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The Forkhead box (Fox) transcription factors play diverse roles in differentiation, development, hormone
responsiveness, and aging. A pioneer activity of the Forkhead factors in developmental processes has been
reported, but how this may apply to other contexts of Forkhead factor regulation remains unexplored. In this
study, we address the pioneer activity of the thyroid-specific factor FoxE1 during thyroid differentiation. In
response to hormone induction, FoxEl binds to the compacted chromatin of the inactive thyroperoxidase
(TPO) promoter, which coincides with the appearance of strong DNase I hypersensitivity at the FoxE1 binding
site. In vitro, FoxE1 can bind to its site even when this is protected by a nucleosome, and it creates a local
exposed domain specifically on Hl-compacted TPO promoter-containing nucleosome arrays. Furthermore,
nuclear factor 1 binds to the TPO promoter simultaneously with FoxE1, and this binding has an additive effect
on FoxEl-mediated chromatin structure alteration. On the basis of our findings, we propose that FoxEl is a
pioneer factor whose primary mechanistic role in mediating the hormonal regulation of the TPO gene is to
enable other regulatory factors to access the chromatin. The presented model extends the reported pioneer

activity of the Forkhead factors to processes involved in hormone-induced differentiation.

In eukaryotes, genetic material is organized inside the cell
nuclei into higher-order chromatin structures that play an es-
sential role in regulating the transcription of specific genes at
the appropriate time and place by limiting the access of tran-
scription regulators to DNA, among other mechanisms. Many
different mechanisms have evolved to overcome the impedi-
ment to accessing DNA provided by chromatin structure, such
as chromatin remodelling and the modification of enzymes (24,
27, 36, 53). There is increasing evidence that these enzyme
complexes are brought to the regulatory regions by certain
transcription factors occupying their binding sites (4, 17, 47).
Some factors involved in early developmental decisions of cell
fates, such as Forkhead box A (FoxA), GATA4 (8), and EBF
(32), can bind their target DNA sites within silent chromatin
and initiate by themselves chromatin-opening events, defining
a new functional class of proteins, the “pioneer” factors.

FoxA factors function as pioneer factors in liver develop-
ment, since their binding site at the albumin enhancer is oc-
cupied in undifferentiated endoderm cells prior to albumin
activation (22), they are necessary for albumin transcription
and liver specification (29), and they are sufficient to engage
and open compacted chromatin in vitro (8, 56). FoxA belongs
to the Forkhead family of transcription factors, which are es-
sential for diverse gene regulatory events in differentiation,
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development, hormone responsiveness, and aging (5, 6, 26, 29).
Forkhead factors are characterized by a highly conserved
winged helix DNA binding domain, whose structure is similar
to the globular domain of the linker histone H5 (10, 42). This
similarity has led to the suggestion of an overlapping mecha-
nism of interaction with chromatin structures. Indeed, the
Forkhead domain of FoxAl can bind to nucleosomes even
more stably than to free DNA (9) and works in conjunction
with a carboxy-terminal histone binding domain to alter chro-
matin structure (8). However, it is unknown whether the chro-
matin-opening activity of FoxA proteins is shared by other
Forkhead factors.

To address this issue, we have focused on the regulation of
thyroid differentiation by the Forkhead factor FoxE1 (formerly
called thyroid transcription factor 2 [TTF-2]). FoxE1 regulates
the expression of thyroid-specific genes (13, 19, 46), and it is
essential for thyroid gland formation (12) and migration (14),
being at the center of a regulatory network of transcription
factors and cofactors that initiate thyroid differentiation (41).
Mutations of the FoxE1 gene cause human syndromes that are
associated with thyroid agenesis, among other phenotypes (7,
11). FoxE1 is also necessary for the maintenance of the thyroid
differentiated state, because it is essential for the hormonal
control of the transcription of thyroid-specific genes, such as
the thyroglobulin (Tg) (43) and thyroperoxidase (TPO) (2)
genes. TPO gene expression is also regulated by TTF-1
(Nkx2.1), Pax8, and nuclear factor 1 (NF-1). Among these
factors, FoxEl is the main mediator of TPO response to thy-
roid-stimulating hormone (TSH) and insulin-like growth factor
1 (IGF-1) (2). The expression of FoxEl, as well as its DNA
binding and transcriptional activity, is activated by TSH and
IGF-1, with the FoxE1 DNA binding site constituting a hor-
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mone response element that regulates the specific expression
of thyroid genes (40).

For the present paper, we investigated the molecular mech-
anism of transcription regulation by FoxEl and its possible
role in modulating chromatin structure during the regulation
of TPO gene expression by addressing the chromatin structure
and transcription factor occupancy of the TPO promoter. We
found that during hormonal induction of thyroid cell differen-
tiation, FoxEl is an initial binding factor to the TPO promoter,
prior to gene activation. This binding is coincident with the
alteration and opening of TPO promoter chromatin structure,
constituting an initial step in the cascade of events that even-
tually lead to TPO expression. Furthermore, we show in a
purified system that FoxE1l can bind and specifically alter the
compacted state of the TPO promoter chromatin structure,
creating a local open domain.

NF-1 is also an early binding factor during hormonally in-
duced TPO gene activation, and it is present at the TPO
promoter simultaneously with FoxEl. FoxEl and NF-1 are
necessary for maximal TPO expression, and they have a syn-
ergistic effect on TPO transcription activation that depends on
the specific spatial conformation of their binding sites (39).
This can be explained by the observation that FoxE1 modifi-
cation of chromatin structure is enhanced by NF-1 binding to
the same nucleosome particle.

MATERIALS AND METHODS

Cell culture and differentiation. PCCI3 cells (20) were grown in Coon’s mod-
ified Ham’s F-12 medium supplemented with 5% donor calf serum and a six-
hormone mixture (1 nM TSH, 10 pg/ml insulin, 10 ng/ml somatostatin, 5 pg/ml
transferrin, 10 nM hydrocortisone, and 10 ng/ml glycyl-L-histidyl-L-lysine acetate)
(complete medium) until they reached 80% confluence. The partially undiffer-
entiated state was induced by maintaining the cells for 8 to 10 days in a medium
depleted of TSH and insulin in the presence of 0.2% serum only (basal medium).
‘When indicated, cells were stimulated with 1 nM (0.5 mU/ml) TSH for 2, 10, or
24 h. As a nonthyroid cell control we used a rat hepatoma (H35) cell line
(cultured in Dulbecco’s modified Eagle medium supplemented with 5% calf
serum and 5% fetal serum) and rat embryonic fibroblasts (cultured in Dulbecco’s
modified Eagle medium supplemented with 15% fetal serum, 1% [vol/vol] so-
dium pyruvate). The differentiation state was monitored by detection of the
mRNA levels of FoxEl, Tg, and TPO at each time point by Northern blot
analysis using specific probes.

