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Members of the Antennapedia class of homeobox genes, known as Hox genes, are believed to be pivotal in vertebrate
craniofacial development. Here we show that eight members of paralogous groups 1, 2, 3, and 4 are expressed in the human
embryonic hindbrain and branchial arches at 4 weeks of development. The combinatorial patterns of expression of genes
representing the first three paralogous groups parallel the patterns described for their homologues in various animal models,
demonstrating a high degree of conservation of the branchial Hox code. Arch expression of group 4 genes is defined for the
first time in any vertebrate. Furthermore, as development proceeds, individual paralogues of a single paralogous group
(group 3), which initially share a common expression domain, are differentially down-regulated in a tissue-, organ-, or sitespecific fashion. q 1997 Academic Press

INTRODUCTION
Recent years have seen dramatic progress in identification of genes critically involved in craniofacial development
during early embryogenesis and, in particular, recognition
of the involvement of homeobox-containing regulatory
genes in this process. Although our understanding of craniofacial morphogenesis lacks a unifying hypothesis, one of
the most influential models to have emerged to date is based
on the expression patterns of the genes of the Antennapedia
class of homeobox genes, the so-called ‘‘Hox’’ genes, described in various animal model systems, chiefly the mouse.
These genes, totalling some 38 in number, are organized in
four clusters located on different chromosomes (Fig. 1) and
believed to be derived from a common ancestral cluster,
from which the single HOM-C complex in Drosophila
(Manak and Scott, 1994) is also derived. Cluster duplication
during the course of evolution has led to the phenomenon
of paralogy whereby groups of up to four genes, derived
from a common ancestral gene in the primitive cluster, are
identifiable across contemporary clusters by virtue of their
3* to 5* position and their sequence homologies with each
other (McGinnis and Krumlauf, 1992). Such paralogues can
display equivalent expression domains and may therefore
have common functions during development, resulting in
some functional redundancy (Hunt and Krumlauf, 1992).
Significantly, Hox genes are expressed in precise patterns

during early embryogenesis particularly during critical periods of fate specification within morphogenetic fields, such
as the limb and genital tubercle (Duboule, 1992; Dollé et
al., 1991). The expression domains of the various groups
overlap to different extents within any particular field, leading to the concept that the role of Hox genes is fulfilled by
a combinatorial mode of action (Hunt and Krumlauf, 1992).
Along the body axis these genes are generally expressed
with discrete rostral cutoffs which coincide with either existing or emergent anatomical landmarks and which therefore have been interpreted as serving to specify component
parts of the vertebrate body plan. Significantly, the rostro–
caudal sequence of these cutoffs maps quite precisely with
the 3* to 5* sequence of the Hox genes within their respective cluster and with the order in which these genes are
expressed, phenomena known as spatial and temporal colinearity, respectively (Duboule and Dollé, 1989).
The existence of such cutoffs at sclerotomal boundaries
has been used as the basis of a combinatorial ‘‘Hox code’’
for the developing vertebral column (Kessel and Gruss,
1990). This model has been tested by both transgenic and
teratogenic strategies and, in most instances, the resultant
changes of the code elicit a homeotic transformation of
vertebral phenotype (Lufkin et al., 1992; Kessel and
Gruss, 1991). Generally, the phenotypic consequences of
transgenic inactivation coincide with the rostral expression
boundary, suggesting that this is the critical region of the
expression domain. In the embryonic head, the genes of
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FIG. 1. Schematic representation of human HOX genes clusters
and their chromosomal locations. Clusters are aligned so that paralogous genes belonging to the same group correspond vertically.
The Drosophila HOM-C complex and known homologies with vertebrate genes are shown below. Direction of transcription is indicated by the arrow. Genes situated at the 3* end of the clusters are
expressed more rostrally and earlier than genes at the 5* end. The
eight genes from groups 1 to 4 used in this study are indicated in
bold outline. All members of groups 2 and 3 have been studied, as
well as all HOXB genes belonging to the four groups.

