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Hox genes  
 
The Hox genes form a subset of the homeobox containing genes. The 
homeobox encodes a DNA binding motif, called the homeodomain. In most 
animal species the Hox genes are organised in one or more clusters. The 
number of genes present in a cluster varies between animal species; eight in 
insects, ten in myriapods (Hughes and Kaufman, 2002), twelve in 
Amphioxus (Garcia-Fernàndez and Holland, 1994), and up to thirteen in 
vertebrates (Acampora et al., 1989; Graham et al., 1989; Kim et al., 2000). 
The number of clusters in each species also varies. Arthropods (Hughes and 
Kaufman, 2002) and amphioxus (Ruvkun and Hobert, 1998) posses one 
cluster, while vertebrates mostly contain four clusters (Acampora et al., 1989, 
Graham et al., 1989; Kim et al., 2000), named HoxA through HoxD. The 
Hox clusters are thought to have arisen by tandem duplication of a single 
gene, followed, in vertebrates, by duplication of the cluster itself (Schughart 
et al., 1989; Ruddle et al., 1994; Bailey et al., 1997). As a consequence, Hox 
genes occupying the same relative position along the 5' to 3' chromosomal 
coordinate, named paralogous genes, share more similarities in sequence, 
expression pattern and function than do adjacent Hox genes on the same 
chromosome (Condie et al., 1994; Davis et al., 1995; Horan et al., 1995; 
Zákány et al., 1996; Gavalas et al., 1998; Struder et al., 1998; Rossel and 
Capecchi, 1999; Greer et al., 2000). One of the conserved features of the Hox 
genes, displayed generally in bilaterian embryos, is that of spatial colinearity 
of Hox expression along the AP axis and other embryonic axes (Gaunt, 1988; 
Duboule and Dollé, 1989; Graham et al., 1989; Gaunt, 1991). This means 
that paralogs located in the most 3’ position of a cluster are expressed at a 
more anterior position than genes located at more 5’ clustral locations. 
Vertebrate embryos also display a second form of colinearity, temporal 
colinearity (Izpisua-Belmonte et al., 1991; Duboule and Morata, 1994; Gaunt 
and Strachan, 1996; Deschamps et al., 1999), whereby genes located more 3’ 
in the cluster are expressed earlier than genes located more 5’ in the cluster. 
As in vertebrates both colinearities are inseparable, they are referred to as 
spatiotemporal colinearity.  
It has been firmly established that Hox expression boundaries along the AP 
and other embryonic axes are correlated with structural identities; 
misexpression of Hox genes can lead to patterning defects (reviewed by 
McGinnis and Krumlauf, 1992; Deschamps et al., 1999; Gaunt, 2000). A 
textbook example of such an event is the Antennapedia mutation in 
Drosophila, whereby an antenna is transformed into a leg by ectopic 
expression of the Antennapedia gene in the eye-antennal disc (Jorgensen and 
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Garber, 1987; Schneuwly et al., 1987). These homeotic transformations have 
also been observed as a feature of vertebrate Hox genes; ectopic expression in 
more anterior domains than the endogenous expression generally leads to 
posteriorisation (Kessel and Gruss, 1990; Kessel and Gruss 1991; Lufkin et 
al., 1992). Generating correct Hox expression patterns is thus clearly 
essential for correct AP axis patterning. However, many questions about the 
regulation of Hox gene expression remain. In addition, the way in which the 
Hox transcription factors confer positional identity with high target 
specificity is still mysterious.  
 
Aim and content of this thesis 
 
The aim of investigations presented in this thesis has been to gain more 
insight into the processes controlling expression and function of Hox genes 
during anteroposterior patterning. This thesis can broadly be subdivided in 
three sections. The first section, chapters 2 and 3, deals with upstream 
regulators of Hox gene expression. The second section, chapters 4, 5, and 6, 
focuses on cofactors of Hox proteins, which are necessary for providing 
specificity and mediation of Hox transcriptional activation. Finally, in the 
third section, chapter 7, a downstream target of a Hox gene is described. 
Because the introduction of the chapter is complete it will not be dealt with in 
this introduction.  
 
Factors upstream of Hox gene expression 
 
Recent work in our research group has shown that a temporally colinear 
expression sequence of Hox genes is already present in the marginal zone 
mesoderm of Xenopus gastrulae (Wacker et al., submitted; this thesis). 
Interactions between the ventrolateral mesoderm and the Spemann organiser 
bring the Hox cascade to a halt. This results in a pattern of mesodermal Hox 
expression whereby tissue that interacts with the organiser earlier during 
involution, continues to expresses the most anterior Hox genes, and tissue 
interacting with the organiser later expresses more posterior Hox genes. The 
authors show that a graft of organiser tissue, placed in an embryo ventralised 
by UV-irradiation, can restore a larger part of the AP axis if the graft is 
implanted earlier during gastrulation. If an identical graft was implanted at 
the end of gastrulation, i.e. in embryos expressing more posterior Hox genes, 
severe anterior truncations could be observed, the severity depending on the 
stage of implantation. This led to the conclusion that the progression of the 
Hox cascade in mesoderm is inhibited, at various points by interaction with 
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the organiser in order to pattern an AP axis. Most, if not all, previous work 
concerning Hox colinearity has been focused on colinear Hox gene 
expression in the neurectoderm. It is therefore of great interest to investigate 
which factors are upstream regulators of Hox gene expression in marginal 
zone mesoderm, we set out to identify factors involved in the regulation of 
Hox expression during these stages. 
 
A factor upstream of Hox expression in marginal zone mesoderm 
 
We argued that factors known to be involved in early mesodermal patterning 
are potential regulators of initiation and establishment of Hox expression. 
Taking into account that Hox genes, when overexpressed, have a 
posteriorising effect on embryos, we considered factors already known to be 
expressed in mesoderm, which are known to have a comparable effect on 
embryos. A factor capable of ventralising mesoderm and posteriorising 
neurectoderm is Xwnt8 (Christian and Moon, 1993; Fredieu et al., 1997; Erter 
et al., 2001; Kiecker and Niehrs, 2001). We investigated whether Xwnt8 
could regulate Hox expression in marginal zone mesoderm, using gain- and 
loss-of-function strategies. In chapter 2, we present data to show that Xwnt8 
is directly upstream of Hoxd1 in marginal zone mesoderm. This is the first 
example of an initiator of expression of a 3’ Hox gene in a vertebrate. 
Interestingly, it employs a conserved signalling cascade found in a range of 
species varying from C. elegans to vertebrates.  
 
A factor upstream of Hox gene expression in neurectoderm 
 
An upstream regulator of Hox gene expression in the neurectoderm of 
vertebrates is retinoic acid (RA) (and or its derivatives) (Hofmann and 
Eichele, 1994; Durston et al., 1998; Gavalas and Krumlauf, 2000). Retinoids 
can act via the nuclear receptors of the RAR and RXR family. These 
receptors form heterodimers and bind Retinoic Acid Response Elements 
(RAREs) in the promoters of target genes. In the absence of ligand they can 
act as transcriptional repressors (Cohen et al., 2001); and addition of a 
suitable ligand turns them into activators. RAREs have been found in the 
regulatory sequences of a number of labial- and deformed group Hox genes. 
We took advantage of the availability of the genomic sequences of all four 
Hox clusters of mouse and human, to search for conserved RAREs in the 
Hox clusters, and the results are reported in chapter 3.  
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Hox function: interaction with cofactors 
 
