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Hepatocyte nuclear factor-6 (HNF-6) contains a single
cut domain and a homeodomain characterized by a phe-
nylalanine at position 48 and a methionine at position
50. We describe here two isoforms of HNF-6 which differ
by the linker that separates these domains. Both iso-
forms stimulated transcription. The affinity of HNF-6a
and HNF-6b for DNA differed, depending on the target
sequence. Binding of HNF-6 to DNA involved the cut
domain and the homeodomain, but the latter was not
required for binding to a subset of sites. Mutations of the
F48M50 dyad that did not affect DNA binding reduced
the transcriptional stimulation of constructs that do not
require the homeodomain for DNA binding, but did not
affect the stimulation of constructs that do require the
homeodomain. Comparative trees of mammalian, Dro-
sophila, and Caenorhabditis elegans proteins showed
that HNF-6 defines a new class, which we call ONECUT,
of homeodomain proteins. C. elegans proteins of this
class bound to HNF-6 DNA targets. Thus, depending on
their sequence, these targets determine for HNF-6 at
least two modes of DNA binding, which hinge on the
homeodomain and on the linker that separates it from
the cut domain, and two modes of transcriptional stim-
ulation, which hinge on the homeodomain.

The phenotype of multicellular organisms is determined in
part by the cell type-specific expression of genes. Since the
initial observation that expression of liver-specific genes is
controlled at the level of transcription (1), several liver-en-
riched transcription factors have been identified and exten-

sively studied. These factors contain DNA-binding domains
that have been conserved throughout evolution. Based on the
structure of their functional domains, the liver-enriched tran-
scription factors were classified into five families (2, 3). These
include the CCAAT/enhancer binding proteins and the proline
acid-rich factors, which both contain a leucine zipper, the ho-
meodomain proteins of the hepatocyte nuclear factor (HNF)1-1
family, the winged helix proteins HNF-3a, -b, and -g, and the
zinc finger orphan receptor HNF-4 family. These factors are
expressed not only in liver but also in a restricted number of
other tissues, where they control gene transcription both in the
adult and during development (2).

We have recently cloned (4) a new type of liver-enriched
transcription factor that we called HNF-6. This factor, which
was originally characterized as a transcriptional activator of
the liver promoter of the 6-phosphofructo-2-kinase (pfk-2) gene,
is expressed in liver, brain, spleen, pancreas, and testis. More-
over, the developmental pattern of expression of HNF-6 in the
mouse and the demonstration that HNF-6 can control tran-
scription of the hnf-3b and hnf-4 genes (5) suggest a role of
HNF-6 in several developmental programs. In adult rat liver,
HNF-6 mediates sex-dependent effects of growth hormone (6).
HNF-6 contains a cut domain and a homeodomain. Cut home-
odomain proteins were originally described as the products of
the Drosophila cut gene (7) and of its mammalian homologs,
the mclox genes (8–12). These proteins contain three cut do-
mains upstream of a homeodomain. Such cut repeats, which
are well conserved sequences of 66–88 amino acids, function
as DNA-binding domains, alone or in combination with the
homeodomain (13–17).

In contrast, HNF-6 contains a single cut domain. Moreover,
its homeodomain differs by the nature of its residues 48 and 50
from the 400-odd homeodomains described so far (4). Residue
48 of homeodomains, which is part of their hydrophobic core, is
a phenylalanine in HNF-6, whereas it is invariably a trypto-
phan in the other homeodomain proteins, including the cut
homeodomain proteins. Residue 50, which is located in the
DNA recognition helix and is a key determinant of sequence-
specific DNA binding (18, 19; for a review on homeodomain-
DNA interactions, see Ref. 20), is a methionine in HNF-6, an
amino acid never found at this position in other homeodomain
proteins. These characteristics of the cut domain and of the
homeodomain of HNF-6 have been evolutionarily conserved
since we found them in the ceh-21 and F22D3.1/ceh-38 genes of
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Caenorhabditis elegans (4).2 In proteins that contain two DNA-
binding domains, the distance between these domains may be
crucial for their proper function (21). Our preliminary data
suggested the existence of an isoform of HNF-6 characterized
by an additional sequence of 26 amino acids in the linker region
between the cut domain and the homeodomain (4). All these
features of HNF-6 raised important questions that we have
addressed in the present work, namely (i) does the putative
isoform of HNF-6 differ from the bona fide HNF-6 only by the
linker region? (ii) how does the linker sequence affect the
DNA-binding properties of HNF-6? (iii) are the single cut do-
main and the peculiar homeodomain of HNF-6 involved in
DNA binding and transcriptional stimulation? (iv) could
HNF-6 dimerize on DNA? and (v) are the DNA-binding prop-
erties conserved among the cut homeodomain proteins related
to HNF-6?

EXPERIMENTAL PROCEDURES

Reverse Transcription (RT)-PCR—To obtain the b isoform of HNF-6
we performed RT-PCR (Gene Amp kit from Perkin-Elmer) on rat liver
RNA (200 ng) with primers whose 59 ends correspond to positions 210
and 1374 of rat HNF-6 cDNA (4), namely the BGL primer (59-gaagatc-
tATGTTGCAGCCCGCTCACCC-39) and the RKE primer (59-CTT-
CCCGTGTTCTTGCTCTTTCC-39), followed by Southern blotting of
the PCR product with a primer (78S) specific for the b isoform
(59-ATGGGTGGCAGTGTGCCTTC-39).

