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Transcription factors of the ONECUT class, whose
prototype is HNF-6, contain a single cut domain and a
divergent homeodomain characterized by a phenylala-
nine at position 48 and a methionine at position 50. The
cut domain is required for DNA binding. The homeodo-
main is required either for DNA binding or for tran-
scriptional stimulation, depending on the target gene.
Transcriptional stimulation by the homeodomain in-
volves the F48M50 dyad. We investigate here how HNF-6
stimulates transcription. We identify transcriptionally
active domains of HNF-6 that are conserved among
members of the ONECUT class and show that the cut
domain of HNF-6 participates to DNA binding and, via a
LXXLL motif, to transcriptional stimulation. We also
demonstrate that, on a target gene to which HNF-6 binds
without requirement for the homeodomain, transcrip-
tional stimulation involves an interaction of HNF-6 with
the coactivator CREB-binding protein (CBP). This inter-
action depends both on the LXXLL motif of the cut do-
main and on the F48M50 dyad of the homeodomain. On
a target gene for which the homeodomain is required for
DNA binding, but not for transcriptional stimulation,
HNF-6 interacts with the coactivator p300/CBP-associ-
ated factor but not with CBP. These data show that a
transcription factor can act via different, sequence-spe-
cific, mechanisms that combine distinct modes of DNA
binding with the use of different coactivators.

Cell differentiation and maintenance of the differentiated
phenotype rely on the cell type-specific expression of genes.
This expression is tightly controlled by transcription factors
that display a restricted tissue distribution. The study of tran-

scription factors has identified their protein domains involved
in transcriptional activation or repression and in DNA binding
and has led to classification of these factors on the basis of the
structure of such domains. The liver-enriched transcription
factors belong to six families (1). These are the CCAAT/enhanc-
er-binding proteins (2) and the proline/acid-rich factors (3),
which contain a leucine zipper; the hepatocyte nuclear factor
(HNF)1-1 family of proteins, which contain a variant homeodo-
main (4–6); the HNF-3 family, which contains a forkhead
domain (7, 8); the HNF-4 factors (9) and fetoprotein transcrip-
tion factor/human B1-binding factor/CYP7A promoter-binding
factor (10–12), which are steroid receptor-related and have a
zinc-finger DNA-binding domain; and the ONECUT proteins
HNF-6 and OC-2 (13–15).

Transfection studies (13, 16–20) have shown that, in the
liver, HNF-6 controls transcription of the genes that code for
HNF-3b and HNF-4, for plasma transport proteins (transthy-
retin, a-fetoprotein), for coagulation factors (protein C), and for
enzymes that regulate glucose metabolism (6-phosphofructo-2-
kinase) or steroid metabolism (Cyp2C12). A number of other
genes expressed in the liver contain HNF-6 binding sites, but
their actual control by HNF-6 has yet to be demonstrated (16).
HNF-6 is also a mediator of growth hormone action (18) and a
modulator of glucocorticoid action on the 6-phosphofructo-2-
kinase and phosphoenolpyruvate carboxykinase genes in the
liver (20). During embryonic life, HNF-6 is expressed starting
at the onset of pancreas development (19, 21), suggesting that
it plays a role in this process. This has been confirmed by
investigations on hnf62/2 mice (22).

The ONECUT proteins contain a bipartite DNA-binding do-
main composed of a single cut domain and a divergent home-
odomain. Homeodomains are 60 residues long and are orga-
nized into three a-helices. Within the DNA recognition helix,
amino acid 48 of the homeodomain is part of the hydrophobic
core, and amino acid 50 is essential for sequence-specific DNA
binding (23, 24). In the ONECUT proteins, residue 48 is a
phenylalanine, not a tryptophan as in all of the other homeo-
proteins; residue 50 is a methionine, an amino acid never found
at this position in the other homeodomains. The F48M50 dyad
is therefore characteristic of the homeodomain of ONECUT
proteins. Our studies on the DNA binding properties of HNF-6
(14) showed that the cut domain is required for binding to all
HNF-6 sites, while the homeodomain is required for binding to
only a subset of sites. Mutation of the F48M50 dyad into tryp-
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tophan and histidine (W48H50), which converts the divergent
homeodomain into a classical homeodomain, does not affect
DNA binding. However, this mutation reduces the transcrip-
tional stimulation of those target genes to which HNF-6 binds
without requirement for the homeodomain. These observations
indicate that the homeodomain of HNF-6 has a dual role; it is
involved either in DNA binding or in transcriptional stimula-
tion, depending on the target gene.