the first four paralagous groups have been found to display
cutoffs within the hindbrain (rhombencephalon) at the interfaces between the repeating metameric units termed
rhombomeres (Wilkinson et al., 1989). Thus, for example,
groups 3 and 4 have rostral cutoffs at interfaces between
rhombomeres 4/5 and 6/7, respectively. Subsequently, neural crest cells derived from the hindbrain migrate into
branchial arches at equivalent axial levels and give rise to
much of the facial mesenchyme. Thus, crest cells from
rhombomeres 1 and 2 migrate to colonize arch 1 (the mandibular arch), expressing no Hox genes. Caudally, the migrating crest cells maintain the combination of Hox gene
expression, which characterized their rhombomere of origin. Cells from rhombomeres 4 and 6 migrate into arches
two and three, respectively (Lumsden et al., 1991). A segmental organization of crest migration is ensured by crest
cells from rhombomeres 3 and 5 either being lost through
apoptosis (Lumsden et al., 1991; Graham et al., 1993) or
merging with the streams of cells emigrating from rhombomeres 4 and 6 (Sechrist et al., 1993). Events caudal to arch
three are speculative, but the model predicts that cells from
rhombomeres 7 and 8 migrate into the fourth arch and possibly the sixth arch (modern convention holds that the fifth
arch was lost during evolution), although there is no hard
evidence for this. The branchial Hox code defined by the
patterns of combinatorial Hox gene expression (Hunt et al.,
1991a) has been interpreted as a developmental strategy
whereby positional specification made axially within the
neural tube is transmitted to the periphery (the arches) via
the migrating neural crest, and it is seen as an integral part
of the mechanisms whereby a vertebrate embryo builds a

head and face (Hunt et al., 1991b). Even though downstream
targets are largely unknown, various transgenic (e.g., Gendron-Maguire et al., 1993) and experimental embryological
(e.g., Hunt et al., 1995) strategies indicate that this interpretation is largely correct. To date all of this is based on analysis and manipulation of various animal model systems,
chiefly the mouse. The assumption has been made, in the
absence of any comprehensive data, that the paradigms
emerging are applicable to all vertebrates, including humans. However, given the pivotal role proposed for these
genes, and for the combinatorial manner in which they are
expressed, elucidation of the human expression patterns is
an essential prerequisite to understanding the molecular/
genetic control of human facial development and indeed to
understanding dysmorphogenesis of this complex process.
Such data will also facilitate an assessment of the degree
to which mouse embryogenesis can justifiably provide a
model for human craniofacial development, an assumption
which is frequently made but without any genetic foundation to date.
Here, in the first multigene expression study to be carried
out using human embryonic tissue, we describe analysis of
the human branchial arch Hox code, using specific probes
against message from eight HOX genes (namely, HOX B1,
A2, B2, A3, B3, D3, B4, and C4) whose mouse homologues
have been previously identified as having cutoffs at the relevant axial levels. These genes include not only representatives of each of the first four paralogous groups but also two
of those groups (2 and 3) in their entirety. In situ hybridization of tissue from two key developmental stages reveals a
high degree of conservation of the code and differential
down-regulation of members of a single paralogous group
in a site-specific manner.

MATERIALS AND METHODS
Collection of Embryos
Human embryos were provided by the MRC-funded Human Embryo Bank maintained at Institute of Child Health/University College Hospital, having been collected with full ethical permission
from RU486 terminations. The precise stage of embryonic development was determined by assessment of external morphology
(Larsen, 1993).

In Situ Hybridization
Autoradiographic in situ hybridization was carried out basically
as described by Wilkinson and Green (1990). Embryos were fixed
in 4% paraformaldehyde in PBS (phosphate-buffered saline) (pH 7.0)
overnight at 47C, dehydrated through graded alcohols and HistoClear (National Diagnostics, Atlanta, GA), and embedded in paraffin wax (Fibrowax). Sections (6 mm) were cut and placed on slides
pretreated with 3-aminopropyltriethoxysilane and acetone. The
sections were dewaxed in Histo-Clear, rehydrated, and treated with
0.15 M NaCl before fixation in paraformaldehyde. Slides were subjected to proteinase K treatment, refixed, and treated with acetic
anhydride.
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RNA riboprobes were prepared with 35 S-UTP (Amersham ú 1000
Ci/mmol) as run-off transcripts. The cDNA clones were derived
from the 3* untranslated region of HOX A2, A3, HOX B1– B4, HOX
D3, and HOX C4 genes (Acampora et al., 1989; Simeone et al.,
1991), cloned into pGEM3 vector (Promega). The probes corresponded to the following fragments:

0.20
0.15
0.20
0.30
0.15
0.30
0.30
0.25

HOX A2
HOX A3
HOX B1
HOX B2
HOX B3
HOX B4
HOX D3
HOX C4

kb
kb
kb
kb
kb
kb
kb
kb

EcoRI/TaqI
HincII/HincII
PvuII/PvuII
TaqI/TaqI
BglII/AluI
BglII/HindIII
EcoRI/EcoRI
XhoI/SmaI

