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The thyroid transcription factor TTF-2 is a
orkhead-containing protein involved in thyroid-
pecific gene expression and necessary for thyroid
orphogenesis. In this paper, we demonstrate that
TF-2 is able to inhibit the activity of the thyroid-
pecific transcription factors TTF-1 and Pax-8 only on
ertain promoters. We identified the minimal protein
omain responsible for repressor activity, which be-
aves as an independent functional domain, and we
how that repression by TTF-2 is DNA-binding inde-
endent. We suggest that TTF-2 is able to interfere
ith a specific cofactor required for TTF-1 and Pax-8
ctivity. © 2000 Academic Press

Key Words: transcription; repression; thyroid; TTF-1;
TF-2; Pax8.

TTF-2 is a forkhead-containing protein (1) highly
nriched in thyroid follicular cells (2, 3). TTF-2 was
iscovered as a thyroid-specific DNA binding activity
ecognizing the promoter of thyroglobulin (Tg) and thy-
oidperoxidase (TPO) genes. Subsequent studies sug-
ested that TTF-2 might be responsible of mediating
ormonal control of Tg and TPO gene expression (4)
nd that expression of the gene encoding TTF-2, de-
ominated titf2, is itself under hormonal regulation
1). However, disruption of the titf2 gene in mice dem-
nstrated that TTF-2 plays an important role in thy-
oid morphogenesis at stages preceding Tg and TPO
ene expression (5), consistent with the onset of titf2

Abbreviations used: NIS, sodium/iodide symporter; DBD, DNA
inding domain.
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1). Thus, it appears as if TTF-2 controls the expression
f different functions, and hence of different transcrip-
ional units, during development of the thyroid follic-
lar cells. Such a complex function is not unusual for
embers of the forkhead family of DNA binding pro-

eins, as several member of this family has been
trongly implicated in developmental regulation (6).
or example, it has been demonstrated that the HNF-3
roteins are critical factors in maintaining the poten-
ial for proper differentiation of specific tissues (7, 8).
owever, some of them show a distinct spatial patterns

f expression during embryogenesis (9), suggesting that
hey play a role not only in tissue specific gene expres-
ion, but also in the commitment of defined cell lineage.
n agreement with this hypothesis, it has been demon-
trated that HNF3-b is involved both in the gastrulation
rocess and liver specific gene expression (10, 11).
The multiple role played by TTF-2 during develop-
ent and differentiation of thyroid cells prompted us

o study the transcriptionally active domain of this
rotein, leading to the discovery that TTF-2 can func-
ion as a transcriptional repressor (1).

In the present study we confirm that TTF-2 is a
romoter-specific transcriptional repressor, further ex-
anding on its promoter specificity, on its DNA-binding
ndependence and on the ability to interfere only with
ome transcriptional activation domains. We also pre-
isely define the TTF-2 repression domain and show
hat it is located at the carboxy terminus of the TTF-2
rotein. Taken together, these data suggest that TTF-2
ay act as repressor, perhaps by interacting with co-

actor(s) involved in the activation of thyroid specific
ene expression and provide structural information
hat could be essential for their identification.

ATERIALS AND METHODS

Cell culture and transfection. HeLa cells were grown in Dulbec-
o’s modified Eagle medium supplemented with 10% fetal calf serum.
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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or transient expression assay, cells were plated at 5 3 105 cells/60
m tissue culture dish 4–6 h prior to transfection. Transfections

nd measurement of luciferase activity on cell extracts were deter-
ined as described. CAT expression was detected using an enzyme

mmunoassay (CAT ELISA, Boehringer-Mannheim) according to the
anufacturer’s instructions.

Plasmids. The deletion mutants of the C-terminal domain of
TF-2 have been obtained by polymerase chain reaction using prim-
rs encoding the amino acids at the ends of each fragment; all
eletion were cloned replacing the full-length DNA of CMV-TTF-2
lasmid (1). To construct the chimeric genes encoding the LEXA
BD fused with the C-terminal domain of TTF-2, we obtained the
-terminal mutant by polymerase chain reaction, using primers
ncoding the amino acids at the ends of each fragment; the deletion
as cloned in frame at the C-terminal of LEXA DBD. The reporter
gTK plasmid was constructed cloning the fragment SalI–NheI up-
tream the TK minimal promoter (12).
The plasmids CMVTTF-1, pTACAT3, TPO-CAT, CMVLUC,
5E1b-CAT, pNISTKLUC3, CMVPax8 has been described (13, 14).

