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ABSTRACT We have isolated a murine homeobox-contain-
ing gene, Hox-5.1, by virtue of its relatedness to the Hox-1.4 gene.
In situ hybridization to metaphase spreads mapped Hox-5.1 to
band D of mouse chromosome 2. Sequence indicate
that Hox-5.1 is the murine homolog of the human C13 homeobox-
containing gene. Hox-5.1 also bears significant similarity to the
Xenopus Xhox-1A homeobox-containing gene and the Drosophila
deformed homeotic gene at N-terminal and homeobox regions.
Hox-5.1 transcripts were detected in mouse embryos, in adult
mouse testis, kidney, heart, and intestine, and in mouse embry-
onal carcinoma cells treated with retinoic acid. In situ hybridiza-
tion to sections from whole mouse embryos revealed Hox-5.1
expression in spinal cord and prevertebrae.

The genetics of pattern formation in the vertebrate embryo is
still poorly understood. This is largely due to difficulties in
obtaining developmental mutants and in embryo manipula-
tion. One approach involves the identification of genes
similar to those known to direct pattern formation in other
organisms. Homeobox-containing genes (homeogenes) have
a common conserved open reading frame, the homeobox (1,
2), that is also found in a number of fundamentally important
developmental genes in insects (for review, see ref. 3).
Homeogenes have thus attracted interest and have been
isolated from mice, humans, Xenopus, and other vertebrates
(4-14). Comparative (15, 16) and functional (17, 18) studies
indicate that the translated homeobox domain has a DNA-
binding structure and that homeogene products localize to the
nucleus (19). They thus have expected characteristics of gene
regulators. Homeogene transcripts are detected in a tissue-
and region-specific manner in the vertebrate embryo, un-
dergo qualitative and quantitative changes during embryo-
genesis, and are limited to specific tissue and cell types of the
adult mouse. Their expression has also been evoked in a
temporally regulated manner in embryonal carcinoma cells
treated with chemical inducers of differentiation (9, 20-22).
Two homeogene complexes, Hox-1 (4, 10, 23) and Hox-2
(8), have been detected in the mouse genome on chromo-
somes 6 (4, 23, 24) and 11 (25), respectively. Other homeo-
genes have been described on chromosomes 12 (26) and 15
(13). Here we describe Hox-5.1, a member of a homeogene
complex (Hox-5) that maps to mouse chromosome 2.9

MATERIALS AND METHODS

A day-10 embryonic mouse cDNA library (27) was screened
with a probe derived from Hox-1.4 homeobox sequences (23).
Positive clones were identified at a frequency of 1 in 150,000

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “*advertisement™
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

4760

clones. A 170-base-pair (bp) fragment (at the 3’ end of the first
exon in Fig. 1) was used to rescreen the library resulting in
positive clones at a frequency of 1 in 200,000 clones. A 500-bp
fragment upstream of the Hox-5.1 homeobox was used to
screen the mouse genomic cosmid library pcos2 EMBL (ref.
28, a gift from H. Lehrach, Imperial Cancer Research Fund,
London), and 3 positive clones were recovered from approx-
imately two genome equivalents. Details of the screening,
Southern blots, and sequencing have been reported (20, 23).
Chromosome mapping was as described (29). The probe was
3H-labeled by nick-translation (1.8 x 10® cpm/ug) of a
plasmid consisting of fragment b (Fig. 1) subcloned in the
pUC vector.

