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Summary

This study reports the structure of the mouse homeobox-
containing gene Hox-1.4 of the HOX-1 cluster, as well as
its expression pattern during embryonic and fetal devel-
opment. The overall structure of this gene includes two
major exons, the second of which encodes the homeo-
domain. The putative Hox-1.4 protein displays simi-
larities with products of homologous genes located at the
same relative positions in other HOX clusters. A frag-
ment extending 360 base pairs (bp) upstream of a
transcriptional start site was shown to be able to
promote transcription in transfected cells. This frag-
ment is GC-rich and contains binding sites for the Spl
transcription factor. In situ hybridization studies re-
vealed the Hox-1.4 expression pattern during develop-
ment. As already reported for several other murine Hox

genes, Hox-1.4 is expressed in the fetal central nervous
system (CNS), in structures derived from somitic meso-
dermal condensations (sclerotomes, prevertebrae) as
well as in several mesodermal components of various
organs and structures such as lungs, gut, stomach,
intestine and meso- and metanephros. This expression
pattern is in good agreement with recent proposals
concerning the involvement of such genes in the estab-
lishment of the vertebrate body plan as well as the
relationship between the positions of these genes within
their clusters and the anteroposterior restriction of their
expression domains.

Key words: homeogene; homeoprotein; in situ
hybridization; upstream elements.

Introduction

The discovery of the homeobox in Drosophila (see
Gehring, 1985, 1987 for reviews) has led to the charac-
terization of many vertebrate genes harbouring this
specific sequence. The 20 such homeogenes isolated so
far in the mouse are found in four major clusters (Hart
et al. 1985, 1987; Duboule et al. 1986; Colberg-Poley
et al. 1985; Awgulewitsch et al. 1986; Featherstone et al.
1988), like the homeotic genes of Drosophila which are
also clustered. Structural comparisons suggest that
these clusters may have arisen in evolution by large-
scale successive duplications since both the size of the
intergenic spaces and the sequence of genes at equival-
ent positions are conserved. These genes are expressed
during fetal development in the central and peripheral
nervous systems, as well as in mesodermal derivatives
(Gaunt, 1988; Holland and Hogan, 1988a). In these
structures, various Hox genes display different but
overlapping domains of expression along the anteropos-

terior (AP) body axis (Gaunt, 1988; Gaunt et al. 1988).
It was recently proposed that, as in Drosophila (Lewis,
1978; Harding et al. 1985), the ordering of the Hox
genes along their clusters might reflect the anteropos-
terior specificity of their expression. Thus, genes
located in the 3' part of the various complexes display
anterior expression domains, whereas genes located
near the 5' end of the clusters are expressed more
posteriorly (Gaunt et al. 1988; Duboule and Dolle",
1989; Graham et al. 1989). Among those genes that
show an anterior expression boundary are those belong-
ing to the Hox-1.4 subfamily; Hox-2.6 (Graham et al.
1988), Hox-5.1 (Featherstone et al. 1988) and Hox-1.4
(Duboule etal. 1986; Wolgemuth et al. 1986, 1987;
Rubin, 1986). Previous work carried out with Hox-1.4
revealed that this gene is transcribed during fetal
development and in spermatocytes.

Here we present the complete structure and sequence
of the Hox-1.4 gene and show its structural relationship
with the other members of this subfamily. We also
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present data on the structure of its promoter as well as
an extensive description of its expression pattern during
normal fetal development.

Materials and methods

cDNA libraries
Poly (A)+ RNA was extracted according to Auffray and
Rougeon (1980) from 150 10-day-old fetuses or a few adult
testes. Oligo(dT)-primed libraries were prepared in the phage
AgtlO (Le Bouc et al. 1986). About 2xlO6 clones were
obtained before amplification in each case and, after amplifi-
cation, over 1 million clones were screened with a Hindlll
1.3 kb genomic fragment labelled by nick translation. Ten
testis and two embryonic positive clones were isolated under
high-stringency hybridization conditions (at 42 °C in 50%
formamide 6xSSC, 0.1% SDS, 5% dextran sulphate,
4xDenhardt's solution, washing at 60°C in 0.2xSSC, 0.1%
SDS). The longest testis cDNA and the two fetal overlapping
cDNAs (depicted in Fig. 1) were subcloned in pEMBL
vectors (Dente et al. 1983).

DNA sequencing
The sequences of genomic DNA and cDNAs clones were
determined on both strands by the chemical sequencing
procedures (Maxam and Gilbert, 1977) on either single- or
double-stranded restriction fragments. Using universal or
specific primers, four areas were verified by the chain termin-
ation dideoxy method (Sanger et al. 1977) adapted to double-
stranded plasmid DNA (Chen and Seeburg, 1985).

Preparation of DNA probes and nuclease SI analysis
5 picomoles of various primers (MK100; MK101; Fig. 2) were

end-labeled with T4 polynucleotide kinase in the presence of
[y^-PJdATP (SOOmCimmor1) and further annealed to 5,t<g
of plasmid DNA previously denatured by NaOH treatment
(Chen and Seeburg, 1985). The annealing was performed in a
final volume of 25jul, in the presence of 50mM-NaCl, 10mM-
HC1 pH8, 10mM-MgCl2 at 65°C for lOmin and 42°C for
45min. Then 5/il of 5xKlenow buffer (50min-Tris-HCl
pH7.2, 10mM-MgSO4, 0.5mM-DTT, 500̂ /M-mix dNTP, Kle-
now polymerase 3i.u. ;«1~') were added and the reactions
incubated at 25°C for 30min. A 3;<1 sample was removed
before the polymerase was inactivated by extraction with
phenol. The DNA was precipitated and resuspended in water.
After restriction enzyme digestions were performed, the
samples were denatured at 70°C for lOmin and run on a 6%
polyacrylamide-50 % urea gel. The nondigested aliquot was
used as a marker.

