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Summary: HES-3 is a cerebellar Purkinje cell-specific helix-loop-helix factor
structurally related to the products of the Drosophila hairy and Erhancer of split genes.
Here, we report the nucleotide sequence and chromosomal locus of the mouse Hes-3
gene. This gene consists of four exons and the exon-intron boundaries are well conserved
when compared with those of the mouse Hes-! and Drosophila hairy genes. Southern
blot and interspecies backcross analyses show that the mouse Hes-3 gene is a single-copy
gene and is located around position 80 on chromosome 4. Further analysis indicates that
this locus is close to the Hes-5 locus, which is different from the Hes-1 locus (position 26
on chromosome 16). These results suggest that the Hes-3 and Hes-5 genes may be
clustered on chromosome 4 while the Hes-1 geneisnot. o 1994 academic press, Inc.

Mammalian HES family consists of at least five helix-loop-helix (HLH) factors
structurally related to the products of the Drosophila hairy and Enhancer of split [E(spl)]
genes (1-5), which regulate neurogenesis (6-10). Among the members of the HES
family, HES-3 has a unique feature in transcriptional activity. Unlike the other members
of the family, HES-3 does not seem to have a complete basic region at the amino-
terminal end of the HLH domain (1). As a result, HES-3 does not directly interact with
the DNA template, but it can prevent other basic HLH (bHLH) factors from binding to
the DNA (the E box) by forming nonfunctional heterodimers, like Id proteins (1,11-13).
Furthermore, HES-3 shows a unique expression patterns. HES-3 expression occurs
specifically in cerebellar Purkinje cells, large arborized neurons providing the only
known output from the cerebellum (1). HES-3 mRNA appears by postnatal day 14,
gradually increases, and reaches the maximal level by 1-2 months after birth, coinciding
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with maturation of Purkinje cells (1,14). Thus, HES-3 may be involved in the maturation
and functional maintenance of Purkinje cells rather than their fate determination.

In this study, to extend the molecular analysis of HES-3 further, we characterized the
structure and chromosomal locus of the mouse Hes-3 gene. We found that structural
features, such as the exon-intron boundaries, of the Hes-3 gene are very similar to those
of Hes-1 gene (4). However, interspecies backcross analysis suggests that Hes-3 and
Hes-1 genes are located on different chromosomes.

EXPERIMENTAL PROCEDURES

Isolation_of the mouse HES-3 gene - The mouse genomic library (Stratagene) was
screened by hybridization with the ~1-kilobase (kb) EcoRI fragment of the rat HES-3
c¢DNA as a probe (1). Four clones were isolated from 1 x 10° plaques. The fragments
hybridized positively were subcloned into pBluescript and subjected to sequence analysis.

Southern blot_analysis - Mouse liver DNA digested by restriction enzymes was
electrophoresed on 0.7% agarose gel and transferred to a nylon membrane filter. The
32p_Jabeled ~0.7-kb EcoRI-Pstl fragment of the rat cDNA was hybridized to the DNA at
65°C in a solution containing 0.75 M NaCl, 0.075 M sodium citrate, and 0.5% SDS.

Interspecies backeross analysis - NOD, BALB/c, and Japanese wild mice (MOL-MIT)

were used for interspecies backcross analyses as described previously (15). More than 30
markers were analyzed to search for the locus closely linked to the Hes-3 and Hes-5 loci.
The ~1-kb rat HES-3 and ~1.3-kb rat HES-5 cDNAs were used as a probe.

RESULTS

Structural Organization of Mouse Hes-3 Gene - Four genomic clones containing the
mouse Hes-3 gene were isolated by screening 1 x 100 plaques of a mouse genomic library
with the rat HES-3 cDNA probe, and the region hybridized by the probe was sequenced.
As shown in Fig. 1, the mouse Hes-3 gene consisted of four exons, and the exon-intron
boundaries possessed the consensus splicing signal conforming to the GT-AG rule,
except that the donor site of the first intron was CT instead of GT. The deduced amino
acid sequence of mouse HES-3 was very similar to that of rat HES-3. They showed 96%
identity in the bHLH domain and 86% identity in the whole coding region.

Comparison between the mouse Hes-3 and Hes-1 and Drosophila hairy genes showed
that they had similar genomic organization, except that the Drosophila hairy gene had
only three exons (Fig. 2A). All of the introns of the Hes-3, Hes-1, and Drosophila hairy
genes interrupted the equivalent positions of the protein-coding regions (Fig. 2B). These
results suggest that these genes originated from the same ancestral gene.