RNA isolation and S1 nuclease analysis were as described
(20, 23). P19 cells (30) were a gift from M. W. McBurney
(University of Ottawa, Ottawa). Poly(A)* RNA was pre-
pared by oligo(dT)-cellulose chromatography. For RNA gel
blots, 5 ug of poly(A)* RNA or 15 ug of poly(A) ~ RNA were
electrophoresed in formaldehyde/agarose gels (31), trans-
ferred to Hybond-N sheets (Amersham), hybridized to probe
b (Fig. 1), and stringently washed as described by the
manufacturer. The same blots were rehybridized with a probe
for a triose phosphate isomerase pseudogene (a gift from M.
Methali, Laboratoire de Génétique Moléculaire des Eucary-
otes, Strasbourg, France). In situ hybridizations were as
described (32). For 33S-labeled probes, the 3’ 500 bp of probe
a (Fig. 1) was cloned into the vector pGem-1 (Promega
Biotec, Madison, WI). Sense and anti-sense probes were
obtained by transcription in vitro from the T7 and SP6
promoters, respectively.

RESULTS

A Homeogene on Mouse Chromosome 2. Sequence com-
parison of Hox-5.1 cDNA clones with relevant regions of a
genomic 5.5-kilobase (kb) BamHI fragment revealed two
exons separated by an intron of =500 bp (Fig. 1). A
conceptual translation generated a single long open reading
frame and placed a Hox-1.4-like homeobox 28 nucleotides
downstream from an acceptor splice site, an arrangement
similar to other reported homeogenes. S1 nuclease and
RNase protection analyses (data not shown) allowed the 5’
border of the first exon to be extended to the vicinity of an
upstream EcoRlI site (Fig. 1). Probes a and b (Fig. 1) were
used in genomic Southern blots and gave rise to unique bands
(data not shown). Probe b was, therefore, used for chromo-
some mapping by in situ hybridization (Fig. 2). Of 120
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Fi1G. 1. Hox-5.1 genomic organization. The upper line shows 33
kb of mouse genomic DNA inserted into a cosmid vector (hatched
boxes). Position of a BarmHI fragment containing the Hox-5.1
homeobox (solid box) is shown. The lower line représents the
=~5.5-kb BamH]I fragment carrying the Hox-5.1 homeobox (solid box)
and showing positions of BamHI (B), EcoRI (E), Kpn 1 (K), Acc 1
(A), Bgl 11 (Bg), HindHI (H), and Xba I (X) restriction sites. The thick
lines immediately below give the known boundaries of the two
Hox-5.1 exons. Transcription is from left to right. Fragments a and
b represent genomie fragments subcloned and used as probes.
Fragment c represents the subclone used as a probe for S1 analyses.
It was end-labeled at the Bgl 11 site (asterisk) and included upstream
sequences through the intron and first exon and then into the plasmid

vector (dashed line).

metaphase spreads examined, there were 308 silver grains
associated with chromosomes, and 53 of these (17.2%) were
located on chromosome 2. Moreover, grain distribution was
not random; 68% mapped to the C3—E1 region of chromo-
some 2, with a peak in the D band (Fig. 2B). These data
strongly suggest that this gene lies within or near band D of
mouse chromosome 2 and is thus designated as Hox-5.1 in
accordance with the accepted procedure (33).

A comparison of the 250 codons of Hox-5.1 with other
homeogenes revealed 90% DNA and 93% protein sequence
identity with the human gene C13 (34) (Fig. 3). Hox-5.1 is thus
the murine homolog of C13. This is further supported by a
continuation of the DNA sequence similarity well into non-
coding sequences. The amino acid sequence of Hox-5.1 also
shows similarity to the products of the Drosophila homeotic
gene deformed (36) and the Xenopus homeogene Xhox-1A
(37) at N-terminal, homeobox domain, and interval regions.
Moreover, the Hox-5.1 homeobox is closely related to those
of Hox-1.4 (97%; ref. 23) and Hox-2.6 (93%; R. Krumlauf,
personal communication).

Expression of Hox-5.1. To examine Hox-5.1 expression in
development, embryonic RNA was prepared for RNA gel
blot analysis. By using probe b (Fig. 1), Hox-5.1 transcripts
were readily detected in poly(A)* RNA (Fig. 4). Multiple
transcripts corresponding to 4.2 kb, =2.6 kb, and a less-
abundant species at =1.4-kb, were observed with poly(A)™*
RNA at day 11. Although a Hox-5.1 species slightly larger
than 4.2 kb may be present, this would be obscured by
hybridization to low levels of 28S rRNA in the poly(A)™*
fraction. Signals from the two smaller transcripts are mark-
edly decreased by days 13 and 15.

