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The hormonal regulation of both thyroglobulin and
thyroperoxidase promoter activity in FRTL-5 thyroid
cells takes place, at least in part, through a hormone-
responsive element to which the thyroid transcription
factor TTF-2 binds. The TTF-2 cDNA, encoded by the
titf2 locus, has recently been cloned and classified as a
member of the forkhead transcription factor family.
Here, we demonstrate that TTF-2 mRNA levels become
undetectable in FRTL-5 thyroid cells cultured for 4 days
in 0.2% serum and in the absent of thyrotropin (TSH)
and insulin. Addition of TSH, insulin or insulin-like
growth factor I (IGF-I) to the culture medium increases
the levels of this transcription factor in a dose- and time-
dependent manner and requires ongoing protein syn-
thesis. The TSH effect is greater than that produced by
insulin or IGF-I and is similar to the effect produced by
the cAMP analog forskolin. The TSH and insulin effects
are additive. In all cases, the mRNA levels increase is
accompanied by an increase in transcription rate, as
demonstrated by run-off assays. These data demonstrate
that the TTF-2 mRNA is under tight hormonal control.
This is consistent with an important role for TTF-2 as a
mediator of the transcriptional activation of thyroid-
specific genes (thyroglobulin and thyroperoxidase) by
TSH via cAMP and by insulin through the IGF-I
receptor.

Thyroid hormone biosynthesis takes place exclusively in the
thyroid gland by iodinating and coupling the tyrosine residues
in thyroglobulin (Tg)1 by the enzyme thyroperoxidase (TPO)
(EC 1.11.1.7.) (1–3). Expression of the Tg and TPO genes is
restricted to thyroid tissue (4) and is under hormonal control.
The pituitary hormone TSH, via cAMP, insulin, and insulin-
like growth factor I (IGF-I) exerts a positive effect on Tg (5–9)

and TPO (10–14) gene expression. The hormonal regulation
mechanism of Tg and TPO promoter activities has been studied
extensively in the last few years, since their promoters are well
characterized (15, 16). Three tissue-specific transcription fac-
tors, TTF-1, TTF-2, and Pax-8, have been shown to bind to both
Tg and TPO promoters (4); they have been classified into three
classes according to the structural motifs used for recognition-
specific DNA sequences (17). Transient transfection experi-
ments have demonstrated that the minimal Tg and TPO pro-
moters that confer thyroid-specific expression also confer
responsiveness to TSH (18–23), insulin, and IGF-I (18, 19, 23).
TTF-1 and Pax-8, homeobox and paired box genes, respectively,
were the first thyroid transcription factors cloned (24, 25). As a
result, their possible role in hormonal regulation of Tg and TPO
gene transcription has been studied extensively, although no
clear role for these factors has been established (19, 26, 27).

We have previously demonstrated that the hormonal regu-
lation of both Tg and TPO promoter activities in FRTL-5 cells
takes place mainly through the cis-regulatory element, to
which the thyroid transcription factor TTF-2 binds (19, 23).
This factor binds to a single site in both promoters, and this
binding site acts as a hormone-responsive element (23). The
TTF-2 cDNA has recently been cloned and shown to be tran-
scribed from a locus, denominated titf2, on mouse chromosome
4 (28). The TTF-2 protein is a new member of the forkhead
family of transcription factors, a large and growing family
whose members bind to DNA as monomers and contain a
common 100-amino acid DNA-binding domain (29–32). This
family of factors, also called FREAC or HNF-3 (hepatocyte
nuclear factor 3) has been implicated in pattern formation
during embryogenesis. TTF-2 binds to Tg and TPO also as a
monomer (15, 16), and its expression, both during development
and in adult tissue, is restricted to the thyroid and anterior
pituitary and appears as early as day 8.5 of mouse gestation
(28).

We analyze here whether the previously observed hormonal
regulation of TTF-2zDNA complex formation (19, 23) correlates
with an increase in TTF-2 mRNA. RNase protection assays
were performed with total RNA from FRTL-5 cells, cultured
either in the absence or presence of different hormones, and a
riboprobe corresponding to the 39-noncoding region of TTF-2
cDNA (28). The results indicated that TTF-2 mRNA is unde-
tectable in FRTL-5 cells maintained for 4 days in 0.2% serum
and in the absence of TSH and insulin. The addition of TSH,
insulin, or IGF-I to the culture medium induced TTF-2 mRNA
levels in a dose- and time-dependent manner and required
ongoing protein synthesis. The TSH effect was greater than
that produced by insulin or IGF-I and was mimicked by the
cAMP analog forskolin. Moreover, the TSH effect was additive
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to those of insulin or IGF-I. Run-off assays indicate that the
hormone-induced increases in mRNA levels are accompanied
by a transcription rate increase. These data indicate that the
levels of mRNA encoding TTF-2 are tightly controlled by TSH/
cAMP and by insulin/IGF-1 and support the idea of an impor-
tant role for the TTF-2 transcription factor in the hormonal
regulation of Tg and TPO gene expression.