Single-stranded probes were thus obtained of 160 nt and
180 nt long, extended from MK100 and, MK101, respectively.
Hybridization of these probes in excess with 5 ,ug of poly (A)+
RNA or 50 j/g of total RNA was carried out overnight in 20 /.li
of hybridization mix (50% formamide, 400mM-NaCl, 40 ITIM-
Pipes pH6.2, imM-EDTA) at 42°C. After SI nuclease diges-
tion (3i.u./<g-' RNA; Appligene) at 25°C for 2h, the
protected fragments were analysed on a sequencing gel. For
the experiment shown in Fig. 6, a double-stranded DNA
probe was end labelled at the BamHl site (B) within the
second /3-globin exon (Fig. 1), hybridized in 80% formamide
at 50 °C overnight with 50 //g of cytoplasmic RNA and further
digested as above. The size of the protected fragments
(209 bp) corresponds to the length between the BamHl site
and the beginning of the second /3-globin exon. As control
plasmid, the hybrid SV40 early promoter/rabbit /3-globin
plasmid pAO (Zenke et al. 1986) was used.
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Fig. 1. (A) Genomic map of the murine Hox-1.4 gene. The two rectangles represent the exons. The arrow shows the
orientation of transcription from the start site. The three hatched boxes indicate the three main regions of similarity with
related homeogenes (see Fig. 3) from 5' to 3': the DNA portion coding for the first 22 aminoacids (aa), the hexapeptide,
and the homeodomain. The longest testis cDNA clone and the two fetal overlapping cDNAs are outlined as thick lines.
(B) Recombinant plasmids assayed for promoter activity. The following Hox-1.4 fragments were inserted in both
orientations into the pMT5 vector in front of rabbit /3-globin sequences: the 2750 bp //mdlII-//(/?dllI fragment (HH2750)
encompassing 2000 bp upstream of the start site, the 2000 bp ///ndlll-SacI fragment (HS2000) and the 360 bp Apal-Sacl
fragment (AS360) harboring only putative upstream sequences. These constructs are named pMT5HH2750a,
pMT5HH2750b, pMT5HS2000a, pMT5HS2000b, pMT5AS360a, pMT5AS360b respectively. In each case 'a' refers to the 5'
3' orientation and 'b' to the reverse orientation as indicated by arrows. The rectangles represent the /3-globin exons. The
22mer oligonucleotide m6 is complementary to the first exonic sequence (+39 to +60). H, Hindlll; E, £coRI; S, Sad; A,
Apal; Bg, Bglll; B, BamHl; P, Pvull.
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aaaagCaaaataagtatccacgaggttttagtggtcgccctcgcttgctgtacttccttgacccgcttgttcagcggcccttcta

cccatcctccctgtgcagctccagccctggcttcgcaaagcagggactccctaaccgccgggtggatgtgtgggcgtgggcaaga

atcaaagggcgagaaaaatgggtccgtaggcctccttcgttttattccagagctaggataaaaagccaaggtctgcctcttggtc

ccagtgcccttccctctcctagagggcctcgaaccctcggaggaccacccgaagcctagttggactggagatcggcgctgagtcg

tggcgaccagctgccccagaggcctaggacagacgtgggcaggaacagggctcgaaaggacccgcagtctaacaggccccaactt

ctcagccggaacccaagttggggggcccgaggaacccaagctcgcttctcccaccctgaaggctagcagcatccatcacgcatcc

-280 ,.,,.. -240 P
cccgcgcgtttcctgatccgggtccgcgcgcgcggatttcccattggccggatcgc&gcacgcggggcgcgggggcggggcgcgc

-200 E -160 D
agggccacggggagcgcgcgcgggcgggggaggagcggcgcggacttcggcggcggcgacggcgggagggggaggggcagtcgtt
. . . .-.1.20. . C B .-.8.0. ., A
tgacagcggggggaggggcgggcgccggggecgggggggggggggggggatgggaagcgcggcgagagggggaggggcctcggcg

SacI s mklOO
agcgcggaaaaacgacaccgcgagaaaaattagtatttttgcacttcacaaattaATGACCATGAGCTCGTTTTTGATAAACTCC

.,„ MetThrMetSerSerPheLeuIleAsnSer
/ mklOl

GG
ly

GGTCCCGGCTACCCGCGGCCCCAGAGCGCCCCGCACCTGCCGGCCCCGAACCCGCACGCGGCCCGCCAGCCCCCCGCTTACTAC
GlyProGlyTyrProArgProGlnSerAlaProHisLeuProAlaProABnProHisAlaAlaArgGlnProProAIaTyrTyr

GCGCCGCGGGCGCGCGAGCCCAGCTACCCCGGGGGCCTGTACCCCGCGCCCGCCGCCGCCTGTCCCTACGCCTGCCGCGGGGCC
AlaProArgAlaArgGluProSorTyrProGlyGlyLeuTyrProAlaProAlaAlaAlaCysProTyrAlaCysArgGlyAla

AGCCCCGGGCGACCCGAGCAGTCCCCGGCCCCCGGCGCGCACCCCAGCCCGGCCCCGCAGCCCCCCGTGCCCCTTGGGCACTGC
SerProAlaArgProGluGlnSerProAlaProGiyAlaHisProSerProAlaProGlnProProValProLeuGlyHisCys

*TcDNA
GCTCCCGGCCCCACCACCCCGGCTGTCGCGACCGGGGGCAGCGCCCCCGCGTGCCCGCTGCTGCTGGCGGACCAGGGCCCGGCG
AlaProGlyProThrThrProAlaValAlaThrGlyGlySerAlaProAlaCysProLeuLauLeuAlaAspGlnGlyProAla

gcgggcgtgggggcgcggggcagggcgcgggaggggacccccatctggccggcgctttggctgtgggtgtgtgcgcgccgcccgc

agcctagtcctaacgtgagaacccttttgtacccaaggtccctttatcctgagatttacgagacgccaaactgttagggcagtaa

Hindlll
ttatagcccccataaatttaattgccctggcagaggctcccggccatgtgtctttgaagcttttcttcagccccaaagcccagca

acacgttccttaaggcccgggtttcccgttgtcaatagcctgtgaaacatttctttgcctttttatgtacctgtgtgaacttggt

gtcaggttattatataatgatgatgtccgattgctcttctccaccctatctcctctctcctcccctcctcctcttctacttcttc

•E.cDNA
ctctttggccttctctttcggggttctggtgCtcagTCAACTCCAGTTATAACGGAGGCGAACCTAAGCGCTCTCGAACCGCCTA

aTAanSerSerTYrTsnGlyGlYGTuProLY3ArqSerArqThrA].aTY
TACCCGGCAGCAAGTCTTGGAACTGGAGAAGGAATTCCACTTTAACCGCTACCTGACCCGGCGGCGCCGCATCGAGATCGCCCAC
rThrArgGlnGlnValLouGluLouGluLyaGluPhoHlBPhoAanArgTyrLeuThrArgArgArgArglleGluIleAloHla

ACGCTCIGCTTGTCGGaGCGCCAGGTCAAGATCTGGITTCAGAACCGGAGAATGMGTGGAAGAAAGACCACAAACTTCCCAAC
TnrLeuCysLeuSarGluArgGlnvalLyalleTrpPheGlnAsnArgArgMetLyaTrpLyaLysAspHTlLysLeuProAsn

ACCAAGATGCGATCTTCCAACACTGCCTCGGCCCCTGCCGGCCCGCCTGGGAAAGCACAAACTCACAGCCCACACCCCCATCCC
ThrLy«MotArgScrSGrAsnThrAlaSerAlaProAlaGlyProProGlyLysAlaGlnThrHl3SerProHisProHi3Pro

CACCCTCTCCCTGGTGCTTCCACACCCATTCCCTCCTCCATATAAtctagagacctggatcagtttctctcacttatgtgcccta
HisProLeuProGlyAlaSerThrProIleProSerSerlleTrm

ctcatctcctgetcctgtcctcatctgctctcccteagtaaacccgagacaccaaaacaaaatccaacttgctggaaaccataac

caaaaagaagacattatccttggttggtgtgacccctccaagaggacgtctgtcctcgtcctcgttactgcttagtggaacaacc

tgctgacctggacaactttgccaggattggacacctgtaagaaagcactggccatcgactatctttgagtcagccagacagcacg

tgctgactgggacatgtacttgtatgcagaagaagcaggccggttcccagcttcccagctttctaaccttccttcctcttctgcg

ttaaggcagctcacatgagctttactgagtagactttgtggaccagattatttaatttcaaagtgtgtagaccttgatggtaggt

gtggcatgtagettcctctccttgcatttatttaagatactgttagagagatattgttgtcttatactgggcacagcgttgggga

gagggaaatgcatttagactcacttacaactgtacagagagatatggttgtataaagagaatgtgctaagAATAAActtcagttt

polyA tall-i HindiII

acaagacactaaaaacccaagagadagatttgtgtgtgttctaagcttaaaaaccaaaccaaaccaaactaccccaagcctcctc