These results were extended by S1 nuclease analysis with
the end-labeled probe ¢ (Fig. 1). Poly(A)* embryonic RNA
protected =170 nucleotides, which was most intense at day
11 and decreased by day 15 (Fig. 5). These results confirmed
the presence of a splice-acceptor site located 170 nucleotides
upstream of the Bgl I1 site in the Hox-5.1 homeobox and also
indicated that most of the Hox-5.1 transcripts are processed
at this splice site. As for other homeogenes, the amount of
Hox-5.1 transcript was increased in F9 and P19 embryonal
carcinoma cells treated for 24 hr with the differentiation-
inducing agent retinoic acid (data not shown). When
poly(A)* RNA from eight adult tissues was used for S1
analysis, strong specific protection was observed for testis
and kidney, whereas weak protection was observed for
intestine and heart (Fig. 5). Thus, like other murine homeo-
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FiG. 2. (A) Localization of the Hox-5 locus in the mouse genome
by in situ hybridization in a representative metaphase spread
showing the specific site of hybridization on chromosome 2. In the
upper micrograph, the arrowhead indicates silver grains on Giemsa-
stained chromosomes after autoradiography. In the lower micro-
graph, chromosomes with silver grains were subsequently identified
by R-banding (fluorochrome/photolysis/Giemsa method). Arrow
points to the region of centromeric fusion between chromosomes 2
and 16. (B) G-band diagram of WMP mouse Rb (2;16) chromosome,
showing the distribution of silver grains on 53 labeled chromosomes.
Most of the grains are localized to [C3-D-E1] region with a
maximum in the D band.

genes, Hox-5.1 displays a tissue specificity of expression in
the adult. To localize Hox-5.1 expression in the embryo, we
used in situ hybridization. Hox-5.1 transcripts were detected
in the prevertebrae in sagittal sections of day-12.5 embryos
(Fig. 6). Silver grain density was especially high over the
cervical prevertebrae, including that of the axis. Anterior to
this point, however, the grain density repeatedly dropped,
such that the prevertebra for the atlas was not labeled above
background. This defines an anterior boundary for Hox-5.1
expression between the prevertebrae for the developing axis
and atlas. Hox-5.1 transcripts were also clearly present in the
embryonic central nervous system. High silver grain density
was observed over the spinal cord and over the most
posterior part of the hindbrain (Fig. 6). Thus, Hox-5.1 is
expressed in discrete embryonic structures of mesodermal
and ectodermal origin. Experiments with a sense (control)
probe on similar sections showed no specific labeling (data

not shown).