EXPERIMENTAL PROCEDURES

Materials—Tissue culture medium, bovine TSH, bovine insulin, and
cycloheximide (CHX) were purchased from Sigma and forskolin from
Boehringer Mannheim. Rat IGF-1 was from Amgen Biologicals (Thou-
sand Oaks, CA). Donor, fetal calf serum, and DMEM were from Life
Technologies, Inc.; nylon membranes were obtained from Bio-Rad.
pT7RNA-28S and the RPA II assay kit were purchased from Ambion
(Austin, TX), the Riboprobe Transcription kit from Promega (Madison,
WI), and [a-32P]rUTP or [a-32P]rCTP from ICN (Irvine, CA).

Cell Culture—FRTL-5 cells (ATTC CRL 8305; American Type Cul-
ture Collection) were cultured as described previously (33) in Coon’s
modified Ham’s F-12 medium supplemented with 5% donor calf serum
and with a six-hormone mixture including 1 nM TSH and 10 mg/ml
insulin (complete medium). The effect of hormones and growth factor
were studied by starving confluent cells for TSH and insulin in the
presence of 0.2% serum (basal medium). After 4 days each ligand was
added to the culture medium at the concentrations noted. In some
experiments cells were treated with CHX, at a concentration of 10
mg/ml for 24 h. In this conditions, more than 95% protein synthesis was
inhibited. Rat-1 fibroblasts were cultured in DMEM supplemented with
10% fetal calf serum.

Ribonuclease Protection Assay—Total cell RNA was extracted by the
guanidinium isothiocyanate method (34). A 250-base pair fragment of
the 39-noncoding region of TTF-2 cDNA was cloned into the EcoRV site
of the pBS SK1 vector. pBS-GAPDH was generated by cloning a 189-
base pair fragment of rat glyceraldehyde-3-phosphate dehydrogenease
(GAPDH) cDNA (35) into the EcoRI site of the pBS SK1 vector. 32P-
labeled antisense ripobrobes were generated using T7 RNA polymerase,
[a-32P]CTP (800 Ci/mmol) and the Riboprobe Transcription kit accord-
ing to the manufacturer’s instructions. As an internal control to correct
for total RNA loading, an additional 28 S ribosomal antisense riboprobe
was transcribed from pT7RNA-28S. The mRNA levels were analyzed by
RNase protection with the RPA II assay kit, essentially as described by
the manufacturer. TTF-2 or GAPDH (5 3 105 cpm) and 5 3 104 cpm of
28 S riboprobes were incubated overnight with 15 mg of total RNA. After
hybridization, samples were digested with an RNase mixture (2.5
units/ml RNase A and 50 units/ml T1 ribonuclease) for 2 h at 37 °C. The
protected fragments were precipitated and electrophoresed on a dena-
turing 5% acrylamide gel, dried, and visualized by autoradiography.
The mRNA levels and ribosomal 28 S RNA were quantified by densi-
tometric gel scanning in an Instantimager (Packard, Meridem, CT) and
the relative TTF-2 or GAPDH mRNA levels expressed in arbitrary units
after correction with the 28 S ribosomal RNA levels.

Run-off Assays—Nuclear isolation and run-off transcription labeling
were performed according to the method described by Greenberg et al.
(36). Nuclei were incubated with [a-32P]UTP (800 Ci/mmol) to label
nascent RNA transcripts. Newly transcribed RNA was extracted by the
guanidinium isothiocyanate method (34). Plasmid DNA (10 mg) was
linearized and denatured prior to slot blotting onto a nylon membrane
and UV crosslinking. Each filter contained TTF-2 and GAPDH cDNA
plasmids and two additional plasmids: b-actin as a control gene not
hormonally regulated in this system (8) and pBS SK1 as the control for
nonspecific hybridization. Filters were hybridized in 0.2 M NaH2PO4,
pH 7.2, 1 mM EDTA, pH 8.0, 7% SDS (w/v), 45% formamide (v/v), and
250 mg/ml tRNA carrier and equal amounts of radioactivity of the
appropriate experimental groups. Hybridization was performed for 48 h
at 42 °C and filters washed in 40 mM NaH2PO4, pH 7.2, and 1% SDS
(w/v) for 15 min each at successively higher temperatures, room tem-
perature, 37 °C and 55 °C. Newly transcribed RNA levels were deter-

