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ABSTRACT

Genomic clones have been isolated that cover the
entire gene for the transcription factor HNF1
(hepatocyte nuclear factor 1). This protein governs the
expression of many genes, synthesized in the liver in
a tissue-specific manner. We have determined the
intron/exon structure of the HNF1 gene, which is strictly
conserved between rat and mouse and estimate that
it spans not more than 40kb in the rat genome. Whereas
most homeoprotein genes do not contain introns within
the homeodomain, HNF1 displays an intron between
the regions encoding the second and the third helices.
We discuss possible evolutionary mechanisms leading
to this homeobox intron/exon pattern.

INTRODUCTION

Hepatocyte Nuclear Factor 1 (HNF1, also called HNFle,
LF-B1, APF or HP-1) is a transcription factor required for the
liver-specific expression of a variety of genes including the
albumin gene (for review see 1—3). cDNAs encoding the rat,
mouse and human HNF1 proteins have been isolated (4 —8) and
it was shown that the HNF1 amino acid as well as nucleotide
sequence is highly conserved among these species (7, 8). In a
family of rat hepatoma cell lines HNF1 mRNA expression is
restricted to the differentiated phenotype, that is cells, that express
liver-specific proteins (9). However, analysis of the tissue
distribution of HNF1 mRNA by Northern blotting, RNAse
protection and in situ hybridization has revealed that the HNF1
transcript is not only found in the liver, but also in kidney,
intestine and stomach (5, 8, 10).

The HNF1 protein is able to homodimerize (11, 6) or
heterodimerize with variant HNF1 (vHNF1 also named LF-B3,
HNF18 or vAPF), a second member of the HNF1 homeoprotein
family, for which a cDNA was recently isolated (12—15). The
dimerization domain was mapped to a short segment in the N-
terminal portion of the protein. A region designated the B-domain,
which displays weak homologies to the POU domain, is located
between the dimerization and the DNA binding domain (11).
HNF1 is thought to contact DNA via the most diverged
homeodomain identified so far. This differs from the

homeodomain of other homeoproteins in that a loop of 21
additional amino acids is located between the predicted helices
2 and 3 (4, 16, 5—7). An alternative structure with a loop
comprising 18aa within the second helix and three extra amino
acids between helices 2 and 3 has been proposed as well (11).
Finally, the transcriptional activation function of HNF1 is
contained in its C-terminal half, a region rich in serine and
threonine residues (11, 8, 17).

In this paper we describe the isolation of genomic clones,
bearing inserts that contain the rat and mouse HNFI genes. We
show that the size of the coding part of the rat HNFI gene does
not exceed 40kb. We have established the intron/exon structure
of the HNFI gene which is identical in both species. The first
exon contains the entire dimerization domain as well as the N-
terminal part of the B-domain. Exon 2 contains the main part
of the B-domain. The homeodomain is included in exons 3 and
4. The first and second helices are encoded by exon 3, whereas
exon 4 contains most or all of the 18—21 amino acid loop, the
third helix and the proline and glycine-rich hinge region. The
transactivation domain is located in exons 5 to 9.

Comparison of the intron/exon structure of the homeobox
region of the HNF1 gene with those of other homeoprotein genes
shows that it does not correspond to any other intron/exon gene
structure known to date. The results show that HNF1 is not only
organized differently at nucleotide and protein sequence level but
also at the level of genomic structure. This provides further
evidence of the divergence of the HNFI gene in relation to other
homeobox genes.

The mechanisms by which so many different homeotic genes
have evolved remain speculative, although we favour a model
in which intron gain might have played at least some role.

MATERIALS AND METHODS

Screening the genomic libraries

8x10° plaques of a rat genomic library in \ charon 4a
(Clontech) were screened with a rat cDNA probe (CD26)
containing a partial HNF1 sequence missing the first 200 coding
nucleotides (6). 5x%10° plaques of a mouse Balb/c genomic
library in N\ EMBL3 (Clontech) were screened with the
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Bglll/HindIIl fragment of the expression vector pRHP, containing
all the coding sequences of rat HNF1 (Sourdive et al., in
preparation). The different probes were radioactively labelled by
random priming with a Multiprime DNA labelling system kit
(Amersham) according to the manufacturers instructions. Both
screenings were carried out as previously described (7).