Hox proteins can achieve high target specificity in vivo, while in vitro DNA 
binding studies reveal low binding specificity and affinity (Hayashi and 
Scott, 1990; Laughon, 1991; Knoepfler et al., 1996; Di Rocco et al., 1997). 
Different target specificity of individual Hox proteins could be achieved by 
sequence variation in the DNA-contacting helix of the homeodomain. 
Strikingly, this helix, containing the amino acid sequence K-I-W-F-Q-N-R-
R-M-R, is almost invariant among different Hox proteins from a wide range 
of species including C. elegans and human (Bürglin, 1994). However, It has 
been shown that target specificity is partly conferred by the N-terminal arm 
of the homeodomain when the Hox protein binds DNA as a partner in a 
heterodimer, formed with PBC-class cofactors (Chang et al., 1996; Di Rocco 
et al., 1997; Phelan and Featherstone, 1997). Promoter analysis and in vitro 
binding studies have revealed that Hox and PBC family proteins can 
cooperatively bind DNA (van Dijk and Murre, 1994; van Dijk et al., 1995), 
on bipartite consensus sequences of the type TGATNNATNN (Chan and 
Mann, 1996; Chang et al., 1996; Knoepfler et al., 1999; Piper et al., 1999). In 
addition, in vivo studies report that these bipartite binding sites are essential 
for Hox mediated activation of promoters that contain them (Pöpperl et al., 
1995; Chan et al., 1997; Di Rocco et al., 1997; Grieder et al., 1997; 
Maconochie et al., 1997; Ryoo and Mann, 1999; Ferretti et al., 2000). The 
PBC family, encompassing the vertebrate Pbx proteins, Drosophila Exd, and 
C. elegans ceh-20, is a subfamily of the TALE class of homeodomain 
proteins, which contain an atypical, three amino acid extended homeodomain 
(reviewed by Bürglin, 1997). X-ray diffraction crystallography (Passner et 
al., 1999; Piper et al., 1999) and NMR studies (Jabet et al., 1999) have 
shown that the Hox and PBC proteins bind target sequences as heterodimers. 
The PBC class member of the heterodimer binds the sequence GTATNN, 
while on the other strand of the binding element, the sequence NNATNN is 
recognised by the Hox partner (reviewed by Mann and Chan, 1996). These 
bipartite sequences have been found in the regulatory sequences of Hox 
genes themselves and have been shown to be essential for specific 
autoregulation by labial and deformed type Hox genes. Labial type Hox 
proteins preferably bind with PBC members to the sequence gtatGGatGG 
(Chan and Mann, 1996; Maconochie et al., 1997; Mann and Affolter 1998; 
Piper et al., 1999; Ferretti et al., 2000), while deformed type Hox 
proteins/PBC heterodimers prefer the sequence gtatTAatGG (Gould et al., 
1997; Chan et al., 1997; Mann and Affolter, 1998). This shows that the 
interaction of Hox proteins with PBC family cofactors leads to different 
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target specificity depending on the Hox partner of the heterodimer. The 
interaction between the PBC and Hox partners in DNA-bound heterodimers 
has been studied (Knoepfler and Kamps, 1995; Phelan et al., 1995; Jabet et 
al., 1999; Passner et al., 1999; Piper et al., 1999). The protein-protein 
interaction between Hox and PBC proteins consists of the binding of a 
conserved hexapeptide sequence, found in most Hox proteins and located N-
terminal and proximal to the homeodomain, to a pocket formed by PBC 
family members. This pocket is composed of the three amino acid loop 
extension of PBC homeodomains, residues in helix 3 of the homeodomain, 
and a residue in the C-terminal helix of PBC homeodomains (Piper et al., 
1999). The hexapeptide, defined as a tryptophan residue in a hydrophobic 
context, flanked by arginine and lysine residues at +2 to +5 positions to the 
tryptophan (Knoepfler et al., 1999), is found in all Hox proteins, with the 
exception of Hox 11 though 13 group members. The hexapeptide is not an 
exclusive hallmark of Hox proteins as it has also been found in the Engrailed 
homeodomain proteins (Peltenburg and Murre, 1996), and the myogenic 
bHLH transcription factors (Knoepfler et al., 1999). The hexapeptide found 
in Hox group 1 through 8 proteins has the consensus: hydrophobic-Y/F-P-W-
M-K/R (Piper et al., 1999), while in Hox group 9 and 10 proteins a A-N-W-
L/I-H/T-A consensus is found (Shen et al., 1997). Although it is known that 
the hexapeptide is needed for a Hox protein to be able to interact with PBC 
members, and that this interaction leads to binding specificity, the fashion in 
which this specificity is achieved is unknown. Can target specificity be 
explained by variations in the hexapeptides of, for instance, labial (T-F-D-W-
M-K) and deformed (V-Y-P-W-M-R) group members? Piper and co-workers 
(1999) have reported that interactions mediated by the first three residues of 
the labial hexapeptide could be mediated by the residues found in those 
positions in the deformed hexapeptide. These authors also report that the 
conservation of a basic residue at the sixth position cannot be explained by 
the crystal structure since it is disordered in the labial type Hox/Pbx/DNA 
complex they have studied. This suggests that the amino acid sequences of 
the two hexapeptides are functionally similar. In addition, it has been stated 
that naturally occurring variations among hexapeptides do not explain the 
difference in complex stabilities of various Hox proteins in Hox/Pbx/DNA 
combinations (Shen et al., 1996). Together these results suggest that the 
individual sequences of hexapeptides themselves do not account for the 
specificity. To investigate whether additional paralog specific sequences 
might account for in vivo target specificity, we compared sequences of labial 
through Abd-A group Hox proteins. The discovery of interspecies sequence 
conservation among paralog group members in the sequences flanking the 
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hexapeptide is reported in chapter 4. Since sequence conservation between 
Hox proteins outside the homeodomain and hexapeptide is low, the 
conserved hexapeptide-flanking sequences are likely to be functional in 
defining paralog specificity. We propose that the interaction between Hox 
and PBC members is fine-tuned by the conserved hexapeptide-flanking 
regions, leading to different target specificities for different Hox/PBC 
combinations. 
The activity of the paralog groups 1 through 10 Hox proteins is not only 
influenced at the level of Hox-PBC-DNA interactions. Nuclear localisation of 
PBC family members is controlled by competing nuclear import and export 
signals (Rieckhof et al., 1997; Abu-Saar et al., 1999). Meis proteins, also 
members of the TALE-class of homeodomain proteins, are the vertebrate 
homologs of Drosophila Homothorax and C. elegans ceh-25 (Bürglin, 1997). 
Interaction of Meis family members with PBC members shields the nuclear 
export signal of PBC proteins, resulting in a net influx into the nucleus, 
modifying the activity of Hox proteins present (Ryoo et al., 1999; Ryoo and 
Mann, 1999; Jaw et al., 2000). In vertebrate embryos, Meis proteins are 
essential for hindbrain patterning and they can posteriorise the neurectoderm 
when ectopically expressed (Salzberg et al., 1999; Dibner et al., 2001; 
Vlachakis et al., 2001; Waskiewicz et al., 2001; Cheo et al., 2002). In 
zebrafish hindbrain development, a synergistic relation between Hoxb1, 
Pbx4, and Meis3 has been shown, and was argued to directly induce the 
expression of Hoxb1 (Vlachakis et al., 2001). Since recent discoveries have 
shown that Hox genes are expressed in a colinear sequence in marginal zone 
mesoderm (Wacker et al., submitted; this thesis), we wished to investigate 
whether a Xenopus Meis homolog, XMeis3, cooperates with Hox function 
during gastrula stages. In chapter 5, we report that XMeis3 is necessary for 
mesodermal and ectodermal Hox expression, and the progression of 
gastrulation. 
 
Hexapeptide revisited  
 
Several homeobox genes with high sequence similarities to Hox genes have 
been found not to be associated with the Hox clusters (Bürglin, 1994). In 
Amphioxus, three of these genes, Gsx, Xlox, and Cdx, are clustered (Brooke et 
al., 1998). It has been proposed that this cluster, named the ParaHox cluster, 
is the evolutionary sister of the Hox cluster and that they both arose from a 
ProtoHox cluster. In human and mouse, orthologs of all three Amphioxus 
ParaHox genes, are localised in a single cluster (Pollard and Holland, 2000). 
In addition, a second Gsx-homolog and a second and a third Cdx homolog 
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were found, all in different chromosomal locations in the genomes of both 
species. This suggests that duplication of the ParaHox cluster has occurred in 
the lineage leading to the vertebrates, followed by gradual loss of specific 
members of various clusters, leading to one intact ParaHox cluster in modern 
day vertebrates (Pollard and Holland, 2000; Holland, 2001). Interestingly, 
spatial colinearity has also been found for the ParaHox cluster (Brooke et al., 
1998), supporting the suggested common origin of the Hox and ParaHox 
genes. Therefore, comparing features of Hox and ParaHox genes could gain 
more insight into the evolutionary history of their expression regulation and 
function. A feature shared between the ParaHox genes of the Xlox/Pdx1 
family and Hox genes of paralog groups 1 through 10, is hexapeptide-
mediated interaction with PBC family cofactors. Interaction of the ParaHox 
member Pdx1, orthologous to Amphioxus Xlox, with a PBC class member 
has been shown to be essential for pancreatic development (Swift et al., 
1998; Goudet et al., 1999; Dutta et al., 2001; Liu et al., 2001; Kim et al., 
2002). This interaction is mediated via a hexapeptide present in Pdx1 (Peers 
et al., 1995; Goudet et al., 1999; Liu et al., 2001; Kim et al., 2002). In 
addition, Hox/PBC-like bipartite sequences have been found in the proximal 
promoter of the somatostatin gene, a transcriptional target gene of Pdx1 
(Goudet et al., 1999). This led us to investigate whether the other ParaHox 
genes might interact with PBC class cofactors. In chapter 6, we report 
conservation of hexapeptide-flanking sequences of Cdx and Pdx1 proteins, 
present in a wide range of species, resembling the conservation found in Hox 
group 1 through 8 proteins (Chapter 4 of this thesis). More generally we 
searched for the presence of a hexapeptide sequences and conservation of 
flanking sequences in all of the members of the Antp-class of homeodomain 
proteins, and found a wide distribution and conservation of flanking 
sequences. This suggests that interactions between Antp-class homeodomain 
proteins and TALE-class co-factors occurred early during evolution. 
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Abstract 
 
Hox transcription factors serve an essential role in patterning the 
anteroposterior axis, during embryogenesis. Recently, an early expression 
sequence of Hox genes was found in mesoderm of Xenopus gastrulae, this led 
us to investigate whether factors known to pattern the mesoderm are involved 
in initiation of Hox gene expression. Here we present evidence that Xwnt8 is 
necessary for initiation of Hoxd1 expression, and that Hoxd1 is a direct target 
of Tcf/Lef signalling, during gastrulation. In addition, Xwnt8 loss- and gain-
of-function leads to an induction of Hoxc6 expression; this sheds new light 
on the proposed wnt gradient in patterning the Xenopus central nervous 
system (Kiecker and Niehrs, 2001). 
 
Introduction 
 
Hox proteins are involved in the specification of positional identities along 
the anteroposterior (AP) and other embryonic axis in a wide range of animal 
species, including vertebrates (Bürglin et al., 1991; McGinnis and Krumlauf, 
1992; Bürglin and Ruvkun, 1993; Lawrence and Morata, 1994; Manak and 
Scott, 1994). Hox genes are organised in four clusters located on different 
chromosomes. The clusters are thought to have arisen by tandem duplication 
of a single gene, followed, in vertebrates, by duplication of the cluster itself 
(Schughart et al., 1989; Ruddle et al., 1994; Bailey et al., 1997; Greer et al., 
2000). As a consequence, Hox genes occupying the same relative position 
along the 5' to 3' chromosomal coordinate, named paralogous genes, share 
more similarity in sequence and expression pattern than do adjacent Hox 
genes on the same chromosome (Greer et al., 2000). A phenomenon of 
particular interest is that Hox genes located at the 3’ end of a cluster are 
expressed earlier and more anteriorly than the subsequently more 5’ located 
genes (Gaunt et al., 1988; Duboule, 1994; Gaunt and Strachan, 1996). How 
spatiotemporal colinearity in the expression of Hox genes is regulated is 
intriguing but, to date, not well understood.  
Recently, the early Hox expression patterns have been analysed in Xenopus 
gastrula embryos (Wacker et al., submitted). This revealed spatiotemporally 
colinear initiation of expression of a sequence of Hox genes within a 
horseshoe-shaped domain in ventrolateral marginal zone mesoderm at 
different stages during gastrulation, followed by sequential dorsalisation of 
each Hox expression zone into a stable AP zone in axial mesoderm and the 
neural plate. To gain further insight into the regulation of spatiotemporal Hox 
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expression in marginal zone mesoderm, we wished to identify factors 
involved the initiation of mesodermal Hox expression.  
In Xenopus, Xwnt8 expression is first detected in late blastula stage embryos. 
Expression is found in all cells of the marginal zone with the exception of the 
cells centred on the dorsal midline. This pattern of expression in the 
ventrolateral marginal zone persists during gastrulation (Christian and Moon, 
1993). Ectopic expression of Xwnt8 posteriorises neurectoderm (Fredieu et 
al., 1997; Erter et al., 2001; Kiecker and Niehrs, 2001), a feature also known 
for Hox genes. Conversely, gain-of-function for Xdkk1, a secreted Wnt 
antagonist (Glinka et al., 1998), downregulates the expression of Hoxd1 in 
neurectoderm of Xenopus embryos (Kiecker and Niehrs, 2001). In mouse and 
chick embryos, the expression patterns of the Xwnt8 orthologs are indicative 
for a possible function in the regulation of expression of labial-type Hox 
genes. In chick embryos, the expression of Cwnt8C immediately precedes the 
localisation of Hoxb1 expression to rhombomere 4 (Hume and Dodd, 1993). 
In mouse embryos, expression of Mwnt8 is found in the presumptive 
rhombomere 4 region (Bouillet et al., 1996). In Caenorhabditis elegans, 
Wnt/WG signalling elements are involved in the regulation of ceh-13, the 
labial ortholog of the worm (Streit et al., 2002). These properties makes 
Xwnt8 is a good candidate to fulfil the role of initiator of Hox expression in 
marginal zone mesoderm of Xenopus embryos. 
Xwnt8 is a member of the Wnt family of secreted glycoproteins, which act as 
ligands, activating receptor-mediated signal transduction pathways (reviewed 
in Moon et al., 2002 and references therein). After binding of Xwnt8 to 
suitable receptors, intracellular signals are transduced by the canonical Wnt 
pathway (Darken and Wilson, 2001), which acts through a rise in cytosolic 
and subsequent nuclear levels of β-catenin, influencing the function of 
Tcf/Lef transcription factors. Misexpression of synthetic Xwnt8 mRNA on 
the presumptive ventral side, before the activation of the zygotic genome, 
leads to formation of a secondary axis (Sokol et al., 1991), while later 
activation of Xwnt8 expression leads to posteriorisation of the primary axis 
(Christian and Moon, 1993). In Xenopus embryos, it has been shown that β-
catenin induced axis formation is mediated via the transcription factor XTcf3 
(Molenaar et al., 1996). The early and late effects of ectopic Xwnt8 on axis 
formation can be mimicked by timed activation of an activated form of 
XTcf3 (Darken and Wilson, 2001). 
So, is Xwnt8 signalling involved in the initiation of mesodermal Hox 
expression? To answer this question we employed the following strategies. 
First, we made a detailed description of the early expression patterns of 
Xwnt8 and examined whether the expression of Xwnt8 coincides with the 
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expression of Hoxd1, Hoxb4, and Hoxc6 during gastrulation. These three 
genes were chosen because they are expressed in well-defined spatial 
domains in the neurectoderm, corresponding to the identities of rhombomeres 
4 and 5 (Hoxd1, Kolm and Sive, 1995b), posterior hindbrain (Hoxb4, Harvey 
and Melton, 1988), and anterior spinal cord (Hoxc6, Oliver et al., 1988; De 
Robertis et al., 1989), in addition, the spatiotemporal colinear expression of 
these genes in ventrolateral mesoderm has been described (Wacker et al., 
submitted). We report a significant overlap in expression of Xwnt8 and the 
assayed Hox genes in ventrolateral mesoderm during gastrula stages.  
Next, we analysed the effects of Xwnt8 loss-of-function, using a morpholino-
based strategy, on development and the expression of early Hox genes during 
gastrulation. Xwnt8 loss-of-function leads to an anteriorisation of embryos, 
accompanied by a reduction in expression of Hoxd1, but not of Hoxb4.  
Next, we performed Xwnt8 gain-of-function experiments. This results in 
posteriorised embryos and a strong upregulation of Hoxd1 expression. To 
investigate whether the observed effects on Hox expression by Wnt8 gain-of-
function are direct, we undertook an approach using a fusion of an activated 
form of XTcf3 to the ligand-binding domain of the glucocorticoid receptor, 
which allows hormonal regulation of nuclear translocation. Activation of a 
dominant positive form of XTcf3, shortly before gastrulation, leads in a 
direct fashion to upregulation of Hoxd1 expression. In this report, we present 
evidence that Xwnt8 function is necessary and sufficient to induce the 
expression of Hoxd1 in mesoderm and ectoderm of gastrula embryos. 
Furthermore we show that initiation of Hoxd1 expression can be performed, 
in a direct fashion, by Tcf/Lef signalling. 
 