FIG. 1. Decreased TTF-2 mRNA lev-
els in FRTL-5 cells deprived of TSH,
insulin, and serum. Confluent FRTL-5
cells were shifted to basal medium (no
TSH, no insulin, and 0.2% serum). At the
times noted (0, 1, 2, 3, and 4 days) total
RNA was isolated. Upper panels, repre-
sentative gel of an RNase protection as-
say showing a 250-nt fragment of the
TTF-2 mRNA (panel A) or a 180-nt frag-
ment of GAPDH mRNA (panel B). A
115-nt fragment of 28 S ribosomal RNA
was used in all the experiments to correct
for total RNA loading. In both panels, the
radioactive riboprobe (310 nt for TTF-2 or
250 nt for GAPDH) plus or minus RNase,
was used. Lower panel, quantitation of
mRNA by densitometric gel scanning.
Each value represents the mean 6 S.D. of
three independent experiments.

FIG. 2. TSH, insulin, and IGF-I up-regulate TTF-2 mRNA levels.
Total RNA from FRTL-5 cells maintained for 4 days in basal medium or
treated for 24 h with 1 nM TSH, 10 mg/ml insulin, 100 ng/ml IGF-I, or
TSH plus insulin was isolated. Total RNA from a non-thyroid cell line,
the fibroblast Rat-1, was used in parallel. Upper panel, representative
RNase protection assay showing the 250-nt fragment of TTF-2 mRNA
and the 115-nt fragment of 28 S ribosomal RNA. The first lane of the gel
is the 310-nt fragment of TTF-2 riboprobe without RNase. Lower panel,
quantitation of mRNA by densitometric gel scanning. Each value rep-
resents the mean 6 S.D. of three independent experiments.
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mined by autoradiography and quantitated by densitometric scanning
of the blots in an Instantimager.

RESULTS

TTF-2 Gene Expression Is Virtually Absent in FRTL-5 Thy-
roid Cells Cultured in Hormone- and Serum-free Medium—
Previous results from our laboratory (19, 23) showed that
TTF-2 DNA binding activity cannot be detected in FRTL-5 cells
cultured for 4 days in 0.2% serum and in the absent of TSH and
insulin (basal medium). When TSH or insulin is added, TTF-2
DNA binding activity is restored to normal levels. These effects
could be explained by a tight hormonal control of either the
DNA binding activity or the synthesis of TTF-2. The recent
cloning of TTF-2 cDNA (28) permitted direct testing of the
latter hypothesis. For this, confluent FRTL-5 cells were main-
tained in basal medium for 1, 2, 3, and 4 days. Total RNA from
each group was isolated, and TTF-2 mRNA levels were deter-
mined by the RNase protection assay. The RNA probe used is
310 nucleotide (nt) long and contains, in addition to 60 nt of
vector sequences, 250 nt complementary to the 39-untranslated
region of TTF-2 mRNA (28). A major, 250-nt-long protected
RNA fragment was detected in confluent FRTL-5 cells (Fig. 1A,
time 0). Other fragments, including one of about 245 nt, were
also detected, presumably originated from spurious cleavage by
RNase. The most abundant 250-nt fragment was used in all
densitometric analysis reported here, since we observed that
all fragments are identically regulated. After 1 day without
hormones, TTF-2 mRNA levels had already dropped to 20% of
their maximal expression. After 4 days, TTF-2 expression lev-
els were only 10% of the maximum. Experiments involving
readdition of the ligands were performed after 4 days without
hormones.

GAPDH gene expression, reported to be under insulin regu-
lation (35, 37), was used as a positive control; GAPDH mRNA
levels were also determined in the RNase protection assay with
total RNA from the same samples used above. A major 180-nt
GAPDH mRNA fragment was protected in confluent FRTL-5
cells (Fig. 1B, time 0). GAPDH expression in cells maintained
in 0.2% serum and in the absence of insulin decreased, as
expected, to approximately 20% of the levels observed in con-
fluent cells. In both TTF-2 and GAPDH RNase protection as-
says, a 115-nt fragment of the 28 S ribosomal RNA was used as
a control for the quality and quantity of RNA used in the
protection experiments. The lower panels represent the scan-
ner densitometry from three independent experiments. RNA

levels are expressed relative to the levels obtained in confluent
cells, arbitrarily set at 100%.