Chromatin structure analysis. To map the DNase I-hypersensitive sites in the
proximal promoter region, nuclei prepared from cells at different stages of
differentiation were prewarmed for 45 s and digested at 37°C for 2 min with 0,
0.3, 1.5, 3, 12, or 24 pg/ml of DNase I (Worthington Biochemical Corp.) in a
buffer containing 10 mM Tris (pH 7.4), 10 mM NaCl, 3 mM MgCl,, 3 mM
B-mercaptoethanol, and 0.5 mM phenylmethylsulfonyl fluoride (PMSF). For
nucleosome mapping, PCCI3 cell nuclei were reconstituted in a buffer containing
10 mM Tris (pH 7.4), 50 mM KCI, 15 mM NaCl, 0.5 mM PMSF, 0.15 mM
spermine, and 0.5 mM spermidine. After the addition of CaCl, to a 3 mM final
concentration, the samples were prewarmed for 45 s and partially digested with
0, 1.5, 3, 6, or 12 U/ml of micrococcal nuclease (MNase; Worthington Biochem-
ical Corp.) for 4 min at 37°C. Extracted genomic DNA was digested with EcoRI
and analyzed on Southern blots with probes corresponding to the —2468- to
—3174-nucleotide (nt) fragment (DrallII-PstI) of the rat TPO promoter region.
Free DNA samples were obtained by digestion of 80 to 100 pg of untreated
genomic DNA with 0, 0.3, or 1.5 U/ml MNase and 0, 1.5, or 6 pg/ml DNase I for
1 min at 23°C. G and A—C sequencing reactions were done as described
previously (34).

In situ methylation of PCCI3 DNA. PCCI3 cells under the different experi-
mental conditions were treated with a medium containing 0.1% (vol/vol) di-
methyl sulfate (DMS) for 2 min 30 s at 23°C, and the methylation reaction was
stopped by several washes with phosphate-buffered saline and extraction of the
cell nuclei. Genomic DNA was extracted and treated with 10% (vol/vol) piper-
idine for 10 min at 90°C. Piperidine was eliminated by three successive lyophi-
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lization steps of 2 h each. DNA was finally diluted in H,O at a known concen-
tration and stored at —20°C.

Analysis of chromatin by LM-PCR. Ligation-mediated PCR (LM-PCR) was
performed on DNase I- and DMS-piperidine-cleaved DNA essentially as de-
scribed previously (38). One to 3 ug genomic DNA was used for the initial
primer (TPO1 oligo; see below) extension using T7 Sequenase DNA polymerase
v.2.0 (U.S.B). Double-stranded linker oligonucleotide ligation was done at 16°C
for 16 h with T4 DNA ligase (Boehringer). DNA fragments were amplified by a
standard PCR with long linker and TPO2 (see below) oligos for 20 cycles of 1
min at 96°C, 2 min at 58°C, and 3 min at 72°C. To visualize them on a gel, the
resulting DNA fragments were then amplified with a third radiolabeled oligo,
TPO3 (see below), by one cycle of 2 min at 96°C, 2 min at 63°C, and 10 min at
72°C. After the PCRs were stopped, DNA was purified and analyzed on 6%
acrylamide and 7 M urea sequencing gels. Gels were dried, DNA fragments were
visualized by autoradiography, and the autoradiographs were scanned. The in-
tensities of individual lanes were quantified by scanner densitometry and nor-
malized to a band outside the footprinted area (indicated in the figures). The
results are presented as percentages of enhancement and protection by dividing
the normalized intensities of the particular bands in cell samples by the normal-
ized band in the protein-free sample. Plots of the DNase I digestion pattern were
obtained by exposing the gels to a FUJI phosphorimager and analyzed using the
Image Gauge program. MNase-digested DNA samples were first phosphorylated
with T4 polynucleotide kinase (New England Biolabs) in the presence of 0.1 mM
ATP for 1 h. Three micrograms of MNase samples was amplified by LM-PCR
from the ligation step, omitting the first extension step. Sequences of the primers
and terminal nucleotide numbers were as follows: for TPO1, (—257) ATAAGA
GAAACTCCCAGGAACC (—236); for TPO2, (—242) AGGAACCTATGTGG
GTGACC (—223); and for TPO3, (—231) TGGGTGACCCTAGCTAAGACAC
(—210).

ChIP. After treatment with 1% formaldehyde for 10 min at 37°C, the cross-
linking reaction was stopped by the addition of glycine to a final concentration of
125 mM, and the cells were collected in permeabilization buffer [5 mM pipera-
zine-N,N’-bis(2-ethanesulfonic acid) (PIPES) (pH 8.0), 85 mM KCl, 0.5% (vol/
vol) NP-40, 1 mM PMSF, 5 mM Na butyrate, and a protease inhibitor cocktail
(Roche Diagnostics). After centrifugation, cells were resuspended in lysis buffer
(50 mM Tris [pH 8.1], 10 mM EDTA, 1% [wt/vol] sodium dodecyl sulfate [SDS],
and the same protease inhibitor cocktail as indicated above), and the chromatin
was fractionated by ultrasound sonication. Chromatin immunoprecipitation
(ChIP) was performed with 100 pg of Sepharose A-precleared chromatin in
0.01% (wt/vol) SDS, 1.1% (vol/vol) Triton X-100, 1.2 mM EDTA, 16.7 mM Tris
(pH 8), 167 mM NaCl with 1 pg of affinity-purified antiserum. Antibody-bound
chromatin was brought down with protein A-Sepharose beads followed by ex-
tensive washing with increasing NaCl concentrations and elution with 1% (wt/
vol) SDS, 100 mM NaHCOj (as described in reference 18). After reversing the
cross-linking in 200 mM NaCl at 65°C, the DNA was purified and analyzed by
PCR. The antibodies used in this study were anti-rFoxEl (kind gift of R. Di
Lauro, BIOGEM, Ariano Irpino, Avellino, Italy) and anti-NF-1 (Santa Cruz
Biotechnology). The immunoprecipitated DNA was analyzed by PCR using
specific primers that amplify 288 nt of TPO promoter (for TPO-F, ATAAGAG
AAACTCCCAGGAACC; for TPO-R, ACTTCAGAAATGTGAATCTCAA)
and 254 nt of rat B-actin exon 3 (for actin-F, AACACCCCAGCCATGTAC; for
actin-R, ATGTCACGCACGATTTCC).