DISCUSSION

This paper describes the murine homeogene Hox-5.1. In situ
hybridization to metaphase chromosomes mapped this gene
to mouse chromosome 2, which has not been reported to
carry homeobox-containing genes. In addition to Hox-5.1,
the two overlapping cosmids (defining a region of =52 kb)
contain other homeobox sequences (unpublished results).
Two murine genes highly similar to Hox-5.1 lie within the
Hox-1 locus on chromosome 6 (Hox-1.4; B. Galliot, personal
communication) and the Hox-2 locus on chromosome 11
(Hox-2.6; R. Krumlauf, personal communication). Thus,
Hox-5.1-like genes are represented in at least three murine
homeogene complexes. It has been suggested that the Hox-1
and Hox-2 loci arose as a result of a large-scale duplication
event on the basis of the conserved order and sequence of
homeogene counterparts in the two clusters (38, 39). Our
results indicate that duplication may have resulted in a third
battery of homeogene homologs on mouse chromosome 2.
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FiG. 3. Transcribed sequences of Hox-5.1 and human gene CI13. The nucleotide and amino acid sequences of Hox-5.1 (top line) and C13
(34) (bottom line) are presented. Differences are indicated as nucleotide and amino acid changes and deletions (dots). The begirining and end
of Hox-5.1 sequences initially obtained from cDNA clones are indicated by inverted solid triangles. Nucleotide numbers are given on the right,
and amino acid numbers are placed over the sequence. The large and small boxed regions enclose the homeobox and a conserved
pentapeptide-encoding sequence found on the 5’ side of the homeobox in both Drosophila and vertebrates (34). The position of the splice site
is given by an open inverted triangle and is situated between the upstream box and the homeobox, as is typical for homeobox-containing genes.
The wavy line marks the amino acid sequence Met-Ser-Ser conserved at the N terminus of homeobox-containing gene products. Note that the
nucleotide sequence around this methionine codon is better related to the consensus sequence of Kozak (35) than that around another possible
initiation codon at position 1. The C13 (34) polyadenylylation site (ATTAAA), present in Hox-5.1, is overlined. TRM, termination codon.

Homeogenes at other positions in the mouse genome, for
example the Hox-3 complex (13, 21), may also be expected to
define clusters with some similarity to the homologous Hox-/
and -2 complexes (39).

Hox-5.1 and its human homolog CI3 (34) share 93%
identity at the amino acid level over the entire coding region,
have an intron of similar sizeé and position, and are highly
related in 5'- and 3'-untranslated sequences. As in the mouse,
the human Hox-5.1 gene maps to chromosome 2 (2q31—q37)
(40), although no clear cases of synteny have been reported
between these two chromosomes.

Similar to Hox-1.4, to .Hox-2.6, and to Xhox-1A (37),
Hox-5.1 shows regions of significant similarity with the
Drosophila homeotic gene Dfd. Interestingly, the N-terminal
region of similarity among Dfd, Xhox-1A, and Hox-5.1 lies
within a domain of unknown function that shows conserva-
tion among most of the murine homeogenes reported (39, 41).

Hox-5.1 is expressed in multiple RNA species as early as
day 11 of gestation in a temporally regulated manner. We
have detected embryonic Hox-5.1 transcripts of =~4.2, =2.6,
and =1.4 kb. The two larger probably correspond to the 4.2-
and 2.8- or 2.5-kb transcripts reported for the human gene

(34), whereas a 1.4-kb transcript was detected for a Hox-5.1-
related gene in the rat (34). Hox-5.1 transcripts wére most
abundant at day 10, the earliest time examined (data not
shown). Similar to its human homolog, therefore, it is
probably expressed by the end of neural tube clostre (34), a
stage when somite formation is well underway. Among adult
tissues analyzed, only testis, kidney, intestine, and heart had
detectable Hox-5.1 transcripts. Other murine homeogenes
are expressed in testis and kidney of the adult, including
Hox-1.1 (10), -1.2 (10), -1.3 (42), -2.3 (41), and -6.1 (43). By
contrast, Hox-1.4 (a Hox-5.1-related gene) is expressed
exclusively in the adult testis (12, 14, 23). Homeogene
expression in the intestine has also been observed for
Hox-1.6 (20), but no others have yet been reported for adult
heart. Significantly, human Hox-5.1 transcripts are detected
in human embryonic heart. By RNA gel blot analysis,
Mavilio et al. (34) demonstrated human Hox-5.1 expression
in embryonic spinal cord and backbone rudiments. We have
obtained parallel data with the murine Hox-5.1 after in situ
hybridization to mouse embryos. Hox-5.1 is expressed in the
spinal cord and prevertebrac. Homeogene expression in
prevertebrae has been reported for Hox-1.2 (44), Hox-1.3
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Fic. 4. RNA gel blot analysis of Hox-5.1 embryonic transcripts.
Poly(A)* (lanes A +) and poly(A) ~ (lanes A —) RNA prepared from
total RNA of embryos at days 11 (lanes D11), 13 (lanes D13), and 15
(lanes D15) were electrophoresed, transferred to nylon membranes,
and hybridized with probe b (Fig. 1). Signals from transcripts of
=4.2, =2.6, and =1.4 kb are indicated on the left. The signal from the
intact 1.7-kb transcript for triose phosphate isomerase (TPI) is
shown. The positions of 28S and 18S rRNA are given.