On Southern blot analysis, only a single band hybridized with the HES-3 ¢cDNA was
detected when digested by EcoRI, HindIII, or BamHI, suggesting that the Hes-3 gene is a
single-copy gene (Fig. 3).

Interspecies Backcross Analysis of Assignment of Chromosomal Locus - To determine
the chromosomal locus of the mouse Hes-3 gene, we carried out interspecies backcross
analysis using two mating combinations among three mice strains, NOD and MOL-MIT,
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Fig. 1. Nucleotide sequence of mouse Hes-3 gene. The nucleotide sequence of the
coding strand together with the deduced amino acid sequence of HES-3 are indicated.
The amino acid sequence deduced from the region between the possible non-ATG
translation codon ATT and the first ATG codon are shown in italics because it is not
known whether this region is translated. The upper- and lower-case letters represent
the exon sequence and the flanking and intron sequences, respectively. The arrow (at
nucleotide residue 1) corresponds to the 5'-end of the several longest rat HES-3
c¢DNAs, and this position is probably a transcription initiation site. The canonical
TATA box (tttaat) is underlined. The bHLH region is overlined. The stop codon is
depicted by asterisks.

and BALB/c and MOL-MIT. Southern blot analysis showed that the three strains
exhibited a restriction endonuclease fragment length variation (RFLV) of the Hes-3 gene
when digested by Pstl; NOD and BALB/c mice gave a 2.3-kb band, and MOL-MIT mice
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Fig. 2. Comparison of the mouse Hes-3 and Hes-I1 and Drosophila hairy genes.
(A) Schematic structures of the mouse Hes-3 and Hes-1 and Drosophila hairy genes.
Closed and open boxes represent the coding and noncoding regions, respectively. Thin
lines indicate the flanking and intron regions. All of the introns interrupted the
equivalent positions of each transcribed region, which are connected by dotted lines.
Restriction sites of the mouse Hes-3 gene are shown. (B) Comparison of the exon-
intron boundaries of the mouse Hes-3 and Hes-1 and Drosophila hairy genes. Amino
acid residues conserved or changed conservatively among the three genes are
connected by solid and dotted lines, respectively. It is not yet known whether the
region of the Hes-3 gene interrupted by the first intron shown here is translated (see
Discussion).

a 1.8-kb band (data not shown). Therefore, high molecular weight DNAs isolated from a
total of 77 backcross progenies, (NOD x MOL-MIT)F; x NOD and (BALB/c x MOL-
MIT)F; x BALB/c, were subjected to linkage analysis by Southern blot experiments. As
shown in Tables I and II, the Hes-3 gene was closely linked to the lymphocyte-specific
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Fig. 3. Southern blot analysis of the mouse Hes-3 gene. Mouse liver DNA (5 ug) was
digested by a restriction enzyme, as indicated above each lane, and transferred 10 a
nylon membrane filter. 32P-labeled rat HES-3 ¢DNA was hybridized. The marker
sizes (in kb) are indicated on the left.

Table I. Genotypes of Gametes Transmitted by (NOD x
MOL-MIT)F) to Progeny of the Backcrossab

Gene locus

Chr.4
38 57 {80)
Numb
Orm-1 Lck Hes-3 umoer
F1 gametes A A A 12 } 1
B B B 7 9
A A B 3
B B A 3 o6
A * B B 11
B * A A 3 114
A * B * A 1
B * A * B 3 b4

Orm-1 - Lck, 18/43
Lck - Hes-3, 10/43

41.9+/-7.5cM
23.3+/-6.4cM

aA and B indicate the restriction types of NOD and MOL-
MIT, respectively.
bThe asterisks show recombination.
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Table II. Genotypes of Gametes Transmitted by (BALB/c x
MOL.-MIT)F to Progeny of the Backcrossib

Gene locus

29 67 (80)

Chr.4

Number
Mup-1 Gpd-1 Hes-3
F1 gametes A A A 6 } 16
B B B 10
A * B B 8
B * A A 6 | 14
A * B * A 2
B * A * B , 1o

Mup-1 - Gpd-1, 18/34
Gpd-1 - Hes-3, 4/34

52.9+/-8.6cM
11.8+/-5.5cM

aA and B indicate the restriction types of BALB/c and MOL-
MIT, respectively.
bThe asterisks show recombination.