Band shift assay. Cellular extracts were prepared as described
1). The binding reaction was carried out in a buffer containing 40
M Hepes, pH 7.9, 45 mM KCl, 1 mM dithiothreitol and 0.3 mg/ml

oly(dI:dC). After 30 min of incubation, free DNA and DNA-protein
omplexes were resolved on a 10% polyacrylamide gel run in 0.53
BE (2 mM EDTA, 90 mM boric acid, 90 mM Tris–HCl, pH 8.0) at
°C. The gel was dried and then exposed to an X-ray film at 280°C.
ligonucleotide K, used to measure TTF-2 deletion mutants binding
ctivity, has been described (1).

FIG. 1. Effect of TTF-2 cotransfection on the activity of Tg and
f the transcription factors binding sites. (B) HeLa cells were trans
g), and with increasing amount of TTF-2 (expressed as mg of
ransfection efficiency. The bars show reporter activity and are e
TF-1 expression (taken as 1). Black bars represent Tg activity an
f three independent experiments.
204
ESULTS

TTF-2 is a promoter-specific transcriptional repres-
or. By transient transfection experiments we have
reviously shown that TTF-2 is able to inhibit TTF-1
ranscriptional activity (1). Interestingly, TTF-2 does
ot inhibit TTF-1 activity on C5E1b, an artificial pro-
oter containing 5 DNA binding sites for TTF-1 (1),

hus suggesting that the repression activity of TTF-2 is
romoter specific. This observation led us to further
nvestigate the promoter specificity of TTF-2 repres-
ion activity. As shown in Fig. 1B, the Tg promoter
pTACAT3) is efficiently activated by TTF-1 in HeLa
ells and this activation is abolished by TTF-2 in a
ose-dependent manner. A similar repression is ob-
erved on the Tg-TK promoter, a reporter construct
ontaining the Tg regulatory region upstream of the
K minimal promoter (Fig. 1A and (12)). However, no
ffect is detectable on the basal activity of this con-
truct in the absence of TTF-1 (Fig. 1B), thus demon-
trating that TTF-2 interferes only with TTF-1-
ependent activation.
We further investigated the specificity of TTF-2 re-

ression activity on Pax8 transcriptional activity. We
sed both the TPO promoter and the NIS enhancer,

TK. (A) Structure of the reporter constructs with the localization
tly transfected with the reporter plasmids (5 mg), with TTF-1 (0.1
A) as indicated. CMVLUC was cotransfected to normalize for

essed as fold of activation above that observed in the absence of
triped bars indicate TgTK activity. Values represent the average
Tg
ien
DN
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ince it has been demonstrated that both can be acti-
ated by coexpression of Pax8 in nonthyroid cells (Fig.
). Interestingly, TTF-2 represses Pax8 activity on
PO promoter, while Pax8-mediated activation of NIS
nhancer is not affected by TTF-2. Thus, these data
onfirm that TTF-2 is a transcriptional repressor pro-
oter specific, able to recognize different promoter

rchitecture.

TTF-2 inhibition is activation domain specific. We
ext investigated the ability of TTF-2 to interfere with
he activity of distinct activation domain. To this end
e used TTF-1 deletion mutants D14 and D3 (Fig. 3A
nd (13)) and we analyzed their activity on the TgCAT
eporter gene (pTACAT3) both in the absence and in
he presence of TTF-2. Both deletion mutants contain
he homeodomain of TTF-1 and thus are able to bind
he Tg promoter and to induce transcription of the
gCAT reporter gene (13). As shown in Fig. 3B, TTF-2

nterferes with the activity of the D3 mutant, while it
as no effect on the transcription induced by the D14
utant, strongly suggesting that the two activation

omains of TTF-1 activate transcription with different
echanisms, only one of which is interfered by TTF-2.