Nucleosome array reconstitution. TPO promoter fragments were amplified by
PCR using the primers TPO-P1 [5'-TTT GCT AGC*YCAT CTT GTA GAC
AGG ACC#®.3'], TPO-P3 [5'-TTT GCT AGC" *TAG GTT GGT ATC
CCT GG("#7D.3"], TPO-P5 [5'-AAA GCT AGC*"DACA AGA GGC ATC
TGG AC(3%9)-3'], TPO-Pa [5'-TTT GTT GAC"*?GAG CTG GGT GTG
TTC TT"#»-3'], and TPO-Pb [5'-TTT TGA TCAC**’GTT CTT TGT GGC
CTT AA3D-3"]. The PCR products were cut with Nhel and Bell and subcloned
into Nhel-BclI-digested pN2N1P (8) to create TPO nucleosome arrays. The
TPO-5b array contains the TPO promoter from position +47 to position —401
fused to the Neo reporter gene and inserted between 10 tandem repeats of the
sea urchin 5S ribosomal DNA (rDNA) sequence. Preparation of the end-labeled
32p probe DNA and nucleosome array reconstitution were carried out as de-
scribed previously (8).

Transcription factor purification and characterization. The pET28b-FoxE1
protein expression plasmid was constructed from pBS-FoxE1 (55). An Ndel site
was introduced by site-directed mutagenesis (Stratagene), generating the con-
struct pBS-FoxE1-Ndel. The Ndel-BamHI fragment of pBS-FoxE1-Ndel was
cloned into pET28b (Novagen), generating the construct pET28b-FoxE1, which
encodes rat FoxE1 fused to a six-histidine tag. His-tagged rat FoxE1 and mouse
FoxA1l were purified from Escherichia coli and analyzed by gel electrophoresis
and Western blotting using the anti-rFoxE1 antibody. An electrophoretic mo-
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bility shift assay was carried out as described previously (57) with 3?P-labeled
double-stranded oligo Z derived from the TPO promoter (19) and 1.3 pmol of
purified factors. Human NF-1 was a kind gift from N. Tanese (NYU, NY) to
K. S. Zaret.

Binding reactions and enzymatic analysis. Binding reactions were carried
out by incubating 1 nM nucleosome arrays (13 nM nucleosomes) with 10 to
13 nM H1 (Calbiochem) for 1 h at 23°C in 20 mM HEPES (pH 7.5), 50 mM
KCl, 5% (vol/vol) glycerol, 2 mM dithiothreitol, and 100 wg/ml bovine serum
albumin; next, the indicated transcription factors were added to a final con-
centration of 20 nM, and incubation was continued for 2 h at 23°C. DNase I
and restriction enzyme digestion were carried out and analyzed essentially as
described previously (8). For the enzyme digestion experiments, autoradio-
graphs were scanned and the intensities of individual bands in the lanes were
quantified by scanner densitometry. To calculate the percentages of cut
product, the bands corresponding to the 45-min time point were used, and
means and ranges were calculated.

RESULTS

Chromatin structure of the active and inactive TPO mini-
mal promoters in differentiated thyroid cells. TPO gene ex-
pression is controlled by a minimal promoter necessary and
sufficient to confer tissue specificity, which contains the binding
sites for all known transcription factors that regulate it (Fig.
1A). We have characterized the chromatin structure of the
active and inactive TPO promoters. The active state is present
in the PCCI3 thyroid cells cultured in a hormone-supple-
mented medium, where the cells are fully differentiated and
express the thyroid marker Tg, TPO, and FoxEl genes (Fig.
1B, lane 1). The inactive state is obtained by culturing PCCI3
cells in a medium depleted of TSH, insulin, and serum. In
these conditions, the cells obtain a quiescent, partially undif-
ferentiated state, where Tg, TPO, and FoxE1 mRNAs are no
longer detected (Fig. 1B, lane 2).

The nucleosomal organization of the TPO promoter in both
active and inactive states was studied by treatment of PCCI3
cell nuclei with MNase. The digested chromatin fragments
were analyzed by indirect end labeling with a probe (Dralll-
PstI) that hybridizes upstream of the minimal promoter (Fig.
1E). The TPO minimal promoter, which is located between the
Sacl and BstXI restriction sites (Fig. 1C, lane 9), has in the
active state a structure that is more open and susceptible to
MNase digestion than the flanking sequences (lanes 5 to 8).
The cleavage pattern is distinct from that obtained with free
DNA (Fig. 1C, lanes 2 and 3). The three MNase-hypersensitive
sites indicate the presence of three positioned nucleosome-like
particles (Fig. 1C, lanes 5 to 8, and E). Particle A is located
over the transcription start site, while particles B and C are
positioned over the minimal promoter, with the BstXI and
Sacl sites in apparent linker regions (Fig. 1E). The inactive
state of the TPO promoter presents the same MNase pattern
as the active promoter, but overall it is more resistant to the
same concentration range of MNase, indicating a more com-
pacted chromatin structure (Fig. 1C, lanes 10 to 13). In the
nonthyroid cell line H35, the structure of the silent TPO min-
imal promoter also remains resistant to MNase (Fig. 1C, lanes
16 to 18).

To further characterize the TPO promoter, we addressed
the occupancy of its regulatory elements by treating PCCI3
cells in the active and inactive states with DNase I (31). A
unique DNase I-hypersensitive region appears in the active
state (Fig. 1D, lanes 5 and 6) and is located over the sequences
protected by particle B described above (compare panels C
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and D), indicating that this nucleosome-like particle becomes
more exposed during TPO expression (Fig. 1E).

To accurately map the position of the nucleosome-like par-
ticle B, we analyzed the MNase cleavage sites at the nucleotide
level by use of a modified LM-PCR technique (35) with a
primer set that anneals to the 5’ end of the minimal promoter.
The active promoter presents two clusters of MNase cleavage
sites (Fig. 2A, lanes 3 to 6), in comparison to what is seen for
MNase cleavage of protein-free DNA (lanes 1 and 2). These
sites are located at both sides of a more protected region
defining the preferential translational position of particle B, in
agreement with the low-resolution mapping experiment (Fig.
1C). Particle B therefore spans about 150 bp and comprises the
binding sequences of all known transcription factors that reg-
ulate TPO gene expression (Fig. 1A), leaving the BstXI site in
the apparent linker DNA (Fig. 2A, right). The 3'-TTF-1/Pax8
and 5'-TTF-1 binding sites are near the edges of particle B,
whereas the FoxEl site is located near the middle. The MNase
cleavage, which defines particle B, is weaker in the inactive
TPO promoter and completely absent in nonthyroid cells (Fig.
2A, lanes 7 to 10 and 11 to 14, respectively), which also agrees
with the results from the low-resolution mapping.

