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Summary

By use of in situ hybridization experiments on mouse
embryo sections, we compare the transcript patterns of
three homeo-genes from the Hox-1.4 subfamily (Hox-
1.4, -2.6 and -5.1). Genes within a subfamily are true
homologues, present in the genome as a result of
duplication of an ancestral homeo-gene cluster.

We show that Hox-1.4, -2.6 and -5.1 are similar,
although apparently not identical, in the limits of their
transcript domains along the anteroposterior axis.
Within the prevertebral column of the 12£ day embryo,
for example, the anterior boundary of transcripts for
each of the three genes was most obvious at the junction
of the first and second prevertebrae. Similarly, all three
genes showed an anterior boundary of transcripts within
the central nervous system that was located in the mid-
myelencephalon of the hindbrain. Both in the prever-
tebral column and hindbrain, however, Hox-2.6 and
Hox-5.1 transcripts extended slightly anterior to the
anteriormost limits detected for Hox-1.4.

In spite of close similarities in the positions of their
transcript domains, Hox-1.4, -2.6 and -5.1 displayed

striking stage- and tissue-dependent differences in the
relative abundance of their transcripts. For example,
Hox-5.1 transcripts were abundant within mesoderm
and ectoderm of early stages (82 and 9\ days), yet were
detected only weakly in mesodermal components of the
lung and stomach at 10£ days, and were apparently
absent from these tissues at 12A days. In contrast, Hox-
1.4 and Hox-2.6 transcripts were relatively weakly
detected at 8 | and 9£ days, but were abundant within the
lung and stomach at 12| days. Our findings suggest, but
do not prove, that genes within the Hox-1.4 subfamily
might be coordinately regulated in their expression.

We discuss the patterns of mouse homeo-gene ex-
pression now observed in terms of models originally
devised for Drosophila. We also propose how our new
findings may help to explain any selective advantage to
the vertebrates of homeo-gene duplication to form sub-
families.

Key words: mouse embryo, homeo-gene subfamily, in situ
hybridization.

Introduction

In situ hybridization studies have provided much cir-
cumstantial evidence to support the hypothesis that the
Antennapedia- (Antp-) like homeobox-containing
genes of the mouse, like those of Drosophila (e.g.
Gehring, 1987), may play a role in pattern formation
during embryogenesis. Thus, mouse homeo-genes are
expressed in spatially restricted domains within the
developing embryo. Different homeo-genes are usually
found to be expressed in different domains, and these
lie within a series of partially overlapping transcript
domains along the body axis (e.g. Gaunt, 1988; Gaunt
et al. 1988; Holland and Hogan, 1988a). The domains
are first established before organogenesis within the
ectoderm and mesoderm germ layers at 1\ days ges-
tation (Gaunt et al. 1986; Gaunt, 1987, 1988; Mahon et

al. 1988), and subsequently they persist within the
developing nervous system, the prevertebral column,
and at least some of the organs at 12| days.

Four separate clusters of Antp-like homeo-genes
have been identified in the genome of the mouse. These
are the Hox-1, Hox-2, Hox-3 and Hox-5 loci (e.g.
Duboule and Dolle", 1989; Graham et al. 1989). The four
clusters display similarities in their intergene spacing
and nucleotide sequence, suggesting that they arose by
duplication of a common ancestral cluster (Hart et al.
1987; Odenwald et al. 1987; Graham et al. 1988;
Duboule et al. 1989). This ancestral cluster has ancient
origins in animal evolution, and it is a related cluster of
homeo-genes in Drosophila (Duboule and D0II6,1989;
Graham et al. 1989) that regulates pattern formation in
this species. In both Drosophila and mouse, there is
apparently a strict correspondence between the relative
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position of homeo-genes within their clusters and that
of their transcript domains within the developing em-
bryo (for Drosophila: Harding et al. 1985; for mouse
Hox-1: Gaunt et al. 1988; Duboule and Dolle\ 1989; for
Hox-2: Graham et al. 1989; for Hox-5: Duboule and
Doll6, 1989).

It is not yet known why the mouse genome contains
four related clusters of Antp-Wke homeo-genes. Each
gene within a cluster has homologues in other clusters,
and the term 'subfamily' has been used as the collective
name for such a grouping of homologous genes (Hart et
al. 1987; Duboule etal. 1989). Initial studies by Gaunt et
al. (1988) indicated that homeo-genes within the same
subfamily (Hox-1.4 and Hox-5.1; Hox-1.2 and Hox-6.1)
display similar or identical positions of their transcript
domains in the developing central nervous system and
prevertebral column. However, recent studies have
identified two genes within another subfamily that do
not show similar domains of transcription: Hox-2.5
(Graham et al. 1989) and Hox-5.2 (Duboule and Dolle",
1989).

In this paper, we compare the transcript patterns of
three genes from the Hox-1.4 subfamily (Hox-1.4, Hox-
2.6 and Hox-5.1). Some aspects of our findings have
been reported in earlier in situ hybridization studies (for
Hox-1.4: Toth et al. 1987; Gaunt et al. 1988; for Hox-
2.6: Graham et al. 1988, 1989; for Hox-5.1: Feather-
stone et al. 1988) but we have attempted in this work to
provide an accurate comparison of Hox-1.4, -2.6 and
-5.1 transcript patterns as detected on adjacent or
nearby sections of the same embryo. We show that all
three genes are closely similar in the limits of their
transcript domains along the anteroposterior axis. Be-
tween genes, however, we note some striking stage- and
tissue-dependent differences in the relative abundance
of their transcripts.