Plasmid Constructions—pSPHNF6a and pSPHNF6b contain the rat
HNF-6a and -b cDNA cloned in the BamHI and SacI sites of pSP72 (Pro-
mega). pSPcut-hd and pSPcut-78-hd code for amino acids 292–444 and
292–470 of HNF-6a and -b, respectively. The corresponding cDNA frag-
ments were obtained by RT-PCR on rat liver RNA with the cut 59 (59-
CCCAAGCTTACCATGGCAATCAATACCAAAGAGGTGCTC-39) and hd 39
(59-CGGGATCCTCAGTCCAGACTCCTCCTTCTCGC-39) primers and li-
gated in the HindIII and BamHI sites of pSP72. pSPHNF6aDhd and
pSPHNF6bDhd code for amino acids 1–384 and 1–410 of HNF-6a and -b,
respectively, and were obtained by an EcoNI-EcoRV deletion. pSPHNF-
6aDcut codes for amino acids 1–291 and 371–465 of HNF-6a and was
generated by an XmnI-EcoNI deletion. In pSPHNF6bDcut, which codes for
amino acids 1–291 and 366–491 of HNF-6b, the cut domain was deleted by
a BlpI-XmnI digestion. pSPHNF6D(cut 1 hd) codes for amino acids 1–291
and was made by deleting the portion 39 of the XmnI site. The site-directed
mutants pSPHNF6F48W, pSPHNF6M50H, and pSPHNF6F48W,M50H
were made using a PCR-based strategy with the following primers: 59-
CTGTCAGCAACTGGTTCATGAATGCG-39 (F48W), 59-CAGCAACTTCT-
TCCACAATGCGAGAAG-39 (M50H), and 59-CAGCAACTGGTTCCACAAT-
GCGAGAAGG-39 (F48W,M50H); mutated codons are underlined. pHNF-6/
HNF-3b (63)-TATA-luc and pHNF-6/TTR (63)-TATA-luc contain six HNF-
6-binding sites from the hnf-3b promoter (2141 to 2127) or from the
transthyretin (TTR) promoter (211 to 286) upstream of a TATA box and a
luciferase gene. pECE-HNF6a, which is identical to pECE-HNF6 described
in Lemaigre et al. (4), and pECE-HNF6b contain the cDNA of HNF-6a and
-b downstream of the SV40 early promoter in pECE72. pECE-HNF6aF48W,
pECE-HNF6aM50H, and pECE-HNF6aF48W,M50H were generated by
deleting a BstEII/XbaI fragment from pECE-HNF6a and replacing it by the
corresponding BstEII/EcoRV fragment derived from pSPHNF6aF48W,
pSPHNF6aM50H, and pSPHNF6aF48W,M50H. pRL-138 contains the rat
pfk-2 liver promoter (2138 to 187, i.e. devoid of HNF-6-binding site) cloned
upstream of the Renilla luciferase coding sequence. pGEM-3 was from
Promega. The cDNA of F22D3.1/ceh-38 (yk34h2) and ceh-21 (yk90c4) was
excised from l ZAPII (Stratagene) libraries by standard procedures. The
fragments containing the cut domain plus the homeodomain of F22D3.1/
ceh-38 and of ceh-21 were isolated by PCR from the corresponding cDNA
with the F22D3.1/ceh-38 cut 59 (59-ACCATGGCAATAGACACAAAA-
GATCTTTGC-39) and F22D3.1/ceh-38 hd 39 (59-TCAACCGAGTCGACTTC-
TACGACG-39) primers and with the ceh-21 hd cut 59 (59-ACCATGGCACTC-
GACACTGTCGACATTGCTC-39) and ceh-21 hd 39 (59-TCAGTCAATGCG-
AAGACGACGCGC-39) primers, respectively. The F22D3.1/ceh-38 and
ceh-21 fragments were ligated in the HindIII and BamHI and in the XbaI
and XhoI sites of pSP72 to yield pSPF22D3.1/ceh-38 and pSPceh-21, respec-
tively. pGEXHNF6b, coding for a GST-HNF6b fusion protein, was obtained
by subcloning a ClaI/HindIII fragment from pSPHNF6b into the EcoRI and
HindIII sites of pGEX-KG.

In Vitro Synthesis of Recombinant Proteins and Electrophoretic Mo-
bility Shift Assay (EMSA)—To produce wild-type or mutant recombi-
nant HNF-6a and -b proteins, 1 mg of the corresponding HNF-6 cDNA
under the control of the SP6 promoter was combined with 25 ml of
TNT-coupled wheat germ extract system (Promega) in a 50-ml incuba-
tion mixture according to the supplier’s instructions. To produce the
DNA-binding domains of Ceh-38 and of Ceh-21, pSPF22D3.1/ceh-38
and pSPceh-21 were incubated with the wheat germ extract to yield
translated products of 169 (Ceh-38) and of 157 (Ceh-21) amino acids.
For EMSAs, 5 ml of the reaction mixture 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 (20,000 cpm,
except for Scatchard analysis, see below). These solutions were loaded
on an 8% acrylamide gel (acrylamide/bisacrylamide ratio was 29:1) in
0.253 TBE buffer and electrophoresed at 200 V. The sequence of the
double-stranded oligonucleotides used as probes was as follows: oligo
HNF-4, 59-AGGATAGAAGTCAATGATCTGGGA-39 (2394 to 2371 of
the mouse hnf-4 promoter); oligo HNF-3b, 59-AGCTTAAGGCCCG-
ATATTGATTTTTTTTTCTCC-39 (2150 to 2118 of the rat hnf-3b pro-
moter); oligo phosphoenolpyruvate carboxykinase, 59-CAAAGTTTAGT-
CAATCAAACGTTG-39 (2263 to 2240 of the rat phosphoenolpyruvate
carboxykinase (pepck) gene promoter); oligo TTR, 59-GTCTGCTAAGT-
CAATAATCAGAAT-39 (2110 to 287 of the mouse transthyretin pro-
moter); oligo GRUc, 59-AGCTTCAAACAAACAAAAAAAATCCATAA-
CTTTCA-39 (in the glucocorticoid response unit of the first intron of the
rat pfk-2 gene A); oligo PFK-2, 59-gatcGCTTTGAAATTGATTTC-
AAAGC-39 (2195 to 2216 of the pfk-2 L promoter); oligo CYP2C12,
59-GCAAAATATTGATTTTTATGGTG-39(252 to 230 of the rat cyp2c12
gene promoter. For affinity constant (KD) determination, EMSAs were
performed with a constant amount of recombinant protein and various
concentrations of probe (1.3–20.8 nM) of decreasing specific radioactiv-
ity to avoid overlabeling of the gels. Incubations lasted 1 h on ice to
reach equilibrium. Bound and free probe were quantified with an In-
stant Imager (Packard). The bound/free ratio was calculated, and the
values were plotted against the concentration of bound probe (nM) to
obtain Scatchard plots in which the KD 5 21/slope.