Results 
 
Xwnt8 and anterior Hox genes have partially overlapping expression 
domains during gastrulation 
 
If Xwnt8 is involved in the initiation of Hox gene expression, it needs to be 
co-expressed with Hox genes. Because Wnt family members are secreted 
factors their functional domains could extend beyond the borders of their 
expression domains, but nonetheless overlapping expression of Xwnt8 and 
Hox genes could reveal functional relations. We compared the detailed 
expression patterns of Xwnt8 and three early Hox genes in gastrula and early 
neurula stage embryos. Early during gastrulation Xwnt8 is expressed in a 
horseshoe-like pattern in the mesoderm, showing a gap of expression in the 
organiser mesoderm (Fig. 1A). During progression of gastrulation Xwnt8 
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 expression expands in animal direction (Fig. 1B and 1C). Expression of 
Xwnt8 is lost at the ventralmost side of the embryo around stage 12 (Fig. 1C). 
Expression is maintained in dorsolateral mesodermal domains close to the 
blastopore, and in involuted mesoderm (Fig. 1C). During early neurulation, 
three domains of Xwnt8 expression can be observed on either side of the 
midline: a domain in the paraxial mesoderm, a domain in presumptive 
hindbrain neurectoderm with anteriormost expression overlying the anterior 
expression domain in paraxial mesoderm, and a posterior domain in 
dorsolateral mesoderm (Fig. 1E). Expression of Hoxd1 starts in a horseshoe-
like pattern in marginal zone mesoderm at stage 10.25 (Fig. 2B) and as 
gastrulation progresses two dorsolateral located domains become prominent 
(Fig. 2B). At stage 11.5 the ectoderm overlying the dorsolateral mesodermal 
expression domains starts to express Hoxd1 (Fig. 2B). Early during 
neurulation expression of Hoxd1 can be found anteriorly in ectoderm, in 
lateral mesoderm extending backwards to the almost closed blastopore (Fig. 
2B). The expression patterns of Hoxd1 and Xwnt8 in gastrula stages show a 
clear overlap (compare Fig. 2A to 2B). During early gastrulation the overlap 
can be found in marginal zone mesoderm. At stage 13, expression of both 
genes is found in neurectoderm, in paraxial and posterior mesoderm 
expression of Xwnt8 confides within the domain of Hoxd1 expression 
(compare Fig. 2A to 2B). Initiation of Hoxb4 expression takes place later 
during gastrulation than the initiation of Hoxd1 expression (stage 10.5) but in 
a similar, nested domain in marginal zone mesoderm (Fig. 2C). At stage 12, 
ectoderm, overlying the dorsolateral mesodermal expression domains, starts 
to express Hoxb4 (Fig. 2C). At stage, 13 this ectodermal expression of Hoxb4 
is located posteriorly to the ectodermal expression of Hoxd1 (compare Fig. 
2B to 2C). Expression of Hoxb4 overlaps with that of Xwnt8 in marginal zone 
mesoderm (compare Fig. 2A and 2C). At stage 12 this overlap is restricted to 
the dorsolateral domain of Hoxb4 expression, at stage 13 both Xwnt8 and 
Hoxb4 are co-expressed in paraxial mesoderm, while no overlap in 
neurectoderm can be observed. Expression of Hoxc6 is initiated in a similar 
pattern to that of Hoxd1 and Hoxb4, starting at stage 11.5 in marginal zone 
mesoderm (Fig. 2D). At stage 13 expression of Hoxc6 in ectoderm overlying 
the dorsolateral mesodermal expression domain can be observed (Fig. 2D) 
with an anterior border of expression in a more posterior position than the 
anterior border of Hoxb4 expression (compare Fig. 2C to 2D). The 
expression patterns of Hoxc6 and Xwnt8 overlap in marginal zone mesoderm 
but not in neurectoderm. Later during gastrulation, the expression overlap in 
posterior dorsolateral mesoderm remains during these late gastrula stages 
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(compare Fig. 2D to 2A). These results show that Xwnt8 could serve a role as 
an initiator of Hox gene expression during gastrulation.     
 
Xwnt8 loss-of-function leads to anteriorisation of embryos and loss of 
Hoxd1 expression 
 
To investigate whether Xwnt8 is of importance for the expression initiation of 
Hoxd-1, Hoxb-4, and Hoxc-6 and we employed a loss-of-function method 
using a Xwnt8 morpholino antisense oligonucleotide (MOXwnt8). A number of 
loss-of-function strategies have been used to study the function of Xwnt8: 
dnWnt8 (Hoppler et al., 1996), Xdkk-1 (Glinka et al., 1998), and Sizzled 
(Salic et al., 1997). The advantage of a morpholino-based approach is the 
reported high specificity (reviewed in Heasman, 2002 and references 
therein). By binding of the morpholino, to sequences overlapping, or lying 
adjacent to, the start site of translation, the targeted mRNA is not translated 
(reviewed in Heasman, 2002). This results in a potentially more specific 
Xwnt8 loss-of-function method compared to overexpressing antimorphic 
forms of Xwnt8 or Wnt antagonists.  
MOXwnt8 was injected into the animal hemisphere of embryos at the one-cell 
stage, resulting in spreading of the MOXwnt8 all over the embryo, 
subsequently, the embryos were allowed to develop until control embryos 
reached stage 24 (Fig. 3A) or stage 35 (Fig. 3B). Knocking down Xwnt8 
function by injection of MOXwnt8 leads to anteriorisation of the embryo in a 
concentration dependent manner (Fig. 3). In MOXwnt8 injected embryos the 
axis was reduced, and an enlargement of the cement gland was observed 
(compare Fig. 3A to 3C and 3D, and Fig. 3B to 3E). This phenotype has also 
been reported for the other mentioned Xwnt8 (or Wnt), loss-of-function 
methods: dnWnt8 (Hoppler et al., 1996), Xdkk-1 (Glinka et al., 1998), Sizzled 
(Salic et al., 1997). In zebrafish embryos, injection of morpholinos directed 
against both the Zwnt8 ORFs found (Erter et al., 2001; Lekven et al., 2001) 
leads to comparable effects on development of the embryos as observed for 
Xenopus using the MOXwnt8. A control morpholino (MOcontr), in sequence 
unrelated to MOXwnt8, was injected in the same amounts as the MOXwnt8. 
Abnormalities in the development of embryos injected with MOcontr were not 
observed (data not shown). The specificity of the MOXwnt8 was further shown 
by rescue of the Xwnt8 loss-of-function phenotype with CS2-Xwnt8 plasmid 
DNA (see materials and methods for details). 64 ng of MOXwnt8 and 20 pg 
CS2-Xwnt8 were injected either singly or in combination into the animal 
hemisphere of embryos at the one-cell stage. The embryos receiving both the  
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MOXwnt8 and the CS2-Xwnt8 show a clear reduction in size of the cement 
gland as compared to the single injection of the MOXwnt8 (Fig. 3F).  
After confirming that the MOXwnt8 is a valid Xwnt8 loss-of-function strategy 
we investigated its effects on the expression patterns of Hoxd1, Hoxb4, and 
Hoxc6. Mesodermal expression of Hoxd1 was strongly downregulated, and 
the distance between the two dorsolateral domains of expression in marginal 
zone mesoderm was increased by Xwnt8 loss-of-function (Fig. 4A). 
Ectodermal expression of Hoxd1 is also downregulated in injected embryos 
(Fig. 4A). Expression of Hoxb4 in mesoderm and ectoderm appeared 
unaltered by Xwnt8 loss-of-function (Fig. 4B). Expression of Hoxc6 was 
ectopically upregulated in dorsal mesoderm of stage 10.5 embryos and in 
mesoderm and dorsal ectoderm of embryos at stage 11.5 (Fig. 4C). In situ 
hybridisations were performed on embryos injected with 64 ng of MOcontr, for 
all markers studied this results in unaltered expression (data not shown).  
 
