addition to this rapid desensitization phenomenon,
TSH-R mRNA expression has been shown to be down-
regulated at the transcriptional level within a few hours after
TSH stimulus (11, 34). This long-term modulation represents
an important feedback mechanism to control cell response to
TSH and subsequent cAMP production. An increase in intra-
cellular cAMP levels, in fact, may trigger thyroid cell prolif-
eration and thyroid hormone production, independently of the
mechanisms of adenylate cyclase activation. This was demon-
strated by studies where elevated cAMP production was
caused by ectopic expression of the 132-adrenergic receptor in
FRTL-5 cells, which rendered the cells responsive to isopro-
terenol for growth and iodine uptake (35), or A2-adenosine
receptor in transgenic mice thyroid, with consequent gland
hyperplasia and hyperthyroidism (36). In addition, mutations
in the TSH-R gene have been found in some hyperfunctioning
thyroid adenomas (12) and in a case of congenital hyperthy-
roidism (13); the mutated receptors were shown to be able to
stimulate cAMP production in the absence of the ligand.
We have shown that one mechanism involved in the down-

modulation of the TSH-R by its own ligand is represented by
TSH induction of the transcriptional repressor ICER. CREM
expression is induced in the hypophysectomized rat thyroid by
TSH and other agonists for the TSH-R (human stimulating
autoantibodies). The kinetics of ICER protein induction by
TSH in the hypophysectomized rat correlates with the kinetics
of TSH-R transcriptional down-regulation. Furthermore,
ICER levels are very high in the thyroid gland of animals where
hypothyroidism was induced by methimazole administration.
In this situation, TSH receptor expression is diminished in the
gland as compared to the euthyrdid rat (26). ICER is also
expressed at very high levels in the differentiated rat thyroid
cell line FRTL-5 cultured in the presence ofTSH, whereas cells
deprived of TSH express very little ICER. TSH is known to
powerfully repress expression of its own receptor at the
transcriptional level in this cell line (11). ICER proteins can
bind to the TSH-R promoter forming a complex that has a
similar mobility to a TSH-inducible complex in FRTL-5 cells.
In addition, ICER represses TSH-R promoter activity in
transient transfection experiments. Thus, ICER appears to be
a key player in the negative regulatory cascade triggered by
TSH stimulation in thyroid cells. However, our results do not
exclude the possibility that additional regulatory proteins
could be involved in a sustained attenuation of TSH-R ex-
pression, maybe by cooperating with ICER itself.

In addition to CREM, other nuclear factors are involved in
the fine regulation of the TSH-R promoter. TTF-1 has been
recently irpplicated in thyroid-speciflc T5H-R gene expression
and in its down-regulation by TSH in FRTL-5 cells (22, 37). It
has been reported that the complex for'mied by TTF-1 with the
TSH receptor promoter in a gel mobility assay is down-modulated
by TSH with a kinetics similar to the TSH-R mRNA; in addition,
TSH also reduces the levels of TTF-1 mRNA (37).

Triggering the expression of a transcriptional repressor
through the cAMP pathway represents an effective mechanism
to induce attenuation of gene expression after a first burst of
activation for a pituitary hormone whose receptor is coupled
to adenylate cyclase (5, 17). Considering the pivotal function
of the cAMP-dependent signaling pathway in the response to
pituitary hormones, it is likely that the phenomenon here
described will be found to be general to produce homologous
LTD of pituitary hormone receptors.
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