CCggttgagatacttgacctagtgcgcgaagccttgtagacagggtgagctgaggtcacattctaagcacactcacaatgtgtgt

gtgtgCgtgtgtgtgtttaacttggtctgaattc
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Fig. 2. DNA and predicted
protein sequences of the murine
Hox-1.4 gene. The sequences of
the Hox-1.4 cDNA clones and
genomic region have been
determined. No divergence was
observed between cDNA and
genomic sequences. Sequences
encoding the predicted protein
are in capital letters and
sequences corresponding to
upstream, intronic and trailer
regions are in small letters
(except the polyadenylation
signal AATAAA). The
homeobox and hexapeptide
sequences are underlined. The
transcription start site is
numbered +1. T.cDNA and
*E.cDNA refer to the 5' end of
the testis and embryonic cDNAs
respectively, their 3' end
extending to the same poly A
site. The MK100 and MK101
oligonucleotides were used for
the determination of the start
site (Fig. 5).

Recombinant plasmids used for transfections
Putative upstream Hox-1.4 sequences were subcloned in the
pMT5 plasmid (gift from M. Zenke) which harbors the rabbit
/3-globin-coding sequence. The Hox-1.4 sequences were
inserted in the multiple cloning site and consisted of the
2750bp genomic ffi/idlll-W/rtdlll fragment in both orien-
tations (HH2750a; HH2750b; Fig. 1), the 2000bp HinAl\l-
Sacl and the 360 bp Apal-Sacl fragments in both orientations
(HS2000a, HS2000b, AS360a, AS360b, Fig. 1). Large-scale
plasmid preparations and purification of supercoiled DNA by
two rounds of CsCl gradient centrifugation were as previously
described (Zenke et al. 1986). The DNA sequence of the
insertion in AS360a was verified before transfection.

Cell lines and DNA transfection
Human HeLa and mouse F9 cells were grown in Dulbecco's
modified Eagle's minimal essential medium (DMEM;
GIBCO) containing 10% fetal calf serum, 500 i.u. of penicil-
lin, 400,ugml~' of gentamycin and lOO^gml"1 of strepto-
mycin. Calcium-phosphate-mediated transfections of all cell
lines were carried out using 10 ̂ g of the appropriate plasmid

per 9 cm dish. Cells were seeded 6-10 h before transfection to
give 50-60% confluence. The efficiency of transfection was
controlled with the /3-galactosidase pCHHO plasmid (Hall et
al. 1983). In order to induce differentiation in vitro, F9 cells
were treated the following day with retinoic acid (0.5 ^M) for 2
days. Cytoplasmic RNA was then harvested by the Nonidet
P40 lysis method of Groudine et al. 1981.

Primer extension mapping
One picomole of the m6 oligonucleotide (5'-GCAC-
CATTCTGTCTGTTTTGGG-3'), complementary to the
/J-globin sequence between portion +39 and +60, was
labelled with [y-32P]dATP (800Cimmor') and hybridized
with 50 fig of total RNA in 10 jul of 250mM-NaCl, 40mM-Pipes
pH6.4, 1 mM-EDTA and 0.2 % SDS, overnight at 42°C after
an incubation at 60°C for 1 h. After alcohol precipitation, the
samples were resuspended in 30/A of reverse transcriptase
buffer containing 50mM-Tris pH8.3, 50mM-KCl, 5mM-
MgCl2, 5mM-DTT, 500,uM-dNTP, 5 i.u. of AMV reverse
transcriptase and incubated at 42° C for 45min. Alcohol-
precipitable material was collected and resuspended in 5 /«1 of
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95% formamide, denatured at 70°C for lOmin and run in a
sequencing gel.

Preparation of nuclear extracts
DNAse I footprinting and gel retardation assays were per-
formed according to Xiao et al. (1987) and Davidson et al.
(1986). For these experiments, the following oligonucleotides
were used: GC+:(5'-GCCCCTAACTCCGCCCAGTTC-3')
and its complementary strand, which corresponds to the GC
box motif (Barrera-Saidana et al. 1985) and bind the transcrip-
tion factor Spl (Briggs et al. 1986). GC-:(5'-
GCCCCTAACTCAGTCCAGTTC-3') and its complemen-
tary strand, which correspond to the same sequence with
point mutations that prevent Spl binding. HC+: (5'-
GCGGAGGGGAGGGA-CAGTC-3') and its complemen-
tary strand, which are derived from the consensus sequence
from Fig. 7B. HC- : (5'-GCTGGATGGTGAGTG-
GAAGTC-3') and the complementary strand, which rep-
resent the same consensus with several point mutations.

In situ hybridization
The in situ hybridization experiments were carried out on
paraffin-embedded embryo and fetus sections according to
Gaunt et al. 1986 with minor modifications (Duboule and
Doll6,1989). The probe is identical to that described in Gaunt
et al. (1988). Exposure times were from 14 to 21 days.

Results

Structure of the Hox-1.4 gene
The mouse Hox-1.4 gene maps to the HOX-1 cluster on
chromosome 6 (Duboule et al. 1986; McGinnis et al.
1984; Bucan et al. 1986). Previous work (refs. above)
showed Hox-1.4 to contain a homeobox related to the
Antp group and to be expressed in embryos from day 9
to day 15 as two transcripts, a major one 1.4 kb pairs
long and a minor one of 2.5 kb. In adult mouse testis, a
shorter [1.25 kb] transcript was detected. A common
acceptor splice site for testis and embryonic RNAs was
mapped by Sj nuclease analysis 27 bp upstream of the
homeobox (Duboule etal. 1986). Using adult testis and
day 10 fetal poly (A)+ mRNA, we have constructed
oligo(dT)-primed cDNA libraries in AgtlO (LeBouc
etal. 1986). For each of these libraries, over 1 million
clones have been screened and different Hox-1.4
cDNAs have been obtained and sequenced (Fig. 1).
Both testicular and embryonic cDNAs extend 801 bp
past the 3' end of the homeobox to the poly A tail, 35 bp
downstream of a classical polyadenylation signal. The
deduced ORF, which translates the homeobox, ends 47
codons downstream of this domain and is followed by a
660 bp AT-rich untranslated region. Comparison of a
partial testis cDNA (1126 bp long) with genomic se-
quences (Fig. 2) has revealed a 486 bp intron located
just upstream of the homeobox, confirming the pre-
viously mapped acceptor splice site. The exon which is
thus brought next to the homeobox encodes the hexa-
peptide Val-Tyr-Pro-Trp-Met-Lys found 5' proximal to
the homeodomain of many genes (Mavilio et al. 1986).