Misexpression of Xwnt8 after mid-blastula transition leads to an 
upregulation of expression of Hoxd1 and Hoxc6, but not of Hoxb4 
 
To study the effects of Xwnt8 gain-of-function on gastrulation and 
neurulation we generated a construct driving expression of Xwnt8 after the 
mid blastula transition (MBT). This avoids the early, dorsalising, activity 
found following Xwnt8 synthetic mRNA injections (Smith and Harland, 
1991; Sokol et al., 1991). To this end, we generated a plasmid containing the 
full-length coding region of Xwnt8 in the CS2+ vector (Rupp et al., 1994) 
and named the construct CS2-Xwnt8. The CS2+ vector harbours a sCMV 
promoter leading to efficient expression and subsequent translation of the 
derived mRNA in Xenopus embryos after MBT (Turner and Weintraub, 
1994; Kühl et al., 1996). Embryos at the one-cell stage were injected into the 
animal hemisphere with 100 pg of CS2-Xwnt8 plasmid, this results in a clear 
posteriorisation (data not shown). Next, we assayed for the expression of 
early Hox genes, the mesodermal marker Xbra, and the posterior marker 
Xcad3 in CS2-Xwnt8 injected embryos. Strong upregulation of the expression 
of Hoxd1 could be observed (Fig. 5A). Not only is the expression domain 
larger as compared to control embryos, but expression also appears earlier 
and expression can be observed in the organiser field (Fig. 5A). Later during 
gastrulation ectopic Hoxd1 expression continues to be present in ectoderm 
and mesoderm on the midline of the embryo, and is expanded in anterior 
direction (Fig. 5A). Expression of Hoxb4 appeared unaltered by Xwnt8 gain-
of-function (Fig. 5B). Expression of Hoxc6 was upregulated, in mesoderm 
and ectoderm (Fig 5C). This ectopic expression is much earlier than 
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endogenous Hoxc6 expression, and is found in dorsal mesoderm, tissue that 
normally does not express Hox genes. Later in gastrulation an expansion of 
the endogenous horseshoe-shaped domain is observed (data not shown). In 
early neurula stages, an anterior expansion of the expression of Hoxc6 in 
neurectoderm and axial mesoderm is observed (Fig. 5C). Expression of the 
mesodermal marker Xbra was unaltered by the Xwnt8 gain-of-function (Fig. 
5D), suggesting that formation of mesoderm was not affected by exogenous 
Xwnt8. Expression of the posterior marker Xcad3 was upregulated in 
mesoderm (data not shown) and ectoderm of injected embryos (Fig. 5E), 
confirming the posteriorising nature on neurectoderm of CS2-Xwnt8 
injection. The different effects that the misexpression of Xwnt8 has on the 
expression of Hoxd1, Hoxb4, and Hoxc6 demonstrates the complex and 
dynamic nature of expression regulation of Hox genes in marginal zone 
mesoderm, and suggests a role for Xwnt8 in this regulation. 
 
Labial type Hox genes are direct targets of canonical Wnt signalling 
 
It is has been shown that Xwnt8 employs the canonical Wnt pathway before 
and after the onset of gastrulation, stabilizing cytosolic β-catenin and 
activating gene expression through Tcf/Lef transcription factors (Darken and 
Wilson, 2001). To investigate whether the induction of anterior Hox genes by 
Xwnt8 signalling is direct we made use of an activated, hormone inducible 
form of XTcf3, TVGR (Darken and Wilson, 2001). Embryos were injected 
into the animal hemisphere at the one-cell stage with 100 pg of TVGR. CHX 
was added at stage 9.5, followed half an hour later by addition of DEX to the 
appropriate samples, well before the onset of gastrulation and the initiation of 
Hox gene expression. At stage 11 the embryos were harvested for RT-PCR. 
The results are shown in figure 6. Because CHX was added before the onset 
of gastrulation, induction of Hoxd1, Hoxb4 and Hoxc6 expression in control 
embryos is reduced or absent (Fig. 6). Expression of Hoxd1 is directly 
activated by the TVGR, while the expression of Hoxb4 and Hoxc6 is slightly 
upregulated when DEX was added in absence of CHX, demonstrating that 
induction of expression of Hoxb4 and Hoxc6 is indirect. 
 
 
 
 
 
 
 



Chapter 2 

33

Figure 1. Expression of Xwnt8 during gastrula and early neurula stages. Embryos were 

assayed for expression of Xwnt8 by whole-mount in situ hybridisation. In each panel a single 

embryo is shown. (A) Stage 11 embryo, lateral view with dorsal to the right, and a dorsal-to-

ventral section of the embryo. Xwnt8 expression is detected in the ventral and lateral 

marginal zone mesoderm. (B) Stage 11.5 embryo, lateral view with dorsal to the right, and a 

lateral-to-lateral section. Expression can be found close to the blastopore and in involuted 

mesoderm. (C) Stage 12 embryo, lateral view with dorsal to the right, and a posterior view. 

Expression of Xwnt8 can be found in presumptive paraxial mesoderm and expression close 

to the blastopore is further restricted to dorsolateral positions. (D) Stage 13 embryo, lateral 

view with anterior to the left, a posterior view of the embryo, and two dorsal-to-ventral 

sections. In the section on the right top of the panel Xwnt8 expression in presumptive 

hindbrain is shown, this corresponds to the anteriormost expression in the lateral view. 

Expression in mesoderm close to the closing blastopore is shown in the bottom right section 

of the panel and corresponds to expression shown in posterior view. (E) Stage 17 embryo, 

lateral view with anterior to the left, posterior view, and a dorsal-to-ventral section. The 

anterior ectodermal expression domain, the paraxial expression, and the dorsolateral 

expression in the mesoderm remain, while a lateral expression domain appears in the 

ectoderm. In the dorsal-to-ventral section, and in an enlargement on the bottom right of the 

panel, initiation of Xwnt8 expression in the neural tube can be found.  
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Figure 2. Expression of Xwnt8, Hoxd1, Hoxb4, and Hoxc6 during gastrulation. Embryos 

were analysed by whole-mount in situ hybridisation for expression of Xwnt8 (A), Hoxd1 (B),

Hoxb4 (C), and Hoxc6 (D). Embryos are shown, going from left to right through the panels, 

at stage 11, stage 11.5, stage 12 (vegetal views with dorsal up), and at stage 13 (dorsal views 

with anterior up). Xwnt8 expression overlaps with the expression of Hoxd1 in the 

ventrolateral mesoderm during early gastrulation. At stage 12 the posterior most expression 

of Xwnt8 becomes restricted to dorsolateral marginal zone, overlapping with the expression 

domain of Hoxd1. When gastrulation is nearly completed an overlap in expression of Xwnt8

and Hoxd1 can be observed in presumptive hindbrain, and paraxial mesoderm. Hoxb4 and 

Xwnt8 show an overlap in their expression patterns during stage 11.5, at stage 12 ectodermal 

expression of Hoxb4 is initiated in overlapping the dorsolateral Xwnt8 expression domain. 

During late gastrulation an overlap in expression of Hoxb4 and Xwnt8 is observed in paraxial 

mesoderm. Expression of Hoxc6, on the other hand, is initiated after the retraction of the 

Xwnt8 expression to the dorsolateral domains, therefore an overlap in expression is only 

observed there. This overlap is still visible at the end of gastrulation. Likewise for Hoxd1 and 

Hoxb4 the first ectodermal expression is initiated of Hoxc6 found in the ectoderm overlying 

the posterior dorsolateral domains of Xwnt8 expression.
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Discussion 
 
Ectopic Xwnt8 directly initiates expression of Hoxd1 
 
We report that ectopic Xwnt8 is sufficient to initiate Hoxd1 expression in 
mesoderm and ectoderm of gastrula stage embryos. Xwnt8 is able to 
ectopically induce expression of the earliest expressed Hox gene in Xenopus, 
Hoxd1, and can do so earlier than initiation of endogenous expression and in 
tissues normally not expressing Hox genes as well as in endogenously 
expressing tissues. Kiecker and Niehrs (2001) have reported that the injection 
of pCSKA-Xwnt8 (CSKA-X8, Christian and Moon, 1993) into Xenopus 
embryos does not alter the expression of Hoxd1, an apparent contradiction to 
the results shown in this report, because we do observe an increased 
expression of Hoxd1 by ectopic Xwnt8. In our hands the pCSKA-Xwnt8 
construct was also not able to initiate the expression of Hoxd1 in mesoderm 
or ectoderm. This could be due to the UTR sequences contained in the 
pCSKA-Xwnt8 plasmid, as UTR sequences are know to affect the stability of 
mRNA and to regulate the translation of the messenger (reviewed in Derrigo 
et al., 2000, and references therein). Our results show that Xwnt8 is capable 
of initiating the expression of Hoxd1. 
 
Endogenous Xwnt8 signalling via Tcf/Lef is necessary for induction of 
Hoxd1 in dorsolateral mesoderm and neurectoderm 
 
The necessity of Xwnt8 function for Hoxd1 expression in marginal zone 
mesoderm is shown by Xwnt8 loss-of-function experiments, where a strong 
reduction in Hoxd1 expression can be observed. The expression of Hoxb4 
appears largely unaffected by Xwnt8 loss-of-function. We conclude that 
Hoxb4 is downstream of a different parallel input. A mechanism whereby 
different inputs are capable of starting Hox expression from different Hox 
paralog groups in the cluster could be of importance in the regulation of the 
Hox gene expression and thus for patterning the anteroposterior axis. Striking 
is the effect on expression of Hoxc6 by Xwnt8 loss-of-function. Hoxc6 is up 
regulated in dorsal mesoderm and ectoderm, tissues normally not expressing 
Hoxc6, significantly earlier than endogenous expression. An explanation 
could be that Xwnt8 loss-of-function leads to a reduction of hindbrain identity 
in the dorsal ectoderm, by reduction of Hoxd1 expression, resulting in 
posteriorisation to spinal cord identity, as shown by expression of Hoxc6. 
The necessity of Wnt signalling for the expression of labial-type Hox genes is 
supported by recent findings in C. elegans (Streit et al., 2002). It was found 
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Control CS2-Xwnt8 CS2-Xwnt8MOXwnt8Control CS2-Xwnt8 CS2-Xwnt8MOXwnt8

Figure 3. Effects of Xwnt8 loss-of-function on phenotype and rescue of MO
Xwnt8

. Embryos 

at the one-cell stage were injected into the animal hemisphere with 64 ng of MO
Xwnt8

, and 

allowed to develop until the control embryos reached stage 24 (A) or stage 35 (B). In the 

majority of the embryos the axis is reduced and the head is enlarged, as well as the anterior 

most structure, the cement gland (C), (D),.and (E). (F) The specificity of the MO
Xwnt8

is

shown by rescue with CS2-Xwnt8 plasmid. Embryos were injected with 20 pg CS2-Xwnt8, 

64 ng MO
Xwnt8

 or with both and compared to control embryos.  
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Figure 4. Effects of Xwnt8 loss-of-function on expression of Hoxd1, Hoxb4, and Hoxc6.