(45), Hox-3.1 (46), and Hox-1.5 (S.J.G., unpublished obser-
vations). Hox-5.1 is expressed anterior to all but Hox-1.5,
which is detected in the first cervical prevertebrae (S.J.G.,
unpublished observations). The Hox-5.1 expression bound-
ary occurs at the second cervical prevertebra (C2), the
anlagen for the axis. Further work should define the limits of
expression in the spinal cord with respect to other reported
homeogenes.

These results are in agreement with the suggestion of
Gaunt et al. (32) for Hox-1.5 (see also refs. 47 and 48)
concerning its possible function as a positional cue along the
developing body axis. Similarly, Hox-5.1 could be one
member of a family of regulatory genes (homeogenes) whose
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FiG. 5. S1 nuclease analysis of RNA from adult and embryonic
tissues. Embryonic poly(A)* RNA from days 11 (lane D11A +) and
15 (lane D15A+) was used in S1 nuclease protection analysis in
conjunction with poly(A)* RNA of eight adult tissues (identified by
lane). Specific protection of the input probe was observed for
samples from testis, kidney, heart, and intestine and was of the same
size (170 bp) as for the embryonic RNA samples. Molecular size
markers (lane M) are given at left.

expression at different times and positions along the rostro—
caudal axis would be required to establish a correct devel-
opmental plan. In this respect, it is interesting to note that a
number of developmental mutants affecting the axial or
appendicular skeleton have been mapped to mouse chromo-
some 2. Among them, the rachiterata (rh) mutation (49, 50)
has been proposed (51) as a candidate for vertebrate ‘‘ho-
meotic”’ transformation. Homozygous rh/rh neonates char-
acteristically have six rather than seven cervical vertebrae
due to an anterior shift of the cervico-thoracic boundary.
Moreover, in all affected animals the axis is missing, reduced,
or deformed by a supernumerary neural arch. Abnormal
vertebral development can be detected by day 13 of gestation
and malformation of the thoracic somites in ri/rh embryos
has been observed as early as day 11 (49). Interestingly, these
dysmorphic features correlate well with the location and time
of Hox-5.1 expression. rh has been genetically mapped
between the fidget and nonagouti loci (50). Hox-5.1 lies
within band D of mouse chromosome 2 and so falls within this
broad region as well. We have initiated experiments to
determine whether these genes are related.

FI1G. 6. In situ hybridization to day-12.5 mouse embryo. (Leff) Light micrograph of sagittal section of day-12.5 mouse embryo used for in
situ hybridization. Boxed areas a and b enclose regions of embryonic spinal cord and prevertebral column, respectively. The fourth ventrical
(4th v.) of the developing hindbrain and the spinal cord (sc) are marked. (Middle and Right) Results of in situ hybridization with Hox-5.1
anti-sense >°S-labeled probes. (Right) Darkfield illumination of boxed area a in light micrograph (Left). Silver grains are visualized as bright spots
densely packed over the spinal cord (sc). (Middle) Darkfield illumination of prevertebral column shown in box b in light micrograph (Left).
Prevertebrae for the atlas (AT), axis (AX), and subsequent cervical (C3—-C7) and thoracic (T1-T3) prevertebrae are marked by arrowheads. Note
the density of silver grains over the prevertebral axis, whereas the density over the atlas is at background level. Control hybridizations on parallel
sections with Hox-5.1 sense probes gave no specific hybridization above background and, therefore, are not shown.
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