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ABSTRACT It is unknown whether cross-regulatory in-
teractions between homeotic genes, which have been shown to
play an important role in the maintenance of their expression
domains during Drosophila development, are also important
during mammalian development. We have analyzed here the
expression of Hox genes in Hoxa-1 (Hox-1.6) null mutant
embryos to investigate the possible existence of regulatory
interactions between Hoxa-1 and other Hox genes. We show
that the absence of a functional Hoxa-1 gene product does not
globally interfere with the expression of other Hox genes in
terms of both spatial boundaries and transcript abundance.
However, a limited area of the hindbrain shows a strong
reduction in Hoxb-1 (Hox-2.9) and Krox-20 transcripts, which
most likely reflects a marked reduction in size of the former
fourth and fifth rhombomeres. These alterations coincide with
the region that is subsequently affected in Hoxa-1 null mutant
mice and suggest that the primary defects in this mutation are
spatially restricted deletions of some rhombomeric structures.

The mammalian genome contains 38 genes (the Hox genes),
which harbor a homeobox related to those of Drosophila
homeotic genes of the Antennapedia and Bithorax com-
plexes. Hox genes are clustered in four loci (the HOX
complexes), whose structural organization is highly similar to
that of Drosophila homeotic complexes (refs. 1-3; reviewed
in refs. 4 and 5). The expression of murine Hox genes is
coordinately regulated during embryogenesis, such that they
are expressed along the embryo anteroposterior axis in
overlapping domains, whose extent is related to the position
of the gene within its complex (6). In addition, a subset of Hox
genes display coordinate expression during limb and genital
bud development (7-9). Experiments involving either the
ectopic expression (10-12), or the disruption by gene target-
ing techniques (13-16), of various Hox genes support the idea
that Hox genes could encode the positional information
required for regional patterning along the various embryonic
axes.

Cross-regulatory interactions are an important feature of
the regulation of Drosophila homeotic genes (e.g., refs.
17-19). The existence of similar cross-regulatory interactions
between mammalian Hox genes has been postulated and
supported by the presence in some Hox promoters of binding
sites for Hox gene products that are functional in cell culture
systems (20, 21). We have investigated here whether such
interactions may occur during mouse development. To this
end, we have analyzed the pattern of expression of a number
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of Hox genes in homozygote null mutant embryos derived
from a mouse strain that harbors a disrupted Hoxa-1 (Hox-
1.6) gene (14).

Two loss-of-function mutations have been established in-
dependently in Hoxa-1 (14, 15), which is one of the earliest
and most anteriorly expressed Hox genes (1, 22). Homozy-
gous animals die at birth and earlier examination revealed
that gestational day 18.5 Hoxa-1-/- fetuses have defects
restricted to the hindbrain epithelium at the level of rhom-
bomeres (r) 4-7, as well as to the corresponding neurogenic
neural crest derivatives, the inner and middle ear, and the
occipital bones of the skull (14). Although no gross externally
visible alteration of the rhombomeric pattern was initially
observed in day-9.5 Hoxa-1-/~ embryos (14), the phenotypes
suggested that there could be alterations to underlying seg-
mentation. Systematic morphological examination of the
hindbrain region of day-8 to -9 mutant embryos has revealed
that only four rhombomere boundaries are present, thus
defining five putative rhombomeres (‘‘hindbrain segments’’;
ref. 23), whereas the normal embryo has seven rhombomeres
(31). The otic vesicle or otocyst is present in Hoxa-1-/~
embryos; however, it is reduced in size and more distant from
the neuroepithelium than in normal embryos and is appar-
ently shifted anteriorly, so that it now faces the fourth
morphologically visible rhombomere (31). These early alter-
ations of the hindbrain and otocyst appear to be the basis for
the morphological abnormalities seen at later stages in the
myelencephalon, some cranial nerves, and the ear (14, 15).