Based on sequence alignments of their cut domains and of
their homeodomains, the ONECUT proteins, which have been
found in mammals and in Caenorhabditis elegans, appear as a
separate class of cut homeoproteins (14). A further comparison
of their amino acid sequence (15) revealed the presence of
conserved regions outside the cut domain and the homeodo-
main, namely a serine/threonine/proline-rich region, which we
call the STP box, and a C-terminal serine-rich region. In addi-
tion, the two known mammalian ONECUT proteins, HNF-6
and OC-2, contain a polyhistidine tract located downstream of
the STP box.

How the HNF-6 homeodomain stimulates transcription and
how the HNF-6 regions conserved among the ONECUT pro-
teins are involved in transcriptional control is unknown. We
characterize here the function of the STP box, of the C-terminal
serine-rich region and of the polyhistidine tract of HNF-6.
Moreover, we show that HNF-6 recruits either the coactivator
CREB-binding protein (CBP) or p300/CBP-associated factor
(p/CAF), depending on the type of target sequence bound by
HNF-6. The interaction of CBP with HNF-6 involves the
F48M50 dyad of the homeodomain and an LXXLL motif in the
cut domain. Taken together, our data identify two target-spe-
cific modes of action of HNF-6 in transcriptional stimulation.

EXPERIMENTAL PROCEDURES

Plasmid Constructions—pECE-HNF6a and pECE-HNF6aF48W1
M50H have been described (13, 14). pECE-HNF6aDSer codes for amino
acids 1–451 of HNF-6a and was obtained by cloning the EcoNI/XbaI
fragment derived from pSPcut-hd (14) into pECE-HNF6a digested by
EcoNI/XbaI. pECE-HNF6aDSTP (amino acids 1–98 and 123–465 of
HNF-6a) and pECE-HNF6aDPH (amino acids 1–122 and 139–465 of
HNF-6a) were generated by subcloning the polymerase chain reaction
products obtained with the following primers: 59-CCGGAATTCGCTC-
ATACCTGGGGGAGTTTC-39 (BeSTP), 59-CCGGAATTCGAACTTGTC-
GGACACGGTGGAG-39 (BePH), 59-CCGGAATTCCCTCACCACCATC-
ACCACCAC-39 (AfSTP), 59-CCGGAATTCCAGCGCCTGGCGGGCAAC-
GTG-39 (AfPH), 59-CGGAATTCAACGCACAGCTGACCATGGAG-39
(2AAc), 59-CGGGATCCTCAGTCCAGACTCCTCCTTCTCGC-39
(VLIID). Polymerase chain reaction-amplified DNA fragments were
digested with SacII/EcoRI or with Asp718/EcoRI and were cloned in
pECE-HNF6a digested with SacII/Asp718. pECE-HNF6aDSTP 1 FM
was generated by deleting a SacII/Asp718 fragment from pECE-
HNF6aF48W1M50H and replacing it with the corresponding SacII/A-
sp718 fragment derived from pECE-HNF6aDSTP. The site-directed
mutant pECE-HNF6aL350A was made using a polymerase chain rea-
ction-based strategy with the following primer: 59-TCGCAGCGCGTC-
CGAAAGGGTCC-39 (HNF6aL350A; the mutated codon is underlined).
pRc/RSV-CBP.HA contains the mouse CBP cDNA linked to a hemag-
glutinin tag (9 amino acids) downstream of a Rous sarcoma virus
promoter. pSP72-HNF6a and pSP72-HNF6aF48W1M50H have been
described (14). The expression vector pSP72-HNF6aL350A contains an
Asp718–EcoNI fragment of the HNF-6aL350A cDNA derived from
pECE-HNF6aL350A. The reporter constructs pHNF6/HNF3b(63)-
TATA-luc and pHNF6/TTR(63)-TATA-luc code for firefly luciferase,
and pRL-138 codes for Renilla luciferase (14).