TSH via cAMP, Insulin, and IGF-I Increases TTF-2 mRNA
Levels—FRTL-5 cells maintained in basal medium for 4 days
were treated with 1 nM TSH, 10 mg/ml insulin, 100 ng/ml IGF-I
or TSH plus insulin for 24 h. Total RNA was isolated and an
RNase protection assay performed. TTF-2 mRNA was unde-
tectable in FRTL-5 cells maintained in basal medium, as well
as in Rat-1 fibroblasts (Fig. 2, top panel). Readdition of TSH,
insulin or IGF-I at the concentrations indicated stimulated
TTF-2 mRNA levels within 24 h. Scanning densitometry of
three separate experiments show that the TSH effect is greater
(7-fold) than that induced by insulin or IGF-I (3- to 4-fold). The

FIG. 3. Time-dependent TTF-2 up-
regulation by TSH and forskolin.
FRTL-5 cells cultured for 4 days in basal
medium (time 0) were treated with 1 nM

TSH (A) or 10 mM forskolin (B) for 2, 5, 10,
and 24 h. In panel A, Rat-1 cells were
used as a control with no expression of
TTF-2 mRNA, and confluent FRTL-5 cells
as a control of maximal expression. Upper
panels, representative RNase protection
assay showing the 250-nt fragment of
TTF-2 mRNA and the 115-nt fragment of
the 28 S ribosomal RNA. In both panels,
the last two lanes are the 310-nt fragment
of TTF-2 riboprobe plus or minus RNase.
Lower panel, quantitation of 250-nt band
by densitometric gel scanning. Each value
represents the mean 6 S.D. of three inde-
pendent experiments.

FIG. 4. Time-dependent TTF-2 up-regulation by insulin and
IGF-I. FRTL-5 cells maintained 4 days in basal medium (time 0) were
treated with 10 mg/ml insulin or 100 ng/ml IGF-I for 2, 5, 10, and 24 h.
Upper panel, representative RNase protection assay showing the 250-nt
fragment of TTF-2 mRNA and the 115-nt fragment of 28 S ribosomal
RNA. The last two lanes are the 310-nt fragment of TTF-2 riboprobe
plus or minus RNase. Lower panel, quantitation of mRNAs by densito-
metric gel scanning. Each value represents the mean 6 S.D. of three
independent experiments.
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effect of TSH and insulin was additive. Hormone and growth
factor concentrations used were deduced by dose-response ex-
periments (data not shown) and were the optimum values used
in the FRTL-5 cells culture medium (33).

The increase in TTF-2 mRNA levels was already detectable
within five hours after the addition of 1 nM TSH (Fig. 3A), 10
mg/ml insulin, or 100 ng/ml IGF-I (Fig. 4). Longer incubations
(up to 24 h) resulted in a progressive signal increase. The cAMP
analog forskolin, at the concentration of 10 mM, elicited a sim-
ilar time course pattern of TTF-2 mRNA expression than that

exerted by TSH (Fig. 3B). Is important to note that the above
kinetics of TTF-2 mRNA are slow and always consistent with
the changes in TTF-2 binding activity previously reported (19,
23).

TSH and Insulin Stimulate TTF-2 Gene Transcription—To
determine whether hormone treatment increases TTF-2 mRNA
synthesis, run-off assays were performed with nuclei isolated
from cells maintained in basal medium or treated for 24 h with
1 nM TSH, 10 mM forskolin, and 10 mg/ml insulin (Fig. 5). These
three ligands induced a variable amount of newly transcribed
TTF-2 mRNA in three independent experiments. The increase
caused by TSH and forskolin was similar (approximately
5-fold) and greater than that induced by insulin (approximately
3-fold). Considering that b-actin transcription in FRTL-5 cells
is not regulated by the above hormones (8), the percentage of
increase was calculated relative to this gene. In all experi-
ments, slots containing the GAPDH plasmid were used as a
positive control of insulin induction of gene transcription. It is
interesting to note that, in 0.2% serum and in the absence of
insulin, TSH, and forskolin also induced GAPDH gene tran-
scription. When cells maintained in basal conditions were in-
cubated for 24 h in complete medium (5% serum), the tran-
scription rate of TTF-2 and GAPDH returned to normal levels
(data not shown). The pBS SK1 plasmid was used throughout
as a negative control.