The genomic sequence upstream of the 5' end of
these partial cDNA clones reveals a long open reading
frame which is continuous with the ORF of the homeo-

box and which displays at its putative N-terminus the
triplet Met-Ser-Ser. This sequence presents striking
similarities with the N-termini of most homeogenes
studied so far (Mavilio et al. 1986; Duboule et al. 1989)
and therefore likely localizes the Hox-1.4 translation
start site (Fig. 2). Within the 800 bp upstream of this
putative initiation codon, no canonical TATA box is
detected, though there is a 50 bp AT-rich stretch im-
mediately upstream which is preceded by a GC-rich
region (over 80% GC over 250bp). The Hox-1.4
putative translation product would thus be 285 amino
acids long, with a relative molecular mass of about
30X103. This protein has a high content of proline
(Pro«=18%) and alanine (Ala~12%). The comparison
of this putative Hox-1.4 protein with different homeo-
gene products reveals striking similarities, particularly
with those encoded by the mouse genes Hox-5.1
(Featherstone et al. 1988) and Hox-2.6 (Graham et al.
1988), the human genes C13 (Mavilio et al. 1986) and cp
19 (Simeone etal. 1988), the Drosophila homeotic gene
Dfd (Regulski et al. 1987) and the Xenopus gene
XHoxlA (Harvey et al. 1986) (Fig. 3). These simi-
larities are mainly localized in 3 regions including a 22
aa stretch at the /V-terminus, the region of the hexapep-
tide and within the homeodomain itself (overlined in
Fig. 3). In addition, DNA sequence comparisons reveal
conservation immediately upstream of the start codons
of these different genes (not shown). All these homeo-
genes thus belong to the Hox-1.4-like (D/d-like) sub-
family as predicted from their respective localizations
along the different clusters (Duboule and D0II6, 1989;
Boncinelli et al. 1988; Graham et al. 1989).

Downstream of the homeodomain, no striking simi-
larities with other homeogene products are observed
except with the human Hox-1.4 gene which presents a
very comparable ORF (E. Boncinelli; pers. comm.).
The 510 bp sequence between the Met-Ser-Ser triplet
and the region encoding the conserved hexapeptide is
extremely GC-rich and only partially covered by the
testis cDNA clones (Fig. 1).

Two different oligonucleotides (Fig. 2, MKlOO,
MK101) were used to map the 5' end of the Hox-1.4
transcripts present in embryonic and F9 cell mRNAs,
by SI nuclease analysis. Two protected fragments, 54
and 62 nucleotides (nt) long (MKlOO) or 75 and 83 nt
long (MK101) were obtained when fetal mRNAs were
used whereas only the longer one was seen with
differentiated F9 cells mRNA (Fig. 4). These two bands
might represent different start sites. Alternatively, the
larger one could be due to the particular sequence in
this area where a stretch of five A residues precedes a
stretch of five T residues (immediately upstream of
position +1 in Fig. 2; also visible in the sequencing lane
in Fig. 4). The resulting hairpin could prevent SI
digestion from occurring at the right place. We there-
fore map a possible start site 12 bp upstream from the
translation start site shown in Fig. 2 (arrow), in a
sequence (TTTTGCACTTC) that resembles the con-
sensus eukaryotic cap site (Bucher and Trifonov, 1986).
However, the absence of a consensus TATA box, and
the observation of a transcript 45 nt longer by using
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Fig. 3. Comparison of the Hox-1.4 predicted
protein with other related homeogene
products. The murine Hox-1.4 sequence, at
the top, is used as the basis for comparison
with other sequences from mouse (Hox-5.1,
Hox-2.6), human (C13, cpl9), Xenopus
(XHoxlA) and Drosophila (Dfd). For
references, see the text. Hyphens represent
identical amino acids whereas spaces are
used to facilitate the best possible alignment.
The three main regions of consensus are
underlined: the iV-terminal part, the
hexapeptide and the homeodomain.

reverse transcriptase on the same mRNAs (data not
shown), suggested the possibility of multiple start sites
without excluding the presence of a short additional
exon, located upstream. We therefore looked at the
promoter activity of the region located immediately
upstream of these putative start sites. 2kb and 360bp
fragments extending upstream from the initiation codon
were inserted in both orientations in front of rabbit
^-globin coding sequences (plasmids pMT5:HS2000a,
HS2000b and AS360a, AS360b respectively, in Fig. 1).
These plasmids were transfected into HeLa, Cos and F9
cells, and a primer complementary to the /3-globin first
exon (m6, Fig. 1) was used to detect the presence of

Fig. 4. SI mapping of the murine Hox-1.4 transcription
start site. SI nuclease mapping was carried out using 2
single stranded probes extended from the end-labelled
MK100 and MK101 primers (the MK101 probe is 20
nucleotides (nt) longer than the MK100). 50 ̂ g of the
various RNA samples were used in each assay. D12 and
D13: total day-12 and day-13 fetal mRNA; K, total adult
kidney mRNA; F9+, cytoplasmic RNA from untransfected,
RA-treated F9 cells; F9- , cytoplasmic RNA from
untransfected, untreated F9 cells. The G,A,T, panels show
the sequence obtained with the dideoxy method using the
MK100 oligonucleotide as primer.

/3-globin mRNAs by the primer extension assay. A
106 nt long extension product was obtained after re-
verse transcription from the m6 primer annealed to
RNA from cells transfected with constructs carrying the
presumptive Hox-1.4 promoter in its correct 5' to 3'
orientation in front of rabbit /3-globin sequences (shown

MK100 MK100' MK101* MK100' MK101*
A T"D)2 D ,3 '

• K D)2D,3"F,' F,- F,' F,-'
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Fig. 5. Hox-1.4 promoter activity in transfected cells.
Promoter activity was assayed by primer extension. Only
the results obtained with either Cos or F9 cells treated
(F9+) or not treated (F9-) with RA are shown. The
various transfected constructs are indicated on the top and
diagramed in Fig. 1. Band sizes (nt) are on the right. The
two constructs with the 5'-3' orientation (a) are able to
promote the transcription of the rabbit /3-globin gene as
judged by the 106 nt long product extended from the m6
primer (see Fig. 1). Ten times less RNA was used in the
case of Cos cells.

for Cos and F9 cells, Fig. 5). No specific extension
products were detected when promoter fragments were
cloned in the reverse orientation. The upstream end of
the 106 nt extension product maps next to the 5' end of
the shorter fragment protected against SI nuclease
digestion when embryonic mRNAs are used (Fig. 4).
Thus, both upstream Hox-1.4 fragments (2 kb and
360 bp) when inserted in the normal 5'-3' orientation,
were able to promote /J-globin transcription in trans-
fected cells. The same hybrid transcripts in approxi-
mately identical amounts were observed for each case.
No differences in the amount of transcripts were
detected when F9 cells, transfected with the 360 bp
upstream region (pMT5 AS360a), were treated with
retinoic acid (RA Fig. 5). In contrast, when a 2750 bp
fragment, including 2 kb of sequences upstream of the
translation initiation site and extending 750bp down-
stream, was used to promote transcription in F9 cells,
the amount of j8-globin transcripts increased with the
addition of RA (Fig. 6). The first 750 bp of the coding
sequence or the additional upstream region may there-
fore play a role in the response to RA. Thus, a 360bp