Specific binding of the regulatory transcription factors in
the active TPO promoter. To study the in vivo occupancy of the
transcription factor binding sites in the active and inactive TPO
promoters, we performed DMS and DNase I genomic foot-
printing. The DMS footprint of the active and inactive pro-
moters reveals a change in the accessibility of the FoxE1 site
nucleotides. In the active state, methylation was significantly
reduced (27%) in the 3’ guanosine, while it was enhanced
(210%) in the one next to it (Fig. 2B, lane 1) compared with
what was seen for nonexpressing cells and protein-free DNA
(Fig. 2B, lanes 2 and 3, respectively). This pattern seems to
indicate that the FoxE1l biding site is occupied only in the
active TPO promoter (see below). The changes in the methyl-
ation pattern of the binding sites for the other transcription
factors also indicate different occupancies in the active and
inactive promoters (Fig. 2B, lanes 1 and 2; compare percent-
ages).

High-resolution DNase I footprinting analysis of the active
TPO promoter presents a strong and characteristic enhance-
ment of local DNase I cleavages in the FoxEl binding site
compared to what is seen for the inactive state (Fig. 2C, com-
pare lanes 1 and 2 with lanes 3 and 4), supporting FoxEl1 site
occupancy at the active promoter as described above. The
strong protection against DNase I digestion at the NF-1 and
central TTF-1 sites and the general alteration of the DNase I
pattern over the 3'-TTF-1/Pax8 sites led us to think of a gen-
eral occupancy of the binding sites in the active TPO promoter.
Interestingly, TTF-1, Pax8, and NF-1 are expressed in cells
maintained in the inactive state, while TPO or FoxE1l are not
(39), but their binding sites in the TPO promoter seem to
become occupied only after induction of the active cell state,
when TPO and FoxEl are expressed.

Recruitment of the transcription factors during the induc-
tion of TPO expression. TSH treatment of quiescent PCCI3
cells strongly activates the expression of the TPO, Tg, and
FoxE1 genes; maximum mRNA levels are reached after 24 h of
hormonal induction (40, 58), although these levels are not as
high as in the active state, where the cells receive more stim-
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FIG. 1. Analysis of the chromatin structure of the active and inactive TPO minimal promoters. (A) Schematic representation of the minimal
TPO promoter between positions —150 and +1, showing the binding sites of the known transcription factors that regulate its expression. Arrows
indicate the two transcription start sites. (B) Representative Northern blot of total RNA from PCCI3 cells maintained under differentiated (active
[AC]) or quiescent (inactive [IN]) conditions as well as from the nonthyroid cell type H35 and rat embryonic fibroblasts hybridized with specific
probes for the thyroid-specific Tg, TPO, and FoxE1 genes. The 28S rRNA probe was used as a loading control. (C and D) Nuclei from AC or IN
PCCI3 cells and H35 cells were digested with increasing concentrations of MNase (C) and DNase I (D), and the resulting fragments were analyzed
by indirect end labeling of the EcoRI-digested genomic DNA with the Dralll-Pstl probe shown in panel E. As a control, protein-free DNA was
also digested with MNase and DNase 1. As a marker (M), protein-free DNA digested with Pstl, Ncol, Sacl, and BstXI was used. The sizes of the
resulting fragments are indicated. (E) Schematic of the AC and IN TPO promoter chromatin structures, summarizing MNase and DNase I
cleavage sites. The positions of the nucleosome-like particles are indicated as closed circles and are designated A, B, and C. Unknown factors that
protect DNA from endonuclease digestion are indicated by small dark ellipses. The TPO expression state is indicated by an arrow (AC) from
particle A at position +1 (the transcription start site) or by a cross (IN).

ulation. To have a simple and well-controlled system, we stud-
ied transcription factor recruitment to the TPO promoter dur-
ing gene activation by treating quiescent thyroid cells with TSH
for various times (Fig. 3A). FoxEl mRNA was rapidly detect-
able after 2 h of TSH induction (Fig. 3B, lane 3), and its
expression was maintained at 10 and 24 h (lanes 4 and 5). The
expression of the thyroid-specific Tg and TPO genes was more

delayed, being detected after 10 h and reaching maximum
levels at 24 h of TSH induction (Fig. 3B, lanes 3 to 5).

The accessibility of the TPO promoter and the occupancy of
its cis-regulatory elements were determined by assessing
DNase I hypersensitivity at various times of TSH induction
(Fig. 3C and D). As reported above, the TPO minimal pro-
moter is DNase I hypersensitive in the active state when the
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of the DNase I cleavage patterns resolved at the nucleotide level. The relative positions of transcription factor binding sites inside particle B
(dashed outline at left) are indicated. Dotted lines indicate DNase I-protected sequences, and arrows point at the DNase I-hypersensitive sites as
they appear. TPO mRNA levels of each experimental condition are shown under each plot. (E) ChIP assay. Soluble chromatin from cells in the
AC or IN state or after 2 h of TSH induction was immunoprecipitated with FoxE1 or NF-1 antibodies. A control with no antibody (NoAb) was
included. The DNA in the unbound (U) and bound (B) fractions and input DNA (I) was PCR amplified with TPO promoter-specific primers.
B-Actin primers (3-Ac) were used as the negative control.

TPO gene is expressed (Fig. 3C, lanes 3 and 4), while it is more longer times of induction (Fig. 3C, lanes 7 to 12). The DNase

protected in the inactive state (lanes 5 and 6). TSH treatment
provokes the appearance of hypersensitivity in the promoter,
which is detectable within the first 2 hours and increases after