Cell Culture and Transfection—Human hepatoma HepG2 cells were
grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum (FCS). Cells (8 3 105 cells per 60-mm dish) were
transfected overnight in medium without FCS using DOTAP, 3 mg of
pHNF-6/HNF3b(63)-TATA-luc or pHNF-6/TTR(63)-TATA-luc reporter
construct, 400 ng of pECE-HNF6a, pECE-HNF6b, pECE-HNF6aF48W,
pECE-HNF6aM50H, or pECE-HNF6aF48W,M50H, 500 ng of pRL-138
as internal control, and pGEM-3 to adjust plasmid amounts to 5 mg. The
cells were washed with phosphate-buffered saline and further incu-
bated for 24 h in Dulbecco’s modified Eagle’s medium plus 10% FCS
before measuring luciferase activities with the Dual-Luciferase kit
(Promega). Luciferase activities were measured with a Lumac Lumi-
nometer and expressed as the ratio of reporter activity (firefly lucifer-
ase) to internal control activity (Renilla luciferase).

Cos-7 cells (6 3 105) were transfected for 6 h in Dulbecco’s modified
Eagle’s medium without FCS using DOTAP and 10 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 TriszCl (pH
7.5), 1 mM EDTA, 150 mM NaCl. The cells were pelleted and resus-
pended in 50 mM TriszCl (pH 7.9), 500 mM KCl, 0.5 mM EDTA, 2.5 mg/ml
leupeptin, 1 mM dithiothreitol, 0.1% (v/v) Nonidet P-40, 1 mM phenyl-
methylsulfonyl fluoride, and 20% (v/v) glycerol. After three freeze-thaw
cycles, the lysates were centrifuged and the supernatants collected. 5 ml
of supernatant was used in EMSA as described above.

Sequence Analysis—Data base searches were performed using
BLAST at the National Center for Biotechnology Information (22).
Sequences were extracted using FETCH from the GCG package (23).
Further packages used from GCG were GAP for pairwise comparisons
and PILEUP for multiple sequence comparisons and for classification of
sequences. Multiple sequence alignments were performed using MSE
(generously provided by W. Gilbert). C. elegans sequence searches were
performed using the blast server.3 Open reading frames of unfinished C.
elegans cosmid sequences were analyzed using GENEFINDER within
ACeDB (24) on a SUN SPARCStation5. Cosmids were examined in
detail using a special dot matrix program4 to ascertain that no addi-
tional cut domains were present in the C. elegans ONECUT genes.
Accession numbers are as follows: T26C11 (containing ceh-21 also

2 T. R. Bürglin and G. Ruvkun, unpublished data.

3 Blast server available at http://www.sanger.ac.uk/DataSearch/.
4 T. R. Bürglin, manuscript in preparation.
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known as T26C11.6, ceh-39 also known as T26C11.7, and T26C11.5),
U41017; F22D3 (containing ceh-38 also known as F22D3.1), U28993;
F17A9.6, AF016417; dgclox, X69017; hCDP, M74099, P39880; rcdp-2,
U09229; rhnf-6a, X96553; rhnf-6b, Y14933; mhnf-6, U95945; hHNF-6,
U77975; mcux, X75013; mcux-2 (also known as cutl2), U45665; msatb1,
U05252; hSATB1, Q01826, M97287; cm18e7, AF023470. cDNAs for
ceh-21, cm18e7 and yk90c4; cDNA for F22D3.1/ceh-38, yk34h2.
R07D10.x is an open reading frame found on the overlapping cosmids
RO7D10 and C17H12.

RESULTS

There Are Two Isoforms of HNF-6—Besides the fully coding
cDNA originally described for the 465-residue rat HNF-6
(HNF-6a), we had found a partial cDNA that was identical to
the 39-half of HNF-6a cDNA, except for a 78-bp insert within
the spacer that separates the cut domain from the homeodo-
main (4). To extend this partial sequence, we performed an
RT-PCR reaction on rat liver RNA with a PCR primer (oligo
RKE) located 39 of the 78-bp insert and a PCR primer (oligo
BGL) located 59 of the HNF-6a ATG initiator codon. Southern
blotting of the PCR products with an oligonucleotide (oligo 78S)
specific for the 78-bp insert showed a 1130-bp band that corre-
sponded to the missing portion of the cDNA (data not shown).
Data base scanning with the sequence of this fragment re-
vealed that it was identical to the corresponding HNF-6a cDNA
fragment, with the exception of the 78-bp insert. This defined
an isoform of HNF-6 (HNF-6b, 491 residues) that differs from
HNF-6a (465 residues) only by the presence of an additional
sequence of 26 amino acids in the linker between the cut
domain and the homeodomain. Cloning of the rat HNF-6 gene
indicated that the two isoforms originate from the same gene
by alternative splicing.5

HNF-6a stimulates the transcription of several genes. To
test the transcriptional activity of HNF-6b, we cotransfected
HepG2 cells with an HNF-6a (pECE-HNF6a) or HNF-6b
(pECE-HNF6b) expression vector and a luciferase reporter con-
struct driven by a TATA box and six copies of a HNF-6 site
derived from the hnf-3b (pHNF-6/HNF-3b(63)-TATA-luc) pro-
moter. HNF-6a and HNF-6b had similar (15–30-fold) stimula-
tory effects (data not shown).

HNF-6a and HNF-6b Differ in DNA-binding Properties—
HNF-6b differs from HNF-6a by the length of the linker region
between the cut domain and the homeodomain. This suggested
that the two HNF-6 isoforms may have distinct DNA-binding
properties. We therefore compared the affinity of HNF-6a and
-b for the hnf-3b promoter site (HNF3b probe). To do so, the
corresponding HNF-6 cDNAs were transcribed and translated
in a wheat germ extract. The integrity of the recombinant
proteins was controlled by SDS-polyacrylamide gel electro-
phoresis after incorporation of [14C]leucine (data not shown).
This showed a major band of the expected molecular weight
and a band of lower molecular weight that was interpreted as
a product of degradation or of initiation from an internal initi-
ation codon. Accordingly, EMSAs with the synthesized proteins
showed an upper major band and a lower minor band (Fig. 1A).
These bands were competed for by the cold probe and were not
seen with unprogrammed extracts (Fig. 1J). We excluded that
the upper band was the result of dimerization of HNF-6 with
the probe (see below). Scatchard plots were performed to de-
termine the equilibrium dissociation constants (KD) of HNF-6a
and -b. In these experiments, various amounts of probe were
used with a fixed amount of protein. The KD determined in this
manner is independent of protein concentration and of the
proportion of active protein in the preparation. HNF-6b bound
to the HNF-3b probe with a 12-fold higher affinity than HNF-6a (Fig. 1I). Representative experiments are shown in