M

pMT5 pMT5 PAO unrrans-
HH2750a HH2750b fecf-ed

2 3 8 -

217 -

2 0 1 -
190 -
180-

Fig. 6. The effect of RA on transfected F9 cells. The Hox-
1.4//3-globin hybrid constructs used are diagramed in Fig. 1.
Only the correct orientation (a) gave detectable amounts of
/3-globin transcripts, significantly higher after treatment of
the cells with retinoic acid (+). The expected increase (3- to
5-fold) is observed with the control plasmid (pAO, see
material and methods and Nomiyama et al. 1987).

sequence located immediately upstream of the Hox-1.4
coding sequence is sufficient to promote transcription in
various transfected cells and likely harbours cw-acting
promoter elements. This sequence contains several GC
boxes as well as an inverted CCAATbox (position-250
in Fig. 2) also present in upstream sequences of most of
the Hox-1.4-like homeogenes (B.G. unpublished re-
sults). In order to see whether these upstream elements
may be functional in the context of the cell lines used
for the transfection, an end-labelled DNA fragment
corresponding to the upstream 360 bp was incubated
with nuclear cell extracts obtained from various cell
lines and DNAse I footprint experiments were carried
out. Comparable results were obtained for all cell lines
and only those obtained with Hela and F9 cells are
shown (Fig. 7). Six major protections were detected,
which correspond to six GC-rich sequences A to F in
Fig. 7A. Three of these contained a genuine Spl
consensus binding site (GC boxes, C,E,F; Fig. 7A, see
Dynan andTjian, 1983) whereas the others were related
to it. In order to see if Spl is involved in these various
protections, competition experiments were carried out
in the presence of an Spl-binding GC box oligonucleo-
tide (GC+) and an oligonucleotide consensus for the 6
protections observed (HC + ; see Fig. 7B). While the
consensus oligonucleotide (HC+) could compete with
all six binding sites and therefore deprotect them
(Fig. 7A), the Spl-binding oligonucleotide (GC+)
competed clearly with only 2 of the protected sequences
(E and F) and could partially deprotect three other
sequences (A, C and D), consistent with the presence in
E, F and C of genuine Spl consensus sequences. The
inability of the GC+ oligonucleotide to deprotect sites
B and, to some extent, A, C and D suggests the
existence of another factor(s) which recognizes GC-rich
motifs upstream of the Hox-1.4 transcription start site
and which can bind the HC+ oligonucleotide. This
conclusion is confirmed by the visualization of the
various nucleoprotein complexes by the gel retardation
assay. Hela cell extracts incubated with the HC+
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D - 1 5 5 5'-GACGGCGGGAGGGGGAGGGGCAGTC-3' - 1 3 1
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Fig. 7. DNA-binding activities upstream of the Hox-1.4 transcription start site. (A) DNAse 1 footprinting. The template
used is the end-labelled pMT5A360a fragment (360bp; Fig. 1). The left and middle panels show the protections obtained
with Hela and F9 cell nuclear extracts at two different protein concentrations (top). The positions of the six major protected
regions (A to F) are indicated on the left. The right panel shows a competition between a Hela cell nuclear extract (5000ng)
and various amounts of wild-type (GC+; HC+) and mutated (GC-; HC-) GC box and Hox-1.4 consensus oligonucleotides
(see legend to 7B and in Materials and methods for sequences). While both G C - and HC- have no effect, HC+ can
deprotect all six sequences whereas GC+ can deprotect only E, F, and, to a lesser extent, A, C and D. (B) Sequence
comparison of protected regions. The letters correspond to those indicated under A. The consensus sequence is shown
below. (C) Analysis of the nucleoprotein complexes formed after incubation with a Hela cell nuclear extract. The probes
used are shown in the top and various amounts of cold competitor (GC+ or GC-) are indicated below. Four different
complexes are identified and shown on the right side of the picture (I to IV).

oligonucleotide give four retarded bands by this tech-
nique. Competition with the Spl-binding GC+ cold
oligonucleotide disrupted the formation of some com-
plexes (1 and III; Fig. 7C) whereas complexes II and IV
did not seem to be affected and therefore probably did
not contain Spl. The mutated Spl binding oligo (GC—)
was unable to interfere with nucleoprotein complex
formation. These results suggest that GC-rich elements
of the Hox-1.4 promoter interact with Spl and other as
yet unidentified transcription factors.

Expression of the Hox-1.4 gene
The expression of Hox-1.4 during prenatal develop-
ment was studied by in situ hybridization performed on
serial sections of mouse embryos or fetuses from 7.5 to
15.5 days post coitum (p.c) using a probe located 3' to

the homeobox (see Materials and methods). As a
control for each experiment, adjacent sections were
hybridized with the sense probe and showed no signifi-
cant hybridization. Neither was any signal seen upon
hybridization of the antisense probe to sections that had
been pretreated with RNAse A (Fig. 8C and D).

Expression of Hox-1.4 at early stages of development
Hox-1.4 transcripts are detected at the earliest stage
that we studied, i.e. 7.5 days p.c. At this stage, the
mouse embryo is composed of three germ layers, and
the neural groove and notochord are forming. Several
sections through the posterior regions of the embryo
show specific labelling, which seems to be restricted to
the mesodermal germ layer (Fig. 9). The ectodermal
layer does not seem to be labelled above background.
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However, a definitive observation would require a
more precise technique such as the use of antibodies.
We therefore cannot exclude a weak but specific signal
in restricted parts of the embryonic ectoderm. No

hybridization is found in the allantois or any other
extraembryonic tissues.

At day 9.5, more than 20 somites have formed, and
the most anterior ones are differentiating. The neural

Fig. 8. Expression of the Hox-1.4 gene as seen by in situ hybridization using sagittal sections through a 13.5-day-old fetus
and specificity controls. The section was hybridized to the Hox-1.4 antisense probe and is shown under bright-field (A) or
dark-field (B) illumination. Adjacent sections hybridized with the Hox-1.4 sense probe (C) or first treated with RNAse A
and hybridized to an antisense probe (D) are shown as controls. 4, fourth ventricle; sc, spinal cord; pv, prevertebra; lu,
lungs; he, heart; li, liver; pi, posterior limb. A,B,C,D: magnification is I6x; exposure time was 20 days.
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Fig. 9. Expression of Hox-1.4 in the 7.5-day-old mouse embryo. (A) Scheme of a medial longitudinal section through a 7.5-
day-old embryo. The arrows indicate the plane of section shown in B and C. (B-C): Transverse section through the
posterior part of a 7.5-day-old embryo hybridized with the Hox-1.4 antisense probe. AN, anterior; PO, posterior; al,
allantois; am, amnion; ec, ectoderm; me, mesoderm.
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tube has closed except in the regions of the anterior and
posterior neuropores. At this stage, the expression of
Hox-1.4 is higher and clearly restricted to the neural
tube (CNS), the lateral plate mesoderm (Fig. 10 B), the
mesodermal layer of the primitive intestine (Fig. 10 D,
stomach primodium), and the para-axial mesoderm,
which differentiates into segmented nephrotomes
(Fig. 10 F). There is a sharp boundary of hybridizing
cells between the wall of the stomach, where-the
hybridization is strong, and the anlagen of the liver,

which is negative (Fig. 10 D, arrow). A homogeneous
signal is also detected in the limb buds.