The HOX A2, A3, B1, B2, B3, C4, and D3 plasmids were linearized with HindIII, and the antisense riboprobes were generated using T7 RNA polymerase (Promega). EcoRI and Sp6 RNA polymerase
(Promega) were used to generate the HOX B4 antisense riboprobe.
Probes were purified through columns of Sephadex G50, dehydrated, and redissolved at a final activity of 1 1 105 cpm/ml in
hybridization buffer (50% formamide, 0.3 M NaCl, 20 mM Tris, 5
mM EDTA, pH 8.0, 10% dextran sulfate, 11 Denhardt’s solution,
0.5 mg/ml tRNA). Hybridization was overnight at 557C.
High-stringency washing was performed at 657C in 50% formamide, 21 SSC, 10 mM DTT for 30 min, followed by incubation
with RNase A at 20 mg/ml in 0.5 M NaCl, 10 mM Tris, 5 mM
EDTA for 30 min. Sections were washed again, at high stringency
(657C), for 30 min, followed by two 15-min washes in 21 SSC and
0.11 SSC. Sections were then dehydrated through alcohol solutions
containing 0.3 M ammonium acetate. Slides were dipped in Ilford
K5 nuclear emulsion in 1% glycerol and kept at 47C for 5 days,
until developed. Sections were stained in 0.5% toluidine blue, dehydrated, and mounted in Permount for documentation.
The protocol for nonradioactive in situ hybridization on wax
sections was based largely on the whole mount procedure described
by Wilkinson (1992). Digoxigenin-labeled HOX A3 riboprobe was
generated using DIG-UTP (Boehringer) and T7 RNA polymerase.
After precipitation with LiCl, probe was resuspended at 0.01 mg/ml
in TE. Sections were dewaxed, rehydrated, and washed in PBT
(0.1% Tween 20 in phosphate buffered saline). At this step, the rest
of the procedure was carried out in 12-ml volumes using a slide
mailer. Sections were treated 15 min with proteinase K (10 mg/ml)
and refixed in 4% paraformaldehyde. Prehybridization was carried
out 1 hr at 707C in 50% formamide, 51 SSC, pH 4.5, 1% SDS, 50
mg/ml heparin, 50 mg/ml yeast tRNA. Hybridization mix containing
the probe at 0.3 mg/ml was applied to sections which were then
incubated overnight at 707C. Slides were washed three times at
707C in 50% formamide, 51 SSC, 1% SDS for 30 min, two times
in 50% formamide, 21 SSC, 1% SDS at 707C for 30 min, and three
times at room temperature for 5 min in TBST (0.14 M NaCl, 2.7
mM KCl, 25 mM Tris – HCl, pH 7.5, 0.1% Tween 20). Slides were
preblocked in 5% goat serum in TBST and then covered with the
preabsorbed antidigoxigenin antibody (anti DIG-AP Fab fragment,
Boehringer) at the final dilution of 5 1 1004 and incubated overnight
at 47C. Slides were then washed three times with TBST for 5 min,
five times with TBST for 1 hr, and then overnight in TBST at 47C.
On the following day, slides were washed three times for 10 min
in NTMT (100 mM NaCl, 100 mM Tris– HCl, pH 9.5, 50 mM
MgCl2 , 0.1% Tween 20) and covered with a solution containing

337 mg/ml NBT (nitroblue tetrazolium salt, Boehringer), 175 mg/
ml BCIP (5-bromo-4-chloro-3-indolyl phosphate, Boehringer). The
color reaction took place in the absence of light, at room temperature, after which slides were washed three times in PBS to stop
further reaction. Finally slides were mounted in 50% glycerol for
documentation.

Documentation
Slides were examined using an Olympus BH2 microscope and
images captured electronically using a Kontron ProgRes3012 digital
camera, version 2.0, of the associated software and stored as Adobe
Photoshop v3.0 files.