Embryos were injected into the animal hemisphere at the one-cell stage with 32 ng of 

MO
Xwnt8

 and analysed by whole-mount in situ hybridisation. Injected embryos are shown at 

the bottom of each panel, control embryos are shown on top. Shown are vegetal views with 

dorsal to the top. (A) Expression of Hoxd1, shown are stages 11 (left side of the panel), and 

stage 12 (right side of the panel). The effect of injected MO
Xwnt8

 is a downregulation in 

Hoxd1 expression. (B) Expression of Hoxb4, shown at stage 11.5 (left side of the panel) and 

stage 13 (right side of the panel) appears unaffected by Xwnt8 loss-of-function. (C)

Expression of Hoxc6 is upregulated by Xwnt8 loss-of-function on the dorsal side of the 

embryo. Shown are stages 10.5 (left side of the panel) and 11.5 (right side of the panel). (D)

Dorsal to ventral sections of the embryos shown in (C), the plane of sectioning is depicted by 

the dotted line in the insets on the bottom left corner. 
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that expression of ceh-13, the labial ortholog of C. elegans, depends on Wnt 
signalling. Strikingly, regulatory elements of ceh-13 can act as WG response 
elements in transgenic Drosophila embryos. This points, together with our 
results, to a conserved and ancient mechanism, wherein labial-type Hox gene 
expression is dependent on Wnt signalling. However, to our knowledge, it 
has never been reported that induction of labial-type Hox genes by Wnt 
signalling can be accomplished when protein synthesis is inhibited and is 
therefore direct.  
  
Is Xwnt8 involved in generating a gradient?  
 
The different effects of Xwnt8 gain-of-function on the expression of different 
Hox paralog groups may contribute to the generation of an early Hox pattern. 
This pattern is initiated in mesoderm, followed by the appearance of the Hox 
code in neurectoderm. A posterior to anterior positive gradient of β–cat/Wnt 
signalling in neurectoderm has been suggested (Kiecker and Niehrs, 2001). If 
a gradient of anteroposterior patterning information spreads from the 
posterior tissues to more anterior tissues we expect the Hox genes to be 
functional downstream of this gradient and, as a consequence, to respond to 
changes in this gradient. The observed effects on Hox expression by Xwnt8 
loss- and gain-of-function make the existence of such a gradient unlikely. In 
Xwnt8 loss-of-function, posterior Hox genes would be expected to be 
downregulated, considering that the source of the gradient is thought to be on 
the posterior side of the embryo. This is in conflict with the observed induced 
expression of Hoxc6 in dorsal mesoderm and ectoderm, and an enhanced 
level of expression in ventrolateral mesoderm of embryos injected with 
MOXwnt8. Unaffected expression of Hoxb4 as seen in Xwnt8 loss- and gain-of-
function is also not in corroboration with a simple model wherein a gradient 
of Wnt signalling along the anteroposterior axis is used to provide positional 
information. According to a model like this, a gene expressed more anteriorly 
would be expressed in more posterior tissues in response to loss-of-function 
for the gradient, the results of MOXwnt8 experiments are contradictory; they 
show a strong downregulation of Hoxd1 expression in embryos with reduced 
Xwnt8 signalling, and not a posterior shift. Upregulation of Hoxc6 expression 
observed in Xwnt8 gain-of-function is much weaker and in a significantly 
smaller domain than upregulated Hoxd1 expression, while leaving expression 
of Hoxb4 unaffected, these results also contradict a model whereby an 
anteroposterior gradient of Wnt signalling is used to pattern the primary axis. 
We propose a model wherein Xwnt8 is involved in initiating a pattern of Hox 
expression in ventrolateral marginal zone mesoderm of the embryo by 



Chapter 2 

39

Figure 5. Effects of Xwnt8 gain-of-function on the expression of Hoxd1, Hoxb4, Hoxc6,

Xbra, and Xcad3. Embryos were injected at the one-cell stage into the animal hemisphere 

with 100 pg CS2-Xwnt8 plasmid, and analysed by whole-mount in situ hybridisation. 

Injected embryos are shown on the bottom of each panel, control embryos on the top. (A)

Expression of Hoxd1 is ectopically upregulated in dorsal tissues of injected embryos. Shown 

are stage 10 (left side of the panel) and stage 12.5 (right side of the panel) embryos, the 

views are dorsal with anterior to the top. (B) The expression of Hoxb4 appears unchanged by 

Xwnt8 gain-of-function, shown are stage 10.5 (left side of the panel,) and stage 12.5 (right 

side of the panel) embryos, views are vegetal with dorsal to the top. (C) Expression of Hoxc6

is upregulated in dorsally at stage 10 (left side of the panel), and in neurectoderm of stage 15 

(right side of the panel) embryos. (D) Expression of the mesodermal marker Xbra appeared 

unaltered, shown are stage 11 embryos in vegetal view with dorsal up. (E) Expression of the 

posterior marker Xcad3 is shifted to a more anterior position as a result of the Xwnt8 gain-

of-function, shown are embryos at stage 17, dorsal view, with anterior up. 

Xwnt8Xwnt8 Xwnt8 Xwnt8 
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Figure 6. Tcf/Lef signalling is directly upstream of expression of Hoxd1. Embryos at the 
one-cell stage were injected into the animal hemisphere with 100 pg TVGR, an activated 
hormone inducible form of XTcf3. Cycloheximide (CHX) was added before the start of 
gastrulation, followed by addition of dexamethasone (DEX), see for details the materials and 
methods section. In control embryos expression of Hoxd1, Hoxb4, and Hoxc6 was repressed 
or inhibited by addition of CHX; addition of DEX on the other hand did not lead to a 
difference in expression of the three Hox genes assayed, expression in the combined CHX 
and DEX treatment appears as in the only CHX treatment. Injection of TVGR and 
subsequent addition of CHX has no effect on expression of the three Hox genes assayed. 
Activation of TVGR by DEX however, led to an induction of Hoxd1 expression. The 
induction of Hoxd1 is shown to be direct by addition of DEX in presence of CHX. 
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initiating the expression of Hoxd1, in a direct fashion. After the initial 
activation, the Hox cascade continues, Hoxb4 expression is initiated in a 
nested domain to Hoxd1, in a manner independent of canonical Wnt 
signalling, thereby creating the first step of the Hox code. This leads to our 
conclusion that Xwnt8, and perhaps other Wnts, plays an important part in 
setting up the Hox code. In fact this code of colinearly expressed Hox genes 
can be considered as a gradient of positional information along the 
anteroposterior axis.  
 
Materials and methods 
 
Xenopus embryos and microinjections 
 
Pigmented Xenopus laevis embryos were obtained by in vitro fertilisation, 
and after dejelling in a 2% cysteine solution (pH 8.0), cultured in 0.1x Marc’s 
Modified Ringers’s (MMR) (Sive et al., 2000), containing 50 µg/ml 
gentamycin at 14-21 oC. Embryos were injected in 1x MMR + 4% ficoll and 
afterwards transferred to 1x MMR + 1% Ficoll, and cultured in this medium 
for 1 to 7 hours, after which they were transferred and to 0.1x MMR in which 
they were cultured until harvesting. Staging of the embryos was performed 
according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967).  
MOXwnt8, supplied by Gene Tools, LLC, has the sequence: 5’-
tttgcatgatgaaggctgctatccg. The MOcontr has the sequence: 5’-
cctcttacctcagttacaatttata. Embryos were injected into the animal pole at the 
one-cell stage with 32 or 64 ng MOXwnt8, dissolved in water, in a volume of 4 
or 8 nl respectively, or with the MOcontr using the same conditions. 
The CS2-Xwnt8 construct was made by cloning the full-length coding region 
of Xwnt8, obtained by PCR using the CSKA-X8 plasmid (Christian and 
Moon, 1993) as template and the following primers: f: 5’-gaggaattccggatagca 
gccttcatcatgcaaaacacc, r: 5’–ctactcgagtctccggtggcctctgttcttcc, containing an 
EcoRI or a XhoI restriction site respectively, in the CS2+ vector (Rupp et al., 
1994) using the restriction sites in the primers. 50 pg, in a volume of 8 nl, of 
this plasmid was injected, dissolved in water, into the animal pole of embryos 
at the one-cell stage.  
Synthetic capped mRNA was made using the Ambion mMessage mMachine 
Kit, 100 pg TVGR mRNA was injected into the animal pole of one-cell stage 
embryos.  
Treatments with Cycloheximide (CHX) and Dexamethasone (DEX) were 
performed using concentrations of 10 µM. CHX treatment was started 30 
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minutes prior to DEX addition. Embryos were harvested 4 hours after 
addition of CHX (Kolm and Sive, 1995a). 
 
Whole mount in situ hybridisation and antisense probes 
 
Whole mount in situ hybridisations were performed (Harland, 1991), with 
minor modifications. The antisense RNA probes were generated by run off in 
vitro translation using DIG RNA labelling mix (Roche), and T7 or Sp6 RNA 
polymerase (Promega). The probes were generated using the following 
templates: Hoxd1: (Sive and Cheng, 1991), Hoxb4: a 708 bp fragment 
containing the complete Hoxb-4 ORF cloned in pGEMTE, Hoxc6: a 998 bp 
Hoxc-6 fragment in pGEM1 containing a part of the homeodomain and 
extending into the 3' UTR, Xcad3: (Pownall et al., 1996); Xbra: pSP73Xbra 
(Smith et al., 1991).  
 
RT-PCR 
 
Total RNA was extracted using Tri-Pure reagent (Roche). First strand cDNA 
was subsequently synthesised using Superscript KSII polymerase (Gibco-
BRL), primed with an Oligo dT15 according to the manufacturer’s 
instruction. RT-PCR assays were performed in the exponential phase of 
amplification as described (Busse and Séquin, 1993) using Tfl polymerase 
(Promega) in buffer containing 20 mM TrisAc, pH 9.0, 75 mM KAc, 10 mM 
NH4SO4, 1.7 mM MgSO4 and 0.05% Tween-20. The primers used are: 
Hoxd1: f: 5’-agggaactttgcccaactctcc r: 5’-gtgcagtacatgggtgtctggc; Hoxb4 
(Hooiveld et al., 1999); Hoxc-6 f: 5’-cagagccagacgtggactattcatccagg; Hoxc-6 
r: 5’-caaggtaactgtcacagtatggagatgatggc; ODC f: 5’-gtcaatgatgggtgtatggatc r: 
5’- tccattccgctctcctgagcac. 
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Abstract 
 
Retinoic acid (RA) plays an important role in regulating Hox gene expression 
in vertebrates. We performed a comparative analysis in silico of the four Hox 
complexes of human and mouse and identified 40 putative RA-response 
elements (RAREs). Our strategy based on a search for small sequences not 
only revealed a high degree of conservation (90% between mouse and 
human) but also led to the identification of sites present near all of the 
members of a particular paralogy groups, namely groups 3, 4 and 5. 
Unexpectedly, only a subset of the possible RARE sequences was present in 
the Hox clusters. Phylogenetic studies revealed that this bias in site usage 
was presumably already present prior to gnathostome radiation. We analysed 
the flanking sequences upstream and downstream of ca. 15,000 annotated 
homolog gene pairs between human and mouse, and found that this subset of 
RARE sequences is nearly exclusively found in the Hox genes regulatory 
regions. These Hox cluster specific response elements raise the intriguing 
possibility that transcriptional regulation of different biological functions 
could be coordinated at the genomic level via a binding site sequence code. 
 