Analysis of positive clones

The plaques of all positive N clones were first analyzed by
hybridizing 5’-end labelled oligonucleotides which contained
homologous sequences of the very 5’ end to the very 3’ end of
the rat and mouse HNF1 cDNAs. The 5'-endlabelling of the
oligonucleotides was carried out as described by Sambrook et
al., 1989 (18). The hybridizations were done essentially under
conditions described previously (6).

To prepare the DNA of positive phage isolates the liquid culture
DNA preparation method according to Sambrook et al. 1989 (18)
was applied. A southern blot analysis of this DNA was performed
as described elsewhere (18) on the inserts of rat and mouse
genomic clones. Several fragments containing sequences
corresponding to different regions of the HNF1 cDNA were
isolated and subcloned into Bluescribe.

The HNF1 encoding regions of the subcloned inserts were
sequenced directly from double stranded plasmid DNA using the
Sequenase DNA sequencing kit (USB) and successive
oligonucleotides as primers.

Elucidating the intron/exon structure

The inserts of the different phage clones were subcloned into
Bluescribe and sequenced 5’ to 3’ with primers corresponding
to cDNA sequences of rat or mouse HNF1. Introns were
indicated when the genomic HNFI sequence differed from that
of the HNF1 cDNA. Each intron was confirmed and its borders
defined by sequencing from downstream of the intron boundary
in the opposite direction.

RESULTS AND DISCUSSION

The entire coding sequences for the rat and mouse HNF1
protein are contained on inserts of the isolated \ clones

To analyse the structure of the HNFI gene we screened rat and
mouse genomic libraries. From a rat genomic library, 32 positive
clones were detected and isolated. Four overlapping genomic
clones RGL 5, 14, 25 and 26 with insert lengths of 8, 18, 15
and 9kb, respectively were chosen for further analysis (see
Fig. 1D). Since the inserts of the three partially overlapping
clones RGL 14, 25, and 5, hybridized to all oligonucleotides
containing the HNF1 cDNA sequence, the rat HNF! gene cannot
be larger than 40kb; the sum of the insert lengths of the three
clones.

10 positive clones were obtained by screening a Balb/c mouse
genomic library. Of those, the 3 clones H11, H2 and H6 (with
inserts of 17kb, 15kb and 17kb, respectively) were chosen for
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Fig. 1. The HNFI gene structure. A) Diagram of the protein structure. The numbering corresponds to the number of amino acids. B) The rat HNF1 ¢cDNA drawn
to the same scale as that used for part A. Numbers indicate nucleotides. The vertical bars along the sequence in A and B indicate the position of introns. C) Genomic
structure of the rat and mouse HNFI genes. The exons are boxed and numbered; the size of the introns were not determined and are not drawn to scale. The dotted
lines illustrate the location of each exon on the cDNA. D) Inserts of the isolated \ clones of rat HNFI covering the entire gene locus. Clone names and sizes of
inserts are indicated and are not drawn to scale. E) Inserts of the isolated \ clones of mouse Hnf-1 covering all the exonic regions of the protein coding part of

the gene. Sizes of inserts are not drawn to scale.



further analysis. The inserts of the three clones cover all the
coding sequences of the mouse Hnf-I gene (Fig. 1E) but since
the insert of clone H2 does not overlap with that of clone H6,
we cannot estimate the total size of the mouse Hnf-I gene.

The HNFI gene consists of 9 exons and 8 introns

To elucidate the intron/exon distribution in the rat and mouse
HNFI genes we determined the sequence of the entire coding
and 5’ and 3' non-coding regions on the genomic clones
corresponding to the HNF1 cDNA sequence.