To examine early changes in hindbrain segmentation at the
molecular level, as well as Hox gene regulation in this mutant
background, we have investigated here the expression of
several Hox genes and of the Krox-20 gene in Hoxa-1-/~
embryos. Segment-restricted alterations in gene expression
have been found in this study, which correlate with the
anatomic alterations caused by the mutation. However, these
alterations do not appear to result from direct cross-
regulatory effects of the Hoxa-1 gene product on other Hox
genes. These altered patterns of gene expression are helpful
in further defining the early molecular events in hindbrain
segments that are modified in Hoxa-1~/~ embryos, as well as
in understanding the role of Hoxa-I in development.

MATERIALS AND METHODS

Embryo Genotyping and RNA Probes. The targeted Hoxa-1
mutation and the resulting phenotype have been described
(14). Embryos from Hoxa-1*/~ heterozygote crosses were

Abbreviations: E8.5, embryonic day 8.5; r3, rhombomere 3.
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dissected out at embryonic day (E) 8.5, 9.5, 10.5, and 12.5.
Extraembryonic membranes were frozen for subsequent
genotyping, and the embryos were fixed in 4% paraformal-
dehyde, dehydrated, and paraffin-embedded for subsequent
in situ hybridization. Genotypes were determined by South-
ern blot analysis of extraembryonic membrane DNA, using
specific Hoxa-1 DNA probes as described (14). The following
various RNA probes were used: Hoxa-4 (Hox-1.4) (6),
Hoxa-3 (Hox-1.5) (24), Hoxb-1 (Hox-2.9), Hoxb-2 (Hox-2.8),
Hoxb-3 (Hox-2.7), Krox-20 (25), Hoxa-2 (Hox-1.11), Hoxd-1
(Hox-4.9) (26).

In Situ Hybridization. E8.5 embryos (Hoxa-1-/-, n = 4;
controls, n = 7) were sectioned sagittally, and E9.5 embryos
(Hoxa-1-/—, n = 12; Hoxa-1='*, n = 12; Hoxa-1*/*,n = 8)
were cut along a frontal plane. All sections (5 um thick) were
collected and dispatched to three (for E8.5) or maximally four
(for E9.5) series of slides. Thus, four probes could be
compared over 20 um of tissues. In situ hybridization,
washing, and emulsion autoradiography were performed as
described (27). No significant difference was observed in the
labeling patterns of Hoxa-1*/~ and Hoxa-1*/* embryos.

RESULTS

We have analyzed the expression of the Hoxb-1 and Hoxd-1
genes (paralogous to Hoxa-1) as well as of neighboring genes
belonging to either the HoxA (Hoxa-2, -a-3, -a-4) or HoxB
(Hoxb-2, -b-3) complex (see Fig. 4a) in Hoxa-1~/~ embryos,
as well as Hoxa-1-/* heterozygote and Hoxa-1*/* wild-type
littermates. An analysis of the transcripts of the Krox-20
gene, which is specifically and transiently expressed in r3 and
15 (25), was also included. In all cases, the labeling patterns
were identical in Hoxa-1-/* heterozygotes and wild-type
animals, and both are subsequently referred to as control
embryos. In late day-8.5 control embryos (E8.5), Krox-20
transcripts were detected in both r3 and r5 (Fig. 1a), whereas
Hoxa-1-/- littermate embryos showed a unique rhombo-
meric band of Krox-20-positive cells (Fig. 1b). From its
location and from the perfect alignment between the Krox-20
and the Hoxb-2 anterior boundaries (Fig. 1b), this rhombo-
meric domain clearly corresponds to r3. However, posterior
to the Krox-20-labeled r3, a thin stripe of cells located
dorsally was labeled in both E8.5 and E9.5 mutant embryos,
thus appearing as a vestige of r5 (see Figs. 2b and 3b; data not
shown). In older E9.5 mutant embryos, Krox-20 transcripts
had almost disappeared from r3, as is the case in normal
embryos (see Figs. 2a and 3a) and were consequently re-
stricted to the vestigial r5 stripe (see Figs. 2b and 3b, arrows).
A small population of mesenchymal Krox-20-labeled cells,
which was connected to the r5 stripe and extended posteri-
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orly, was detected in mutant embryos (Fig. 2b, arrowhead).
The same type of Krox-20-labeled mesenchymal stripe was
readily detected in control embryos, where it appeared
connected to the posterior aspect of r5 (Fig. 3a, arrowheads).
These cells probably correspond to the small population of
r5-derived neural crest, which has been recently documented
(28).