I-hypersensitive sites were mapped at the nucleotide level
(data not shown), and the profiles were plotted (Fig. 3D). As
expected, the inactive TPO promoter is protected from DNase

fragments were amplified by LM-PCR. Protein-free DNA was used as the control. In panel B, the average percentages of methylation at particular
guanosines in AC or IN cells, compared with what was seen for protein-free DNA, are given in parentheses. “>100%/100%" indicates a very strong
hypersensitivity in the AC cell sample and a similar value in the IN cell sample, in comparison to what was seen for the corresponding band seen
for protein-free DNA; this latter band could not be quantified accurately due to its low intensity. Bands outside the footprinted area used for
normalization are indicated by an asterisk. In panel C, protected and hypersensitive nucleotides are indicated by dots/dotted lines and arrows,
respectively. The positions of the transcription factor binding sites were localized by Maxam and Gilbert sequencing reactions of G and A>C and
are indicated on the right of the gel. For panel B, methylation enhancements are indicated by arrows, while reductions are indicated by dashes.
For panel C, large arrows indicate the strong and characteristic enhancement of local DNase I cleavages in the FoxE1 binding site for the AC TPO
promoter compared to what is seen for the IN state.
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I digestion, showing a nearly flat DNase I profile (Fig. 3D, IN
profile). After only 2 h of TSH induction, the hypersensitivity
appearing over the TPO promoter coincides with FoxE1 bind-
ing site occupancy (Fig. 3D, 2-h profile) and precedes a signif-
icant increase in TPO mRNA accumulation (Fig. 3B, lane 3).
The DNase I profiles of the promoter at 10 and 24 h of TSH
induction reveal further changes in the nucleotide accessibility
of the factor binding sites, with the appearance of more pro-
tected and more exposed nucleotides. At 24 h, the profile is
much like that of the active promoter (compare 24-h profile
and AC profile).

As FoxEl is already expressed after 2 h of TSH induction
(Fig. 3B, lane 3), we wanted to investigate if FoxE1 binding is
causing the DNase I-hypersensitive sites appearing after 2 h
over its binding site by use of a ChIP assay (Fig. 3E). FoxE1 is
bound to the active TPO promoter, and this binding is no
longer detectable in the inactive state (Fig. 3E, lane 5), as
expected from the lack of FoxE1 expression in quiescent cells
(Fig. 3B). After 2 h of TSH induction, newly expressed FoxE1l
is already bound to the TPO promoter (Fig. 3E, bottom, lane
5), probably causing some of the DNase I-hypersensitive sites
seen at this time point over its binding site (Fig. 3D).

One of the DNase I-hypersensitive sites found after 2 h of
TSH induction is located close to the NF-1 binding site. ChIP
with NF-1 antibodies revealed that NF-1 is bound to the TPO
promoter at this time, together with FoxE1 (Fig. 3E, lane 7).
Interestingly, NF-1 is not bound to the inactive TPO promoter
in quiescent cells (Fig. 3, middle, compare lanes 3 and 7), even
though NF-1 is expressed in these cells, unlike FoxE1 (39). The
specificity of FoxEl and NF-1 binding to the TPO promoter
sequence was confirmed by using as a negative control a PCR-
amplified region of the B-actin gene corresponding to exon 3
that does not contain any of the binding sites for these tran-
scription factors.

Reconstitution of nucleosomal arrays containing the TPO
promoter. To study the molecular mechanism of TPO gene
activation by FoxEl in vivo, we sought to mimic the process in
vitro with the TPO promoter sequence inserted into a phased
nucleosome array (8, 28, 49, 50). Four different TPO nucleo-
some array constructs were created by placing five tandem
repeats of the 5S rDNA nucleosome-positioning sequence (45)
at both ends of various TPO minimal promoter fragments.
These TPO fragments contain nearly identical sequences, but
they differ in size and in the relative position of the sequences
protected by the nucleosome-like particles described in the in
vivo mapping (Fig. 1C and E and 2A). The nucleosome arrays
were created by PCR with different primers that anneal up-
stream (primers 1, 3, and 5) and downstream (primers a and b)
of the TPO minimal promoter (schematically shown in Fig.
4A). DNase I and EcoRI digestion assays were performed to
characterize the nucleosome arrays after the assembly process
in order to assess the integrity and level of histone deposition
(Fig. 4B to D). The nucleosome arrays were assembled using
two different DNA-to-histone ratios, and the level of satura-
tion was determined by EcoRI digestion (Fig. 4B). The amount
of free DNA released in the EcoRI assay shows that the 1:1.2
arrays (lane 2) are subsaturated, while the 1:1.4 arrays (lane 3)
are already saturated. The DNase I cleavage pattern (Fig. 4C,
lanes 2 and 3) revealed the deposition of 10 evenly spaced
nucleosomes over the 5S rDNA sequences and of 2 others over
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the TPO promoter; we called these sites B and C, as they are
positioned over the same sequences relative to the BstXI and
Sacl restriction sites as the in vivo B and C particles (compare
Fig. 4C and 1C). This positioning is independent of the cloning
site of the TPO promoter in the array, because after coincu-
bation of the DNA and histones alone, the nucleosomes B and
Cbecome localized over the same sequences in all the different
TPO arrays (Fig. 4D, lanes 1b, 3b, 5b, and 1a), and only the
length of linker DNA flanking particles A" and C varies. The
DNase I-hypersensitive region located between particle B and
the first repeat of 5S is composed of a mix of TPO promoter
and NEO gene sequences (Fig. 4A). We have named this
sequence A’, but although it is long enough to contain a nu-
cleosome particle, we cannot conclude from the present exper-
iments whether it is an exposed/unstable nucleosome or a
nucleosome-free region. Thus, our nucleosome arrays consti-
tute an in vitro system that resembles very much the in vivo
situation; we chose the TPO-5b array for further analyses, as it
is more homogeneous in terms of linker DNA length (Fig. 4C
and D).

To mimic the compacted chromatin/nuclease-resistant state
of the TPO promoter present in the inactive cells (Fig. 1C and
D), we incubated the TPO-5b nucleosome arrays with the
linker histone H1 (52). H1 binding caused a marked change in
the conformation of the arrays to a nuclease-resistant state, as
seen by the inhibition of DNase I sensitivity over a range of
enzyme activities that readily digested H1-free arrays (Fig. 4C,
compare lanes 2 and 3 with lanes 4 and 5).