RESULTS
Expression in Rhombomeres and Branchial Arches
at 4 Weeks
We have chosen to study the expression of eight genes
belonging to the paralogous groups 1, 2, 3, and 4, since it is
known that these Hox genes are expressed in the hindbrain
and branchial arches during embryogenesis of other vertebrate species, at similar stage of development. At 4 weeks
postfertilization, the branchial arches display their maximum development before fusion and remodeling (Larsen,
1993). Four embryos of this stage have been used, aged from
28 to 30/31 days (Fig. 2). Each gene has been tested on sections from at least two embryos and in several independent
experiments, with repeatable results (Table 1). Using in situ
hybridization techniques on wax sections through the hindbrain and through the branchial arches, we have been able
to define the expression pattern of HOX B1, HOX A2, B2,
HOX A3, B3, D3, HOX B4, and C4. Figure 3 shows a series
of coronal sections of 4-week embryos hybridized with
these probes, with plane of section indicated in Fig. 2. Results are presented below, following the order of the four
paralogous groups of genes within the clusters, and are summarized diagrammatically in Fig. 4.
The expression of one of the three genes constituting
paralogous group 1, HOX B1, was studied (Figs. 3a and 3b).
In the hindbrain, it was expressed as a single stripe in rhombomere 4. No expression was detected in branchial arches
one, two, and three and expression was only detected in the
caudal ectoderm of the fourth branchial arch and in the
ectoderm lining the fourth cleft and covering the sixth arch.
Expression was also detected in the dorsal endoderm of the
foregut at the same axial level.
Both paralogues of group 2 were studied (Figs. 3c –3f).
Within the hindbrain, expression of HOX A2 displayed a
clear rostral cutoff at the boundary between rhombomeres
1 and 2, whereas the cutoff for HOX B2 occurred at the
boundary between rhombomeres 2 and 3; in fact, HOX B2
expression was higher in rhomobomeres 3, 4, and 5 than in
more caudal rhombomeres. In contrast to these expression
differences in the hindbrain, within the branchial arches
the two paralogues had equivalent patterns of expression
with signal being detected in arches two, three and four.
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FIG. 2. The human embryos used in this study. Embryos are numbered from the earliest to the latest stage. Four are in the early fifth
week of gestation (referred to as ‘‘4 weeks old’’), and the two others are in the early sixth week (referred to as ‘‘5 weeks old’’). Exact age
is indicated in Table 1. Plane of section is indicated for each.

Group 3 contains three paralogous genes, all of which
were examined (Figs. 3g – 3l). HOX A3, B3, and D3 presented
the same rostral limit of expression in the hindbrain, between rhombomeres 4 and 5 but with some differences in
the intensity of expression. Thus, expression of HOX A3
was higher in rhombomeres 5 and 6 than in the more caudal
segments, HOX B3 was expressed less intensely in rhombomeres 5 and 6, and expression of HOX D3 hardly detectable
at this stage in rhombomere 5. All three genes were expressed in the branchial arches with a rostral limit of expression between arch two and arch three but again displayed
regional differences in intensity; for example, the level of
expression of HOX B3 and D3 was lower in the third arch
than in the fourth arch, whereas A3 was expressed uniformily throughout arches two, three, and four.

Finally, we have studied the expression pattern of two of
the four genes belonging to group 4 (Figs. 3m– 3p). Both
HOX B4 and C4 were expressed in the more caudal rhombomeres. The expression pattern of HOX B4 showed a clear
cutoff at the boundary between rhombomere 6 and 7. In
contrast, HOX C4 displayed no equivalent cutoff, with its
most rostral and weak expression observed in rhombomere
8 and gradually increasing caudad along the neural tube. At
the level of the branchial arches, both genes were expressed
in domains caudal to arch four. HOX B4 was expressed in
a large stripe of mesenchyme surrounding the pharyngeal
region of foregut and in the surface ectoderm, whereas HOX
C4 expression was only detected in the dorsal endoderm of
the foregut and surface ectoderm.
For some of these genes, specifically HOX B2, HOX A3,
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TABLE 1
Developmental Stage of the Embryos Used in This Study
Embryo 1
28

Age:
HOX B1
HOX A2
HOX B2
HOX A3
HOX B3
HOX D3
HOX B4
HOX C4

Embryo 2
28

Embryo 3
29/30

“
“

r
ba
r
ba
r
ba
r
ba
r
ba
r
ba
r
ba
r
ba

Embryo 4
30/31

Embryo 5
35/36

Embryo 6
37

“
“
“
“

“
“
“
“
“
“

“
“
“
“

“

“

“

“
“
“

“
“
“
“

“
“

“
“
“
“
“

“
“
“
“
“
“
“
“
“
“

“
“
“
“

“

Note. The exact stage of development of the embryos used is expressed in days. Ticks indicate, for each gene, which embryos have
been used successfully, for both sections through the rhombomeres (r) and sections through the branchial arches (ba).