Materials and methods

Preparation of embryo sections
Embryos were obtained from natural matings between Fj
(CBAXC57BL/6) mice. For aging of embryos, midday on the
day of the vaginal plug was designated day i of pregnancy.
Embryos of 81 and 9| days (but not 10J and 12! days) were
fixed within their deciduae. Methods used for fixation,
embedding and sectioning {1 fim thick sections) of embryos
were all as previously described (Gaunt et al. 1986).

Preparation and use of3SS-labelled RNA probes
Labelled RNA probes (riboprobes) were prepared to 3'
regions of coding sequence after subcloning genomic DNA
(Hox-1.4 and Hox-5.1) and cDNA (Hox-2.6) fragments into
transcription vectors (pGEM-1, Promega; or Bluescript
pKSM13+, Stratagene). For Hox-1.4 and Hox-5.1, ribo-
probes were prepared from a sequence (about 700 bp) which
extends 3' of the homeobox Bglll site (Bglll-Hindlll frag-
ments). For restriction maps of these genes, see Duboule et al.
(1986, for Hox-1.4) and Featherstone et al. (1988, for Hox-
5.1). Hox-2.6 riboprobes were prepared from a sequence
(about 700 bp) which extends 3 of the BamHl site (at
nucleotide 1147 in Fig. 2 of Graham et al. 1988). Each of the
three riboprobes used in in situ hybridization gave its own

characteristic pattern of labelling (as described in detail in this
paper), showing that there was no significant cross-reactivity
under the experimental conditions employed. Identical pat-
terns of labelling to those now reported were also obtained by
using a shorter Hox-1.4 probe that did not include any of the
homeobox sequence (a probe of about 200 bp, representing
the 3' end of the 700bp probe: Aval-HindlU fragment), and
by using a longer (l-4kb) Hox-2.6 probe that included the
700 bp sequence described above but which also extended 5'
up to the homeobox Bgfll site. Although not shown in this
paper, specificity of the probes for their respective genes has
also been established by us in Northern blotting experiments.

For use in in situ hybridization, 35S-labelled antisense RNA
probes were synthesised in a direction opposite to that of
normal transcription, as described by Gaunt et al. (1986) and
Gaunt (1987). Control (sense) probes, synthesised in the
direction of normal transcription, gave no specific labelling in
in situ hybridization. The three gene probes were used in in
situ hybridization experiments at similar specific activities and
concentrations. Methods used for alkaline hydrolysis of
labelled probes, in situ hybridization and autoradiography
were all as previously described (Gaunt et al. 1986).

Results

The central nervous system at 12i days
Hox-1.4, -2.6 and -5.1 transcript domains in the central
nervous system were examined and compared in near-
sagittal sections (Figs 1,2).

For each of the three genes, the anterior boundary of
transcripts was found in the mid-myelencephalon. Be-
tween genes, small differences were found in the exact
position and shape of the boundaries. Thus, the Hox-
1.4 boundary (Fig. 2A) was located slightly posterior to
the Hox-2.6 (Fig. 2B) and Hox-5.1 (Fig. 2C) bound-
aries, and a characteristic feature of the Hox-2.6
boundary was a dorsal tongue of strong labelling which
usually extended anterior to the most anterior position
of the Hox-5.1 boundary. From comparison with adjac-
ent sections hybridized to a Hox-1.5 probe (not shown),
the tongue of Hox-2.6 labelling did not extend as far
forwards as the position of the Hox-1.5 boundary (e.g.
Gaunt et al. 1988).

Posterior to the hindbrain boundaries, Hox-2.6 and
Hox-5.1 probes usually gave an approximately constant
intensity of labelling along the entire length of the
central nervous system, but transcripts of both genes
were often seen to be most concentrated in dorsal parts
of the spinal cord (Figs 1C,D). In contrast, Hox-1.4
transcripts showed a marked anterior-to-posterior fall
in abundance over the anterior region of the spinal cord
(Fig. IB). This fall in transcript abundance was anterior
to prevertebra 1 (pvl) in dorsal parts of the spinal cord,
but posterior to pv5 in ventral parts. Posterior to the
level of pv6, the abundance of Hox-1.4 transcripts was
low in comparison to those of Hox-2.6 and Hox-5.1.

Since the abundance of homeo-gene transcripts may
vary across the lateral and dorsoventral axes of the
spinal cord (e.g. Utset et al. 1987; Toth et al. 1987;
Holland & Hogan, 19886), a complete analysis of Hox-
1.4, -2.6 and -5.1 transcripts in the central nervous
system would require examination of nervous tissue in
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Fig. 1. Hox-1.4 (B), Hox-2.6 (C) and Hox-5.1 (D) transcripts detected by in situ hybridization within complete parasagittal
sections of the 12| day mouse embryo. (A) Bright-field, (B-D) dark-field illumination. The figure shows nearby sections cut
from the same embryo, my, myelenccphalon; pv2, prevertebra 2, In, lung; sc, spinal cord; st, stomach; g, gut; lv, liver;
h, heart. Box, area examined in Fig. 2. Bar, 1-0mm.

all planes of section. We have not yet undertaken such a
detailed comparison.

The prevertebral column at 12i days
For each of the three genes, transcripts were most
abundant within the cervical and anterior thoracic
prevertebrae (Figs 1, 3). As judged from the density of
silver grains, the intensities of prevertebral labelling
given by the Hox-1.4 and Hox-2.6 probes were clearly
greater than that given by the Hox-5.1 probe (Table 1).