TSH and Insulin Induction of TTF-2 Gene Expression Re-
quires Ongoing Protein Synthesis—Total RNA was extracted
from FRTL-5 cells maintained in basal medium or treated for
24 h with TSH, forskolin or insulin alone or in combination
with 10 mg/ml CHX. After RNase protection assay, TTF-2
mRNA levels were determined. TSH and forskolin increased
the TTF-2 mRNA levels (Fig. 6A, lanes 2 and 3). CHX alone
does not significantly induce TTF-2 mRNA (lane 4) but blocks
the increase induced by TSH and forskolin (lanes 5 and 6). The
same results were obtained in panel B when insulin (lane 3),
CHX (lane 4), or both substances together (lane 2) were used.
This suggests that de novo protein synthesis is involved in the
mechanism of TTF-2 gene induction by these ligands.

DISCUSSION

We previously reported that similar cis-regulatory elements,
recognized by the TTF-2 DNA binding activity, are responsible
for Tg and TPO promoter activity regulation by TSH and insu-
lin (19, 23). We also demonstrated that TTF-2 binding to Tg
and TPO promoter is under hormonal regulation in a time- and

FIG. 5. TTF-2 mRNA gene transcription rate in response to
various hormones. Nuclei were isolated from FRTL-5 cells main-
tained for 4 days in basal medium or treated for 24 h with 10 nM TSH,
10 mM forskolin, or 10 mg/ml insulin. Approximately 30 3 106 nuclei
from each sample were subjected to nuclear run-off analysis. The newly
synthesized RNA was isolated and hybridized to immobilized cDNAs
(TTF-2, GAPDH, b-actin) and the pBS SK1 plasmid on nylon mem-
branes. Blots were exposed for 1 week. Upper panel, autoradiogram
from a representative experiment. Lower panel, band intensity after
scanning densitometry of blots. Values were corrected for nonspecific
binding by subtracting the hybridization signal of the vector alone
(pBSK1), and results were normalized using b-actin values. Each value
represents the mean 6 S.D. of three independent experiments.

FIG. 6. CHX inhibits the TSH, fors-
kolin, or insulin induction of TTF-2
mRNA levels. FRTL-5 cells were cul-
tured in basal medium for 4 days. At this
time, 10 nM TSH (panel A), 10 mM forsko-
lin (panel A), 10 mg/ml insulin (panel B),
or 5 mg/ml CHX were added alone or in
combination for 24 h and total RNA iso-
lated. Upper panels, representative
RNase protection assays showing the
250-nt fragment of TTF-2 mRNA and the
115-nt fragment of the 28 S ribosomal
RNA. The last two lanes in both panels
are the 310-nt fragment of TTF-2 ribo-
probe plus or minus RNase. Lower panels,
quantitation of mRNA by densitometic
gel scanning from three independent ex-
periments.
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dose-dependent manner (19, 23). The effect of TSH was mim-
icked by forskolin, and high doses of insulin produced the same
promoter stimulation as low doses of IGF-I. On the basis of
these data, we suggested that signals originated at either the
TSH or the IGF-I receptors modulate Tg and TPO gene tran-
scription by regulating the levels of TTF-2 DNA binding activ-
ity. The above experiments did not provide direct evidence,
however, as to whether the hormones regulate the binding
activity or the synthesis of TTF-2 directly. The recent cloning of
TTF-2 cDNA (28) permitted us to distinguish between these
possibilities. TTF-2 is a member of the forkhead/HNF-3 family
of transcription factors (29–32), and, among adult rat tissues,
its expression has been detected exclusively in thyroid tissue
(28). TTF-2 is expressed transiently in the thyroid (and ante-
rior pituitary) bud and its mRNA is down-regulated just before
the onset of thyroid differentiation; in adult thyroid tissue
TTF-2 mRNA is detected again, indicating a complex temporal
regulation operating on TTF-2 mRNA levels (28). To define the
mechanisms responsible for the hormonal regulation of TTF-2,
we determined TTF-2 mRNA levels in FRTL-5 cells maintained
in 0.2% serum and in the presence or absence of various hor-
mones. The results demonstrated that physiological doses of
TSH and high doses of insulin increases TTF-2 mRNA levels.
This regulation is specific since under the same treatment
condition, we have previously reported that the levels of b-actin
mRNA remain unaltered (8). The same effect on TTF-2 was
obtained with forskolin and low doses of IGF-I, suggesting that
TSH acts through the cAMP pathway and insulin mainly
through the IGF-I receptor to modulate the concentration of the
transcription factor in thyroid cells. These data are in keeping
with the previously described hormonal regulation of Tg and
TPO genes (8, 19, 23), providing further evidence for a role for
TTF-2 in mediating this regulation.