HOX D3, and HOX B4, expression in the marginal layer
of the neural tube, as assessed by autoradioactive in situ
hybridization, appeared stronger than in the mantle layer
(Figs. 3e, 3g, 3k, and 3m). To confirm that this was not an
artefact due to toluidine blue staining, HOX A3 expression
was examined using a digoxigenin-labeled probe. Equivalent
results were obtained with high signal distribution in the
marginal layer and with characteristic strong HOX A3 expression in rhombomere 5 (Fig. 5).

Expression in Rhombomeres and Branchial Arches
at 5 Weeks
Since critical events in branchial arch morphogenesis
commence during the fifth week of development in human
embryos (growth, fusion, and remodelling of the arches as
the first stages in face and neck development ensue (Larsen,
1993)), the pattern of expression of selected HOX genes was
also assessed during this later stage. All three paralogues of
group 3 were studied in order to investigate the possibility
that members of an individual paralogous group become
differentially expressed with time. Expression of HOX A3,
B3, and D3 was assessed, using two embryos of 5 weeks, 35/
36, and 37 days old (Fig. 2, Table 1) with repeatable results
obtained from both embryos (Fig. 6).
Within the hindbrain, expression of the three genes was
identical to that defined previously in 4-week embryos,
with a rostral limit of expression at rhombomere 5 (Figs. 6d
and 6j). Expression of HOX D3 in rhombomere 5 was more
obvious at this stage of development (whereas it had been
rather weak earlier), but nevertheless remains less intense
than the signal in rhombomere 6 (Fig. 6j). More ventral
sections, including those through the branchial arches, re-

vealed that expression of all three genes in the more caudal
neural tube was high, with expression also being observed
in dorsal root ganglia (not illustrated).
In the branchial arches, the anterior limit of expression
of the three genes remained between arches two and three,
but differences between HOX A3 and D3 were becoming
more apparent (Fig. 6). A clear cutoff was observed for both
HOX A3 and HOX B3 between arch two and three (Figs. 6e
and 6o), whereas expression of HOX D3 was only found in
the caudal mesenchyme of the third arch, displayed a poorly
defined cutoff, and was absent in all other components of
this arch (Fig. 6k). Similarly, in the fourth arch, HOX D3
was strongly expressed in the mesenchyme but, again, not
detectable in the other tissues of the arch.
Given that the thymus and parathyroid glands are both
derived from the third branchial pouch (Larsen, 1993) and
that Hoxa-3 has been implicated in the normal development
of these derivatives in the mouse (Chisaka and Capecchi,
1991), we analyzed wherever possible the expression of
these genes in the different components of the branchial
arches at this axial level, namely the surface ectoderm, the
ectoderm-lined external clefts, the mesenchyme, and the
endoderm-lined branchial pouches (Table 2). Significantly,
there was differential expression within the third branchial
pouch, with both HOX A3 and B3 being expressed by the
endodermal epithelium but HOX D3 not expressed (Figs.
6e, 6k, and 6o). More caudally, within the tracheolaryngeal
groove (the site where the tracheal primordium exits from
the primitive gut as a diverticulum) and the mesodermal
arytenoid swellings (which will subsequently form the arytenoid cartilages), HOX B3 alone was weakly expressed
with no signal found for A3 or D3 (Figs. 6f, 6l, and 6p). In
the thyroid primodium, limited data revealed that HOX D3
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FIG. 3. Expression of HOX genes from paralogous groups 1, 2, 3, and 4 in the 4-week human embryos. For each gene, a dark-field image
of a section through the rhombencephalon (left) and a section through the branchial arches (right) are shown side by side. Orientation of
sections is rostral to the left and caudal to the right. In each panel, a white arrowhead indicates the anterior limit of the gene expression.
Embryos used: in a, b, f, i, and j number 1; in c, d, m, n, o, and p number 2, in e, g, and h number 4, and in k and l number 3. Abbreviations:
ov, otic vesicle; r3/r4, boundary between rhombomeres 3 and 4; b2/b3, boundary between branchial arches 2 and 3; f, pharyngeal region
of foregut; g ix/x, combined superior ganglion of IXth and Xth nerves. Scale bar: 200 mm, for all panels.

was definitely not expressed (Fig. 6k), but we have no data
on A3 or B3 expression within this structure.