FoxE1 opens the H1-compacted chromatin structure of TPO
nucleosome arrays. To understand better the role of FoxEl1 in
the regulation of TPO promoter chromatin structure during
gene activation, we investigated the ability of FoxE1 to engage
and modify chromatin structure. As a positive control for these
activities, we chose the Forkhead factor FoxA1l, which binds to
the FoxEl1 site of the TPO promoter (44) and whose modifier
activity of compacted chromatin structure has been reported
for another regulatory element (8). Recombinant FoxE1 and
FoxA1 were purified from bacteria, and both were able to bind
with equal affinities to an oligo containing the FoxE1 binding
site and to the TPO nucleosome arrays (data not shown).
FoxEl and FoxAl were tested on extended (Hl-free) and
compacted (H1-containing) TPO-5b arrays. The binding of
these two factors to the extended TPO-5b arrays did not mark-
edly alter the DNase I hypersensitivity pattern (Fig. 5A, lanes
5 to 8), consistent with the reported FoxAl activity. By con-
trast, FoxE1 binding to H1-compacted nucleosome arrays in-
duced a broad DNase I hypersensitivity over nucleosome B,
which contains its binding site (Fig. 5B, lanes 6 and 7). This
alteration is also produced when using saturated arrays (Fig.
5B, lanes 12 and 13), whose structure is more compacted and
resistant to DNase I digestion, indicating that chromatin open-
ing by FoxE1 is not an artifact of a lower nucleosome density
over its binding site. More specifically, the overall hypersensi-
tivity is formed by two discrete hypersensitive sites: one at the
FoxE1 binding site and the other at the 3’ end of nucleosome
B (Fig. 5C, lanes 3 and 4 and schematic). This effect is probably
caused by FoxE1-specific binding and not by sequestering his-
tone H1 through unspecific interactions or other events of this
nature caused by purified factors in general, because it is dis-
crete and located only over the region that contains the FoxE1l
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FIG. 4. The TPO minimal promoter containing nucleosome arrays as an in vitro chromatin system. (A) Schematic of the TPO promoter
fragments inserted in the final DNA probe used to generate TPO nucleosome arrays. The numbers 1, 3, and 5 indicate the annealing positions of
the 5" primers, whereas the letters a and b indicate the 3’ primers used to obtain the inserted fragments by PCR. Dark ellipses indicate the positions
of the nucleosome-like particles (C, B, and A) over the TPO promoter as mapped in vivo (Fig. 1 and 2). The transcription factor binding sites are
indicated as small circles inside particle B (ellipse labeled B). The light gray ellipses indicate the positions of the 10 repeats of 5S rDNA
nucleosome-positioning sequences. The integrity of nucleosome arrays was assessed by EcoRI (B) or by DNase I (C and D) digestion. (B) Partial
EcoRI digestion of the TPO-5b nucleosome arrays to assess the saturation level of nucleosome deposition. The two different DNA-to-histone
(DNA:hist.) ratios used to assemble the nucleosome (nuc.) arrays are indicated above the gel. Free DNA was used as a control. The different
products are indicated on the left. (C) Partial DNase I digestion of the extended (—) and H1-compacted (+) TPO-5b (5b) nucleosome arrays. The
58S positions revealed by partial EcoRI digestion (Ep) are indicated on the left by light grey ellipses. Dark ellipses indicate the positions of the TPO
particles A’, B, and C. DNase I concentrations are shown above the gel. (D) Partial DNase I digestion of TPO nucleosome arrays, in the extended
conformation, containing different fragments of TPO promoter; the primers used to obtain each of the fragments are indicated above the panels.
DNase I concentrations are shown above the gels. Partial EcoRI digestion of free DNA (Ep) was used as an internal marker of the 5S repeat
positions. The linker DNA between particles B and C is indicated by arrowheads on the right of the panels; linker DNA between 5S and TPO
promoter sequences is indicated by brackets. BstXI and Sacl fragments were used as markers for the position of the minimal TPO promoter, and
their relative positions on the gel are indicated by arrows on the left of the panels.

binding site. Other supporting evidence is that FoxAl, which
alters chromatin structure in a specific manner as demon-
strated by using negative control proteins (8), can bind to the
FoxE1 sites (44) and modify the structure of Hl-compacted
TPO arrays, causing the same pattern of DNase I hypersensi-
tivities, although with higher intensity (Fig. 5C, compare lanes
3 and 4 with lanes 5 and 6). Thus, these results indicate that
FoxE1, as reported for FoxAl, can act on compacted chroma-
tin structures and modify them during transcriptional control.

At the early stages of TPO activation, NF-1 is bound to-
gether with FoxEl to the TPO promoter (Fig. 3E), so we also
investigated the possible effects of NF-1 on the TPO nucleo-
somal array structure. Purified NF-1 protein induced a distinct
hypersensitive site on extended arrays over the B nucleosome
(Fig. 5A, lanes 9 and 10), as well as in histone H1-compacted
arrays (Fig. 5C, lanes 7 and 8 and schematic). Although pre-
vious reports have failed to see NF-1 binding to compacted
nucleosome arrays (8, 48), we suggest that the positive results
in our system may be due to an optimal positioning of the NF-1
target sequence on the nucleosomes.

The simultaneous binding of FoxE1 and NF-1 to the TPO
promoter has been demonstrated by in vitro footprinting

(19, 39). That the same situation occurs in living cells has
been confirmed by in vivo footprinting, which showed the
same protections over the FoxE1 and NF-1 binding sites as
observed in vitro (see above). Therefore, to further mimic
the in vivo situation, we analyzed the effects of the simulta-
neous binding of FoxEl and NF-1 to the nucleosome B
structure. Interestingly, both factors together induced
DNase I hypersensitivities at the same sites as each factor
alone (Fig. 6A, lanes 5 and 6), suggesting an additive effect
on chromatin structure alteration.

To assess chromatin opening in a different way, we employed
a restriction enzyme accessibility assay at three different sites,
BstXI, HindIII, and Sacl (Fig. 6B). Compaction of the nucleo-
some arrays with histone H1 completely or partially occluded
HindIII (from 44% to 10% of cut molecules compared to what
was seen for noncompacted arrays) and BstXI (from 57% to
3%) restriction sites, respectively (Fig. 6B, lanes 1 to 4); these
sites are located within the sequence protected by nucleosome
B for HindIII or at its 3’ linker region for BstXI (Fig. 2A,
schematic). The distant Sacl site, which is located in the linker
sequence between the 5S rDNA nucleosomes and nucleosome
C, presents a weaker protection (from 37% to 17%). FoxE1l
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FIG. 5. Modulation of the extended and compacted chromatin structure of the TPO promoter by FoxE1, FoxA1l, and NF-1. (A to C) Partial