The above ligands increase TTF-2 mRNA synthesis, indicat-
ing that the hormonal control of titf2 gene expression operates
at transcriptional level. It is important to mention that this is
the first evidence of a specific transcription factor regulated by
insulin at the transcriptional levels. However, we have not
ruled out the possibility that postranslational mechanisms may
also be involved. The hormonal induction of TTF-2 mRNA
levels required ongoing protein synthesis, as we previously
demonstrated for the hormonal regulation of TTF-2 binding
(18, 23), suggesting that the titf2 gene is in turn controlled by
factors whose synthesis is hormonally regulated. Alternatively,
the requirement for protein synthesis to obtain maximal TTF-2
induction could indicate the operation of an autoregulatory
mechanism.

Tg and TPO promoters constitute an unusual example in
which insulin and cAMP increase their transcription. As both
pathways normally exert an antagonistic effect (37), we ex-
pected to find cAMP and insulin response elements (CRE and
IRE) within the Tg and TPO promoter sequences. Strikingly,
no consensus CRE (38, 39) or any of the IRE (37) defined so far
have been identified. A CRE-like (40) and a CRE-enhancer (41)
have been described in the dog and human Tg promoter, al-
though these elements only share partial homology with the
canonical CRE palindrome. These observations suggest that Tg
and TPO transcription control by cAMP and insulin involves a
distinct mechanism. It may be hypothesized that this circum-
stance could be exclusive to thyroid genes; however, the pres-
ence of a CRE and an IRE element within the TSH-R promoter
(42, 43) rules out this possibility. Further studies are necessary
to determine whether TTF-2 is the final target of insulin and
TSH action through independent pathways or there is cross-
talk in the response. In this context, it is important to deter-
mine whether the titf2 gene promoter contains a CRE and an

IRE, or is itself regulated by another protein.The observation
that thyroid cells contain the transcription factor NGFI-A,
whose synthesis is rapidly induced by cAMP (44) is of great
interest as will be the determination of the relative role of
TTF-2 and NGFI-A in controlling cAMP-regulated transcrip-
tion in thyroid. Other thyroid-specific transcription factors,
such as TTF-1 and Pax-8, have been suggested to be under
TSH/cAMP control (27, 42), although none show the fine and
clear TSH/cAMP regulation presented here for TTF-2. The
hormonal regulation of both TTF-1 and Pax-8 mRNA remains
a matter of controversy. Down-regulation of TTF-1 mRNA lev-
els after a few hours of TSH treatment has been described for
FRTL-5 cells (42), but no such regulation was observed in
cultured dog thyrocytes (26). Our previous data have shown
that TTF-1 mRNA is not regulated by insulin, IGF-I (19) or by
TSH (45). It has been reported that TSH also regulates TTF-1
and Pax-8 binding to DNA by a redox mechanism (46). These
results are interesting and compatible with the one obtained
here, demonstrating that the transcription factor TTF-2 plays a
major role in Tg and TPO gene expression, but is presumably
not the only factor involved.

The fact that TTF-2 is a transcription factor with a forkhead
domain makes its hormonal regulation very interesting. The
forkhead/HNF-3 transcription factor family members share a
core consensus binding sequence, RTAAAYA, but differ in the
positions flanking the core, creating differences in DNA bind-
ing specificity. The core consensus binding sequence in Tg
(AGAAAAC) and TPO (CTAAACA) could differ sufficiently to
explain some of the differences in the regulation of the two
thyroid genes. The binding of forkhead proteins to their cog-
nate site results in bending of DNA at an 80–90° angle (29);
this property could be decisive for the appropriate spatial in-
teraction between TTF-2 and other transcription factors within
the Tg and TPO promoters. These other factors, although sim-
ilar in both promoters, are not identical and are not located at
the same distance from the TTF-2 binding site. The interaction
between TTF-2 and other transcription factors, thyroid-specific
or ubiquitous, will thus be slightly different, allowing a differ-
ent extent of transcription and perhaps distinct regulation of
each gene. HNF-3b, another forkhead family member, binds at
the same position and to the same sequence as TTF-2 in the
TPO promoter but not in the Tg promoter (47). HNF-3b and
TTF-2 thus show functional redundancy, as they both appear to
stimulate transcription through the same DNA sequence. It
will be of interest to determine whether the HNF-3b gene is
regulated by the same factors as TTF-2.
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