DISCUSSION
The Vertebrate Branchial Hox Code Is Conserved
in Humans
The single most striking result to emerge from this analysis is that the basic architecture of HOX gene expression is
essentially the same in the branchial region of the 4-week

human embryo as it is for other vertebrate species at equivalent stages of development (Wilkinson et al., 1989; Hunt et
al., 1991a,b). From the genes studied here, this conclusion
applies equally to both the rhombomeric region of the hindbrain and the branchial arches which will go on to form
much of the face and neck. Clearly the vertebrate branchial
‘‘Hox code,’’ as it has been elucidated from work in the
mouse (Wilkinson et al., 1989; Hunt et al., 1991a,b) and
from incomplete data from avian (Hunt et al., 1995) and
amphibian species (Godsave et al., 1994), remains highly
conserved in the spatial pattern of expression domains and,
as far as we can tell, in the timing of its expression. Al-
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FIG. 4. The Hox code in the human branchial region. This diagram summarizes the results from Fig. 3, both in the rhombencephalon (top) and the branchial arches (bottom). At 4 weeks, the majority of the genes display clear rostral cutoffs along the embryonic
axis, at boundaries between adjacent rhombomeres and between
adjacent branchial arches. For HOX B1, expression in the hindbrain
is confined to a single stripe in r4. The dotted line for HOX D3
expression in r5 indicates a very weak expression; the arrowhead
for HOX C4 expression reflects an increasing intensity from r8
caudad along the neural tube.

though the existing data tell us nothing about conservation
of function, the tight correlations observed here with the
published mouse data suggest that the repertoire of HOX
gene expression serves an equivalent function in the embryonic assembly of the head and face in the human and the
mouse. Given that there appears to be little that is intrinsically different in the human branchial code then attention
should now be focused on identity of the downstream target
genes and their deployment during development.
Nevertheless, the issue of functional homology remains
critical, since for all the current interest in homology, there
has been no thorough appraisal of genetic conservation on
this scale in humans. Although conservation might be expected, the fact remains that expectation and a rigorous

FIG. 5. Expression of HOX A3 in the marginal layer of neural tube.
(a, b) Bright-field images of the same section hybridized with a digoxigenin-labeled probe. (c) Dark-field image of the adjacent section hybridized with a radio-labeled probe. Arrowheads indicate the anterior gene
expression cutoff. Sections from embryo number 4 were used throughout. Abbreviations: ov, otic vesicle; g ix/x, combined superior ganglion
of IXth and Xth nerves; r, rhombomere. Scale bars: (a) 200 mm; (b) 100
mm.

evaluation of gene expression are two different things. Here
we provide, for the first time and in any system, the confirmation of that expectation for human development. Fur-
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thermore, it has to be borne in mind that a single demonstration such as this will not be sufficient since we cannot
assume a priori that such assumptions will hold true for all
those genes implicated directly or indirectly in human birth
defects (and should species-specific differences in expression of any particular genes be found, it will necessitate a
reevaluation of the assumptions we make about the validity
of the mouse model in that instance).

The Human Data Vindicates the Mouse Model
A less obvious but nevertheless important corollary is
that these data allow us to assess the extent to which the
mouse can justifiably be used as a model system to understand human craniofacial development and its dysmorphogenesis. On the basis of the similarities in gene expression
described here it would seem to be reasonable to assume
that models of normal development based on Hox gene
function, emerging from mouse work, can safely be extrapolated to the human. This will include data and paradigms
emerging from transgenic manipulations but should not
necessarily be extended uncritically to transgenic lines being adopted as models for human craniofacial anomalies.
Indeed, apart from one notable exception (Chisaka and Capecchi, 1991; Manley and Capecchi, 1995) (see later) there
is little evidence to date of a human craniofacial syndrome
with a phenotype matching that produced by any mouse
Hox knockout, suggesting that loss-of-function mutations
in HOX genes are unlikely to be a common explanation for
dysmorphic syndromes affecting the head and face.

The Human Data Extends the Model Derived from
the Mouse
The model of a combinatorial code of Hox gene expression underlying the morphogenetic specification of the
branchial arches, and therefore underpinning much of early
facial development, is based largely on the orderly migration
of crest cells from individual rhombomeres to specific
arches as reported from animal studies (e.g., Lumsden et al.,
1991) (see earlier). Ironically, the human data presented here
allow us to follow up several predictions of that model and
to extend it significantly. In the first instance, although data
exists for the first three branchial arches, migration of crest
cells from rhombomeres 7 and 8 to the fourth arch is illdefined and largely a prediction based on assumptions about
serial homology (Hunt et al., 1991a,b). This qualification
applies also to the assumed expression of group 4 Hox genes
in the fourth arch (Hunt et al., 1991a). In fact, the analysis
reported here extends what is known about the branchial
arch hox code by assessing gene expression in the fourth
arch. Surprisingly, group 4 genes are not expressed in the
fourth arch and we could only find rostral cutoffs for HOX
B4 and C4 immediately caudal to arch 4. Although it appears from this that assumptions about serial homology
break down at the level of the more caudal arches, this may
not necessarily be the case. Downregulation of expression
of group 4 genes might occur during crest cell migration to,