Hybridization is thus found in mesodermal and
neuroectodermal tissues, but is restricted along the AP
axis so that more anterior regions like the cephalic and
cardiac tissues do not express Hox-1.4 (Fig. 10 D).

Expression of Hox-1.4 in the nervous system
In all developmental stages studied, a strong signal is
observed in the CNS. The signal is most intense in the

Fig. 10. Expression of Hox-1.4 in the 9.5-day-old mouse embryo. (A-F) Three serial transverse sections of a 9.5-day p.c.
embryo hybridized with the Hox-1.4 antisense probe are shown. The sections are at the levels of the first branchial bars and
midbrain (A, B), the heart (C, D) and the primitive kidney (E, F). I-II, first and second branchial bars; nt, neural tube; mb,
midbrain; lp, lateral plate mesoderm; he, heart; lb, forelimb bud; st, stomach (primordium); li, liver; fb, forebrain; ne,
nephrotome. The arrow indicates the limit between the stomach and the liver primordium.
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hindbrain and upper spinal cord and decreases pos-
teriorly, while remaining above background levels up to
the most posterior regions of the spinal cord (Fig. 11).
At 12.5 days p.c , the anterior boundary of expression
lies within the myelencephalon, immediately posterior
to the otic vesicle (Fig. 11 B to D). The boundary
extends more anteriorly in the ventral floor of the
fourth ventricle than in the roof plate. At 15.5 days p.c ,
the ventral boundary lies in the anterior part of the
medulla oblongata, next to the limit between the
medulla and the pons (data not shown). There is
therefore a sharp boundary between Hox-1.4 express-
ing and nonexpressing neuroblasts in a region of high
cellular mobility. The posterior boundary seems to
become more anterior as development proceeds but
this may be due to the overall decrease in the amount of
transcripts, increasing the contrast between highly
expressing areas (myelencephalon) and poorly express-

ing areas (posterior part of the neural tube). The
hybridization is found only in areas of grey matter
(which contain the cell bodies), whereas the presump-
tive areas for white matter (which have a fibrillar
morphology) are negative.

At 12.5 days p.c, the ependymal cavity is surrounded
by a layer of neuroepithelial cells of high mitotic
activity, whereas the mantle layer is composed of
neuroblasts, precursors of neurons and glial cells.
Transverse sections of fetuses at this stage show that
labelling in the spinal cord is not uniform: the neuroepi-
thelial layer is not labelled (or very weakly), whereas a
strong signal is observed in the mantle layer, especially
in the ventral horns and dorsal regions, at the level of
the cervical spinal cord (Fig. 11 E). From the thoracic
spinal cord downwards, only the dorsal portion of the
spinal cord is intensely labelled (Fig. 11 F and G). In
addition, all the detected spinal ganglia are labelled,

Fig. 11. Expression of Hox-1.4 in the nervous system of a 12.5-day-old mouse fetus. (A) Sagittal section (the plane of
section is slightly skewed) of a 12.5- day-old fetus. The arrows indicate the planes of the transverse sections shown in panels
C to G. (B) Enlargement of the hindbrain region (boxed in A) showing the anterior boundary of Hox-1.4 expression within
the myelencephalon, also shown on a transverse section at about the same level (C-D). (E-G) Serial transverse sections
from the cervical to the lumbar spinal cord of the same fetus. 4, fourth ventricle; me, metencephalon; my, myelencephalon;
sg, spinal (dorsal root) ganglion; vh, ventral horn of the spinal cord.
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Fig. 12. Expression of Hox-1.4 in the
prevertebral column and the ribs.
(A) Sagittal section of a 12.5-day fetus
hybridized with the Hox-1.4 antisense
probe. (B-C) Enlargement of the
region of the cervical prevertebrae
(boxed in A) showing strong
hybridization from the third cervical
prevertebra to the first thoracic
prevertebrae. A weaker but clear signal
is found in the axis (second cervical
prevertebra) and in more posterior
thoracic prevertebrae. (D-E) Two serial
parasagittal sections of a 13.5 day fetus
focused on the region of the ribs, and
viewed under dark-field illumination, at,
atlas (pvl); ax, axis (pv2); C3 to C7,
Third to seventh cervical pv; sc, spinal
cord; rl, first presumptive rib.

though the intensity of the signal gradually decreases
from the upper thoracic level to the most posterior
ganglia (see Fig. 11 E).

Expression of Hox-1.4 in the sclerotomic derivatives
The presumptive vertebral column at day 12 of fetal
development consists of metameric condensations de-
rived from the segmented sclerotomes (somitic meso-
derm) and positioned around the notochord. Each
condensation is the anlagen of an intervertebral disk,
while the adjacent loosely packed regions will give rise
to the bodies of the vertebrae (Verbout, 1985).

Contrary to a previous report (Toth et al. 1987), Hox-
1.4 transcripts are detected in the prevertebral column,
with the exception of the first cervical prevertebra (pv),
the atlas, which is negative (Fig. 12 C). The axis
(second cervical pv) is weakly labelled, the intensity of
the signal increasing in more posterior cervical pv. The
labelling begins to weaken at the second thoracic pv but
remains slightly above background until the most pos-
terior identified pv (caudal pv). A strong hybridization
signal is also present in the presumptive ribs which, like
the vertebrae, are derived from the sclerotome
(Fig. 12D). At day 13 of development, the future ribs
consist of mesodermal cells differentiating into cartila-
ginous cells. The ossification centers will only appear by
day 14 (Theiler, 1972). As seen in Fig. 12 E, the central
parts of the future ribs are not labelled, whereas the

cells surrounding the cartilaginous cells display a high
level of Hox-1.4 expression. At day 15 p.c , hybridiz-
ation will then be restricted to thin crowns around
developing ribs (visible on the top of Fig. 13F). In this
case, the cells expressing Hox-1.4 are likely to be
mesodermal cells in the course of cartilage differen-
tiation, the expression of Hox-1.4 being turned off in
differentiated chondroblasts.

Expression of Hox-1.4 in other mesodermal derivatives
Hox-1.4 transcripts are also detected in structures
partially derived from lateral plate or para-axial meso-
derm, including fetal lung, intestine and kidney. In
addition, some cervical and thoracic regions of meso-
dermal origin hybridize to the Hox-1.4 antisense probe.
These include the mesenchymal tissue located between
the aortic arch and the base of the heart (Fig. 13 B), and
the mesenchyme surrounding the base of the larynx and
the trachea (Fig. 13 B). In this latter region, as well as in
the diaphragm (Fig. 14 B), the signal is particularly
strong.