After an initial phase of widespread expression, the Hoxb-1
gene is selectively expressed in r4 (29, 30). In E9.5 control
embryos, Hoxb-1 expression was specifically detected in r4,
where its domain of expression was as wide as that of Krox-20
in r5 (Fig. 2a). In contrast, in Hoxa-1-/- embryos, the
Hoxb-1 rhombomeric domain was severely reduced in size to
a few dorsal cells located in between the Krox-20-expressing
cells in r3 and the thin posterior stripe of Krox-20-positive
cells (Fig. 2 b and c). These Hoxb-1-positive cells were thus
restricted to a small dorsal area facing the constriction
between the third and fourth rhombomeres (Fig. 2 b and c;
see also Fig. 4b).

In E8.5 and E9.5 control embryos, Hoxb-I expression
extended up to the r2/r3 boundary (Figs. 1a and 4b). The
Hoxb-2 anterior limit of expression appeared unaffected in
mutant embryos, as it matched with that of Krox-20 in r3 (Fig.
1b); the Hoxb-2 transcript domain extended posteriorly in the
same neural and mesenchymal tissues as in control embryos
(compare Fig. 1 a and b). Hoxa-2 is normally expressed up to
r2, and maximally in r3 and rS, whereas Hoxa-3 has a sharp
cutoff aligned with the Krox-20 boundary between r4/r5, and
Hoxa+4 shows a graded decrease in intensity up to r7 (refs. 25
and 26; Figs. 2a, 3a, and 4b). Interestingly, although Hoxa-
1=/~ embryos have an altered rhombomeric pattern, the
expression domains of these Hoxa genes were not signifi-
cantly affected (Figs. 2b and 3b). Hoxa-2 transcripts ex-
tended up to r2, whereas the Hoxa-3 transcript domain
showed a boundary that was not as clearcut as in control
embryos but nevertheless coincided with the position of the
vestigial r5 as defined by the few labeled Krox-20 cells (Figs.
2b and 3b). The Hoxa-<4 anterior boundary was correctly
positioned—i.e., posterior to that of Hoxa-3 (compare Fig. 3
a and b). In mutant embryos, the Hoxb-3 expression bound-
ary was aligned with that of Hoxa-3 (data not shown), as
described for normal embryos (25).

The expression of all the Hox genes studied here remained
unaffected in all other parts of the body in E8.5 and E9.5
Hoxa-1-/~ embryos. Specific Hox combinations in branchial
arches (26) were preserved. For instance, Hoxa-2 and Hoxa-3
domains extended up to the second (b2) and third (b3) arches,
respectively, as they did in control embryos (Fig. 3 ¢ and d).
In more-posterior regions, including the trunk, limb buds,
and tail bud, Hox gene expression was indistinguishable