Transfections and Cell Extracts—Rat hepatoma FTO-2B cells were
grown in Dulbecco’s modified Eagle’s medium/Ham’s F-12 medium sup-
plemented with 10% fetal calf serum. Cells (1 3 105 cells/well on 24-well
plates) were transfected in medium without fetal calf serum by lipofec-
tion using LipofectAMINE-PLUS (Life Technologies, Inc.), 400 ng of
pHNF-6/HNF3b(63)-TATA-luc or of pHNF-6/TTR(63)-TATA-luc, 15 ng
of the pECE-based vectors indicated or 120 ng of pCMV-based expres-
sion vector (pCMV-SRC-1, pCMV-RAC-3, or pCMV-p/CAF, gifts from I.
Talianidis) or the indicated concentration of pRc/RSV-CBP.HA, and 15
ng of pRL-138 as internal control. After 4 h, the cells were washed with

phosphate-buffered saline and further incubated for 45 h in Dulbecco’s
modified Eagle’s medium/Ham’s F-12 medium plus 10% fetal calf serum
before measuring luciferase activities with the Dual-Luciferase kit and
TD-20/20 Luminometer of Promega. Luciferase activities were ex-
pressed as the ratio of reporter activity (firefly luciferase) to internal
control activity (Renilla luciferase). COS-7 cells (3 3 105 cells/6-cm dish)
were transfected in Dulbecco’s modified Eagle’s medium without fetal
calf serum by lipofection using N-[1-(2,3-dioleoyloxy)propyl]-N, N,N-
triethylammonium methylsulfate (DOTAP; Roche Molecular Biochemi-
cals) and 5 mg of expression vector. Forty-eight h after transfection, the
cells were washed with phosphate-buffered saline and harvested in 1 ml
of 40 mM Tris-Cl (pH 7.5), 1 mM EDTA, 150 mM NaCl. The cells were
pelleted and resuspended in 60 ml of 50 mM Tris-Cl (pH 7.9), 500 mM

KCl, 0.5 mM EDTA, 2.5 mg/ml leupeptin, 1 mM dithiothreitol, 0.1% (v/v)
Nonidet-P40, 1 mM phenylmethylsulfonyl fluoride, and 20% (v/v) glyc-
erol. After three freeze-thaw cycles, the lysates were centrifuged, and
the supernatants were collected.

Electrophoretic Mobility Shift Assays (EMSA)—COS-7 cells lysates (5
ml) were incubated on ice for 20 min in a final volume of 20 ml containing
10 mM HEPES (pH 7.6), 1 mM dithiothreitol, 1 mM MgCl2, 0.5 mM

EGTA, 50 mM KCl, 10% (v/v) glycerol, 4 mg of poly(dI-dC), and the
32P-labeled probe (30,000 cpm). The samples were loaded on a 7%
acrylamide gel (acrylamide/bisacrylamide ratio was 29:1) in 0.253 TBE
buffer and electrophoresed at 200 V. The double-stranded oligonucleo-
tide probes used in EMSA were as follows (the HNF-6 binding site is
underlined): HNF-3b, 59-AGCTTAAGGCCCGATATTGATTTTTTTT-
TCTCC-39 (2150 to 2118 of the rat hnf-3b gene promoter); TTR, 59-
GTCTGCTAAGTCAATAATCAGAAT- 39 (2110 to 287 of the mouse
transthyretin gene promoter).