In the embryonic lungs, Hox-1.4 expression is restric-
ted to mesenchyme. The endodermally derived cells
forming the epithelium of the bronchi are not labelled
(Fig. 13 C-F). At day 12.5 p.c , the hybridization is
stronger in the peripheral parenchyma than in the
peribronchial regions. Expression in the stomach and
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A

Fig. 13. Expression of Hox-1.4 in the cervical and the respiratory region. (A,B) Parasagittal section of a 12.5 days p.c. fetus:
detail of the pharyngo-laryngeal region. (C,D) Cross section through a 12.5-day-old lung. (E,F) Sagittal section through the
lung of a 15.5-day-old fetus, pv, prevertebrae; lu, lung; oe, oesophagus; tr, trachea; ao, aorta; he, heart; br, lobar bronchus;
ri, ribs.

gut is also limited to mesenchymal cells. The epithelium
is again negative (Fig. 14 B-F). Hox-1.4 transcripts
show an AP restriction along the alimentary canal,
since no hybridization is found in the oesophagus
whereas a clear signal is present from the stomach wall
to that of the hindgut, presumably until the anterior end
of the gut. By day 15.5, the intestinal tissue shows a
double layer of Hox-1.4 positive cells which likely
correspond to the differentiation of the muscle layers of
the digestive tract (Fig. 14 F). However, the resolution
of this technique does not allow us to exclude an
expression of Hox-1.4 in other cell types such as the

myenteric plexus, which is part of the peripheral
nervous system.

At 9.5 days p.c , Hox-1.4 transcripts are detected in
the nephrotomes which are metamerized structures
derived from the intermediate (para-axial) mesoderm.
Three days later, the mesonephros is weakly and
homogeneously labelled with no apparent restriction to
the mesonephrotic tubules. Labelling in the mesoneph-
ros is only slightly above background, and is thus not
clearly visible in the section shown in Fig. 14 B.
Labelling of metanephric tissue, the precursor of the
adult kidney, is again homogeneous, with no enhanced
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Fig. 14. Expression of Hox-1.4 in the alimentary tract and fetal kidney. (A-B) Parasagittal section of 12.5-day p.c. fetus
through the fetal lung and intestine. (C-D) Transverse section of the primitive intestine of a 12.5-day p.c. fetus.
(E-F) Enlargement of the intestinal region in a sagittal section of a 15.5-day fetus. (G-H) Sagittal section of the kidney and
adrenal gland of a 15.5-day p.c. fetus, lu, lung; in, intestine; di, diaphragm; ms, mesonephros; ao, aorta; he, heart; li, liver;
ep, intestinal epithelium; me, intestinal mesenchyme; ad, adrenal gland; ki, kidney.
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hybridization to either the glomeruli or the tubular
epithelium. The adrenal glands and fetal gonads do not
hybridize to the Hox-1.4 probe (Fig. 14 H and data not
shown).

The mesenchyme of the forelimb buds is homo-
geneously labelled by day 9.5 p.c. Later on, at day 12
and 13, a weak signal is detected in some regions of both
limbs (Figs 8B and 12D). No precise histological ident-
ity could be assigned to the labelled structures of
probable mesodermal origin (see Discussion).

Discussion

Structure of the Hox-1.4 gene
In this paper, we report an extensive analysis of the
structure and expression pattern of the Hox-1.4 gene.
The sequence of this gene revealed a structure compar-
able to that of most described murine Hox genes. A
major upstream exon encoding the hexapeptide is
separated by a relatively short intron from a major
downstream exon which encodes the homeodomain.
Preliminary evidence suggests that Hox-1.4 RNAs
could be further spliced so that differences in the
N-terminal part of the Hox-1.4 protein might account
for the different transcript sizes present in embryos
versus adult testes (~1.5 and 1.3 kb, respectively;
Rubin etal. 1986; Wolgemuth etal. 1986; Duboule etal.
1986). This additional splicing event would occur in a
region extremely rich in GC (greater than 80 %), which
explains the difficulty in isolating full-length cDNAs
clones corresponding to the expected different tran-
scripts. This very high GC content correlates with a high
amount of proline and alanine as has already been
observed for genes belonging to the same subfamily
(i.e. Hox-5.1, Featherstone et al. 1988). The overall
protein sequence shows blocks of similarities with the
other members of this subfamily especially in the
vicinity of the homeodomain, the hexapeptide and at
the N-terminus. Some of these highly conserved regions
are found in other species such as in the translation
products of the Xenopus XHoxlA gene and the Dros-
ophila homeotic gene deformed (Dfd). This sequence
conservation between species may reflect a conser-
vation of function(s) at the molecular level. Nonethe-
less, at the cellular and organismal levels their function
might be different. Because Hox-1.4 and the Dros-
ophila Dfd gene are related by structure, position
within their respective clusters, and by the relative
position of their expression domains along the embry-
onic anteroposterior axis, it is tempting to speculate
that aspects of the Drosophila homeotic gene network
have been conserved in vertebrates (Duboule and
Dolle\ 1989; Graham et al. 1989).

The combination of both SI nuclease and primer
extension analysis using mRNAs extracted from em-
bryos and untransfected or transfected cell lines did not
reveal a clearcut transcription start site but rather
suggested the presence of multiple starts within 10 to
20 bp (around position +1 in Fig. 2). These apparent
discrepancies might be due to the presence of stretches

of A and T residues immediately upstream of this
putative start site. Alternatively, multiple functional
start sites may really exist due to the structure of the
Hox-1.4 promoter; in fact, though this putative site is
preceded by a short AT-rich region, no genuine TATA
or CAAT motifs are found at the expected positions,
which may explain the lack of accurate transcription
initiation and the 250 bp preceding this site are ex-
tremely GC rich. In order to see whether this putative
promoter region had transcriptional activity, Hox-1.4/
rabbit /3-globin hybrid constructs were assayed in differ-
ent cell lines. The results of these experiments showed
that a DNA fragment extending 360 bp upstream from
this putative start site was capable of promoting the
rabbit /3-globin transcription in all the cell lines that
were used. In this case, both primer extension and SI
nuclease analysis specifically map a unique start site
next to that mapped for embryonic mRNA. An in-
crease in /3-globin transcripts in response to RA was
only obtained when a larger 2.75 kb Hox-1.4 fragment
was placed in front of the rabbit /3-globin gene. This
suggests that upstream sequences that map outside of
the 360 bp fragment could be responsible for the RA
responsiveness of the Hox-1.4 gene. The 360bp frag-
ment could therefore represent a GC-rich minimal
promoter fragment. GC-rich promoters have been
described for viral and cellular housekeeping genes
(Dynan et al. 1986), genes involved in growth control
e.g. EGF and insulin receptors, c-myc, Ha-ras (Ishii
etal. 1985, 1986; Araki et al. 1987; Lobanenkov et al.
1986) or specifically expressed during fetal development
(theta-globin; Leung et al. 1987). The structures found
upstream of the Hox-1.4 start codon suggested that this
gene might be controlled by such a class of promoter
elements. Such promoters often contain hexanucleotide
5'-GGGCGG-3' binding sites for the transcription
factor Spl (Dynan and Tjian, 1983; reviewed by Kado-
naga et al. 1986). DNAse I footprint experiments were
carried out using nuclear extracts from those cell lines
where this fragment had been shown to function. In all
cases, 6 strong protections were observed over GC-rich
regions. Three of these protected sequences include
genuine Spl-binding sites and were shown to bind this
transcription factor. Further studies using gel retar-
dation and competition with different consensus oligo-
nucleotides confirmed that Spl was involved in some of
these protections. They also revealed that other fac-
tor^) are present which, alone or in combination with
Spl, recognize sequences with high GC content. GC-
rich promoters have been shown to exhibit bidirectional
activity (Hoffman et al. 1987) and GC box sequences
can also function in both orientations (Everett et al.
1983; Baty et al. 1984). This might explain the band we
detect after reverse transcription of mRNA extracted
from cells transfected with the 360 bp fragment in the
reverse orientation (upper band in panel PMT5AS360b
of Fig. 5).