Fig. 1, C and D. To determine whether this was due to a faster
on-rate or to a slower off-rate of HNF-6b, we measured off-rate
constants (koff) experimentally and deduced the on-rate con-

5 M. Rastegar, G. G. Rousseau, and F. P. Lemaigre, unpublished
observations.

FIG. 1. The HNF-6a and HNF-6b isoforms differ in DNA-bind-
ing kinetics and site recognition. A, B, and J, EMSA with the
recombinant proteins and probes indicated. Arrows point to specific
complexes. C, D, F, and G, representative Scatchard plots for binding of
recombinant proteins to the probes indicated. I, summary of calculated
KD, kon (calculated from the experiments shown in E and H), and koff. In
the experiments (A–D, F, G, and I), various amounts of probe were used
with a fixed amount of in vitro synthesized protein. For Scatchard plots
the upper complex only (see A and B) was taken into account to calcu-
late the concentration of bound probe. E and H, rate of dissociation of
HNF-6a and HNF-6b from the probes indicated. After 20 min of incu-
bation (zero time) a 60-fold excess of cold probe was added, and binding
was determined by EMSA at the time points indicated. J, the two
slowest migrating complexes were not seen with unprogrammed (unpr.)
extract (lanes 1 and 6 versus 2 and 7) and were inhibited by an excess
of cold probe (lanes 3–5 and 8–10). Molar excess of competitor probe was
10-fold (lanes 3 and 8), 30-fold (lanes 4 and 9), and 70-fold (lanes 5 and
10).
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stants (kon) from the relationship kon 5 koff/KD (Fig. 1I). As
shown in Fig. 1E, the koff of HNF-6b was actually 3-fold higher
than that of HNF-6a, whereas its kon (values calculated from
the KD in Fig. 1, C and D) was 60-fold higher than that of
HNF-6a. Thus, if HNF-6a and HNF-6b were to compete at
identical concentrations for the HNF-3b probe, HNF-6b would
leave little chance to HNF-6a for occupying this binding site.

We had shown earlier that HNF-6 binds in the TTR promoter
to a site whose sequence differs from that of the HNF-3b site
(25). We therefore determined whether the differences in affin-
ity of HNF-6a and HNF-6b reported above with the HNF-3b
probe held true for the TTR probe. The data in Fig. 1, B, F, G,
and I, show that this was not the case. The affinity of HNF-6b
for the TTR probe was not higher but was in fact 3-fold lower
than that of HNF-6a (Fig. 1I). Representative experiments are
shown in Fig. 1, F and G. The off-rate constants (Fig. 1H) for
dissociation from the TTR probe showed that HNF-6b dissoci-
ates four times faster than HNF-6a from this probe also (Fig.
1I). It is noteworthy that both HNF-6a and -b dissociate 10
times faster from the TTR probe than from the HNF-3b probe.
Thus, HNF-6b differed from HNF-6a not only in terms of
affinity for a given binding site but also in exhibiting differ-
ences in affinity for different targets. We therefore compared
the binding of the two recombinant isoforms to several of the
known HNF-6 sites. Fig. 2 shows an alignment of HNF-6 sites
based on our observations and those of Samadani and Costa
(26) and summarizes the relative affinities of HNF-6a and -b
for these sites. As can be seen, the two isoforms bound to all

sites but with different relative affinities. We concluded from
these experiments that the two HNF-6 isoforms differ in their
DNA binding kinetics and that this depends on both the amino
acid linker region and the sequence of the target site.

The Role of the Cut Domain and of the Homeodomain in DNA
Binding Depends on the cis-Acting Sequence—To delineate the
DNA-binding region of HNF-6, and to gain insight into the
respective roles of the cut domain and of the homeodomain, we
constructed deletion mutants and synthesized them in vitro
(Fig. 3A). The integrity of the recombinant proteins was con-
trolled by SDS-polyacrylamide gel electrophoresis after incor-
poration of [14C]leucine (data not shown). The ability of the
HNF-6 mutants to bind specifically to DNA was tested by
EMSA with the HNF-3b probe (Fig. 3C). Consistent with the
presence of the 26-residue insert, the HNF-6b proteins mi-
grated slower than the HNF-6a proteins. Deletion of the ami-
no-terminal half (amino acids 1–291) of HNF-6a and -b (HNF-6
cut 1 hd) did not prevent binding (Fig. 3C, lanes 9 and 10
versus lanes 2 and 3). Deletion of the homeodomain (HNF-6
Dhd) was still compatible with binding (Fig. 3C, lanes 4 and 5).
Deletion of the cut domain (HNF-6 Dcut) led to the loss of DNA
binding (Fig. 3C, lanes 6 and 7), indicating that the homeodo-
main alone was unable to bind to the HNF-3b probe. Deletion
of both the cut domain and the homeodomain (HNF-6 D(cut 1
hd)) also abolished DNA binding (Fig. 3C, lane 8). An isolated
cut domain or homeodomain could not be tested as they were
very unstable in the wheat germ extracts (data not shown).

Wheat germ extracts produced different quantities of recom-
binant HNF-6 depending on the mutant tested (hence the ap-
parently poor binding of HNF-6 Dhd in Fig. 3C, lanes 4 and 5).
We therefore determined whether the differences in amount of
complexes of HNF-6 proteins with the HNF-3b probe seen by
EMSA reflected true differences in affinity of the HNF-6 pro-
teins for DNA. The KD values derived from Scatchard plots for
wild-type HNF-6 and for its deletants are given in Fig. 3B.
These values indicate that the carboxyl-terminal half of HNF-6
(HNF-6 cut 1 hd) bound the probe with an affinity similar to

FIG. 2. Sequence of HNF-6-binding sites and deduced binding
site consensus. Shown are the name of the gene, the position of the
site in the gene, and the sequence recognized by HNF-6. The relative
affinity of HNF-6a and -b for the different sites is indicated. The
abbreviations used are: r, rat; m, mouse; hnf-3b, hepatocyte nuclear
factor-3b; ttr, transthyretin; pfk-2 prom, 6-phosphofructo-2-kinase pro-
moter; PFK-2 GRUc, 6-phosphofructo-2-kinase glucocorticoid response
unit c site; hnf-4, hepatocyte nuclear factor-4; pepck, phosphoenolpyru-
vate carboxykinase; a2-ug, a-2 urinary globulin; cyp2c13, cytochrome
P-450 enzyme 2C13; cyp2c12, cytochrome P-450 enzyme 2C12; mup,
major urinary protein; tog, tryptophan oxygenase; a-FP, a-fetoprotein;
nd, not determined.