DNase I digestion of the extended and H1-compacted TPO-5b nucleos

ome arrays incubated with the indicated transcription factors. The positions

of the nucleosomes are represented as ellipses (TPO sequences, dark; 5S rDNA sequences, light) to the left of the gels. DNase I concentrations

are shown above the gels. Partial EcoRI digestion of free DNA (Ep)

was used as an internal marker of the 5S repeat positions. BstXI and Sacl

fragments were used as internal markers for the position of the TPO minimal promoter. (A) TPO nucleosome arrays in the extended conformation.
(B) Subsaturated and saturated TPO nucleosome arrays. The two different DNA-to-histone ratios used to assemble the nucleosome arrays are

indicated in parentheses above the gels. Extended and H1-compacted

arrays were obtained from the two histone saturation conditions. The large

arrows indicate the DNase I-hypersensitive region. (C) TPO nucleosome arrays in the Hl-compacted conformation. On the left is a scheme

indicating the positions of transcription factor binding sites as lighter

binding to the compacted arrays enhanced the accessibility of
the BstX1 site, but it had no effect on the HindIII site (Fig. 6B,
lanes 5 and 6). By contrast, NF-1 binding enhances the acces-
sibility of the HindIII site without altering the accessibility of
the BstXI site (Fig. 6B, lanes 7 and 8). FoxE1l and NF-1 had
small enhancing and inhibiting effects, respectively, on Sacl
site accessibility. These results are consistent with the DNase 1
hypersensitivity assay on TPO arrays, where FoxEl binding
created two exposed regions, one of them located at the 3’

ellipses inside particle B.

neighboring linker region of the nucleosome to which it is
bound, while the exposed region created by NF-1 is located
next to it. Although the binding of the factors has a clear effect
on restriction enzyme accessibility (Fig. 6B), only a small frac-
tion of the templates shows these effects. We suggest that the
small fraction of cleaved chromatin in the presence of H1 may
be due to a short-lasting accessibility as a consequence of
highly dynamic factor binding to compacted chromatin.

The addition of FoxE1 and NF-1 together had no effect on
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FIG. 6. Effect of FoxE1l and NF-1 on particle B in compacted nucleosome arrays. (A) Partial DNase I digestion of the Hl-compacted TPO-5b

nucleosome arrays incubated with FoxE1, NF-1, or both. On the left

is a schematic representation indicating the positions of FoxE1 and NF-1

binding sites as lighter ellipses inside particle B. (B) Restriction enzyme accessibility assay of the arrays using three different enzymes. The drawing
shows the nucleosome position over TPO promoter sequences inside the nucleosome arrays; the binding sites for FoxE1l, FoxA1, and NF-1; and

the cutting positions of BstXI, HindIIl, and Sacl. Below, representativ

¢ gels are shown of digestions with the above-mentioned enzymes, with the

uncut and cut products indicated. The panel shows quantification of the bands from the 45-min time point indicated as percentages of digested

product with respect to undigested product. The values are the mean:

the accessibility of any of the restriction sites (Fig. 6B, lanes 9
and 10): the effects created by each of them alone on the
specific restriction sequences disappeared. The possibility of a
reciprocal sequestering mediated by an interaction between
FoxEl and NF-1 (39) can be ruled out, since both factors
together have an additive effect on the DNase I hypersensitiv-
ity of TPO nucleosome arrays. On the other hand, if we con-
sider the three-dimensional structure of nucleosome B, the
observed effect could be the consequence of a possible prox-
imity of the BstXI and HindIII restriction sites to the FoxE1
and NF-1 binding sites, where each factor would occlude the
restriction site exposed by the other factor.

s and ranges of two separate experiments.

DISCUSSION

The transcription factor FoxE1 regulates the expression of
the thyroid-specific TPO and Tg genes (2, 19) and of other
genes yet to be characterized (23). The FoxEl binding site
constitutes an essential hormone response element of the TPO
and Tg promoters, but until now very little was known about
the molecular mechanism of its action, apart from a weak
transcriptional activator activity (2, 40). In this study, we have
shown that FoxE1 binding to the TPO promoter precedes its
transcriptional activation and occurs simultaneously with the
appearance of highly accessible regions in the chromatin struc-



7312 CUESTA ET AL.

ture of this promoter. By using an in vitro system, we also have
demonstrated that FoxE1l binding to the TPO promoter by
itself is sufficient to modify compacted chromatin structures,
creating a locally exposed domain. This in vitro activity leads us
to believe that the alteration of the in vivo promoter structure
during its activation is provoked at least in part by the specific
binding of FoxEl to the inactive promoter conformation.

FoxEl is a member of the Forkhead family of transcription
factors, which play essential roles in differentiation, prolifera-
tion, and metabolism (1, 5, 26, 29). While the similarity of the
DNA binding domain to linker histones has led many to pro-
pose that Forkhead factors in general regulate chromatin
structure (5), to date there has been evidence for one only
member, FoxAl, being able to bind and alter compacted chro-
matin structures (8). The present study shows that FoxEl is
also capable of initiating chromatin-opening events in a bio-
logically relevant context, during thyroid differentiation, which
substantially strengthens the hypothesis that Forkhead factors
may generally regulate chromatin structure.

The TPO gene is thyroid specific, and its expression coin-
cides with thyroid gland differentiation during development
(15, 19, 37). Here we show that the chromatin structure of the
native TPO promoter varies among different states of cell
differentiation, indicating that it can constitute a decisive reg-
ulatory aspect of gene expression, as has been reported for
many other tissue-specific genes (21). Thus, the TPO gene
constitutes a model system to study the involvement of chro-
matin structure regulation in thyroid-specific gene expression
during thyroid differentiation. We find that when FoxEl1 starts
to be expressed, it binds to the inactive TPO promoter, which
precedes strong promoter activity and coincides with the ap-
pearance of nuclease hypersensitivity over particle B.

The in vitro simulation of the TPO promoter chromatin
structure by use of nucleosome arrays has allowed the direct
characterization of FoxE1 effects (49). FoxEl overcomes the
DNA accessibility restrictions imposed by H1 binding and cre-
ates an exposed domain in compacted chromatin in a local and
specific manner that extends over the neighboring linker re-
gions. This domain presents two DNase I-hypersensitive re-
gions, at the FoxE1 binding site and near the 3" end of the
nucleosome, similar to those observed in vivo. FoxE1 binding
also increased the accessibility of a restriction enzyme to its site
located at the same nucleosome particle, although this effect is
subtle—possibly as a consequence of a highly dynamic binding
to compacted chromatin. The difference between this dynamic
binding on the more stable compacted arrays and that seen for
free DNA or noncompacted arrays could be due to parameters
involved in array compaction that occlude the protein binding
site.

The latter observation agrees with the weak in vivo hyper-
sensitivity at the FoxEl binding site at the initial state of
activation (2 h of induction) compared to the footprints seen
for the AC state (more than 24 h after induction). Thus, the
chromatin structure alterations seen at the initial stages of
TPO gene activation appear to be, at least in part, a conse-
quence of FoxEl binding.