The genomic clones of the rat HNFI gene: With an insert size
of 8kb, clone RGL 5 starts in the second intron which is located
at a region on the HNF1 cDNA corresponding to the B-domain.
This clone covers all the gene sequences from exon 3 to the
polyadenylation site. Exon 2, 3, 4 and 5 are contained within
the 15kb insert sequences of clone RGL2S. This clone shares
exons 3 to 5 with RGL 5. Clone RGL 14 contains an insert of
about 18kb and covers the gene sequences from 168bp of the
5’ non-coding region until intron 2, thus sharing exon 2 with
clone RGL 25. The 9kb insert of clone RGL 26 starts in the 5’
flanking sequence and ends in the first intron, sharing exon 1
with clone RGL 14.

The genomic clones of the mouse Hnf-1 gene: The insert of
clone H6 is 17kb in size and covers the gene region from intron
2 to the 3’ non-coding region, thus containing exons 3—8 and
all the coding part of exon 9. The 15kb insert of clone H2 contains
exon 2. Finally, clone H11 contains 12kb of 5’ non-coding gene
sequences, exon 1 and overlaps for S00bp with clone H2. The
overall insert length of this clone is 17kb.

Our data demonstrate that the HNFI gene of rat and mouse
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is composed of 9 exons and 8 introns as illustrated in Fig. 1.
In the 3’ non-coding regions no intron could be found. Thus,
all the introns are located within the protein coding region.

700bp of the 5’ flanking region was sequenced in the rat and
350bp in the mouse gene comprising putative HNFI promoter
sequences. Around 240 nucleotides of 5’ non-coding sequences
can be found between the ATG translational start site and a
putative TATA-Box for the HNF1 promoter in the genes of both
species. The assumption that no further intron is located in the
5’ untranslated regions is supported by three observations: 1. It
would fit well with results obtained in Northern Blot assays that
the HNF1 messenger is 3.5—3.6kb in length (9). 2. cDNAs
encoding human HNF1 have been isolated which contain
sequences from the 5’ non-coding region highly homologous to
the rat genomic sequences up to 40bp downstream of the putative
TATA-Box (I.B., unpublished). 3. The transcriptional start site
of the rat and mouse HNFI genes were mapped and shown to
be located between 23 —30bp downstream of this TATA-box (19;
M.P., unpublished).

Although not determined, a large intron size for one or both
of the first two introns of at least the rat HNFI gene is suggested
by comparing the insert lengths of rat clones RGL 14 (18kb
covering 2 exons and 1 entire intron) and RGL 25 (15kb spanning
over 4 exons and 3 introns) with that of clone RGL 5 (8kb
covering 6 exons and 5 introns).

The occurrence of an intron (intron 2) in the HNFI gene at
exactly the point where VHNF1-A contains the extra 26 aa (78bp)
compared to VHNF1-B (12; I.B., unpublished results; Fig. 1 and
2) suggests that the two genes may be organized in a very similar
manner.
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CTTCAgtaaggtacc BamHI 1 109 -2
CTTCAgtaaggaccccaacctgtccccagecaceca 1 109 -2
TCAGCgtaagtaacgaccccagcctgtgtectect 2 176 -1
TCAGCgtaagtaacgaccccagectgggtectect 2 176 -1
AATAGgtagcgcggtggtcccgatcagggegaggt 3 238 -2
AATAGgttagtgtggtcgcccatcagggaggctaa 3 238 -2
CCACGgtgagtcctgtgggtagggaagectgggata 4 319 -1
CCACGgtgagtgctgtggggtagggaactgggata 4 319 -1
AGCTGgtgagtgagcggccctgtectgtgtagaaa 5 369 -0
AGCTGgtgagtgagcaggggccccctgtectgtac 5 369 -0
TATTGgtaagtgggtggggtgactggagctcctgt 6 436 -1
TATCGgtaagtgggtggcatgagtggggtcctgtyg 6 436 -1
CCACGgtgagcaatcttcacattggtctgggagag 7 500 -1
CCACGgtgagcatcccccacgttggectgggagag 7 500 -1
AGCAGgtaaggccctgectectgaagcceggecee 8 540 -0
AGCAGgtaaggccctgcctcctgaagecccaccee 8 540 -0