FIG. 1—continued
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that of wild-type HNF-6, thereby demonstrating that the entire
DNA-binding domain is located within this portion of the pro-
tein. They also show that deletion of the homeodomain barely
decreased the affinity of HNF-6 for the HNF-3b probe. The
latter finding suggested that the homeodomain is not required
for the binding of HNF-6 to a subset of sites that includes the
HNF-6 site of the HNF-3b promoter.

To address this possibility we tested the same HNF-6 dele-
tion mutants of HNF-6 on the TTR probe, which was shown
above to bind wild-type HNF-6a and -b. The same amount of
HNF-6b yielded less complexes, relative to HNF-6a, with the
TTR probe than with the HNF-3b probe (lanes 2 and 3 in Fig.
3D versus C). Here again, the amino-terminal half of the
HNF-6 proteins was dispensable for binding (Fig. 3D, lanes 9
and 10). The poor binding of HNF-6b cut 1 hd was in keeping
with the low affinity of HNF-6b for the TTR probe. Deletion of
both the cut domain and the homeodomain abolished binding
(Fig. 3D, lane 8). In contrast to what we had seen with the
HNF-3b probe, both the cut domain and the homeodomain
were required for binding to the TTR probe since deletion of
either of the two domains abolished binding (Fig. 3D, lanes
4–7). We concluded from these experiments that (i) the cut

domain and the homeodomain constitute the DNA-binding re-
gion of HNF-6; (ii) the homeodomain of HNF-6 is unable to bind
on its own; (iii) the homeodomain is nevertheless required for
HNF-6 binding to a subset of sites that includes the HNF-6 site
of the TTR promoter; and (iv) the homeodomain is not required
for HNF-6 binding to a subset of sites that includes the hnf-3b
promoter.

HNF-6 Binds as a Monomer to DNA—The homeodomain of
the Paired class of homeodomain proteins serves as a dimer-
ization interface (27), and the Clox cut domain and the Clox
homeodomain are known to interact with each other (13). We
therefore investigated the possibility that HNF-6a and -b bind
to DNA as dimers and perhaps form heterodimers. To address
this point, we used the assay described by Hope and Struhl
(28), in which a short and a long version of the protein studied
are mixed and tested by EMSA. If dimerization occurs, one
observes a complex corresponding to the long homodimer, a
faster migrating complex corresponding to the short ho-
modimer, and a complex of intermediate mobility correspond-
ing to the heterodimer. Full-length and deleted forms of HNF-6
were synthesized in vitro and tested in this way with the TTR
probe. When incubated alone with DNA, the full-length

FIG. 3. Role of the cut domain and of the homeodomain in DNA binding. A, schematic representation of wild-type (wt) HNF-6a and -b
(with 26-amino acid insert) and of the HNF-6 deletion mutants used in EMSA. Numbers refer to amino acid positions. B, affinity of HNF-6 proteins
for the HNF-3b probe. C and D, EMSA with the HNF-3b probe or with the TTR probe as indicated below the lanes with unprogrammed (unpr.)
wheat germ extracts or with wheat germ extracts programmed for the HNF-6 proteins indicated above the lanes.
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HNF-6a (Fig. 4A, lane 2) and the carboxyl-terminal portion of
HNF-6 that contains the cut domain and the homeodomain of
the a isoform (HNF-6a cut 1 hd) (Fig. 4A, lane 3) or of the b
isoform (HNF-6b cut 1 hd) (Fig. 4A, lane 7) produced the
expected complexes. When full-length HNF-6a was combined
with these deletants, no complex indicative of dimerization was
seen (Fig. 4A, lanes 4 and 8), excluding the occurrence of a
dimerization interface in the DNA-binding region. There was
no dimerization domain in the remaining portion of the protein
either, as no complex indicative of dimerization was seen when
combining full-length HNF-6a with the amino-terminal portion
of HNF-6 (HNF-6 D(cut 1 hd), which does not bind alone, see
lane 5) (Fig. 4A, lane 6). Identical results were obtained by
using extracts containing cotranslated proteins of different
length rather than by mixing the extracts primed for synthe-
sizing individual proteins (data not shown). In addition, when
a fusion protein containing full-length HNF-6b fused to gluta-
thione sulfhydryltransferase (GST) was incubated with full-
length HNF-6b, no intermediate complex was detected (data
not shown). Results identical to those observed with the TTR
probe were obtained with the HNF-3b probe (data not shown).
These results suggest that the two isoforms of HNF-6 bind to
DNA as monomers and that they do not form heterodimers.

HNF-6 and C. elegans Genes Define a New Class of Cut
Homeobox Genes—The sequence of the DNA-binding domains
of HNF-6 is quasi-identical in rat, mouse, and man (Fig. 5). As
basic developmental processes of mammals are very similar to
those in primitive organisms, it is not surprising that DNA-
binding domains of developmentally crucial transcription fac-

tors have been conserved between distantly related species.
Data base searches with HNF-6 revealed that several C. el-
egans open reading frames are most similar to HNF-6. Of
these, ceh-21 (cm18e7) was first found as an expressed se-
quence tag by the genome project (29), which upon sequencing
was found to have a highly divergent homeodomain.6 Cur-
rently, the genome sequencing project (30) has finished more
than 75% of the C. elegans genome, and we have undertaken a
systematic search of these sequences for cut-like genes. Fig. 5
shows the sequence alignments of the cut domains and home-
odomains of all cut-related genes found to date. This list in-
cludes six C. elegans genes, as well as a MAR/SAR DNA-
binding protein, SATB1, which was initially not recognized as
containing cut domains and a homeodomain (31).