FiG. 1. Krox-20 and Hoxb-2 transcript domains in Hoxa-1-/- versus control embryos at E8.5. (a) Sagittal section of an E8.5 control
(Hoxa-1*/*) embryo hybridized to a Krox-20 probe and photographed under bright-field light (for histology) and dark-field light (signal appears
as white) as well as a consecutive section hybridized to a Hoxb-2 probe (Right). (b) Consecutive sagittal sections of a Hoxa-1-/~ littermate
embryo hybridized to the same probes. The Krox-20-positive rhombomere, the match between Hoxb-2 and Krox-20 transcript boundaries, and
the comparable Hoxb-2 expression domains in both embryos define the existence of a r3 in Hoxa-1-/~ embryos. Horizontal bars indicate
rhombomere boundaries where visible on the sections shown, beginning with the r2/r3 boundary. Rhombomeres caudal to r3 are not numbered
in the Hoxa-1-/~ embryos, since they may not correspond to rhombomeres located at the same axial level in wild-type embryos (see text). A,
anterior; P, posterior; 3-5, r3-r5; f, foregut; s, somites; n, neuroepithelium.
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between mutant and control animals in terms of both tissue
distribution and transcript abundance (e.g., Fig. 3 ¢ and d
compare also the tail bud in Fig. 3 a and b). Hoxb-2, Hoxb-3,
and Hoxd-1 expression patterns, as well as the early and
widespread expression of Hoxb-1, also remained unchanged
(data not shown). Analysis of E10.5 and E12.5 embryos
confirmed that these unaltered patterns of expression were
maintained (data not shown).

The hindbrain neural crest and its derivatives, in particular
the primordia of cranial nerve sensory ganglia, express
various sets of Hox genes (26). As expected, in control
embryos, the facial-acoustic ganglion complex, which is
formed in part by r4-derived neural crest, was labeled by the
Hoxb-2 and Hoxa-2 probes and was located anterior to the
otocyst (Figs. 2d and 3a). In mutant embryos, however, this
large ganglion complex was disorganized and its position was
altered. Indeed, the Hoxb-2-labeled cells formed a narrow
stripe adjacent and parallel to the neuroepithelium at the level
of the otocyst (Figs. 2e and 3b, arrows; see also Fig. 4b). The
presence of these neural crest cells between the neuroepi-
thelium and the otocyst may be linked to the abnormal
position of the otocyst, which normally faces a rhombomere
with very few neural crest cells (r5; Figs. 2 d and e and 4b;
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FiG. 2. Krox-20, Hoxb-1, and Hoxa-3 ex-
pression and cranial ganglion morphology in
Hoxa-1-/- embryos. (a) Coronal sections
through an E9.5 control embryo hybridized to
Krox-20, Hoxb-1, and Hoxa-3 RNA probes.
Hoxb-1 and Hoxa-3 have sharp expression lim-
its on the two sides of the r4/r5 boundary. In this
specimen, Krox-20 expression has already dis-
appeared from r3. In various E9.5 specimens,
the Krox-20 signal was either undetectable in r3
or weak and distorted (e.g., Fig. 2b or 3a). This
is probably because the down-regulation of
Krox-20 in 13 is taking place at this time. (b)
Coronal sections through an E9.5, Hoxa-1-/~
embryo. The section is dorsal to the otocysts
and shows the thin stripe of neuroepithelial cells
expressing Krox-20 posterior to r3—i.e., the
vestige of rS (arrow). Note also the thin popu-
lation of Krox-20-labeled cells within the mes-
enchyme (arrowhead), which reveals that the
small population of r5-derived neural crest (ref.
28; see Fig. 3a) is probably maintained in mutant
embryos. In these embryos, Hoxb-1 expression
is weak and spatially reduced. It is nevertheless
located just posterior to Krox-20-expressing
cells in r3 and in between these and the Krox-20
posterior stripe (Left). (c) High-power magnifi-
cation of boxed area in b, showing spatial rela-
tionship between Krox-20- and Hoxb-1-express-
ing cells. (d and e) Coronal sections through the
hindbrain of a control (d) and a Hoxa-1"/~ (e)
embryo hybridized to a Hoxb-2 probe. Both
sections cross the dorsal part of the otocysts.
The Hoxb-2 transcript anterior boundary in the
mutant embryo is as in wild type, but the labeled
facial-acoustic ganglion primordia have an al-
tered morphology (arrows). A, anterior; P, pos-
terior; 3-6, r3-r6; ot, otocyst; V, trigeminal
ganglion; VII/VIII, facial-acoustic ganglion.

see also refs. 23 and 28). Further detailed analysis of the
alterations in neural crest and its derivatives will be reported
elsewhere (31).