Introduction 
 
Hox genes encode transcription factors known to play a key role in specifying 
positional identity along the AP axis and other embryonic axes in metazoan 
embryos. They are expressed in an ordered spatial and temporal sequence 
correlating with this from 3’ to 5’ in chromosomal clusters (5,6). Hox 
expression boundaries correspond with structural identity, and modifications 
of expression domains coincide with changes in morphological structure 
along the body axes. Understanding the regulatory mechanisms of Hox gene 
expression is therefore of primary interest in the field of developmental and 
evolutionary biology (7,8). 
Retinoic acid (RA) and its derivatives (collectively named retinoids) play an 
important role in regulating Hox gene expression (reviewed in (9-11)). 
Retinoids are thought mainly to exert their activities at the transcriptional 
level, acting as ligands to activate two families of transcription factors, the 
RA receptors (RAR α, β, and γ and the retinoid X receptors RXR α, β, and γ) 
It is traditionally considered that the formation of heterodimers between RAR 
and RXR members is induced by high-affinity response elements containing 
sequences closely related to a “direct repeat” (DR) of AGGTCA, with 
characteristic inter-half-site-intervals of 5 nucleotides (DR 5) and to a lesser 
extent 1 or 2 nucleotides (DR1,2) (see (1,10,12) for review but also (13-15) 
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for other reported mechanisms of transduction). Dimerisation is crucial as 
half sites have only a very weak affinity for monomers (12,16). Besides the 
well established importance of DR1,2 and 5 for mediating RA response, there 
is now also an increasing body of evidence which supports regulation of 
transcription by retinoids via non DR sites (see table 1 for sequences and 
references).  
To date, studies carried out both in vitro and in vivo have led to the 
identification of 16 functional RA-response elements (RARE) at 9 different 
positions in the flanking regions of 6 mammalian Hox genes (reviewed in 
(2,17) and see figure 1). A conserved sequence in the promoters of Hoxa5, 
Hoxb5 and Hoxc5 has also been reported to mediate an indirect RA response 
(4). Identification of direct RA-response elements mainly in the flanking 
regions of paralogy groups (PGs) 1 and 4 is in contrast with the colinear RA 
response from PG 1 to PG 9 observed in mammalian cultured cells ((18-21)), 
or from the PG 1 to the PG 5 in animal cap assay in Xenopus (22). 
Furthermore, Hox gene activation by RA in the absence of protein synthesis 
has been observed for Hoxa1 and Hoxb1 which have identified RAREs but 
also for Hoxd1, Hoxb2 and Hoxb8 which have not (18,20,23-25). Retinoid-
responsive Hox genes and RARE bearing Hox genes thus, form two partially 
overlapping but distinct sets, clearly revealing how incomplete our 
understanding of the RA action is. 
Comparison of the human and mouse genomes is a promising method for 
identifying regulatory elements or transcription factor binding sites (26,27). 
Because they are composed of 12 nucleotides, RAREs are sufficiently 
complex to be searched for on a genomic scale. However, the heterogeneity 
of these response elements (see table 1) precludes the design of a reliable 
matrix. To identify RAREs in the Hox clusters with minimal assumption, we 
set up a three steps strategy defined by progressive expansion based on 
conservation analysis. We first searched the Hox complexes for RARE 
sequences that were known in the context of other promoters to be functional. 
This led to identification of sequences with the highest degree of confidence 
(first-rated sequences). Second, putative modified sites were searched for by 
local alignment to identified RAREs present at a particular position in only 
one of the two species. This method allowed the identification of RARE 
types not described previously (second-rated sequences). Finally, all the 
sequences present in the Hox clusters (first- and second-rated) were used to 
establish restricted consensus sequences. This led to the identification of 
other putative RAREs from which sequences at positions conserved between 
human and mouse were retained (third-rated sequences). 
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Results 
 
RAREs are extremely conserved in Hox clusters  
 
Searching in both the human and mouse Hox clusters for the 56 characterised 
RARE types listed in table 1 led to the identification of 53 putative sites 
including, indeed, the 20 RA response elements already described (2,4,17) 
(figure 1). The 33 newly identified sites are very likely to be of physiological 
interest both for statistical and for phylogenetic reasons. First, this number of 
sites is much higher than statistically expected by chance (namely 0.04 per 
type for four clusters, ca. 600,000 bp). Second, most of the sites we found are 
located at similar positions with respect to particular Hox ORFs in human 
and mouse, defining 21 conserved positions. Interestingly, this proportion 
even reaches 100% in the case of the experimentally defined sequences that 
were identified previously.  
Since our first approach identified only exactly matching sequences, natural 
variants could have been missed. Assuming that function is transitive through 
conservation, we searched for putative homologues of the 11 unilaterally 
represented RAREs (figure 1). By performing BLAST searches of 
surrounding sequences, we identified 3 new types of putative RAREs (in blue 
on figure 1). Local alignments also revealed that a type 18 DR2 site in the 
mouse has a type 17 homolog in human in an element 3’ to Hoxa1 (figure 2), 
as 70% of the nucleotides are identical in the 200 bp surrounding the RARE. 
Finally, we used the DR5 RARE sequences identified in the Hox clusters to 
design a consensus sequence (table 2) and thereby found 11 more putative 
RAREs. We restricted our analysis to the sites that were conserved between 
human and mouse and thereby, accepted three new types of putative RAREs 
(type N1 to N3, table 2). (The same analysis for DR2 and DR1 sequences did 
not bring any additional conserved sites, not shown).  These sites define three 
new conserved positions in the HoxA clusters, two of which are present at 
comparable locations in the HoxA cluster of the shark Heterodontus francisci 
(28,29) (figure 2). In summary, we identified 60 RAREs of which 91% are 
conserved between human and mouse and which define 27 conserved 
positions within the Hox clusters, and we found six putative RARE 
sequences which are very likely to be functional RAREs. 
 
 



Chapter 3 

53 

 
Type Categories Species Sequences References 

0 DR5 Sy AGGTCA(n5)AGGTCA R03941  
1 MGP Hs GGTTCA(n5)TGTTCA (1) 
2 Shh Br GGTTCA(n5)GGGTCA (46) 
3 Hoxa1, Hoxb1 Hs, Mm GGTTCA(n5)AGTTCA (47) 
4 Hoxd4 3’ Hs, Mm GGTTCA(n5)AGGACA (17) 
5 ADH3 Hs GGGTCA(n5)AGTTCA R03945,R03017
6 RARβ2 distal Hs, Mm GGGTCA(n5)AGGTTA (48) 
7 RARγ2 Hs GGGTCA(n5)AGGTGA R03929  
8 CRABPII Hs GGGTCA(n5)AGGACA (49) 
9 RARα2 Hs, Mm AGTTCA(n5)AGTTCA R04075  
10 Hoxb4 3’ Mm AGTTCA(n5)AGGCCA (50) 
11 Hoxa4, Hoxd4 Hs, Mm AGGTGA(n5)AGGTCA (51,52) 
11a Hoxb4 5’ Mm GGGTGA(n5)AGGTCA This work 
12 CMV-IEP Hs AGGTCA(n5)TGGGCA (1) 
13 CP-H Mm AGGTCA(n5)AGGGCA (1) 
14 Ga1 Hs AGGGCA(n5)AGGTCA (1) 
15 hApoAI Hs GGGTCA(n2)GGTTCA R00135 
16 Erythropoietin Mm GGGTCA(n2)AGGTCA (16) 
17 CRABPII Mm GAGTCA(n2)AGGTCA R04770 
18 CRABPII Mm AGTTCA(n2)AGGTCA R04769 
19 CRBPI Mm AGGTCA(n2)AGGTCA R03932 
20 CRBPI Rn AGGTCA(n2)AAGTCA R03962 
21 Hoxb1 3’ Hs, Mm AGGTAA(n2)AGGTCA (53) 
22 Hoxb1 5’ Hs, Mm AGGGCA(n2)AGTTCA (54) 
23 PAFR 2 Hs AGGCCA(n2)AAGCCA (55) 
24 ApoCIII Hs TGGGCAnAGGTCA (56) 
25 Ovalbumin Gg GTGTCAnAGGTCA (1) 
26 HBV Hs GGGTAAnGGTTCA R03934 
27 Oct-3/4 Mm GGGCCAnAGGTCA (57) 
28 PEP Rn CGGCCAnAGGTCA R01690 
29 Osteocalcin Hs AGGTGAnTCACCG R01187 
30 αB-crystallin Mm AGGTCAnGGGTTT (58) 
30a HoxA4 3’ Hs AGGTCAnGGGATT This work 
31 MHCI Mm AGGTCAnGGGTGG (1) 
32 CRBPII Mm AGGTCAnAGGTCA R04768 
33 CRBPII Mm AGGTCAnAGTTCA R03931 
34 Stromelysin Hs AGGTCAnAGGTCA (59) 
35 ApoAI Hs AGGGCAnGGGTCA (1) 
36 CRABPII Mm AGGGCAnAGGTCA (1) 
37 Acyl-CoA Rn AGGACAnAGGTCA R03986 
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38 Oct-3/4 Mm AGGTCAAGGCTA (57) 
39 TrePal Sy AGGTCATGACCT (41) 
40 Growth Hormone Bt GGGACATGACCC (1) 
41 MCAD Hs GGGTAAAGGTGA (1) 
42 RBP Hs CGGTGANTCAGG (60) 
43 Cdx1 Mm AAGGGTCGTGACCCCT (61) 
44 Vitellogenin A2 Xl AGGTCA(n3)TGACCT (1) 
45 Laminin B1 Mm AGGTGA(n3)AGGTTA (62) 
46 αB-crystallin Mm GTGTCA(n3)TGCCAA (58) 
47 Cardiac α- Hs,Rn AGGTGA(n4)AGGACA R03942,R01169
48 RBP Hs AGGACA(n4)CGGGCA (60) 
49 Laminin B1 Mm GGGTCA(n5)TCTGGC (62) 
50 αB-crystallin Mm GTGTCA(n5)CCAAAT (58) 
51 HSV-1 tk Hs AGGTGA(n6)TGGCCT R04759 
52 IR7 Hs, Br RGGTCA(n7)TGACCY (63)  
53 γF-crystallin Mm TGACCC(n8)AGGTCA R03963 
54 Laminin B1 Mm GGTTAA(n13)GGGTCA (62) 
I Hox5 BS Hs, Mm RKCACGTGAYTC (4) 
Ia HoxA4 3’ Mm GTCATGTGACTC This work 

 
 