Localization of the TTF-2 repression domain. To
ocalize the domain required for the repressor activity
f TTF-2, deletion mutants of C-terminus were tested,
n transient transfection experiments, for the ability to
nhibit TTF-1 activation of the TgCAT reporter gene

FIG. 2. Effect of TTF-2 cotransfection on Pax8-mediated activi
ransfected with the reporter plasmids (5 mg), with Pax 8 (0.1 mg) and
MVLUC was cotransfected to normalize for transfection efficien

ransfections with pNISTKLUC. Gray bars show TPO activity and em
bove that observed in the absence of Pax8 expression (taken as 1)
205
pTACAT3). To control for the level of expression of
ach mutant, the DNA binding activity of the mutant
roteins was examined in transfected cells by gel mo-
ility shift assay, using the oligonucleotide K (1) spe-
ifically recognized by TTF-2 (Fig. 4A). The results of

of TPO promoter and NIS enhancer. HeLa cells were transiently
h increasing amount of TTF-2 (expressed as mg of DNA) as indicated.
for TPOCAT transfections. CMVCAT was used to normalize the
bars indicate NIS activity. Values are expressed as fold of activation
represent the average of three independent experiments.

FIG. 3. TTF-2 inhibits specific activation domains. (A) Structure
f the activation domains: HD indicates the homeodomain of TTF-1.
3 contains the entire N-terminal domain and the HD of TTF-1. D14
ontains the HD and the entire C-terminal domain of TTF-1. (B)
eLa cells were transiently transfected with TgCAT (5 mg), with
TF-1 deletion mutants containing either N-terminal (0.2 mg) or
-terminal (0.2 mg) activation domain and with increasing amount of
TF-2 (expressed as mg of DNA) as indicated. CMVluc was cotrans-

ected to normalize for transfection efficiency. Black bars represent
3 transcriptional activity; empty bars show D14 activity. Values are
xpressed as percentage of activity above that observed in absence of
TF-2 expression (taken as 100%) and represent the average of three

ndependent experiments.
ty
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hese experiments are summarized in Fig. 4B, and led
s to conclude that residue 218 represents the carboxy-
erminal boundary of the repression domain. To con-
rm the role of this region in the repressor activity, we
onstructed fusion proteins containing either full
ength TTF-2 or a deletion mutant in frame with the
NA binding domain of LEXA, and we tested their

apability to repress TTF-1 mediated activation of the
g promoter. As shown in Fig. 5A, the DNA binding
omain of LEXA alone has no effect on TTF-1 tran-
criptional activity, while the chimera LEXA\TTF-2
unctions as a repressor. Moreover the fusion protein
ontaining TTF-2 residue from 197 to 370 (LEXA/TTF-
D3) is also able to repress TTF-1. These results indi-
ate that residue 197 represent the amino-terminal
oundary of the repression domain. Thus, the region
etween residues 197 and 218 is responsible for the
epression activity of TTF-2.

We then wanted to verify whether the LEXA:TTF-
D3(197–370) fusion protein maintain the promoter
pecificity of the entire TTF-2 protein. To this end, we
ested the repression of such a chimeric protein on two

FIG. 4. Repression activity of TTF-2 deletion mutants. (A) Extra
sing the oligonucleotide K, which contains a high affinity TTF-2 bind
ith TTF-1 (0.1 mg), and with the deletion mutants of TTF-2 (0.5 mg).

tructure of each deletion mutant is shown on the left of the figure. N
ight of the figure is indicated the repression activity of each mutant.
f TTF-2 from the activity of the reporter in absence of TTF-2 (taken
xperiments.
206
eporter constructs activated by TTF-1, TgCAT and
5E1bCAT, this latter containing five DNA-binding
ites for TTF-1 (13). The results of these experiments
emonstrate that LEXA/TTF-2D3 behaves as the full-
ength TTF-2 protein, being able to repress TTF-1 ac-
ivation on TgCAT only and not interfering with the
ranscriptional activation of C5E1b promoter (Fig. 5B).

ISCUSSION

In this paper, we investigated the repression activity
f the thyroid-specific factor TTF-2. We demonstrate
hat TTF-2 is able to interfere with the transcriptional
ctivation mediated by TTF-1 and Pax8 in a promoter
pecific fashion. Such a promoter specific TTF-2 medi-
ted repression suggests that repression is not due to a
irect binding between TTF-1/Pax8 and TTF-2. Inter-
stingly, TTF-2 is able to repress the C-terminal acti-
ation domain of TTF-1, while it has no effect on the
-terminal domain, supporting the hypothesis that
TF-2 inhibits TTF-1 activity interacting with a spe-
ific cofactor and strongly suggesting that this cofactor

from transfected cells were used in mobility shift assays carried out
site. (B) HeLa cells were transiently transfected with TgCAT (5 mg),
Vluc was cotransfected to normalize for transfection efficiency. The
bers refers to the amino acid residue in the TTF-2 protein. On the

lues are obtained subtracting the activity of the reporter in presence
100%). Values represent the average of at least three independent
cts
ing
CM
um