or shortly following, arrival in this arch destination; our
data do not allow us to distinguish between these various
possibilities. (Similarly, the expression of HOX B1 in rhombomere 4, but with a rostral cutoff only detectable in arch
four and not arch two, as might otherwise be predicted, may
be explicable in the same way). Nevertheless, it is interesting that anterior boundaries of expression domains of HOX
genes belonging to an individual paralogous group coincide
in branchial arches, even if not in the neurectoderm (Fig.
4). The significance of this remains unclear.

Paralogous HOX Genes Become Differentially
Expressed as Development Proceeds
A second advance is the observation that within a single
paralogous group (in this instance, group 3), the various
paralogues become differentially expressed as development
proceeds. Thus, within days of the entire group being expressed within the branchial arch region and sharing an
expression domain, we find modulation of expression domains emerging. For example, the HOX D3 gene is only
expressed in the caudal region of the third arch, unlike its
two paralogues, which are expressed throughout. But perhaps more significantly, HOX A3 and D3 are differentially
expressed within the lining of the third branchial pouch.
This is significant not only in terms of what it reveals about
normal development. It has fundamental implications for
how we interpret dysmorphogenesis, not just in transgenic
mouse phenotypes but also how we start to unravel the
aetiology of human craniofacial problems. Thus, the
transgenic inactivation of Hoxa-3 in the mouse produces a
dysmorphic phenotype which includes thymic aplasia, thyroid hypoplasia, and hypoparathyroidism, and it has been
proposed as a model for the Di George syndrome in humans
(Chisaka and Capecchi, 1991). Interestingly, the Hoxd-3
knockout displays a different phenotype in which these tissues are unaffected and the primary defects are in the cervical vertebrae (Condie and Capecchi, 1993). Given that there
are major endodermal contributions to both thymus and the
parathyroid glands from the third branchial pouch (Larsen,
1993), our finding that of the two human paralogues, only
HOX A3 is expressed within the epithelial lining of this
pouch serves two functions. First, it explains why individual inactivation of each of the two paralogues in the mouse
produces two completely different phenotypes with regard
to branchial pouch derivatives (Condie and Capecchi, 1994).
Furthermore, our data, albeit incomplete, showing that
HOX D3 is definitely not expressed in the thyroid primordium, provide an explanation for why inactivation of this
paralogue in the mouse leaves thyroid development unaffected. Second, it provides unique evidence supporting the
contention that inactivation of Hoxa-3 is a valuable model
for Di George (Chisaka and Capecchi, 1991; Manley and
Capecchi, 1995), since here we show that it is indeed expressed in the pouch from which the human thymus and
parathyroids are derived. HOX A3 may serve to regulate the
unidentified Di George genes (at 22q11 and 10p13), which
is perhaps why the Hoxa-3 knockout displays some of the
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TABLE 2
Expression of Group 3 HOX Genes in Branchial Arch
Components
HOX A3

Second arch
Second pouch
Third arch
Surface ectoderm
Third cleft
Mesenchyme
Third pouch
Fourth arch
Surface ectoderm
Fourth cleft
Mesenchyme
Fourth pouch
Oropharynx

HOX B3

HOX D3

4w

5w

4w

5w

4w

5w

–

–

–

–

–

–

/
/
/
/

/
?
/
/

/
/
/
?

õ/
õ/
õ/
õ/

–
–
/
–

–
–
/
–

/
/
/
/
/

/
?
/
–
õ/

/
/
/
/
/

õ/
?
õ/
?
õ/

–
–
/
–
–

–
–
/
–
–

Note. Expression of HOX A3, B3, and D3 in branchial arch components, compared between the two stages studied. (‘‘4w’’ and
‘‘5w,’’ 4 weeks and 5 weeks, respectively). –, no expression detected
over the background; /, expression; õ/, weak expression; ?, no
data or equivocal result.

features of the syndrome. Should this be the case, then the
noted variation in syndromic phenotype may reflect subtle
polymorphisms in a regulatory Hox gene which would not
necessarily be apparent when using the mouse model.