In Vitro Protein/Protein Interaction Assays—Full-length HNF-6a
and the CBP fragments (1–1098, 1098–1620, 1620–1897, and 1897–
2441) were produced in Escherichia coli as GST fusion proteins by the
addition of 0.4 mM isopropyl-b-D-thiogalactopyranoside either at 30 °C
for 3 h (HNF-6a) or at room temperature overnight (CBP fragments).
The bacteria were lysed with a French press in a solution containing 50
mM HEPES, 2 mM EDTA, 150 mM NaCl, 1% (v/v) Nonidet P-40, 0.2 mM

phenylmethylsulfonyl fluoride, 1% (w/v) aprotinin, 10 mM dithiothreitol
(pH 7.4) and cleared by centrifugation at 9000 3 g for 10 min. Cleared
lysates were incubated at 4 °C on a rocking platform for 2 h with
glutathione-Sepharose beads (Amersham Pharmacia Biotech). 14C-La-
beled full-length recombinant HNF-6a, HNF-6aL350A, HNF-
6aF48W1M50H, and p/CAF were synthesized in vitro by using the
corresponding pSP72 vectors with the TNT-coupled wheat germ extract
(Promega). They were incubated at 4 °C for 2 h with the immobilized
GST fusion proteins in a buffer containing 50 mM HEPES, 150 mM KCl
(or 100 mM KCl in Fig. 3C), 1 mM MgCl2, 10% (v/v) glycerol, 1% (v/v)
Triton X-100, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM dithiothre-
itol, and 1% (w/v) aprotinin. After extensive washing in the same buffer,
the beads were boiled, and the eluate was loaded on a 8% SDS-poly-
acrylamide gel, which was dried and subjected to autoradiography. The
plasmids used for this assay were pSP72-HNF6a (13), pBS-p/CAF (a
gift from T. Kouzarides), pGST-CBP-(1–1098), pGST-CBP-(1098–
1620), pGST-CBP-(1620–1897), and pGST-CBP-(1897–2441) (gifts from
I. Talianidis).

RESULTS

Identification of Domains of HNF-6 That Control Transcrip-
tion—The sequence alignment of the proteins of the ONECUT
class, to which HNF-6 belongs, had revealed the presence of
three conserved regions outside the cut domain and the home-
odomain. These are a 24-residue-long serine/threonine/proline-
rich region (STP box) corresponding to amino acids 99–122 of
HNF-6, a polyhistidine tract (amino acids 123–138), and a
C-terminal serine-rich region (amino acids 449–465) (15). To
identify the role of these domains, we constructed expression
vectors for HNF-6 mutants devoid of these domains and tested
their activity on two different reporter constructs in trans-
fected rat hepatoma FTO-2B cells. One reporter contains the
luciferase gene under the control of a TATA box and six copies
of the HNF-6 site found in the hnf3b gene. The other reporter
is identical, except that the HNF-6 sites are derived from the
transthyretin (ttr) gene. These two reporters were chosen be-
cause we had found (14) that binding of HNF-6 to the HNF-
3b-type reporter requires only the cut domain, while binding of
HNF-6 to the TTR-type reporter requires both the cut domain
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and the homeodomain. Moreover, the homeodomain is required
for transcriptional stimulation via the HNF-3b site but not via
the TTR site (14).

We first verified by EMSA that the various HNF-6a mutants
bound at least as well as wild-type HNF-6a to the HNF-6
binding sites derived from the ttr and hnf3b genes. This was
the case (Fig. 1A). We then tested their transcriptional activity.
As shown in Fig. 1B, deletion of the C-terminal serine-rich
domain (HNF-6aDSer) or of the polyhistidine tract (HNF-
6aDPH) increased slightly the transcriptional activity of
HNF-6a on both types of target sequences, suggesting that
these regions are inhibitory. In contrast, deletion of the STP
box (HNF-6aDSTP) decreased by about half the activity of
HNF-6a on the two reporter constructs, indicating that this box
plays an important role in the stimulatory activity of HNF-6 on
both types of target sequences. When the deletion of the STP
box was combined with the mutation of the F48M50 dyad in the
homeodomain (HNF-6aDSTP 1 FM), a further decrease in
transcriptional activity was observed on the HNF-3b-type re-
porter, consistent with the role of the F48M50 dyad in trans-
activation of this reporter (14). In contrast, HNF-6aDSTP 1
FM was not less active than HNF-6aDSTP on the TTR-type
reporter, again consistent with the lack of activation function of
the F48M50 dyad on this reporter (14). Thus, both the STP box
and the homeodomain participate in the stimulatory activity of
HNF-6 on the HNF-3b-type reporter. Possible slight differ-
ences in the amount of HNF-6 proteins produced are not re-
sponsible for these differences in transcriptional activation.
Indeed, the transfection experiments were performed under
conditions in which the reporter is saturated by HNF-6. These
conditions had been optimized in preliminary experiments in