ACAGTactagtctgggtcacctgataatttatttc

Fig. 2. Nucleotide sequence of intron/exon junctions in the rat and mouse HNFI genes. The exon sequences are shown in upper case whereas intron sequences
in lower case letters. Sequence common to the 3’ end of the HNF1 message (excluding poly A tail) is typed in upper case standard letters. The genomic sequence
downstream of the message is typed in lower case standard letters. BamHI and EcoRI restriction sites used for subcloning genomic fragments are underlined in
the first and second intron/exon junction, respectively. The intron numbers and positions are indicated to the right. The positions are described by both codon and
phase. Codons followed by —1 or —2 are split by an intron after the first and second base, respectively. A codon followed by —0 has an intron between it and

the previous codon.
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The rat and mouse HNFI gene structures are strictly
conserved

The sequences of the intron/exon junctions in the rat and mouse
HNF1I gene are shown in Fig. 2. The sequence of the first 30
nucleotides of most introns was determined. Restriction sites
which were used for subcloning genomic fragments are
underlined. Intron sequences were not determined beyond these
sites. The intron numbers are indicated and their position relative
to the cDNA and protein sequence is given by both amino acid
number and translation phase. Our sequence analysis shows that
the numbers, positions and translation phases were conserved
between the HNFI genes of rat and mouse. The dinucleotides
GT at the 5’ and AG at the 3’ intron boundaries, respectively,
are conserved for all introns investigated. In addition pyrimidine-
rich sequences which immediately precede the 3’ AG boundaries
are present in all introns which were sequenced. These
observations match well with the previously deduced consensus
sequences for donor and acceptor sites (20).

The results show that HNF1 is not only highly conserved
between different species at nucleotide and amino acid sequence
levels but also at the level of genomic structure. Intronic gene
sequences closer to intron/exon junctions are in general more
conserved than those which are more distant. Nevertheless, this
conservation is lower than that of the exon sequences (see
Fig. 2; 8).

It is noteworthy, that the overall intron/exon pattern does not
really fit a functional pattern in that functional modules of the
protein are not encoded by single exons (see also Fig. 1 and 3).

The only domains to which unique functions can be attributed
and that are located on a single exon are the dimerization domain
at the very N-terminus (exon 1) and a region important for
efficient transactivation (17; D. Sourdive et al., manuscript in
preparation) that contains 26% of the serine residues in the C-
terminal part of the protein (exon 9).

The homeodomain of the HNFI gene shows an unusual
intron/exon pattern

The intron/exon structure in the region encoding the
homeodomain is quite conserved amongst homeoproteins: there
are many examples of genes in which the homeodomain is
encoded by a single exon e.g. the genes for antennapedia, Ubx,
Scr in Drosophila or most vertebrate Hox genes (2125, see
also Fig. 3). In almost all of these genes an intron is located
immediately upstream of the homeodomain. Other homeodomain
encoding genes like AbdB, Lab, Evxl, 2, Xhox-3 and goosecoid
display an intron at the beginning of the third helix of their
homeodomains (26 —30).

The homeodomain of the rat and mouse HNFI genes contain
an intron at an unusual location: exactly between the second helix
and the 21 amino acid loop (loop A) or within the 18 amino acids
of the alternative structure loop B (see Fig. 3). Both possible
intron locations have not been previously observed in any other
homeodomain containing genes, emphasizing the distance
between HNF1 and the other homeoproteins. The loop A
alternative has two advantages: Helix 2 remains intact and since
the intron boundary coincides with the beginning of the loop,
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Fig. 3. Iptron/cxon homeodomain gene structure of different homeoproteins including rat and mouse HNF1. Secondary structure predictions are indicated on top.
An asterisk marks residues conserved in most homeodomains and the flash indicates the location of introns. References are indicated on the right. The extra 21
amino acids of the HNF1 homeodomain are listed below (loop A), whereas the 18 amino acid loop of the alternative structure (loop B) is listed above the HNF1

homeodomain.



one can mechanistically explain the occurrence of such a structure
more easily e.g. by the creation of a new acceptor site inside
a primitive intron.