Va
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s involved in the activity of only the C-terminal acti-
ation domain of TTF-1. Moreover, we were unable to
etect a direct interaction between TTF-1 and TTF-2
data not shown); confirming that TTF-2 does not in-
erfere with TTF-1 by a direct binding and further
uggesting that the TTF-2 repressional activity in-
olves a TTF-1-specific cofactor.
It is relevant to note that we have demonstrated that

TF-2 can repress Pax 8 activity on TPO promoter, but
ot on NIS promoter. These data are in agreement
ith previously studies, which demonstrate that Pax 8

ooperates with different molecules in the activation of
he TPO and NIS promoters (14). It is tempting to
peculate that cofactor(s) regulating the interplay be-
ween TTF-2 on one side and Pax8 and TTF-1 on the

FIG. 5. TTF-2 is a DNA binding independent transcriptional
epressor. (A) HeLa cells were transiently transfected with TgCAT (5
g), with TTF-1 (0.1 mg) and with the deletion mutants of TTF-2 (0.5
g). CMVLUC was cotransfected to normalize for transfection effi-
iency. On the left of the figure the structure of each chimera is
hown. Numbers refer to the amino acid residue in the TTF-2 pro-
ein. On the right of the figure the repression activity of each mutant
s indicated. Values are obtained subtracting the activity of the
eporter in presence of TTF-2 from the activity of the reporter in
bsence of TTF-2 (taken as 100%). Values represent the average of at
east three independent experiments. (B) HeLa cells were tran-
iently transfected with TTF-1 (0.1 mg), with either TgCAT (5 mg) or
5E1b (5 mg) and with increasing amount of LEXA/TTF-2D3 (ex-
ressed as mg of DNA) as indicated. CMVLUC was cotransfected to
ormalize for transfection efficiency. Values are expressed as per-
entage of activity above that observed in absence of LEXA/TTF-2D3
xpression (taken as 100%) and represent the average of three inde-
endent experiments. Black bars represent TgCAT activity; empty
ars show C5E1b activity.
207
witch of target genes during development. The obser-
ation that TTF-2 is able to recognize a specific pro-
oter architecture suggests that this factor represses

nly a subset of the genes activated by TTF-1 and Pax
, since all these factors are involved not only in thy-
oid specific gene expression (15–17), but also in thy-
oid morphogenesis (18–20).
We characterized the repression domain of TTF-2

sing both deletion mutants in the carboxy-terminal of
TF-2 and chimeric proteins in which various portions
f the TTF-2 carboxy-terminus were fused the LEXA
BD, in order to target the fusion proteins into the
ucleus. The analysis of the activity of the deletion
utants of TTF-2 allowed us to map the repression

omain in the region between amino acids 197 and 218
t the carboxyl terminus of the protein. As in the case
f other transcriptional repressors (21–23), the repres-
ion domain of TTF-2 is rich in alanine and proline. At
ariance, however, of repressors such as Even-skipped
nd Kruppel that interact directly with TBP and the
FIIEb subunit, respectively (24, 25), we exclude for
TF-2 a repression mechanism simply based on the

nterference with the basal transcription machinery,
ince we demonstrate that TTF-2 repression is pro-
oter specific (this paper and (1)). Interestingly, com-

arison of the amino acid sequence of TTF-2 repression
omain with the sequences present in the database
emonstrates that this region shows 41% of identity
ith HNF3g amino terminal. HNF3g is another mem-
er of the forkhead family, that plays an important role
n the tissue-specific gene expression program both in
arly developmental and in the adult (10). Moreover, it
as been demonstrated that Genesis, an embryonic
tem cells specific forkhead containing protein, is a
ranscriptional repressor (26, 27). Thus, there are sev-
ral lines of evidence suggesting that the forkhead
ontaining proteins play important roles in lineage
ommitment and that they regulate a correct stage
rogression. In agreement with this hypothesis, it has
een shown that TTF-2 is necessary for thyroid devel-
pment, since the absence of TTF-2 expression in
itf22\2 mice impairs thyroid morphogenesis (5). In
umans, mutation of the gene encoding for TTF-2 re-
ults in thyroid agenesis (28). In conclusion, the
resent study strongly consolidates the promoter spec-
ficity and the DNA binding independence of TTF-2-

ediated repression.
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