which the saturating amounts of HNF-6 were determined by
transfecting a constant amount of reporter construct with in-
creasing amounts of HNF-6 expression vectors (data not
shown).

The Cut Domain of HNF-6 Is Bifunctional—The cut domain
of HNF-6 and of all of the other ONECUT class proteins con-
tains a LSDLL sequence that matches the LXXLL helical motif.
This motif has been identified as being involved in transcrip-
tion factor/coactivator interactions (25, 26). We therefore deter-
mined whether the LSDLL sequence in the cut domain of
HNF-6 plays a role in transcriptional activation. To do so, we
constructed an expression vector coding for HNF6aL350A in
which the LSDLL sequence has been mutated into LSDAL (Fig.
1B). This mutation abolishes the functionality of the LXXLL
motif in terms of interaction with proteins (26). The activity of
the L350A mutant on the TTR- or HNF-3b-type reporter con-
structs was tested by transfection in FTO-2B cells. As shown in
Fig. 1B, mutation of the LSDLL sequence present in the cut
domain reduced the transcriptional activity of HNF-6a on the
two reporter plasmids. This effect was more severe on the
HNF-3b-type reporter (75% of reduction) than on the TTR-type
reporter (50% of reduction). The reduced transcriptional activ-
ity of the L350A mutant was not a consequence of decreased
DNA binding, as could have been suspected from the known
role of the cut domain in binding to the TTR and HNF-3b sites
(14). Indeed, EMSA showed that HNF-6a and HNF-6aL350A
bound equally well to the two probes tested (Fig. 1C). We
conclude that the cut domain of HNF-6 is required not only for
DNA binding, but also for transcriptional stimulation via the
two types of HNF-6 binding sites, and that it is therefore
bifunctional.

FIG. 1. Regions of HNF-6 required for transcriptional control. A and C, extracts from nontransfected (nt) COS-7 cells or from COS-7 cells
transfected with the expression vectors indicated above the lanes were used as a source of proteins in EMSA with the probes indicated below the
lanes. B, schematic representation of HNF-6a and of the HNF-6a mutants used in the transfection experiments and in EMSA. Numbers refer to
amino acid positions. FTO-2B cells were transiently transfected with the expression vectors and with the reporter constructs pHNF6/HNF3b(63)-
TATA-luc or pHNF6/TTR(63)-TATA-luc, as indicated. The data are expressed as a percentage of activity relative to HNF-6a (means 6 S.E., n 5
3; *, p , 0.05; **, p , 0.001 versus data for HNF-6a). STP, serine/threonine/proline-rich region; PH, polyhistidine tract; Cut, cut domain; Hd,
homeodomain; Ser, C-terminal serine-rich region.
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CBP Is a Target-specific Coactivator of HNF-6—LXXLL mo-
tifs are known to interact with CBP. This protein, which is
present in limiting amounts, does not bind DNA but instead
acts as a bridge between transcription factors and the tran-
scriptional machinery (25, 27–29). To test the hypothesis that
HNF-6 uses CBP as a coactivator, we transfected FTO-2B cells
with the HNF-6a or HNF-6aL350A expression vector in the
presence of increasing amounts of a CBP expression vector and
with the HNF-3b-type reporter construct. Consistent with our
hypothesis, CBP increased the activity of wild-type HNF-6a in
a dose-dependent manner (Fig. 2A). Coactivation by CBP was
abolished when transcription of the reporter was stimulated by
HNF-6aL350A instead of HNF-6a (Fig. 2B). This indicated
that the LSDLL sequence of HNF-6 is required for coactivation
by CBP and suggested that CBP interacts with HNF-6a via
this sequence. To investigate this hypothesis, we performed in
vitro GST pull-down experiments (Fig. 3A). Bacterially ex-
pressed fusion proteins consisting of portions of CBP linked to
GST were immobilized on glutathione-Sepharose beads and
tested for their ability to retain radioactively labeled recombi-
nant HNF-6a. These experiments showed that the N-terminal
third (amino acids 1–1098) of CBP specifically interacts with
HNF-6a. In contrast, this fragment of CBP did not interact
with HNF-6aL350A (Fig. 3B). These results confirm the co-
transfection data described above in which HNF-6a, but not
HNF-6aL350A, is coactivated by CBP. We conclude that the
LSDLL sequence of the HNF-6 cut domain is required for
interacting with CBP.