Hox-1.4 transcripts (Fig. 3A) were absent in pvl,
weak in pv2, and then strong in pv3. Hox-2.6 (Fig. 3B)
and Hox-5.1 (Fig. 3C) transcripts were weakly detected
in pvl, especially in ventral parts, and were then strong
in pv2. Thus, the anterior boundary of the Hox-1.4
transcript domain was apparently located slightly pos-
terior to that of Hox-2.6 and Hox-5.1. Pvl showed,
when cut in most planes of section, a lower cell density
than other cervical prevertebrae (Figs 3D, 4C). Lower
cell density did not account for the low labelling
intensities detected for Hox-1.4, -2.6 and -5.1 since pvl
displayed strong labelling in parallel control exper-
iments using the Hox-1.5 probe (Fig. 4B; see also
Gaunt, 1988).

For Hox-1.4, a gradual and progressive decline in the
abundance of transcripts was noted posterior to pv7,
but the level of labelling remained above background
even within the lumbar region (Figs IB, 3A). For Hox-
2.6, the anterior-to-posterior decline was more gradual
(Figs 1C, 3B). For Hox-5.1, labelling intensity had
fallen to background level by pvl4 but a second, more
posterior domain of prevertebral labelling was detected
in the lumbar region (Figs ID, 3C). In this posterior
Hox-5.1 domain, labelling intensity increased from
pv20 to pv25, declined from pv27 to pv30, and was

Fig. 2. Anterior boundaries of homeo-gene transcript
domains within the I2i day central nervous system.
(A) Hox-1.4; (B) Hox-2.6; (C) Hox-5.1. The hybridizations
were made to nearby parasagittal sections, and the fields
shown here under dark-field illumination are outlined on
the bright-field view of the whole embryo (Fig. IA). Bar,
0-2mm.
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then weak in more posterior parts. For Hox-2.6, but not
Hox-1.4, we also noted a very slight increase in the
abundance of transcripts in the lumbar region.

Pharyngeal, thoracic and abdominal organs at 12i
days
In the pharyngeal region, in planes just lateral to

Fig. 3. Homeo-gene transcript domains within the 12i day prevertebral column and lung. (A) Hox-1.4; (B) Hox-2.6;
(C) Hox-5.1. (A-C) Dark-field, (D) bright-field illumination. The hybridizations were made to nearby parasagittal sections,
pvl, pv2, pv20, prevertebrae 1, 2 and 20; In, lung; *, artefactual space generated by tearing of mesenchymal tissue between
the prevertebral column and the spinal cord. Bar, 0-2 mm.
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Table 1. Tissue- and stage-dependent differences in the
abundance of Hox-1.4, -2.6 and -5.1 transcripts

Tissue

124 d prevertebra*
12Jdlung
124 d stomach
124 d mesonephros
124 d metanephros
124 d testis
84 d neurectoderm
9id mesoderm

104 d lung
104 d stomach

Grain densities

Hox-1.4 Hox-2.6 Hox-5.1

++ +++ -
+ + + + + + —t

+ ++ +++
+ ++ +++
_ _ + +
+ + 4. + + +
+ ++ +++
nt + + + +
nt +++ +

Grain densities in autoradiograms were measured by counting
silver grains over unit areas of photographs. Most of the
photographs used are presented in this paper. Results consistent
with those shown were obtained in different experiments. Grain
densities were scored as follows: —, ̂  background count over the
forebrain, tongue, liver or decidual tissue; +, 2-4x background;
+ + , 4-8x background; + + + , >8x background. For the lung,
stomach and testis, counts were made over the outer mesodermal
components. At 84 and 94 days, counts were made over posterior
regions of neurectoderm and mesoderm tissue. * grains were
counted over the ventral part of prevertebra 3. t grains within
discrete patches (assumed to be overlying autonomic ganglia) were
not counted, nt, not tested.

sagittal, each of the three genes displayed a character-
istic and reproducible pattern of transcripts. Hox-1.4,
as described earlier (Gaunt et al. 1988), was detected in
the thyroid gland, the mesodermal derivatives (but not
the lining endothelium) of the trachea, and in a struc-
ture that we tentatively identify as the thymus
(Fig. 5B). In a nearby section, Hox-2.6 transcripts
(Fig. 5C) were detected in all of these Hox-1.4-labelled
structures and, in addition, were found in the pharyn-
geal floor posterior and anterior to the thyroid duct.
Hox-2.6 transcripts did not, however, extend over the

pv1

Fig. 4. Anterior boundaries of Hox-1.4 (A) and Hox-1.5
(B) transcripts within the 124 day prevertebral column.
(A, B) Dark-field, (C) bright-field illumination. The
hybridizations were made to nearby parasagittal sections,
pvl, pv2, prevertebrae 1 and 2. Bar, 0-2 mm.

Fig. 5. Hox-1.4. (B), Hox-2.6 (C) and Hox-5.1 (D)
transcript patterns within the pharyngeal region of the 124
day embryo. (A) Bright-field, (B-D) dark-field
illumination. The hybridizations were made to nearby
parasagittal sections, p, pharynx; oes, oesophagus; tr,
trachea; thy, structure that we tentatively identify as the
thymus; thg, thyroid gland; t, tongue; thd, thyroid duct.
Bar, 0-2 mm.
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tongue. This pattern for Hox-2.6 is similar or identical
to the pattern detected earlier for Hox-1.5 (Gaunt,
1988). Hox-5.1 transcripts (Fig. 5D) were detected in
the thyroid and 'thymus' glands and in the floor of the
pharynx posterior and anterior to the thyroid duct. In
contrast to the results for Hox-1.4 and Hox-2.6, Hox-
5.1 transcripts were not detected in the trachea. Hox-
5.1 transcripts were also absent in posterior parts of the
pharyngeal floor. We consider, however, that the Hox-
2.6 labelling found in this region (and also found for
Hox-1.4, but not in the plane of section shown in
Fig. 5B; see Gaunt et al. 1988) could simply be due to
transcripts present in anterior parts of the tracheal wall.