DISCUSSION

The present molecular analysis reveals that the Hoxa-1
mutation generates a very precise disruption in the hindbrain
rhombomeric pattern. Clearly, Hoxa-1-/~ mice exhibit an
abnormal distribution of Krox/Hox transcripts in a limited
part of their hindbrain epithelium. r2 and r3 appear normal in
mutant embryos, as judged by the Hoxb-2, Hoxa-2, and
Krox-20 transcript domains and boundaries. The alterations
start precisely at the boundary between r3 and r4, which
corresponds to the level of Hoxa-1 anterior expression
boundary in day-7.5 to -8.5 wild-type embryos (22) and are
thus restricted to the most anterior subset of the Hoxa-1
expression domain. Altogether, cells that have a genuine r4
combination of gene expression are severely reduced, and
those exhibiting a genuine r5 combination are even more
depleted since they consist of only a few cells located
dorsally. In the mutant embryos, these r4-r5 cells are located
at the level of the constriction that separates the third and
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F1G.3. Hoxa gene expression in Hoxa-1-/- versus control embryos at E9.5. (a) Coronal sections through the hindbrain of an E9.5 wild-type
embryo crossing both otocysts and hybridized to Krox-20-, Hoxa-4-, Hoxa-3-, and Hoxa-2-specific RNA probes. All rhombomere bulges and
boundaries are readily identified and can be numbered according to the otocyst position and molecular markers. At this stage, Krox-20 expression
is very weak in r3 but maximal in r5 and in a thin neural crest cell population originating from r5 (arrowheads; see ref. 28). Hoxa-2 transcripts
extend up to r2 and are more abundant in r3 and r5, Hoxa-3 transcripts display a sharp cutoff at the r4/r5 boundary, and Hoxa-4 transcripts
show a more regular decrease toward the r6/r7 boundary. (b) Coronal sections through the hindbrain of an E9.5 mutant homozygote embryo.
As these sections are dorsal and slightly tilted, only the left otocyst is visible, with the right side of the neuroepithelium being more dorsal. Note
the very thin stripe of Krox-20-labeled cells in this dorsal area of the neuroepithelium (arrow). (¢) Coronal sections through the branchial arches
of two control E9.5 embryos, showing Hoxa-3 (Left) and Hoxa-2 (Right) transcript domains that extend anteriorly up to the third (Hoxa-3) and
second (Hoxa-2) branchial arch. (d) Comparable coronal sections of two Hoxa-1-/~ embryos. Hoxa-3 and Hoxa-2 transcript distribution is
virtually identical to the controls and the respective transcript boundaries in the branchial arches are conserved. A, anterior; P, posterior; 3-6,
r3-16; ot, otocyst; t, tail bud; V, trigeminal ganglion; VII/VIII, facial-acoustic ganglion complex; b2 and b3, branchial arches 2 and 3; n, neural

tube.

fourth rhombomere, as well as in the most anterior part of the
fourth rhombomere (see Fig. 4b). Thus, the major part of the
mutant fourth rhombomere, which is facing the otocyst,
harbors a ré-like combination (i.e., the presence of Hoxa-3
and Hoxb-3 without Krox-20; see Fig. 4b). Therefore, the
Hoxa-1 loss of function has apparently resulted in a limited
deletion of the hindbrain epithelium—namely, of the major
part of normal r4 and r5. That r4 and r$ are markedly reduced
in Hoxa-1-/- embryos is further supported by morphological
and histological analyses of the hindbrain, neural crest cell
migration, and nerve patterns in these embryos (31). For
instance, mutant embryos lack the neural crest-free area at
the expected position of r5, and the facial-acoustic neural
crest cells appear continuous with putative glossopharyn-
geal-vagus neural crest cells (Figs. 2e and 4b; ref. 31).