 
Table 1. RARE sequences set. The different sections display functional RAREs (DR5, DR2, 
DR1 and non DR sites) identified in regulatory elements in Hox genes (in bold) and non-
Hox genes respectively. Each of these sites presents a different sequence. Complex sites 
were also included but, when possible, were narrowed to a core sequence of 12 nucleotides 
in order to be able to search for reasonable complexity. References or accession number in 
TRANSFAC database are given. Sequence polymorphisms identified in this study are shaded 
(see below). Note that type I is not a RXR-RAR binding site and is likely to be an indirect 
RA response element (4). (Br: Brachydanio rerio; Bt: Bos taurus; Gg: Gallus gallus; Hs: 
Homo sapiens; Mm: Mus musculus; Rn: Rattus norvegicus; Sy: Synthetic; Xl: Xenopus 
laevis).  
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Figure 1. First-rated RAREs in Hox clusters are strongly conserved between human and 

mouse. Graphic overview of identified RARE locations in human and mouse clusters. The 

four clusters are defined by the stop and the ATG codons of the first and last paralogs 

respectively, and theirs positions are represented by light blue-shaded boxes. They are 

oriented 5’ to 3’ such as the first PGs are on the right. We included 20 kb on both sides of 

each clusters (in white, separated by dashed lines). Sites are divided in DR5, DR2 and 

unconventional RAREs. Previously known and new RAREs are drawn in black and red 

respectively. Conserved elements from human to mouse are in bold. Numbers refer to RARE 

type sequences (see table 1). 
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Distribution of RAREs is asymmetric along the Hox clusters 
 
Several RAREs in the flanking regions of Hoxa1, Hoxb1, Hoxa4, Hoxb4, and 
Hoxd4 have been shown to mediate a RA response for these genes (depicted 
in black on figure 1). Here we identify new putative RAREs around PG 1 and 
PG 4 emphasising the importance of retinoid regulation for these PGs. 
Moreover, the highly conserved RARE sequence 5’ to Hoxb4 is, at the same 
time, present in all of the vertebrate Hox clusters studied, and is found only 
upstream of PG 4, thus defining a signature for this PG (see figure 3A). The 
new conserved RARE identified 5’ to PG 3, is a surprising result as, to our 
knowledge, there is so far no functional evidence that any paralog of this 
group is directly activated by RA. Moreover this RARE is found in all 3 
paralogs studied and is extremely conserved not only at the level of the site 
itself but also of the surrounding regions (see figure 3B). However, even 
though these RAREs lie within the PG 3 proximal regions, they could act as 
long range enhancers as they are located in a region shown to influence the 
transcription of PG 4 members (17).  
A striking feature is that 54 of the 60 response elements (both direct and 
indirect) are distributed between the first and the fifth PGs (see figure 2). 
Moreover sites 5’ to PG 5 are not conserved between human and mouse 
except for a DR2 located within the intron of Hoxa10 which is also present in 
the shark. This asymmetric partition of RAREs along the Hox clusters 
suggests that high sensitivity to retinoids is somehow restricted to the five 
anterior PGs. This statement is in extraordinary accordance with 
experimental findings in Xenopus that Hoxb1 through Hoxb5 are colinearly 
induced by RA in early embryogenesis (22). This finding together with our 
discovery of a high degree of RARE conservation between the mammalian 
and shark HoxA clusters (figure 2) suggests that RA regulation of anterior 
Hox genes is an ancient and conserved feature of vertebrates. 
Interestingly, an asymmetry is also observed in the repartition of the different 
DR5 types along the clusters. In fact, all of the DR5 types found in the Hox 
clusters can be grouped in two categories depending on their first half site 
sequences (table 2). It is then remarkable that the subclass A members 
(RGTTCA) are spread out from PG 1 to PG 4 while subclass B members 
(RGGTGA) are restricted between PG 4 and PG 5 defining two abutting 
domains within the Hox clusters. 
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Figure 2. RAREs are mainly distributed in the region between PG 1 and PG 5. For each 

cluster, sand-coloured boxes represent genes of the PGs 1 to 9. Posterior genes are not 

represented as no RARE has been found beyond the PG 10. RAREs are drawn by vertical 

slashes and associated numbers refer to the site-sequence described in table 2. DR5 and DR2 

are in red and black respectively. Indirect response elements (Hoxc5 BS, I) are in green 

(Mm: Mus musculus; Hs: Homo sapiens; Hf: Heterodontus francisci).



Analysis in silico of retinoid response element conservation 

58  

A conserved bias in RARE sequence usage in the Hox clusters 
 
It is not only the positions of particular RAREs relative to transcription units 
that are conserved, but as seen from figure 3, the sequences of the RAREs 
themselves are also strongly constrained. All direct response elements found 
belong to the DR classes and 66% of these sequences are DR5. No 
palindromic, inverted, everted or other atypical sequences from our database 
matched even though 17 of those sequences were used in the analysis (see 
table 1). As all the sites have the same complexity this result indicates a 
preference, and could reflect a specificity of action. Surprisingly, sequences 
are also biased within the DR5 class. In fact, the first screen resulted in the 
finding that all of the 25 identified DR5s present a sequence previously first 
described in Hox genes (as illustrated by their names in table 1), while 11 
equally natural sequences are absent. A trivial explanation could be that 
binding site-sequences are similar due to their common origin and their 
subsequent conservation. However, this seems unlikely as variations in the 
sequence of homologous binding sites are observed (see figures 2 and 3), and 
identical types are found at different positions in the same cluster (e.g. type 3 
present at three different conserved positions in the HoxA cluster). In 
contrast, despite the smaller subset of natural sequences available in the DR2 
class, we found RAREs first characterised in non-Hox genes, namely in the 
erythropoietin and CRABPII promoters (type 16 and 18). These sites are 
likely to be functional as they define two conserved positions and are 
interchangeable in the vicinity of Hoxa1.  
Therefore, it seems that not only Hox clusters present a specific subset of 
DR5 RAREs, but also reciprocally these sequences are, at least to some 
extent, Hox cluster specific. If they were not, RAREs present in Hox genes 
should also have been discovered in non-Hox genes. If this is indeed true, 
these RAREs should not be found in non-Hox gene promoters. To test this 
challenging hypothesis, we undertook a comparative analysis of conserved 
sites in the promoters of murine and human genes. As a proof of principle we 
searched for conserved sites within flanking regions of 15,000 annotated 
gene pairs between human and mouse, including Hox genes of the A, B and 
D clusters. As RARE polymorphism is observed at several positions in the 
Hox clusters, we searched for the presence of identical or different Hox DR5 
types (listed in table 2). Using these criteria we identified 15 positive pairs of 
conserved RAREs. Hox genes (Hoxa1, Hoxa4, Hoxb4, Hoxd4, Hoxa3, Hoxb3 
and Hoxd3) represent 66% of the positive pairs and the five non-Hox genes 
encode meplin, Poly(RC)-binding protein, CGI-112, γ-crystallin, and 
oestrogen receptor γ. The identification of only five non-Hox positive pairs of 
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Table 2. DR5 RARE types present in the clusters. First lines (in black) display first and 

second-rate sequences from which consensus sequences are derived. New conserved 

sequences found with the DR5 consensus follow (third-rate, type N1 to 3, in red). 

Exceptional nucleotides are in red and invariable nucleotides are in blue.

Figure 3. Conserved region associated with RARE of the third (A) and the fourth (B) PGs. 

Half sites are represented by arrows. Br: Brachydanio rerio; Hs: Homo sapiens; Mm: Mus
musculus; Ph: Papilio hamadryas; Hf: Heterodontus francisci.

Site name Sequence Occurrence 

DR5 AGGTCA(n5)AGGTCA

Type  3 GGTTCA(n5)AGTTCA Mm:  5    Hs:  6

Type   4 GGTTCA(n5)AGGACA Mm:  1    Hs:  1

Type 10 AGTTCA(n5)AGGCCA Mm:  1    Hs:  1

Type 11 AGGTGA(n5)AGGTCA Mm:  3    Hs:  4

Type 11a GGGTGA(n5)AGGTCA Mm:  1    Hs:  0

Consensus RGKTSA(n5)AGKHCA Mm: 18   Hs: 16

Type N1 GGGTGA(n5)AGGCCA Mm:  1    Hs:  1

Type N2 GGTTCA(n5)AGTCCA Mm:  1    Hs:  1

Type N3 AGTTCA(n5)AGGACA Mm: 1    Hs:  1 
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genes out of the 15,000 analysed, confirms the bias in site usage and 
demonstrates that these site sequences are almost Hox gene specific. 
As the regulation of Hox genes by RA seems to be an ancient characteristic 
of the vertebrates ((30) and cf. supra), it was engaging to test whether this is 
also the case for the RARE usage. In the nematode and the Tribolium clusters 
we could not find any putative RARE whatsoever, a consistent finding as 
ecdysozoans are non likely to possess any true retinoid receptors (31,32). 
Interestingly however, the Drosophila ANTP-C and BX-C clusters display 
five DR5 derived consensus RAREs even though none of our 60 primary 
sequences are present. In the shark HoxA cluster, the 4 DR5 RAREs found 
are of Hox-types and no RARE belongs to a non-Hox type (figure 2). As the 
ancestors of H. francisci and human diverged at least 400 Myr ago, this 
strongly suggests that this peculiar site usage was already present prior to 
gnathostomes radiation. This ancient origin is in agreement with the fact that 
in mammals, the four clusters are all biased, even though they originate 
before the divergence of agnathans and gnathosotomes (33).  
 
Discussion 
 
High conservation of RAREs  
 
The objectives of this work were double. We wanted to make an inventory of 
RAREs of known types in the Hox complexes of human and mouse and to 
design a method to find new types. Our strategy based on a search for small 
sequences not only revealed an unexpected high degree of conservation of 
RAREs between different vertebrates but also led to the identification of 
particular RAREs which were located close to all members of the same PG, 
namely PGs 3, 4 and 5. Due to their relatively small size, these conserved 
motifs cannot be easily detected by extensive alignment. For instance, 
aligning HoxA and HoxD clusters using PipMaker (http://bio.cse.psu.edu/ 
pipmaker, not shown), failed to identify the conserved RAREs illustrated in 
figure 3 even though this degree of conservation is comparable to the 
homeobox encoding regions. Therefore our method is suitable for identifying 
small functional sequences and proves to be a useful supplement to alignment 
for identification of phylogenetic footprints (29), as exemplified by our 
finding of 8 more RAREs conserved between the shark and mammalian 
HoxA clusters (28). 
One important finding from our study is the unexpected extent to which RA-
response elements are conserved between different Hox clusters in the same 
species. In fact, despite the similarities in their expression patterns, 
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differences between Hoxb4 and Hoxa4 in the positions and activities of their 
regulatory regions had previously led to the proposal that control elements 
might not be conserved between these two paralogs (34-36). More generally, 
based on comparative studies of HoxA clusters in vertebrates it has been 
suggested that cis-acting elements are rarely conserved after duplication (29). 
It had nonetheless been reported that Hoxa4, Hoxd4 and Hoxb4 have 
maintained the position of a 3’ neural enhancer (37). Our findings here now 
demonstrate extensive conservation of regulatory elements between all of the 
Hox clusters. Therefore, conservation of these sequences despite post-
duplication drift strongly suggests that they are essential for Hox gene 
functions, which are ancestral for gnathostomes. This level of conservation is 
all the more striking because the endogenous expression of Hoxb4 in the 
mouse can virtually be recreated without its 5’ RARE element (34). Along 
these lines, the indirect response element upstream of PG 5 is present in the 
Hoxd5 gene of H. francisci (not shown), and is also present in the HoxD 
clusters of both human and mouse even though Hoxd5 has been lost in those 
species, suggesting a function of the RARE which is independent of this 
particular gene. One exciting possibility could be that these elements are 
important for the biology of the complex itself, namely its colinearity.  
 