Hox-1.4 and Hox-2.6 transcripts were detected in the
mesodermal derivatives, but not the lining endo-
thelium, of the lung (Fig. 3A,B). These findings are
consistent with observations published earlier for Hox-
1.4 (Gaunt et al. 1988) and for Hox-2.6 (Graham et al.
1988), and they are typical of the transcript distribution
found within the lung for several homeo-genes (e.g.
Gaunt et al. 1988). Transcripts within the lung were
more abundant for Hox-2.6 than for Hox-1.4 (Table 1).
The Hox-5.1 probe gave only background levels of
labelling over the 12* day lung (Fig. 3C; Table 1).

Hox-1.4 and Hox-2.6 transcripts were abundant in
the mesodermal derivatives, but not the lining endo-
thelium, of the stomach (Fig. 6B,C; Table 1). This
finding is in agreement with earlier reports (for Hox-
1.4; Gaunt et al. 1988; for Hox-2.6: Graham et al. 1988)
and is typical of the transcript distribution found in the
stomach wall for a variety of other mouse homeo-genes
(e.g. Gaunt et al. 1988). For Hox-2.6, but not Hox-1.4,
weaker labelling was also detected in the mesentery
underlying the stomach (Fig. 6C). In contrast to the
results for Hox-1.4 and Hox-2.6, Hox-5.1 transcripts in
the stomach were restricted to patches located in a
peripheral zone of the wall (Fig. 6D). An identical
pattern of punctate labelling has been noted before for
Hox-2.1 transcripts in the intestine (Holland and
Hogan, 19886). This pattern probably indicates that
Hox-5.1 transcripts in the 12! day stomach are restricted
to neural-crest-derived parasympathetic ganglia of the
enteric plexus (Holland and Hogan, 19886), and are
absent from mesodermal components (Table 1). The
descriptions now given for the distributions of Hox-1.4,
-2.6 and -5.1 transcripts within the stomach are also
applicable to the patterns of transcripts observed in
more posterior regions of the intestine (not shown).
The liver was not labelled above background by any of
the three gene probes (Fig. 6).

Both mesonephric and metanephric kidneys were
labelled by all three gene probes (Fig. 6B,C,D). The
metanephric kidney is not included within the section
shown for Hox-2.6 (Fig. 6C) but was seen to be labelled
in neighbouring sections. The most intense labelling
within kidney tissue was given by the Hox-5.1 probe;
the least intense labelling was given by the Hox-1.4
probe (Table 1).

At 12! days, the gonad lies on the inner surface of the
mesonephros (Fig. 6A). In the embryo under illus-
tration, the presence of developing testis cords (which

Fig. 6. Hox-1.4 (B), Hox-2.6 (C) and Hox-5.1 (D)
transcript patterns in the stomach, testis, mesonephric and
metanephric kidneys of the 12i day embryo. (A) Bright-
field, (B-D) dark-field illumination. The hybridizations
were made to nearby parasagittal sections, lv, liver; f, testis;
am,pm, anterior and posterior parts of mesonephric
kidney; met, metanephric kidney; m, mesentery; st,
stomach. Bar, 0-2 mm.
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Figs 7, 8. Homco-gcne transcripts within lateral plate mesoderm, somitic mesoderm and neurectoderm of 84 day (Fig. 7)
and 9| day (Fig. 8) embryos. (B) Hox-1.4; (C) Hox-2.6; (D) Hox-5.1. (A) Bright-field, (B-D) dark-field illumination. The
hybridizations were made to nearby transverse sections, and the planes of section are shown diagrammatically in 7A and 8A.
Diagrams are based on figures provided by Rugh (1968). A, anterior; P, posterior; sm, somitic mesoderm; lpm, lateral plate
mesoderm; n.ect., neurectoderm; d, decidual tissue; ys, yolk sac; a, amnion;g, gut. Bars, 0-1 mm.

contain primordial germ cells and Sertoli cells; Fig. 6A)
indicate that the gonad is a testis. No specific labelling
of the 12| day testis was given by the Hox-1.4 or Hox-
2.6 probes (Figs6B,C). However, strong labelling of
the testis was given by the Hox-5.1 probe. Hox-5.1
transcripts were located mainly within the peripheral
mesenchymal tissue of the testis, and were less intense
or absent within the testis cords (Fig. 6D). This distri-
bution of transcripts within the developing testis is
similar to that found earlier for Hox-5.2 (Doll6 and
Duboule, 1989) and Hox-6.1 (Sharpe et al. 1988).

Somitic and lateral plate mesoderm at 8i and 9i days
The mesodermal component of the 124 day trachea,
lung and gut is derived from the lateral plate mesoderm
of earlier stages (e.g. Hogan et al. 1985). It has been
assumed (e.g. Gaunt, 1988) that cells that express a
homeo-gene at 12! days are derived from cells that
express the gene at much earlier stages of development.
Following this assumption, we anticipated that Hox-1.4
and Hox-2.6 transcripts, abundant in the 12! day
trachea, lung and gut mesoderm, would be readily

detectable in the lateral plate mesoderm at 8! to 9!
days. We further reasoned that the absence of Hox-5.1
transcripts in lateral plate mesoderm derivatives at 12!
days (e.g. mesodermal components of the trachea, lung
and gut) might follow an earlier absence of Hox-5.1
expression in the lateral plate mesoderm at 8! to 9!
days.