We then compared all cut domains and homeodomains using
Pileup (23). The comparative tree based on the homeodomain
sequences shows clearly three distinct groups (Fig. 6). One
group is formed by several C. elegans genes and the mamma-
lian hnf-6 genes; another group is formed by the fly and verte-
brate cut/cux genes; and the last group is formed by the SATB
genes. The tree of the cut domains gives the same overall
picture. The homeodomain sequences are very divergent. For
example, the homeodomain of rat HNF-6 is only 28% identical
to that of Drosophila Cut. Thus, we modify the existing classi-
fication scheme (32, 33) to elevate the cut class to the CUT
superclass containing the three following classes: SATB, CUX
(cut, CDP, Cux), and ONECUT. The SATB is a highly divergent
class, containing two cut domains which have arisen by dupli-
cation and an atypical homeodomain that appears to have two
extra amino acids between helix 1 and helix 2. Still, the precise
alignment of the first third of the SATB homeodomains is
somewhat difficult, because of the high sequence divergence.
The CUX class genes have three cut domains, which have also
arisen by duplication from a single ancestral domain. In verte-
brates, at least two families exist, Cux and Cux2, consistent
with the fact that other homeobox genes have also been dupli-
cated in vertebrate evolution (e.g. Refs. 34–36). HNF-6 and its
C. elegans relatives share a single cut domain and a homeodo-
main; thus, we name this new class the ONECUT class. An
unusual feature of the ONECUT and SATB class genes is that
the absolutely conserved Trp residue of position 48 of the ho-
meodomain is replaced with a Phe. Given the important role of
this residue for the formation of the hydrophobic core, we
suggest that the ONECUT and SATB class genes might have a
differently organized hydrophobic core where the angle be-
tween helix 1 and helix 3 might be slightly changed. Another
feature of the ONECUT class genes is the presence of a Met
residue at position 50, which is critical for DNA binding, sug-
gesting that the recognized sequence and affinity could differ
from other homeodomains.

Three of the C. elegans genes (i.e. ceh-21, ceh-39, and
T26C11.5) are located next to each other in tandem on cosmid
T26C11. This suggests that these three genes arose through
duplication, which is supported by the fact that ceh-21 and
ceh-39 are most similar to each other (Fig. 6). T26C11.5 is
highly divergent and does not contain a cut domain; neverthe-
less, because it is located next to ceh-21 and ceh-39, it is most
likely derived from them by a duplication event. C. elegans
F17A9.6 has also only one cut domain and a highly diverged
homeodomain, in which the Trp residue is replaced by a Tyr
residue. It could represent a highly diverged ONECUT member
as well or could be the founding member for a second different
ONECUT class. R07D10.x,7 from an unfinished cosmid, is the

6 T. R. Bürglin and G. Ruvkun, unpublished observations.
7 L. Hillier, personal communication.

FIG. 4. HNF-6 binds as a monomer to DNA. A, EMSA with the
TTR probe and with the HNF-6 proteins indicated above the lanes.
When two proteins were combined, the synthesis of each protein was
performed separately before their mixing in the binding reaction. unpr.,
unprogrammed; wt, wild type. B, schematic representation of the
HNF-6 proteins used in the experiments.
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one most similar to the HNF-6 genes and most probably rep-
resents the direct orthologue. The sequence identity was 89%
in the cut domain and 73% in the homeodomain, a typical value
for orthologous homeodomain sequences between C. elegans

and vertebrates. This would suggest that other C. elegans
ONECUT class genes might be members of new ONECUT
families and yet be found in flies and vertebrates. Expression
analysis using F22D3.1/ceh-38-GFP reporter constructs

FIG. 5. Alignment of the amino acid sequences of the homeodomain (upper panel) and the cut domain (lower panel) of CUT
superclass homeobox genes. Dots represent identities to rat HNF-6. Shaded regions indicate more highly conserved positions. Conserved or
similar residues that are present in ONECUT class genes, as well as in at least one of the other classes, have been marked (similar residues:
hydrophobic, I, L, V, M, F, Y, and W; basic, K and R; acidic, D and E; OH, S and T). Dashes indicate gaps introduced to maintain alignment. The
abbreviations used are: r, rat; m, mouse; h, human; c, C. elegans; d, Drosophila; dg, dog. Upper panel, the homeodomain (delineated by the box)
sequences are shown for the three classes: the upper part shows the ONECUT class, the middle shows the CUX class, and the bottom shows the
SATB class. Position 48 is highly unusual in the ONECUT and SATB class genes, as the absolutely conserved Trp is replaced by a Phe or Tyr.
Furthermore, to maintain alignment with the highly conserved hydrophobic residues of helix 1, two amino acids need to be looped out in the SATB
genes between helix 1 and helix 2. Note also some sequence conservation downstream of the homeodomain. Lower panel, the cut domain (delineated
by the box) sequences are arranged as in A, except that the three and two, respectively, repeats of the CUX and SATB class are grouped separately
(r1, r2, and r3).
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showed that F22D3.1/ceh-38 is expressed rather ubiquitously,
suggesting that this gene might have a more general role in
transcription (37).

The amino acid sequence similarity of the DNA-binding do-
mains of the members of the ONECUT class suggested that
they may have similar sequence-specific DNA recognition prop-
erties. We tested this hypothesis by synthesizing in vitro the
bipartite DNA-binding region, i.e. the cut domain plus the
homeodomain of the C. elegans Ceh-38 and Ceh-21 proteins.
According to the comparative trees (Fig. 6), these two proteins
are more distantly related to HNF-6 than R07D10.x in the
ONECUT class. The in vitro synthesized peptides were used in
EMSAs with probes known to bind HNF-6. Fig. 7 shows that
these two C. elegans peptides bound to the three mammalian
probes tested. This demonstrates the relatedness not only in
sequence but also in DNA-binding properties of Ceh-38, Ceh-
21, and HNF-6.