Unusual intron/exon structures are also found in the cases of
the POU proteins Oct-2 and Pit-1 genes. These homeoboxes are
interrupted by an intron upstream of helix 2 and 1, respectively
(31, 32).

Is the homeobox organized as a structural module suitable
for exon-shuffling?

An interesting theory for the importance of discontinous gene
structure in the evolution of eucaryotic genomes, the so-called
‘exon shuffling theory’ has been proposed. According to this
theory introns would provide non-coding targets for
recombination between different genes which would then give
rise to novel exon combinations (33; review: 34). Indeed, a large
number of membrane and secretory proteins were found to share
extracellular domains. These domains are encoded by single
exons (for review see 35). This theory has been proposed to be
more general in that exons would originally encode stable protein
units as modules which could be set together in different
combinations to form a whole variety of proteins (36).

The homeodomains of different homeoproteins are thought to
have evolved from a common ancestral domain. We wondered
whether the homeodomain could be such a module shuffled
during evolution to generate the genes of several dozens of
homeoproteins and how this could be compatible with the data
summarized in Fig. 3.

As mentioned above, the homeodomains of most proteins are
located on a single exon. Nevertheless, there are some examples
of genes in which the homeodomain encoding sequence is located
on two exons, separated by an intron at different positions (see
Fig. 3). Assuming that all homeodomains evolved from a
common ancestor gene this observation leads to several
speculative ways, which are not mutually exclusive, of how
homeodomains could have spread and of intron occurrence in
this domain: One possibility would be that the common ancestor
gene already contained introns at all the different positions which
were subsequently partially or completely lost during evolution.
According to this model the original homeobox contained at least
4 different introns which is somewhat unlikely considering its
size (60aa). Some introns must have been separated by only a
few nucleotides. In addition this model would exclude the
possibility, that the homeodomain could have been shuffled on
a single exon, as has been the case for many extracellular protein
domains (35, 37). It is evident that shuffling of this domain as
a whole on several exons is still possible but recombination
probabilities are lower.

Another possibility would be that the ancestor homeobox-
containing gene did not display any intron and that the introns
were inserted later during evolution into a founder of one branch
of homeogenes but not into other ancestral subfamilies. This
hypothesis implies among other mechanisms the possibility of
exon shuffling of the homeodomain on a single exon before the
gain of introns. Or a combinatorial alternative would be feasable:
The original homeodomain contained one or several introns and
then during evolution some introns were lost or gained, depending
on the gene family. Exon shuffling could have happened from
all of those genes but with different probabilities according to
the numbers and sizes of the introns within the homeodomain.

Besides the occurence of introns in some homeodomains,
several other observations favour a model where intron gain
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played at least some role. The characterisic features of the HNF1
protein family are a stretch of 21 extra amino acids between
helices 2 and 3 of the homeodomain, and a proline/glycine-rich
region which separates the HNF1 protein into two parts. These
HNF1-typical structures share the same exon (exon 4) as the most
conserved part of all the different homeodomains, namely the
third helix. An easy way to explain this finding would be that
the loop was introduced into this conserved domain, perhaps as
the flanking sequences of a gained intron. This argument is
strengthened by the observation that exactly at the point where
the 21 extra amino acids start, an intron can be found (see Fig. 3).
Evidence for intron insertions has been presented for a variety
of genes including serine proteases (38), collagen (39) and actin
and tubulin genes (40). Likewise, although speculative, it appears
to be more probable that all or most introns which exist in the
genes of certain homeoprotein families were inserted later.
However, it seems to be clear from the data summarized in
Fig. 3, that intron fluidity and the evolution of intronic gene
regions is much faster than the evolution of conserved protein
structures such as homeodomains.
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