Expression of the Hox-1.4 gene during embryonic and
fetal development
Hox-1.4 transcripts are detected at the earliest by day
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7.5 p.c. in posterior regions of the embryo, presumably
in the embryonic mesoderm. Such a restriction of
homeogene expression has been reported in late gas-
trula embryos, suggesting a function for these genes by
the time the AP axis of embryo is established (Gaunt,
1987). Our detailed analysis of Hox-1.4 expression in
the CNS during development is in agreement with
studies previously reported (Toth et al. 1987; Gaunt et
al. 1988). Briefly, Hox-1.4 is expressed in the fetal
spinal cord up to an anterior boundary located within
the hindbrain, corresponding, by day 12.5 p.c, to the
middle portion of the floor of the myelencephalon. This
anterior boundary of expression within the hindbrain
(rhombencephalon) was established as early as day 9.
During later stages, this anterior border lies in the very
anterior portion of the medulla oblongata. Within the
spinal cord, Hox-1.4 shows differential dorsoventral
expression in the mantle layer at distinct metameric
levels: transcripts are preferentially detected in the
ventral horns and dorsal regions of the cervical spinal
cord, whereas the thoracic spinal cord shows stronger
hybridization only in its dorsal regions. This different
distribution of Hox-1.4 transcripts concerns two zones
of distinct developmental fate since ventral horns har-
bor the bodies of the future motor neurons whereas the
dorsal region contains sensory nuclei. There is a striking
similarity in the position of the anteroposterior bound-
ary of expression of the three murine gene members of
the Hox-1.4 (Dfd) related family; Hox-1.4 (Gaunt etal.
1988 and this work), Hox-5.1 (Featherstone et al. 1988)
and Hox-2.6 (Graham et al. 1988). The similar relative
positions of these three genes along their respective
clusters is therefore accompanied by both structural and
functional homologies. Comparative studies of the
domains of expression of these genes on neighbour
histological sections will clarify this point (S. Gaunt
et al. submitted).

Hox-1.4 transcripts, like other Hox genes (Gaunt et
al. 1988; Holland and Hogan, 1988), are detected in the
scleretome-derived prevertebrae, with the exception of
the first vertebral anlage, which is not labelled. Thus,
the metameric anterior boundary of Hox-1.4 lies be-
tween metameres Cl and C2 (corresponding to the
level of the 6th somite). A marked decrease in the
intensity of labelling is found between the first and
second thoracic prevertebrae, at the same level where
the distribution of Hox-1.4 transcripts changes in the
adjacent spinal cord. Between day 12 and 15, Hox-1.4
expression becomes progressively restricted to the mes-
enchymal cells that closely surround the cartilage pri-
mordia of the vertebral bodies. A similar restriction is
found in the developing ribs, as previously described for
the Hox-1.3 gene (Dony and Gruss, 1987), suggesting
that Hox gene products are commonly required for the
accurate development of the axial skeleton. A similar
restriction to chondrocyte precursors is seen with the
expression of two genes of the HOX-5 complex in
developing limbs (Doll6 and Duboule, 1989).

Hox-1.4 is also expressed in various nonsomitic
mesodermal derivatives, including the whole meso-
nephric column, the metanephric parenchyma and

mesenchymal components of the digestive and respirat-
ory tracts. The anterior limit of Hox-1.4 expression in
nonsegmented mesoderm is consistent with that seen
between metameres Cl and C2 since no structures
derived from the cephalic somitomeres are labelled.
The most anteriorly labelled mesodermal structures are
the trachea and the base of the larynx. The latter is
derived from the mesoderm of the 5th and 6th branchial
bar, located close to the 6th somite, the boundary of
Hox-1.4 expression. Such a distribution of Hox-1.4
transcripts is consistent with a role in the specification of
positional identity along the AP axis in an otherwise
homogenous population of cells in both the segmented
and nonsegmented mesoderm (Gaunt et al. 1986; 1988;
Gaunt, 1988; Dony and Gruss, 1987; Holland and
Hogan 1988).

Interestingly Hox-1.4 expression is detected in the
digestive splanchnic mesoderm only from the distal part
of the oesophagus and caudally. According to the
proposed model (refs above), a large anterior part of
the oesophagus mesoderm would thus be derived from
cells originating anterior to the 6th somite and thus
migrating to a more posterior position after the early
elongation phenomenon typical of primitive intestine
morphogenesis. Later on, the splanchnic mesenchyme
that surrounds the growing tracheal gutter would derive
from a more posterior cellular population (where Hox-
1.4 is expressed), leading to the apparent paradox of an
unlabelled oesophageal mesenchyme adjacent to a
strongly labelled trachea. This illustrates the potential
interest of Hox genes as markers during migratory
processes.

The presence of Hox-1.4 transcripts in the gut is of
particular interest since it was recently reported that a
high level of expression of this gene in gut could lead to
the formation of a megacolon in transgenic mice (Wol-
gemuth et al. 1989). However, it is not clear whether the
expression of the transgene does exactly correspond to
the endogenous 'double layer' pattern we report here.
It is therefore possible that such a phenotype is ob-
tained by ectopic expression of this transgene within a
nonectopic structure. This illustrates the difficulty in
using such an approach to analyse expression in single
cells and the requirement for a more precise approach
to answer these questions.

Hox-1.4 transcripts are clearly detected in the mesen-
chyme of both limb buds. However, if a clear signal is
seen within the mesenchyme of the forelimb bud by day
9.5 p.c, the signal becomes very weak in the following
days of development thus precluding a systematic study
of Hox-1.4 expression in these structures. Expression of
Hox genes in the limbs has been reported in several
cases (Savard et al. 1988; Oliver et al. 1988; D0II6 and
Duboule, 1989; Robert etal. 1989) suggesting a possible
role for these genes in limb morphogenesis (reviewed
by Brockes, 1989).

Both the structure and expression data reported in
this study support currently available models concern-
ing the structural and functional organization of the
murine HOX gene family (Gaunt, 1988; Gaunt et al.
1988; Holland and Hogan 1988; Duboule and Dolle",
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1989; Graham et al. 1989). Indeed the Hox-1.4 gene
belongs to a subfamily of homeogenes expressed from a
rather anterior level in a subset of cellular types within
different organs. The origin and nature of these differ-
ent Hox-1.4-positive structures reinforces the proposal
that murine homeogenes may serve as positional cues
during vertebrate development.
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