Mutations of Phe-48 and Met-50 Affect the Transcriptional
Activation Properties of HNF-6, Depending on the Target Se-
quence—The conserved F48M50 dyad in the homeodomain of
the ONECUT class suggested that these amino acids confer
specific properties to the proteins of this class. We therefore
mutated Phe-48 of HNF-6a into a tryptophan (HNF-6a F48W)
or Met-50 into a histidine (HNF-6a M50H) and also con-
structed the double mutant (HNF-6 F48W,M50H) to obtain the
dyad that is typical of the CUX-type homeodomain (see Fig. 5).
These mutants were tested with probes that require (TTR
probe) or not (HNF-3b probe) the presence of the HNF-6 ho-

meodomain for binding. As shown in Fig. 8A, these mutations
still allowed binding of HNF-6 to the two probes. Similar data
were obtained with the GRUc probe (Fig. 8A). Scatchard plots
were constructed with the TTR probe. These demonstrated
that, compared with wild-type HNF-6a, the affinity of HNF-6a
F48W was unchanged, the affinity of HNF-6a M50H was 3-fold
lower, and the affinity of HNF-6a F48W,M50H was 2-fold lower
(Fig. 8B).

Since homeodomains are known to be involved in protein-
protein contacts (38–40), we investigated the possibility that
Phe-48 and Met-50 of HNF-6 influence transcriptional activity.
We therefore cotransfected wild-type HNF-6a or HNF-6a
whose dyad was mutated as above with reporter constructs
containing the luciferase gene controlled by a TATA box and by
HNF-6 sites derived from the TTR or hnf-3b gene promoters.
When cotransfected with the TTR site-driven construct, the
three types of mutants activated transcription as efficiently as
wild-type HNF-6a (Fig. 9A). In contrast, when cotransfected
with the HNF-3b site-driven construct, the double mutant
HNF-6a F48W,M50H showed a 50% decrease in transcrip-
tional activation compared with wild-type HNF-6a. HNF-6a
M50H showed a small, but significant, decrease in transcrip-
tional stimulation, whereas HNF-6a F48W was as active as
wild-type HNF-6a. We verified that the various forms of re-
combinant HNF-6 proteins were expressed and bound to DNA
at similar levels after transfection by performing EMSA with
nuclear extracts prepared from cells transfected with the cor-
responding plasmids (Fig. 9B). Thus, mutation of the F48M50

FIG. 6. Comparative trees of the cut domains and of the homeodomains of proteins of the CUT superclass. The CUT superclass is
divided into the following three classes: the CUX class (three cut domains), the SATB class (two cut domains), and the newly defined ONECUT
class (a single cut domain). F17A9.6 is a divergent CUT superclass gene with a single cut domain and a Tyr residue instead of Trp at position 48
of the homeodomain. It might be a highly diverged member of the ONECUT class or might represent a distinct novel class. Species codes as in Fig.
5.
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dyad did not affect activation when the homeodomain was
required for HNF-6 binding. When the homeodomain was not
required for binding, as was the case with the HNF-3b site, an
intact F48M50 dyad was required for full activation. Since the
HNF-6a F48W,M50H mutant bound as well as wild-type
HNF-6a to the HNF-3b probe (Fig. 9B), these transfection data
suggest that the homeodomain of HNF-6 can behave as a
transcription activation domain. The residual stimulation of
the hnf-3b promoter-derived construct by the double mutant
(Fig. 9A) could depend on regions of HNF-6 located outside the
homeodomain. Indeed, our unpublished data8 point to the pres-
ence of a transcription activation domain in the amino-termi-
nal half of HNF-6. We concluded from these experiments that

the homeodomain of HNF-6 can be involved in both DNA bind-
ing and transcriptional activation.

DISCUSSION

We have characterized here an isoform of HNF-6 (HNF-6b)
which differs from HNF-6a by a 26-amino acid insert in the
linker region between the cut domain and the homeodomain,
and we have shown that this isoform can activate transcrip-
tion. Several homeodomain proteins contain a second type of
DNA-binding domain. The role of the linker between these two
domains has been extensively studied in the POU factors, in
which a POU homeodomain is associated with a POU-specific
domain. In this family of proteins, the use of mutant (21) and
chimeric (41) proteins showed that both linker length and
linker composition affect DNA binding affinity and specificity.
For OCT-1, the POU homeodomain and the POU-specific do-
main bind to DNA cooperatively, even when expressed as sep-
arate peptides not joined by the linker (42). Therefore, the
linker of the POU factors facilitates binding by maintaining a
high local concentration of the two domains. To our knowledge,
HNF-6 provides the first example of naturally occurring vari-

8 V. J. Lannoy, G. G. Rousseau, and F. P. Lemaigre, unpublished
observations.

FIG. 7. C. elegans members of the ONECUT class recognize
HNF-6-binding sites from rat genes. The probes shown were incu-
bated in EMSA with an unprogrammed wheat germ extract (unpr.) or
with extracts programmed for the bipartite DNA-binding domain (cut 1
hd) of the C. elegans proteins coded by the F22D3.1/ceh-38 or ceh-21
genes as indicated above the lanes.

FIG. 8. Effect of mutations F48W and/or M50H in the HNF-6
homeodomain on DNA recognition and DNA binding affinity. A,
EMSA with the probes and the HNF-6 proteins indicated. B, affinity of
wild-type and mutant HNF-6a for the TTR probe.

FIG. 9. Effect of mutations F48W and/or M50H in the HNF-6a
homeodomain on transcriptional stimulation. A, the transfection
data are expressed as percentage of stimulation relative to wild-type
HNF-6a in each individual experiment. Depending on the experiment,
wild-type HNF-6a stimulated the pHNF-6/HNF-3b(63)-TATA-luc con-
struct 15–30-fold and the pHNF-6/TTR(63)-TATA-luc construct 4–6-
fold. The fold stimulation by the HNF-6 proteins was calculated by
normalizing for the fold stimulation observed with the empty expres-
sion vector (pECE72). Data are means 6 S.E. *, p , 0.05; **, p , 0.001,
compared with wild-type HNF-6a. B, recombinant wild-type HNF-6a
and mutant proteins are expressed at similar levels after transfection.
Extracts from Cos-7 cells transfected with the expression vectors indi-
cated were prepared and used as a source of proteins in EMSA with the
probes indicated.

DNA Binding and Transactivation Properties of HNF-613560



ants of the linker length. In HNF-6, this linker influenced the
affinity in a different way for different targets. Thus, some
genes will bind HNF-6b much better than HNF-6a, whereas
others that bind HNF-6a might not bind HNF-6b. A kinetic
analysis of HNF-6 binding to the HNF-3b site showed that this
difference results from a strong effect of linker length on the
docking (kon of HNF-6b 60-fold higher than that of HNF-6a)
without much influence on the stability of the complex (koff of
HNF-6b 3-fold higher than that of HNF-6a). Since these two
isoforms of HNF-6 originate from the same gene,5 alternative
splicing leads to an increase in the DNA binding repertoire of
HNF-6. This mechanism has not been described so far for cut
homeodomain proteins.