Our earlier experiments (14) had shown that stimulation of
the HNF-3b-type reporter by HNF-6 requires an intact
F48M50 dyad in the HNF-6 homeodomain. We therefore veri-
fied if the F48M50 dyad is involved in coactivation with CBP.
This was done by transfecting an HNF-6a mutant in which the
F48M50 dyad has been changed to W48H50 (14). This not only
reduced transcriptional stimulation, consistent with earlier

work (14), but also abolished coactivation by CBP (Fig. 2C).
These effects of the F48W1M50H mutation were not due to
decreased HNF-6 binding to the reporter gene, since we have
shown earlier that this mutation does not reduce DNA binding
(14). This is consistent with the fact that the homeodomain is
not involved in HNF-6 binding to the HNF-3b-type reporter
(14). To test whether the F48M50 dyad is also required for the
interaction of HNF-6 with CBP, we repeated the GST pull-
down of CBP-(1–1098) with the HNF-6aF48W1M50H mutant.
As shown in Fig. 3B, the amount of HNF-6azCBP complex
relative to the input was 5 times less with the F48W1M50H
mutant than with wild-type HNF-6a. This indicates that HNF-
6aF48W1M50H bound much less well to CBP than wild-type
HNF-6a. We conclude that, on an HNF-3b-type of target, CBP
is a coactivator of HNF-6 and that coactivation occurs via an
interaction of HNF-6 with CBP that involves the LSDLL se-
quence of the cut domain and the F48M50 dyad of the home-
odomain. The mutation of the LSDLL sequence in the HNF-6
cut domain reduced transcriptional stimulation not only of the
HNF-3b-type reporter but also of the TTR-type reporter (Fig.

FIG. 2. Target-specific recruitment of CBP by HNF-6 and in-
volvement of the cut domain and of the homeodomain. FTO-2B
cells were transiently transfected with the reporter construct pHNF6/
HNF3b(63)-TATA-luc or pHNF6/TTR(63)-TATA-luc and with the in-
dicated amount (in ng) of expression vectors coding for HNF-6a, HNF-
6aL350A, HNF-6aF48W1M50H, or CBP. The data are expressed as
-fold stimulation with respect to empty vector (pECE72). Data are
means 6 S.E., n 5 3 (*, p , 0.05; **, p , 0.001 versus data for HNF-6a
alone).

FIG. 3. Interaction between HNF-6 and coactivators. A–C, bac-
terially expressed GST, GST fragments of CBP, and GST-HNF-6a fu-
sion proteins were bound to glutathione-Sepharose beads. 14C-Labeled
HNF-6a or its mutants or 14C-labeled p/CAF produced in a wheat germ
extract was incubated as indicated for 2 h at 4 °C with the beads, which
were then washed and processed for SDS-polyacrylamide gel electro-
phoresis followed by autoradiography. An aliquot (1⁄10 of the input in the
incubation mixture) of the radioactive proteins was run as a control.

Mode of Action of HNF-6 22101



1B). We therefore verified whether the stimulatory effect of
HNF-6 on the TTR target also involves coactivation with CBP.
This was not the case. In contrast to the results obtained with
the HNF-3b-type reporter, cotransfection of the TTR-type re-
porter with the CBP expression vector failed to amplify the
effect of wild-type HNF-6a (Fig. 2D).