protein tyrosine kinase locus (Lck) and the glucose phosphate dehydrogenase-1 locus
(Gpd-1) on chromosome 4. Lck and Gpd-1 are located 57 ¢cM and 67 ¢M apart from the
centromere, respectively (16). The three-point cross-test using the Lck and Gpd-1 loci
showed that, out of 43 progenies, 10 had recombination between the Hes-3 and Lek loci

Chr.4

Mup-1 (29)
orm-1 (38)

Lck  (57)
Gpd-1 (67)

Hes-3 (80)
Hes-5

Fig. 4, Assignment of chromosomal loci of the Hes-3 and Hes-5 genes based on the
results of Tables I and II. The Mup-1 (position 29), Orm-1 (position 38), Lck (position
57), and Gpd-1 (position 67) loci and the calculated locus of the Hes-3 gene (position
80) on chromosome 4 are shown on.the right. Hes-5 locus is closely linked to Hes-3
locus (see Texr), and therefore Hes-5 locus is assigned to the same position as Hes-3
locus.
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(23%)(Table I) and that, out of 34 progenies, 4 had recombination between the Hes-3 and
Gpd-1 loci (12%)(Table II). These results suggest that the mouse Hes-3 gene is located
~80 cM apart from the centromere on chromosome 4 (Fig. 4).

We previously showed that the mouse Hes-J gene is located ~26 ¢M apart from the
centromere on chromosome 16 (4), thus indicating that the Hes-3 and Hes-1 genes are not
clustered. We next examined whether another member of the HES gene family, Hes-5,
forms a cluster with either Hes-3 or Hes-1. Southern blot analysis showed that the NOD
and MOL-MIT strains exhibited RFLV of the Hes-5 gene when digested by Aatl (data
not shown). Linkage analysis demonstrated that the Hes-5 locus was closely linked to the
Hes-3 locus; out of 33 progenies examined, no one exhibited recombination between the
two loci (data not shown, see Fig. 4). These results suggest that the Hes-3 and Hes-5
genes may be clustered on chromosome 4.

DISCUSSION

In this study, we report the whole nucleotide sequence and chromosomal locus of the
mouse Hes-3 gene. The Hes-3 gene consists of four exons and its features of the genomic
organization, such as the exon-intron boundaries, are very similar to those of the Hes-1
and Drosophila hairy genes. Thus, the Hes genes may be more related to hairy than to
the E(spl) genes, which do not have any introns within the protein-coding regions (7).
Interspecies backcross analyses show that the Hes-3 and Hes-5 loci are very close to each
other. These data suggest that some of the Hes genes may be clustered on chromosome
4, although it remains to be determined whether the Hes genes are located next to each
other, like E(sp!) gene complex.

Because HES-3 is a cerebellar Purkinje cell-specific HLLH factor, it is possible that HES-
3 mutation could result in immaturation or degeneration of Purkinje cells and cause
cerebellar ataxia. Several hereditary diseases of cerebellar dysfunctions have been
characterized and their chromosomal loci have been determined in mice (16). However,
none of them are mapped to the Hes-3 locus, suggesting that HES-3 is not responsible for
these cerebellar abnormalities. Thus, further experiments such as a gene disruption will
be necessary to address the exact function of HES-3 in Purkinje cell development.

Our previous data showed that the first methionine codon of rat HES-3 is located five
amino acid residues upstream of the HLH domain. When this methionine codon is
utilized as a translation initiation site, HES-3 has a short incomplete basic region.
However, there is a possible non-ATG initiation sequence, ATT (17), at 207 nucleotides
upstream of the methionine codon (1). Although our previous analysis showed that the in
vitro translation starts from the first methionine codon but not from the ATT, we do not
know yet where the in vivo translation starts (1). Our present study showed that the
upstream possible non-ATG initiation codon ATT is also present in the mouse Hes-3
gene exactly at the same position as that of rat Hes-3 gene. Furthermore, the deduced
amino acid sequences of the regions between the ATT and the first ATG codons of
mouse and rat HES-3 are also well conserved (87% identity). Thus, it is possible that
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translation may start from the ATT codon in vivo to some extent. If this is the case, the
higher molecular weight form of HES-3 would have a complete basic region that enables
HES-3 to directly bind to the DNA template. Further studies will be required to
determine whether the two types of HES-3 exist in vivo.

Our studies now provide the basis to examine the problems discussed a bove, and

further analyses will help understand the molecular mechanisms of Purkinje cell

development.
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