To test the above hypotheses, we examined Hox-1.4,
-2.6 and -5.1 transcript distributions in serial transverse
sections of 8! and 9! day embryos. Unexpectedly, we
found that all three genes were expressed in both
somitic and lateral plate mesoderm (Figs 7, 8). In all
cases, transcripts were confined to more posterior parts.
Hox-5.1 transcripts (absent from mesodermal deriva-
tives of the gut wall at 12! days) were clearly detected in
lateral plate mesoderm as it contacted and surrounded
gut endoderm at 9! days (Fig. 8D). Examination of
additional serial transverse sections taken at all pos-
itions through 8! and 9! day embryos (not shown) did
not reveal any clear differences between the three genes
in the spatial limits of their transcripts. Hox-5.1 tran-
scripts at these stages were present in lateral plate
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mesoderm, somitic mesoderm and neurectoderm at
greater abundance than Hox-2.6 or Hox-1.4 transcripts
(Table 1).

Mesodermal components of the lung and stomach at
lOi days
From the above findings, we considered it likely that the
founder cells of lung and stomach mesoderm, present
within the lateral plate mesoderm at 8| to 9k days, may
be strongly positive for Hox-5.1 transcripts, but that
with continued development to 12| days there is selec-
tive loss of Hox-5.1 transcripts within these cell lin-
eages. In contrast, we considered it likely that Hox-1.4
and Hox-2.6 transcripts may increase in abundance
within these cell lineages. To test these hypotheses, we
examined the 10i day lung and stomach for Hox-5.1 and
Hox-2.6 transcripts.

In contrast to results obtained for the 12s day lung
(Fig. 3C), the mesodermal component of the lung at 10|
days was found to be labelled by the Hox-5.1 probe
(Fig. 9E; Table 1). The labelling was weak, but was
clearly greater than the background labelling seen over
the adjacent lining endothelium. Hox-2.6 transcripts
were abundant within mesodermal derivatives of the
10i day lung (Fig. 9C; Table 1).

At 10| days, labelling given by the Hox-5.1 probe was
weakly but uniformly distributed over the mesodermal
components of the stomach wall (Fig. 9F; Table 1). The
pattern of labelling observed was clearly different to the
punctate pattern confined to peripheral parts of the
stomach wall at 12£ days (Fig. 6D). The lining endo-
thelium of the 10| day stomach was not labelled by the
Hox-5.1 probe. Hox-2.6 transcripts were abundant
within mesodermal derivatives of the 10i day stomach
(Fig. 9D; Table 1).

Discussion

Similarities in the positions of the Hox-1.4, -2.6 and
-5.1 transcript domains
Within the prevertebral column of the 12i day mouse
embryo, the anterior boundary of the transcript domain
for each of the three genes examined was most obvious
at the junction of pvl and pv2. The exact position of the
boundary was not, however, identical for all three
genes, and was slightly more posterior for Hox-1.4
(which showed weak labelling of pv2 relative to pv3)
than for Hox-2.6 and Hox-5.1 (which also showed some
weak labelling in pvl). All three genes showed greatest
abundance of transcripts over cervical prevertebrae
3-7, and an anterior-to-posterior decline of transcripts
over the thoracic prevertebrae.

Within the central nervous system, the anterior
boundaries of the Hox-1.4, -2.6 and -5.1 transcript
domains were located in the mid-myelencephalon. As
in the prevertebral column, the boundary for Hox-1.4
was apparently located at a position slightly posterior to
that of Hox-2.6 and Hox-5.1.

These observations are consistent with results pub-
lished earlier for Hox-1.4 and Hox-5.1 transcript

Fig. 9. Hox-2.6 (C,D) and Hox-5.1 (E,F) transcript
patterns in the lung and stomach of the 10i day embryo.
(A,B) Bright-field, (C-F) dark-field illumination. The
hybridizations were made to nearby parasagittal sections.
In, lung; lv, liver; gr, genital ridge; mes, mesonephros; st,
stomach. Bar, 0-1 mm.

domains within the prevertebral column and central
nervous system (for Hox-1.4: Gaunt et al. 1988; for
Hox-5.1: Featherstone et al. 1988), and for Hox-2.6
within the central nervous system (Graham et al. 1988,
1989) but they are an advance on earlier work since they
permit accurate comparison of the domains on nearby
sections of the same embryo.

The findings are in accordance with an earlier sugges-
tion (Gaunt et al. 1988) that mouse homeo-genes within
a subfamily display similar transcript domains in the
embryo. Some additional support for this is also given
by the apparently similar transcript boundaries dis-
played in the myelencephalon by Hox-1.5 (e.g. Gaunt
etal. 1988) and Hox-2.7 (Graham etal. 1989). However,
two members of another subfamily, Hox-2.5 (Graham
et al. 1989) and Hox-5.2 (Duboule and Doll<§, 1989)
have clearly shown marked differences in the anterior
boundaries of their transcripts within the central ner-
vous system. Taken together, the findings suggest that
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subfamily similarities in transcript patterns (as have
been found for members of the Hox-1.2, -1.4 and -1.5
subfamilies) may be a feature only of those genes that
are expressed in anterior parts of the embryo, and are
not a feature of genes expressed in more posterior parts
(such as Hox-2.5 and Hox-5.2).