Target-specific Recruitment of p/CAF by HNF-6—To inves-
tigate whether a coactivator other than CBP is involved in the
stimulation of the TTR-type reporter by HNF-6, we tested
steroid receptor coactivator-1 (SRC-1/nuclear receptor coacti-
vator-1), receptor-associated coactivator-3 (RAC-3/p300/CBP
cointegrator-associated protein/activator of the thyroid and ret-
inoic acid receptor/amplified in breast cancer 1/TR activator
molecule), and p/CAF. FTO-2B cells were cotransfected with
the HNF-6a expression vector and an expression vector coding
for the coactivator tested. None of these coactivators affected
transcription when tested alone (Fig. 4A). In the presence of
HNF-6, however, p/CAF doubled the transcriptional stimula-
tion of the TTR-type reporter construct by HNF-6a. The other
coactivators tested did not amplify the effect of HNF-6 (Fig.
4A). We repeated these experiments with the HNF-3b reporter
construct. Here, p/CAF did not enhance the transcriptional
stimulation mediated by HNF-6a. SRC-1 had no effect, and
RAC-3 amplified the effect of HNF-6 only modestly (Fig. 4B).

To confirm the interaction between p/CAF and HNF-6a, we
performed in vitro GST pull-down experiments (Fig. 3C). These
showed that matrix-immobilized HNF-6a specifically interacts
with labeled p/CAF. Our attempts to delineate functionally the
domain of HNF-6 that interacts with p/CAF were unsuccessful.
Indeed, Fig. 1B shows that the polyserine and polyhistidine
tracts are not involved in transcriptional stimulation of a TTR
site-driven reporter and are therefore not candidates for inter-
action with p/CAF. Deletion of the STP box, mutation of the
LSDLL sequence in the cut domain, or deletion of amino acids
1–98 did not prevent coactivation with p/CAF (data not shown).
Deletion of the cut domain and/or of the homeodomain prevents
DNA binding to the TTR target sequence (14). This makes it
impossible to test functionally on the TTR site the possible

interaction of the latter two domains with p/CAF. Finally,
deletion of amino acids 139–347 generated a mutant that was
not expressed (data not shown). We conclude from this set of
experiments that, on a TTR type of target, p/CAF is a coacti-
vator of HNF-6 and interacts with it in an LSDLL-independent
way.

DISCUSSION

The data presented here show that HNF-6 displays two
modes of transcriptional stimulation, which are determined by
the way in which it interacts with DNA, this in turn depending
on the sequence of target DNA. On one type of target, whose
prototype is the HNF-6 binding sequence present in the hnf3b
promoter, DNA binding of HNF-6 only requires its cut domain.
In this case, transcriptional stimulation involves the LSDLL
sequence of the cut domain and the F48M50 dyad of the home-
odomain; HNF-6 interacts with CBP and uses it as a coactiva-
tor. On another type of target, whose prototype is the HNF-6
binding sequence present in the ttr gene promoter, DNA bind-
ing of HNF-6 requires both the cut domain and the homeodo-
main. In this case, transcriptional stimulation involves the cut
domain but not the homeodomain. On this type of target,
HNF-6 does not interact with CBP but rather with p/CAF.
Thus, HNF-6 recruits either CBP or p/CAF in a target-specific
way. Coactivation of a TTR-type target by p/CAF does not
depend on the HNF-6 LSDLL sequence, although the integrity
of the latter is required for full activation of such a target.