The Branchial Hox Code and Human Craniofacial
Dysmorphogenesis
Aside from the Di George model, Hox genes haven’t been
broadly implicated to date as common loci for mutations
generating human craniofacial abnormalities. Nevertheless,
given the undoubted importance of this family of genes
within the genetic hierarchy of craniofacial morphogenesis,
delineation of those genes comprising the human branchial
Hox code, and of their spatiotemporal patterns of expression, is an essential and integral part of understanding the
molecular events underlying craniofacial dysmorphogenesis in humans. This is perhaps exemplified by retinoic acidinduced abnormalities (Morriss-Kay, 1993), where a characteristic phenotype is generated in the human (Lammer et
al., 1985). Given the retinoic acid response elements are

contained within the enhancer of some Hox genes (Marshall
et al., 1994; Ogura and Evans, 1995), such as Hoxb-1, and
that in vitro activation of Hox genes in a 3* to 5* sequence
can be induced by increasing concentrations of retinoic acid
(Simeone et al., 1990), then a more insightful explanation
of how elevated retinoid levels operate as craniofacial teratogens becomes possible. A similar rationale can be used
regarding known instances of genetic ‘‘cross-talk’’ involving
Hox genes and, perhaps eventually, for other craniofacial
teratogens.

The Use of Human Embryo Banks
In a strategic sense, completion of this task demonstrates
that even within the constraints imposed by the comparative rarity and finite availability of human embryos, judicious use of such material can generate comprehensive and
valuable data. Here we provide the first published instance
of a multigene expression analysis of human embryonic or
fetal tissue at any stage of development, with tissue from
any one embryo being used to define the expression of up
to six genes. Indeed, this figure itself is in no sense an absolute limit and simply reflects the stage of embryonic development. Thus, the outcome illustrates the value of coordinated use of such rare material and demonstrates the very
considerable potential for the use of banked human embryonic tissues in the long term (Burn and Strachan, 1995). We
anticipate that with the emergence of data from the Human
Genome Project demand for, and use of, such embryo banks
will increase dramatically.

ACKNOWLEDGMENTS
We thank our colleagues Paul Buxton, Joe Chan, and Pete Scambler for their comments on a draft manuscript and all staff running
the Human Embryo Bank at ICH/UCH for their technical help.
This work was supported by grants from the European Union, the
Medical Research Council, and the Programme Telethon-Italia.

REFERENCES
Acampora, D., D’Esposito, M., Faiella, A., Pannese, M., Migliaccio,
E., Morelli, F., Stornaiuolo, A., Nigro, V., Simeone, A., and Boncinelli, E. (1989). The human HOX gene family. Nucleic Acids Res.
17, 10385 – 10402.
Burn, J., and Strachan, T. (1995). Human embryo use in developmental research. Nature Genet. 11, 3– 6.

FIG. 6. Expression of group 3 genes in the 5-week human embryos. (a –f) HOX A3, (g –l) HOX D3, m –p, HOX B3. For each section, both
bright-field (top) and dark-field (bottom) are shown side by side. For HOX A3 and HOX D3, sections through the hindbrain are shown (a,
g). For all three genes, two set of sections through the branchial arches are illustrated, (b, h, m) preceeding (c, i, n). Orientation of sections
is for (a, g), rostral to the left and caudal to the right; for all other panels, rostral is uppermost. Arrowheads indicate rostral gene expression
cutoffs. Embryos used: in a –c, h, i, and n number 5, in g and m number 6. Abbreviations: as, arytenoid swelling; b, branchial arch; c,
branchial cleft; g ix/x, combined superior ganglion of IXth and Xth nerves; lt, laryngo-tracheal groove; ov, otic vesicle; p, branchial pouch;
r, rhombomere; ra, right atrium; ta, truncus arteriosus; tp, thyroid primordium. Scale bar: 200 mm, for all panels.

Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.

AID DB 8450

/

6x18$$$363

02-19-97 11:22:28

dbal

60

Vieille-Grosjean et al.

Chisaka, O., and Capecchi, M. R. (1991). Regionally restricted developmental defects resulting from targeted disruption of the
mouse homeobox gene hox-1.5. Nature 350, 473 –479.
Condie, B. G., and Capecchi, M. R. (1993). Mice homozygous for a
targeted disruption of Hoxd-3 (Hox-4.1) exhibit anterior transformations of the first and second cervical vertebrae, the atlas and
the axis. Development 119, 579 –595.
Condie, B. G., and Capecchi, M. R. (1994). Mice with targeted disruptions in the paralogous genes hoxa-3 and hoxd-3 reveal synergistic interactions. Nature 370, 304–307.
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