Tissue- and stage-dependent differences in the relative
abundance of Hox-1.4, -2.6 and -5-1 transcripts
In addition to the similarities noted above, there were
also some striking differences between the transcript
patterns of Hox-1.4, -2.6 and -5.1. At 124 days, these
were observed mainly within some pharyngeal, thoracic
and abdominal organs. These differences in labelling
patterns have a practical value in demonstrating that
there is no significant cross-reactivity between the three
gene probes used in in situ hybridization.

Within pharyngeal tissue, Hox-2.6 and Hox-5.1 tran-
scripts, unlike Hox-1.4 transcripts, extended anterior to
the thyroid duct. This may be a consequence of the
slightly more anterior position observed for Hox-2.6
and Hox-5.1 transcripts in the myelencephalon, since it
is neural crest cells from this region that give rise to the
mesenchymal tissues of the pharyngeal floor (Le
Douarin, 1982).

Within mesodermal derivatives of the 12i day tra-
chea, lung and gut, Hox-1.4 and Hox-2.6 transcripts,
but not Hox-5.1 transcripts, were readily detected.
Conversely, Hox-5.1 transcripts, but not Hox-1.4 or
Hox-2.6 transcripts, were abundant in the mesenchymal
component of the 12! day gonad. In addition to these
qualitative differences in the patterns of Hox-1.4, -2.6
and -5.1 expression, quantitative differences in tran-
script abundance were also noted. As shown, for
example, in Table 1, the 124 day prevertebral column,
mesonephric and metanephric kidneys each displayed
clear differences in the relative abundance of Hox-1.4,
-2.6 and -5.1 transcripts.

In addition to these tissue-dependent differences
noted at 124 days in the relative abundance of Hox-1.4,
-2.6 and -5.1 transcripts, stage-dependent differences
were also found (Table 1). Thus, although Hox-5.1
transcripts were apparently absent from the mesoder-
mal component of the lung and stomach at 12i days,
Hox-5.1 transcripts were clearly detectable in these
tissues at 104 days. Lung and stomach mesoderm are
derivatives of the lateral plate mesoderm present at
earlier stages (e.g. Hogan et al. 1985). Lateral plate
mesoderm of 84 and 94 day embryos was labelled
strongly by the Hox-5.1 probe. We conclude, therefore,
that Hox-5.1 transcripts displayed a fall in abundance
from 8! to 124 days in tissues destined to form the
mesodermal components of the lung and stomach. In
contrast, Hox-1.4 and Hox-2.6 transcripts within these
tissues displayed a rise in abundance from 84 to 124
days. Similarly, Hox-5.1 transcripts displayed fall in
abundance within tissues that give rise to the prever-
tebral column (since the Hox-5.1 probe gave strong
labelling of somitic mesoderm at 84 days, but weak
labelling of prevertebrae at 124 days), while Hox-1.4
and Hox-2.6 transcripts displayed a rise in abundance

within these tissues. These observations suggest, but do
not prove, that genes within the Hox-1.4 subfamily
might be coordinately regulated in their patterns of
expression.

Two quite separate mechanisms could account for
these tissue- and stage-dependent differences in ex-
pression now observed between genes within the Hox-
1.4 subfamily. As one possibility, homeo-gene ex-
pression might be modulated within a cell lineage in a
tissue- and stage-dependent way. This assumes, for
example, that transcripts from each of the three genes
are present at 84 to 94 days within all cells of the
posterior lateral plate mesoderm. Then, with further
development and divisions of one cell to form, say,
mesodermal components of the stomach, transcript
abundance falls for Hox-5.1 but rises for Hox-1.4. As a
second possibility, Hox-1.4, -2.6 and -5.1 might be
expressed in separate cell populations within the lateral
plate mesoderm. Mesodermal components of the
stomach would then develop from Hox-1.4 and Hox-
2.6, but not Hox-5.1, -positive subpopulations. The in
situ hybridization technique does not permit distinction
between these two possibilities since it does not permit
us to localize homeo-gene expression within individual
cells.

We do not favour the second of the mechanisms
discussed above. Most of the cells within the lateral
plate mesoderm would, in this model, presumably be of
the Hox-5.1-positive subpopulation. Yet Hox-5.1-posi-
tive cells apparently contribute little or nothing to
derivatives of lateral plate mesoderm at 124 days.
Results obtained in Drosophila show that expression of
homeo-genes may be modulated in a tissue- and stage-
dependent way. This is consistent with the first of our
above proposals for the mouse. As one example of
modulation of homeo-gene expression in Drosophila,
some epidermal cells of parasegment 5 (ps5) initially
express both Antennapedia (Antp) and Ultrabithorax
(Ubx) transcripts, but at later stages groups of the cells
express either Antp alone or Ubx alone (Carrol et al.
1988). As a second example of modulation, the epider-
mal cells of ps3 apparently switch from expressing Antp
at early stages to Sex combs reduced (Scr) at later stages
(Martinez-Arias et al. 1987; Carrol et al. 1988). In the
following section, we assume that the changing patterns
of homeo-gene transcripts now observed in tissues of
the developing mouse are due to modulations in gene
expression.

Mouse homeo-gene transcript patterns considered in
terms of Drosophila models
It is of interest to consider two models that have been
proposed to describe homeotic gene activity in Dros-
ophila. Both models may be applicable to observations
made on the expression of mouse homeo-genes. The
two models are related, and the second is able to
accommodate observations made on modulation of
homeo-gene expression.