Work by others has provided examples of a single DNA-
binding protein recruiting different transcriptional activators,
depending on the context. However, none of them uses the
same discriminatory mechanism as HNF-6. The T cell factor
LEF-1, which contains a high mobility group DNA-binding
domain but lacks an activation domain, needs a partner to
stimulate transcription. This partner is b-catenin on the c-fos
promoter or ALY (ally of LEF-1) on the TCRa enhancer. In
contrast to HNF-6, the LEF-1 binding sequence is the same in
the two targets, and the mechanism of partner discrimination
probably depends on the interaction of LEF-1 with different
factors that bind in the vicinity (30). For nuclear hormone
receptors, the sequence of the DNA target can be mechanisti-
cally discriminatory, as is the case for HNF-6. Here, however,
binding of the same receptor to different sequences determines
whether the hormonal ligand will trigger transcriptional stim-
ulation via a coactivator or transcriptional inhibition via a
corepressor. Another difference with HNF-6 is that nuclear
receptors have a single DNA-binding domain, and it is via their
homo- or heterodimerization that the sequence-dependent
transcriptional specificity is achieved (31). For HNF-6, it is
thanks to the combinatorial use of two separate, bifunctional,
domains that distinct target sequences impose distinct modes
of DNA binding, which, in turn, determine different mecha-
nisms of transcriptional stimulation.

The LSDLL sequence in HNF-6 is required for transcrip-
tional stimulation of the two types of target sequences studied
here. On the HNF-3b-type target, our data show that the
LSDLL sequence is required for the interaction with CBP and
that this interaction is involved in transcriptional stimulation.
On the TTR-type target, p/CAF interacts with HNF-6, but this
does not require the HNF-6 LSDLL sequence. This suggests
that, on a TTR-type target, HNF-6 may interact with p/CAF
and with an additional coactivator that would bind to the
LSDLL sequence.

In the present work, we demonstrate that the cut domain of
HNF-6 is involved not only in DNA binding but also in tran-
scriptional stimulation. The cut domain occurs in three copies
in the homeoproteins of the Cux class, which includes the
Drosophila cut protein and its mammalian homologs (14). To

FIG. 4. Target-specific coactivation of HNF-6 by p/CAF. FTO-2B
cells were transiently transfected with the reporter constructs pHNF6/
TTR(63)-TATA-luc or pHNF6/HNF3b(63)-TATA-luc and with the ex-
pression vectors indicated. The data are expressed as -fold stimulation
with respect to empty vector (pECE72). Data are means 6 S.E., n 5 3
(*, p , 0.01; **, p , 0.001 versus data for HNF-6a alone).
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our knowledge, there is no evidence that the cut domain of
these proteins has a function(s) other than DNA binding. One
of the three cut domains of the CUX class proteins contains a
VSDLL sequence. Such a sequence in the receptor interacting
protein-140 retains the ability to bind CBP and is therefore
compatible with the LXXLL motif (26). If the CUX class pro-
teins recruit CBP, it is unlikely that they do so by the same
mechanism as HNF-6. Indeed, we have shown here that re-
cruitment of CBP by HNF-6 involves not only the cut domain
but also the homeodomain and that changing the F48M50 dyad
of HNF-6 to the W48H50 dyad of the CUX class proteins
prevents coactivation by CBP. This may explain the evolution-
ary conservation of these critical residues within the ONECUT
class. Interestingly, recruitment of p300, a homolog of CBP, by
the homeoprotein NK-4 has been reported recently (32). In
contrast to HNF-6, which binds the N-terminal moiety of CBP,
NK-4 binds the C-terminal moiety of p300, and this involves
mainly the N-terminal portion (activation domain) of NK-4.

CBP serves as a docking platform for several nuclear pro-
teins that are end points of transduction cascades triggered by
cell surface signaling (33). Since CBP is present in rate-limiting
amounts in cells, its concomitant recruitment by different tran-
scription factors on the same gene can promote synergistic
stimulation of transcription, whereas competitive recruitment
on different promoters may lead to antagonistic interactions
(34). This may be relevant to the functioning of the liver-
specific transcription factors. Indeed, D-binding protein (35),
HNF-4 (36–38), and HNF-6 (this paper) interact with CBP and
are members of a network of liver-specific transcription factor
that is regulated by extracellular signals such as insulin (39)
and growth hormone (40). Our identification of HNF-6 as a
partner of CBP broadens our understanding of this integrative
mechanism. First, this hints at a possible modulation of HNF-6
activity by extracellular signals. Second, insofar as HNF-6 is a
tissue-restricted transcription factor that recruits CBP to only
a subset of its target genes, our model provides a new mecha-
nism for the tissue-specific and gene-specific transcriptional
effects of such signals.
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