The second conclusion to be drawn from this study is that
the lack of a functional HoxA-1 product does not significantly
alter the correct activation and regulation of other Hoxa and
Hoxb genes. The distribution of several Hoxa and Hoxb
transcripts was studied (results summarized in Fig. 4), and no
significant qualitative or quantitative alterations of their
expression could be detected in any region of the Hoxa-1-/~
embryos. Obviously, we cannot exclude the possibility that
the HoxA-1 protein could control the expression of Hox
genes (e.g., Hoxb-1), which are normally expressed in the
two rhombomeres (r4 and r5) that are markedly reduced in
Hoxa-1-/- embryos. Although Hoxa-1 is located at the 3’

extremity of the HoxA complex and is one of the earliest and
anteriormost expressed Hox genes (1, 22), its expression is
clearly not a prerequisite for correct expression of more
5'-located Hoxa genes or of their paralogous genes. Alto-
gether, these results suggest that there are no significant
regulatory effects of a Hox gene product on the expression of
more-posterior (5' located) genes. Alternatively, if such a
regulation existed, one would have to assume that it can also
be exerted by paralogous Hox proteins expressed simulta-
neously and in similar domains (for instance, Hoxa-I and
Hoxb-1). In this case, a deregulation of Hox gene expression
might be observed only in embryos mutated for both Hoxa-1
and Hoxb-1.

The mechanism by which a lack of the HoxA-I homeopro-
tein can lead to a restricted deletion of the hindbrain epithe-
lium remains to be elucidated. Basically, two types of hy-
potheses that are not mutually exclusive can be proposed.
The first possibility would be that HoxA-1 function is directly
responsible for correct specification of a limited region of the
hindbrain epithelium (corresponding to r4 and rS5). In the
absence of a HoxA-1 product, the lack of specification of r4
and r5 (or the wrong specification) would ultimately lead to
the apoptosis of most of the cells that normally constitute r4
and r5. Because there are some cells that express r4 and r5
markers (Hoxb-1 and Krox-20), it appears that the mutation
of Hoxa-1 does not prevent all aspects of a Hox code for r4
and r5 from being initially activated. The second possibility
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F1G. 4. (a) Scheme of the 3’ regions of the HoxA and HoxB complexes indicating positions of various genes and their structural relationships
(paralogous genes are aligned horizontally). Solid boxes correspond to the genes analyzed in this study. (b) Wild-type (Left) and Hoxa-1-/~
(Right) hindbrains at E9.5 are schematized by drawings of the rhombomeres (r2-17), the otocyst (ot), and three neural crest-derived cranial nerve
ganglia (V, trigeminal; VII-VIII, facial-acoustic; IX, glossopharyngeal). In Hoxa-I mutants, five rhombomeres have been morphologically
identified and the otocyst is facing the fourth one (ref. 31). The extents of the gene expression domains are represented by heavy vertical lines
on either side. Dashed vertical lines indicate weak expression and/or an ill-defined boundary. In the central part, the potential rhombomeric
identities as defined by the particular combination of Hox/Krox transcripts are shown for the control embryo (Left; 2-7). Rhombomeres of the
mutant embryo are assigned with potential identities that reflect the particular combinations of the Hox/Krox genes they express. This illustrates
the reduction in size of r4 and the almost complete absence of cells expressing a r5 combination.

is that the HoxA-1 product may actively be involved in
maintaining or regulating the correct growth of the hindbrain
epithelium in this limited area. This is not incompatible with
the possibility that the HoxA-I product may also act as a
determinant of rhombomere-specific identity in a way similar
to the Drosophila homeotic proteins. Such a possibility may
be exemplified by the phenotypic alterations observed in
r6-derived structures, which may result from an incorrect
determination of the cells of this rhombomere due to the
absence of the HoxA-1 product. We feel that the early
molecular changes in hindbrain segmentation presented in
this study provide insight into the primary nature of the
mutant phenotype. Proper patterning of rhombomeres is
clearly important for generation of normal morphological
structures in the branchial region of the head.
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