The Lewis model (Lewis, 1978; Lawrence and Mor-
ata, 1983), originally suggested for genes of the Bi-
thorax complex, proposes that each homeotic gene is
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switched on according to position along the anteropos-
terior axis of the embryo. The genes are postulated to
be expressed in a series of partially overlapping
domains. This gives each body segment a different
combination of active homeotic genes, and it is this
combination that defines segment identity. As earlier
discussed (Gaunt, 1988; Gaunt et al. 1988), the patterns
of embryonic expression observed for several different
mouse homeo-genes conform closely to these predic-
tions of Lewis's model. Indeed, the pattern's for mouse
genes fit better than do those of some Drosophila
genes, especially those expressed in more anterior parts
of the fly (e.g. Labial, Proboscipedia and Scr. Mahaf-
fey etal. 1989).

The 'open for business' model (Akam et al. 1988;
Peifer et al. 1988) conforms to the formal structure of
Lewis's model, but differs from it in proposing that each
homeotic gene is made accessible for transcription, or
'open for business', according to position along the
anteroposterior axis of the embryo (rather than being
simply switched on as in Lewis's model). The molecular
mechanism by which this is achieved is unknown (but
see Akam et al. 1988). Modulations of homeo-gene
expression in Drosophila are not easily reconciled with
Lewis's model, but they can be accommodated by the
new model (see Akam et al. 1988). This model may
similarly be of value in describing some of the new
features of mouse homeo-gene expression now
reported in this paper. Thus, Hox-1.4, -2.6 and -5.1
might best be considered as 'open for business' within
the same spatial domain along the anteroposterior axis
of the mouse embryo. The stage- and tissue-dependent
modulations in expression that we have seen in struc-
tures within the domain, such as mesodermal com-
ponents of the stomach and lung, might then be a
consequence of other factors (so far unknown) which
determine whether or not, or to what extent, a gene
'open for business' is actually switched on.

The selective advantage of homeo-gene duplication to
form subfamilies
We, and others, have suggested that mouse homeo-
gene expression might be required for specification of
tissue identities according to position along the antero-
posterior axis (e.g. Gaunt et al. 1988). We have now
provided evidence that Hox-1.4, -2.6 and -5.1, deriva-
tives of a common ancestral gene, have evolved to
display both similarities and differences in their pat-
terns of expression. Although we do not discount the
possibility that the similarities found might indicate
some overlap and redundancy of function between
these genes, we suggest below two possible ways in
which the differences observed might usefully increase
the variety of instructions available in the developing
embryo.

First, although all three subfamily members show
basically similar domains of transcription, some small
differences in their anterior boundaries were noted.
These might specify fine differences in position along
the anteroposterior axis. Second, at any given position
along the anteroposterior axis of the embryo, a multi-

plicity of different structures pursue different pathways
of development. We consider, therefore, that some
mechanism must exist to provide different developmen-
tal instructions to different tissues located at the same
anteroposterior position. Theoretically, a single
homeo-gene could provide a variety of different instruc-
tions by changes in the nature or abundance of its
transcripts. But we suggest that stage- and tissue-
dependent differences in expression within a group of
homeo-genes possessing basically similar domains of
transcription (as we have now found for genes of the
Hox-1.4 subfamily) could potentially provide a much
wider variety of developmental instructions effective at
the same anteroposterior position.

We propose that one or both of the above mechan-
isms could provide a selective advantage to species
evolving a more complex body structure, and could
explain, at least in part, the advantage for the ver-
tebrates to have duplicated the ancestral homeo-gene
cluster (Duboule and Dolte, 1989; Graham et al. 1989;
Akam, 1989). In terms of this hypothesis, less complex
species, including Drosophila, would not require more
than a single cluster.

Following from this, we can suggest a possible
explanation as to why subfamily similarities in ex-
pression domains are not also observed for homeo-
genes expressed in more posterior parts of the mouse
embryo (Hox-2.5 and Hox-5.2; Graham et al. 1989;
Duboule and Dolle", 1989). Posterior parts, being less
complex than anterior parts, may not require such a
wealth of developmental instructions effective at similar
positions along the anteroposterior axis. Following
duplication of the ancestral homeo-gene cluster, there
would therefore have been less selective pressure upon
'posterior' genes to conserve the position of their
transcript domains. Boundaries for posterior genes
could then shift to acquire new positions along the
anteroposterior axis. We consider, therefore, that pos-
terior genes of the Hox clusters might be viewed as
forming collectively a unique, functional homeo-gene
complex.

References

AKAM, M. (1989). Hox and HOM: Homologous gene clusters in
insects and vertebrates. Cell 57, 347-349.

AKAM, M., DAWSON, I. & TEAR, G. (1988). Homeotic genes and
the control of segment diversity. Development 104 (Supplement)
123-133.

CARROL, S. B., DINARDO, S., O'FARRELL, P. H., WHITE, R. A. H.
& SCOTT, M. P. (1988). Temporal and spatial relationships
between segmentation and homeotic gene expression in
Drosophila embryos: distributions of the fushi tarazu, engrailed,
sex combs reduced, Atuennapedia, and Ultrabithorax, proteins.
Genes & Development 2, 350-360.

DOLLE, P. & DUBOULE, D. (1989). Two gene members of the
murine Hox-5 complex show regional and cell-type specific
expression in developing limbs and gonads. EMBO J. 8,
1507-1515.

DUBOULE, D., BARON, A., MAHL, P. & GALLIOT, B. (1986). A new
homeobox is present in overlapping cosmid clones which define
the mouse Hox-1 locus. EMBO J. 5, 1973-1980.