NF-1 binds 10 bp upstream of the FoxE1 binding site to
enhance the action of FoxEl in the hormone-induced expres-
sion of the TPO gene (39), and the simultaneous binding of
these factors has been demonstrated by in vitro footprinting
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with nuclear extracts from thyroid and nonthyroid cells (19,
39). The in vivo footprinting experiments presented here con-
firm the in vitro data, showing the same protection over
FoxE1-NF-1 binding sites in vivo and in vitro; the ChIP assay
corroborates that these two factors are indeed present at the
promoter.

Previous studies have demonstrated that FoxE1 and NF-1
can interact physically, and the spatial orientation of both
binding sites in the TPO promoter at the same side of the DNA
helix is essential for maximum transcriptional activity and for
the ability of the promoter to respond to the hormones (39).
This cooperative role of NF-1 has been reported for other
regulatory systems, such as the mouse mammary tumor virus
promoter (16) and the albumin enhancer (25). It has therefore
been proposed that the interaction between Forkhead factors
and NF-1 could be a general mechanism of action of both
transcription factor families (39). Unlike the other mentioned
regulatory systems, NF-1 is able to alter the accessibility to its
binding site localized over a positioned nucleosomal particle,
in either extended or Hl-compacted TPO-arrays, without the
aid of an already bound factor. This main divergence between
systems could be due to a difference in the position of the NF-1
binding site relative to the nucleosome surface, although there
is no presented evidence for this. FoxE1 and NF-1 can alter the
structure of Hl-compacted nucleosome arrays in different
manners, and when both are together they exert an additive
effect.

But in vivo the situation is different, since although NF-1 is
expressed in quiescent cells (39) in which the TPO gene is
inactive (2), it exhibits minimal occupancy of the TPO pro-
moter. Solely upon the induction of FoxE1l, NF-1 was signifi-
cantly engaged at the promoter. The different accessibilities of
NF-1 to the compacted TPO promoters in vitro and in vivo
may indicate the presence of other factors apart from H1
eliciting a more complex compacted chromatin structure,
which would lead to an inaccessible structure for NF-1 but not
for FoxE1; binding of this latter factor might alter the chro-
matin structure in a specific manner. Other scenarios, such as
a different positioning of the NF-1 binding site over the TPO
chromatin structure in vivo, are also feasible. Taking all known
data into account, we propose a model according to which
FoxE1 helps NF-1 load onto chromatin and, once bound, NF-1
enhances the accessibility of the TPO promoter to a level
beyond that initiated by FoxE1l (Fig. 7). The FoxE1 unbound
and bound states may be in a highly dynamic equilibrium, as
represented in Fig. 7, causing an initial distortion of the com-
pacted structure of the promoter that is sufficient to allow the
binding of other factors that regulate TPO, which, like NF-1,
are present at detectable levels in the noninduced cells but the
occupancy of whose binding sites occurs only after FoxE1 bind-
ing. We therefore suggest that FoxE1, which is intrinsically a
weak transcriptional activator by itself (2, 40), is a pioneer
factor whose primary mechanistic role in mediating the hor-
monal response of TPO is to enable other factors to access the
chromatin (Fig. 7). In our model, these changes in chromatin
structure would bestow transcriptional competence on FoxE1-
regulated genes during thyroid cell differentiation, thus ex-
panding this functional characteristic to other members of the
Forkhead transcription factor family.

In vivo, FoxA1 and FoxEl also cause similar footprints over
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FIG. 7. Model of the sequential steps involved in the activation of TPO expression. The expression of FoxE1 is rapidly induced during thyroid
cell differentiation and constitutes one of the first events in the activation of the thyroid-specific TPO gene. FoxE1l may bind initially to the
compacted chromatin structure present at the inactive TPO promoter, generating an altered/open state of the regulatory particle that contains all
the known transcription factor binding sites. NF-1, which is expressed in all the differentiation conditions, now can occupy its site over the altered
particle, and both factors together further alter the structure of the regulatory particle, stabilizing the open state. This stable ternary complex is
now a good platform for the binding of the other regulatory transcription factors and cofactors essential for TPO gene expression. The
double-headed arrow indicates that the FoxE1 unbound and bound states may be in a highly dynamic equilibrium; brackets indicate an initial

distortion of the compacted structure of the promoter.

their binding sites at the albumin enhancer (35) and the TPO
promoter, respectively, a simultaneous enhancement and pro-
tection of guanines to methylation, and the well-known DNase
I hypersensitivity. Also, the NF-1 site located next to the Fox
site presents partial protection in both systems. This similarity
extends to nucleosome array systems of each regulatory ele-
ment, since both FoxA1 (8) and FoxE1 factors are able to bind
and modify the structure of Hl-compacted nucleosomes. Fur-
thermore FoxA1, which can bind to the TPO promoter FoxEl
site (44), distorts the compacted chromatin structure of TPO
arrays, creating the same DNase I hypersensitivity pattern as
seen for FoxEl, although with higher intensity.

As FoxAl is a pioneer factor that is already bound to the
albumin enhancer in endoderm cells during liver development
(4) prior to albumin expression, the molecular mechanism
similarity between these two factors supports our model pro-
posing a pioneer role for the FoxE1 factor, which is capable of
initiating chromatin-opening events of the TPO promoter dur-
ing hormonally induced differentiation. This hypothesis could
be extended to a possible pioneer role of FoxE1 during devel-
opment, since the stable expression of FoxEl in kidney cells
stimulates the expression of several genes with significant roles
in thyroid development (23). Indeed, mutations in the FoxE1
gene cause severe thyroid defects in humans (3, 7, 11), and
FoxE1 knockout mouse models show either a sublingual or a
completely absent thyroid gland (14). The lack of a more
drastic phenotype could be explained by a partial compensa-
tion by FoxAl expressed in thyroid cells (44), which are
endoderm derived. More-recent studies have reported a pio-
neer activity for another Forkhead family member, FoxIl,
which binds condensed mitotic chromosomes and modulates
chromatin structures (54).

By reporting the regulation of chromatin structure by FoxE1
during hormonally induced thyroid differentiation, the present
study has contributed to the hypothesis of a general pioneer
role for the Forkhead factors, one mediated by their ability to
bind and alter chromatin structures during tissue specification
and cell differentiation. Considering the increasing number of
Forkhead factors known to play essential roles in these pro-
cesses and the association of their deregulation and mutation

with numerous human pathologies, such as congenital disor-
ders, diabetes mellitus, and carcinogenesis (5, 7, 11, 26, 30, 33,
51), a deeper understanding of the molecular mechanism of
chromatin structure modulation by Forkhead factors would be
of considerable interest and should provide insights of general
relevance.
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