As HNF-6a and HNF-6b can be expressed in the same tis-
sues (4), we have explored the possibility that these isoforms
influence each other’s activity when binding to the same target.
This was ruled out. First, there was no evidence for formation
of heterodimers. Second, when HNF-6a stimulated the hnf-3b

promoter in transfection experiments, addition of increasing
amounts of HNF-6b failed to amplify or inhibit this effect (data
not shown).

Another question that we addressed in this work is the role
of the cut domain and of the homeodomain of HNF-6. Others
have studied the role of the three cut domains of human CDP
and of its canine homolog Clox (13, 14, 16, 17). They showed
that GST fusion proteins containing either one of these cut
repeats can bind DNA, with a broad but overlapping sequence-
specificity characterized by the presence of a 59-ATCGAT-39
motif. This motif resembles the 59-ATCAAT-39 sequence found
in the HNF-6 binding consensus. The CDP/Clox homeodomain
alone also binds DNA when fused to GST, and it does so with a
sequence specificity that overlaps that of the cut domains (13).
Furthermore, the CDP/Clox cut repeats and homeodomain syn-
ergize in DNA binding (16), probably as a consequence of in-
teractions between the cut domain and the homeodomain (13).
Interestingly, in target selection experiments by PCR a cut
domain alone and a cut domain associated with the homeodo-
main yield the same consensus, which contains the cut core
5-ATCGAT-39 (17). The DNA-binding properties of HNF-6 bear
similarities with those of CDP/Clox but also display major
differences. In HNF-6, the cut domain was essential for bind-
ing. Contrary to what is seen with CDP/Clox, the HNF-6 ho-
meodomain could not bind DNA on its own. Still, the presence
of a HNF-6 homeodomain was an absolute requirement for
binding to a subset of targets. Thus, there are at least two ways
in which HNF-6 binds to DNA, depending on the target se-
quence. The requirement of a homeodomain, which in itself is
unable to bind DNA, for high affinity DNA binding with an-
other type of domain was recently observed with the SATB-1
protein, a member of the CUT superclass of homeodomain
proteins. The atypical homeodomain of SATB-1 promotes DNA
recognition by its matrix attachment region binding domain
(43). Coincubation of HNF-6 Dhd and HNF-6 Dcut in EMSA
and double hybrid experiments failed to show protein-protein
contacts between the cut domain and the homeodomain of
HNF-6.8 In any case, our data suggest that the linker, the cut
domain, and the homeodomain are all used combinatorially to
determine the binding affinity, the binding kinetics, and the
sequence specificity of HNF-6.

Sequence comparisons between the cut domains and the
homeodomains of cut homeodomain proteins led us to update
the classification of these proteins and to define the ONECUT
class and the CUT superclass. The ONECUT class is charac-
terized by the presence of a single cut domain and by a home-
odomain that contains the F48M50 dyad. The corresponding
amino acids in the CUX and SATB classes are W48H50 and

F48Q50, respectively. Amino acid 48 in homeodomains is part
of the hydrophobic core. Given the chemical similarity between
phenylalanine and tryptophan, it is not surprising that the
F48W mutation in HNF-6 was devoid of effect on DNA binding.
As to amino acid 50, it plays a crucial role in the DNA recog-
nition properties of homeodomains by interacting with nucleo-
tides 39 of the canonical TAAT consensus (Ref. 44; for a review
on homeodomain-DNA interactions, see Ref. 20). Mutation of
this amino acid can modify the sequence specificity as in, for
example, the case in Bicoid (19) or alter the discrimination
among probes, for example, as in POU factors (45) or else leave
the DNA-binding properties unaffected as the Q50A mutation
in the engrailed homeodomain (18). We found here that the
homeodomain of HNF-6 is required for binding to probes such
as the TTR probe. As binding of the HNF-6 homeodomain alone
was undetectable and crystallographic data are lacking, we
cannot conclude whether the homeodomain itself contacts the
TTR probe or whether it influences the binding of the cut
domain. Our unpublished data8 indicate that the TAAT se-
quence in the TTR probe is not crucial for HNF-6 binding.
Therefore, the HNF-6 homeodomain is unlikely to interact with
DNA in a way similar to that of homeoproteins known to bind
optimally to TAAT-containing sequences. Wilson et al. (44)
have drawn an amino acid consensus for homeodomains that
interact with TAAT-containing sequences. Interestingly, our
alignment (not shown) of this consensus with the entire home-
odomain of ONECUT proteins showed that the latter diverges
significantly from the consensus only in the third helix, which
is the DNA-recognition helix in homeodomain crystals. Our
experiments indicated that mutation of the HNF-6 F48M50
dyad into W48H50, the dyad found in CUX proteins, is con-
servative in terms of DNA binding. However, the same muta-
tion did decrease transcriptional stimulation of a target to
which HNF-6 bound without need for the homeodomain. In
contrast, this mutation did not affect activation of a construct
containing a target strictly requiring the homeodomain for
HNF-6 binding. Thus, when the homeodomain is not involved
in DNA binding, it might be available for protein-protein con-
tacts involved in transcriptional activation. Some homeodo-
mains of other homeoproteins are involved in transcriptional
repression. For instance, the interaction between the amino-
terminal arm of the Msx-1 homeodomain and the general tran-
scription factor TBP leads to transcriptional repression (46).
Also, transcriptional repression by the HOXD8 or HOXA7 ho-
meodomain requires its first or third helix, respectively (38,
39). Our study of HNF-6 now provides evidence that the home-
odomain can stimulate transcription via amino acids that are
specific to a class of homeodomain proteins. Indeed, C. elegans
members of the ONECUT class are able to bind to HNF-6 sites
and, like HNF-6, they possess an F48M50 dyad. It is therefore
tempting to speculate that the C. elegans proteins will regulate
transcription in a way similar to HNF-6. Also, it is likely that
the evolutionary conservation of the dyad in the ONECUT class
relies on similarities in the mode of transcriptional activation
and DNA binding.
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