DUBOULE, D. & DOLLE, P. (1989). The structural and functional



Transcript patterns in a homeo-gene subfamily 141

organization of the murine Hox gene family resembles that of
Drosophila homeotic genes. EMBO J. 8, 1497-1505.

DUBOULE, D., GALLIOT, B., BARON, A. & FEATHERSTONE, M. S.
(1989). Murine homeo-genes: some aspects of their organisation
and structure. In Cell to Cell Signals in Mammalian Development
(ed. S. de Laat, J. G. Bluemink & C. L. Mummery) NATO ASI
Series H, Cell Biology 26, 97-108. Springer Verlag.

FEATHERSTONE, M. S., BARON, A., GAUNT, S. J., MATTEI, M. &
DUBOULE, D. (1988). Hox-5.1 defines a homeo-gene locus on
mouse chromosome 2. Proc. natn. Acad. Sci. U.S.A. 85,
4760-4764.

GAUNT, S. J. (1987). Homeobox gene Hox-1.5 expression in mouse
embryos: earliest detection by in situ hybridization is during
gastrulation. Development 101, 51-60.

GAUNT, S. J. (1988). Mouse homeobox gene transcripts occupy
different but overlapping domains in embryonic germ layers and
organs: a comparison of Hox-3.1 and Hox-1.5. Development 103
135-144.

GAUNT, S. J., MILLER, J. R., POWELL, D. J. & DUBOULE, D.
(1986). Homeobox gene expression in mouse embryos varies with
position by the primitive streak stage. Nature, Lond. 324,
662-664.

GAUNT, S. J., SHARPE, P. T. & DUBOULE, D. (1988). Spatially
restricted domains of homeo-gene transcripts in mouse embryos:
relation to a segmented body plan. Development 104
(Supplement), 169-179.

GEHRING, W. 1. (1987). Homeoboxes in the study of development.
Science 236, 1245-1252.

GRAHAM, A., PAPALOPULU, N. & KRUMLAUF, R. (1989). The
murine and Drosophila homeobox complexes have common
features of organisation and expression. Cell 57, 367-378.

GRAHAM, A., PAPALOPULU, N., LORIMER, J., MCVEY, J. H.,
TUDDENHAM, E. G. D. & KRUMLAUF, R. (1988). Characterization
of a murine homeobox gene, Hox-2.6, related to the Drosophila
Deformed gene. Genes & Development 2, 1424-1438.

HARDING, K., WEDEEN, C , MCGINNIS, W. & LEVINE, M. (1985).
Spatially regulated expression of Homeotic Genes in Drosophila.
Science 229, 1236-1242.

HART, C. P., FAINSOD, A. & RUDDLE, F. H. (1987). Sequence
analysis of the murine Hox-2.2, Hox-2.3 and Hox-2.4
homeoboxes: evolutionary and structural comparisons. Genomics
1, 182-195.

HOGAN, B., HOLLAND, P. & SCHOFIELD, P. (1985). How is the
mouse segmented? Trends in Genetics 1, 67-74.

HOLLAND, P. W. H. & HOGAN, B. L. M. (1988a). Expression of

homeobox genes during mouse development: a review. Genes &
Development 2, 773-782.

HOLLAND, P. W. H. & HOGAN, B. L. M. (19886). Spatially
restricted patterns of expression of the homeobox-containing
gene Hox-2.1 during mouse embryogenesis. Development 102,
159-174.

LAWRENCE, P. A. & MORATA, G. (1983). The elements of the
Bithorax complex. Cell 35, 595-601.

LE DOUARIN, N. (1982). The Neural Crest. (Cambridge University
Press).

LEWIS, E. B. (1978). A gene complex controlling segmentation in
Drosophila. Nature 276, 565-570.

MAHAFFEY, J. W., DIEDERICH, R. J. & KAUFMAN, T. C. (1989).

Novel patterns of homeotic protein accumulation in the head of
the Drosophila embryo. Development 105, 167-174.

MAHON, K. A., WESTPHAL, H. & GRUSS, P. (1988). Expression of

homeobox gene Hox-1.1 during mouse embryogenesis.
Development 104 (Supplement) 187-195.

MARTINEZ-ARIAS, A., INGHAM, P. W., SCOTT, M. P. & AKAM, M.

E. (1987). The spatial and temporal deployment of Dfd and Scr
transcripts throughout development of Drosophila. Development
100, 673-683.

ODENWALD, W. F., TAYLOR, C. F., PALMER-HILL, F. J., FRIEDRICH,

V., TANI, M. & LAZZARINI, R. A. (1987). Expression of a
homeodomain protein in noncontact-inhibited cultured cells and
postmitotic neurons. Genes & Development 1, 482-496.

PEIFER, M., KARCH, F. & BENDER, W. (1987). The bithorax

complex: control of segment identity. Genes & Development 1,
891-898.

RUGH, R. (1968). The Mouse. Minneapolis: Burgess.
SHARPE, P. T., MILLER, R., EVANS, E. P., BURTENSHAW, M. D. &

GAUNT, S. J. (1988). Isolation and expression of a new mouse
homeobox gene. Development 102, 397-407.

TOTH, L. E., SLAWIN, K. L., PINTAR, J. E. & NGUYEN-HUU, M. C.

(1987). Region-specific expression of mouse homeobox genes in
the embryonic mesoderm and central nervous system. Proc.
natn. Acad. Sci. U.S.A. 84, 6790-6794.

UTSET, M. F., AWGULEWITSCH, A., RUDDLE, F. H. & MCGINNIS,

W. (1987). Region-specific expression of two mouse homeobox
genes. Science 235, 1379-1382.

(Accepted 22 June 1989)