Nature of the bias usage of retinoid binding sites in Hox complexes 
 
We report here that only a few of the possible RXR-RAR binding sites are 
actually distributed throughout the clusters and reciprocally that these 
sequences are essentially unavailable outside Hox genes. Pressure for 
maintaining such specific sequences could be due to interaction with co-
factors or to specific heterodimers. 
Indeed, the promoter context of a given RARE is an important factor in 
eliciting its transcriptional response, as exemplified by the fact that despite 
the Hoxa1 and RARβ2 genes bearing an identical RARE, their responses to 
retinoids can be dissociated (38). In this context, it is noteworthy that in our 
case, nucleotide conservation is consistently extended beyond the two 
canonical half sites, as 93% (73/80) of the inter-space nucleotides are 
identical between human and mouse for the 15 pairs of conserved DR5. 
Moreover, in the case of the RARE 5’ to PG 3, the conserved sequence is 23 
base pairs long with only 3 observed substitutions (figure 3A), and in some 
cases, the inter-space nucleotide sequence seems to be more critical than the 
half-sites (figure 3B). The specific site usage could therefore indicate the 
presence of RXR-RAR interacting co-factors (coincident pressure), or that 
the site might be bound by additional transcription factors (serial pressure). 
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The RAR and RXR families each contain three different genes each with 
several isoforms (reviewed in (39,40)), and despite an important network of 
compensation and redundancy between RXR-RAR heterodimers, there are 
arguments for differential activity of certain heterodimers on specific target 
genes (41-44). For example, in the murine F9 cell line, inductions of Hoxa1 
and Hoxb1 by RA are differentially mediated as only Hoxa1 induction 
depends on RARγ (42). Furthermore, different RAREs require different 
heterodimers for optimal activation at a given ligand concentration (41). 
Therefore, the special usage of binding sites could reveal a recognition code, 
namely certain sequences could preferentially be bound by certain RXR-
RAR heterodimers containing specific isoforms. The fact that a given 
heterodimer can differentially regulate different RAREs depending on the 
type of retinoid or on the ligand concentrations (41), raises the intriguing 
possibility that the ligand could also be a source of variation used as a 
recognition code, even though to our knowledge there is no experimental 
evidence for such a fine-tuned mechanism within the DR5 class of response 
elements, as discrimination of sequences via specific heterodimer-ligand 
complexes has been reported for different structured RAREs (41). In this 
view, Hox specific sequences allow detection, via bona fide receptors, of 
particular retinoids or specific concentrations of a given ligand. This latter 
hypothesis is of special interest since this mechanism would account for the 
high sensitivity of Hox gene inductions to retinoid concentrations (reviewed 
in (21)) and would give a framework to our findings that two classes of 
regulatory elements divide the clusters into two sections. The previous 
hypotheses are not mutually exclusive and restriction of the RARE sequences 
could reflect action of a particular combination of receptors, co-receptors and 
ligands, different parameters that could be regulated independently. 
Retinoids regulate very different biological processes in a broad range of 
tissues during development and adulthood and ultimately the same genome 
responds differently each time. The specificity of the response is though to be 
achieved via different combinations of DNA-interacting proteins, but the 
existence of a predictable DNA-protein recognition code is a controversial 
issue (45). Our findings that some binding site sequences are associated with 
a function suggests that understanding how specific functions are 
discriminated as different blueprints on the DNA may not be out of reach. 
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Methods 
 
Genomic DNA sources 
   
The genomic sequences of the Hox clusters were retrieved from the Ensembl 
databases (http://www.ensemble.org) maintained by the Wellcome Trust 
Sanger Institute and the European Bioinformatics Institute. Our analysis were 
performed using the following sequences : human HoxC and HoxD, v.6.28.1 
and HoxA and HoxB v.7.29a.3; mouse HoxA and HoxD,v.6.3a.1 and HoxB 
and HoxC v.7.3b.3. This combination of clusters results in 0.01% and 0.28% 
of ambiguous sequences for human and mouse respectively. GenBank 
accession numbers for the other clusters: Heterodontus francisci HoxM 
(HoxA-like) cluster (AF479755; AF224262); Caenorhabditis elegans, 
(CEY75B8A; CEY79H2); Tribolium castaneum partial sequence of the 
ANTP-C (AY043292; AY043293; AF321227); Drosophila melanogaster 
BX-C  (DMU31961) and ANTP-C (AE001572); Papio hamadryas HoxB 
cluster (AC116664). 
 
RAREs data set 
 
Experimentally defined RAREs were assembled from previous collections by 
(1,2) and from the transcription factor database TRANSFAC 5.0 (3) 
(http://transfac.gbf.de/TRANSFAC/cl/cl.html), in association with a literature 
survey (Table 1). Each sequence is associated with a type number and 
referred as such in the text. Each included sequence has been demonstrated to 
respond to RA in vivo either in transgenic animals or in a cell-culture model 
system. Synthetic sequences for which no biological effect has been 
demonstrated were not taken into account. We also included a sequence 
known to mediate indirect RA response on Hoxc5 and to be conserved in 
Hoxa5, Hoxb5 and Hoxc5 (4) (Hox5 binding site: Hox5 BS). 
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RAREs identification procedures  
 
Searches for specific RARE types listed in table 1 were performed with 
MapDraw (DNAstar, Inc). For sites present only in the mouse or human 
clusters, putative homologs were systematically searched using 200 bp of the 
surrounding region of unilateral RAREs as probes by BLAST search and 
local alignment using Clustral method (Megalign; DNAstar, Inc). Sequences 
of RAREs effectively present in the complex allowed the design of consensus 
sequences for each DR classes that were used in a second round of analysis 
(MapDraw).  
 
High throughput promoter analysis.  
 
Considering the distribution of RAREs in respect to gene positions in the 
Hox clusters, search was performed within 5 kb upstream and 5 kb 
downstream of the gene start sites. A list of human and mouse orthologous 
genes has been obtained from ENSEMBL server and 10 kb flanking 
sequences (5 upstream, 5 downstream) of ca. 15,000 orthologs have been 
extracted. Search for RARE types listed in table 2 have been implemented 
via simple PERL script, and promoter pairs bearing one type each (even 
different) have been reported. Accession numbers for positive non-Hox 
genes are given for human, RAREs being upstream  (meplin 
ENSG00000050405, Poly(RC)-binding protein ENSG00000090097) and 
downstream (CGI-112 ENSG00000100908; γ-crystallin ENSG00000127377; 
and oestrogen-related receptor γ, ENSG00000057103). 
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The Hox genes are a family of transcription factors that
define specific anteroposterior identities, both in verte-

brate and in invertebrate embryos1, and that are character-
ized by a very highly conserved DNA-binding motif known
as the homeodomain2–4. In vitro, most HOX proteins 
recognize the same four-base-pair consensus sequence that is
actually repeated many times in the genome5. Far greater
binding specificity is achieved when HOX proteins bind as
heterodimers with PBX proteins (vertebrate homologs of

Drosophila homeodomain-containing transcription factor
extradenticle)6. PBX and HOX proteins interact at a specific
and highly conserved hexapeptide on the surface of the
HOX protein6–8. This short sequence of amino acids is neces-
sary for PBX binding and, apart from the homeodomain
itself, is the most characteristic feature of Hox genes.

During the evolution of vertebrates, the ancestral 
cluster of Hox genes was duplicated at least twice1,9–11;
hence, most vertebrates have at least four independent
Hox clusters, referred to as a, b, c…etc. Despite some Hox
genes in each cluster having become non-functional or
even entirely deleted subsequent to the duplication step,
the overall genomic structure of each cluster has been con-
served in evolution1. In general, the descendants of each of
the genes in the ancestral Hox cluster have similar expres-
sion patterns and some conserved functions12,13. They are
described as paralogs (e.g. hoxa1, hoxb1 and hoxd1).
Outside of the homeodomain region, the overall sequence
identity between members of each paralog group is very
low. As a result, the paralog identity of each gene has
often been ambiguous.

Two previous studies have addressed this problem by
aligning Hox genes based on their hexapeptide sequences
rather than their homeodomain14,15 (which forms the usual
basis for Hox gene alignment comparisons). Their find-
ings revealed that there were, indeed, some amino acids
adjacent to the hexapeptide that are conserved only within
individual paralog groups. Here we have extended these
studies to include all hexapeptide-containing paralog
groups from a wide range of species. Interestingly, this
reveals that there are several very highly conserved amino
acids clustered around the hexapeptide sequence. These
amino acids consistently identify Hox genes as belonging
to a particular paralog group (Fig. 1).

Why are the amino acids around the hexapeptide
sequence so highly conserved between paralogs but not
clusters? Members of one paralog bind to a distinct DNA
sequence only when bound to PBX at the hexapeptide site;
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HOX1     TFDWMKVKRNxPK
HOX2    PEfPWMKEKKxxxK
HOX3   KQIFPWMKESxQxxKxK
HOX4    VVYPWMKKhHhxxxxxxY
HOX5   PQIYPWMrKLHhxHxxxxxxKR
HOX6     hYPWMQRMNSxxxxxfGxxxRxR
HOX7    RIYPWMRSxGxD
HOX8     hfPWM

FIGURE 1. Conserved amino acids around the
hexapeptide sequence of Hox paralog groups
(1–8)

Capital letters denote the conserved amino acids (based on the standard IUB
codes). The amino acids in bold are those that define the hexapeptide itself. ‘f’
denotes either phenylalanine (F) or tyrosine (Y) and ‘r’ denotes either arginine (R)
or lysine (K). ‘h’ is a hydrophobic amino acid. ‘x’ indicates that the amino acid at
that position is not conserved (although the spacing is). The sequences
compared for each paralog group were as follows. HOX1: Hoxa1 (R, H, M, X, Z),
Hoxb1 (F, H, M, X, Z) and Hoxd1 (M, X). HOX2: Proboscipedia (D), Hoxa2 (M) and
Hoxb2 (H). HOX3: Hoxa3 (M, Z), Hoxb3 (CP, C, H, M, X) and Hoxd3 (C, H, M). HOX4:
Hoxa4 (C, H, M), Hoxb4 (F, M, X, Z), Hoxc4 (H, M, Z) and Hoxd4 (C, H, M, Z). HOX5:
Sex combs reduced (D), Hoxa5 (H, M, Z), Hoxb5 (C, H, M, X, Z) and Hoxc5 (H, M).
HOX6: Hoxb6 (H, M, Z) and Hoxc6 (F, H, M, X, Z). HOX7: Hoxa7 (H, M, Z) and Hoxb7
(H, M, X). HOX8: Hoxb8 (C, M, X) and Hoxc8 (F, H, M, X). Abbreviated species
names: D, Drosophila; C, chicken; CP, carp; F, Fugu; H, human; M, mouse; R, rat;
X, Xenopus; Z, Zebrafish.
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however, this hexapeptide is highly conserved. Thus, para-
log-specific amino acids surrounding this motif might ‘fine
tune’ the PBX–HOX binding interaction, resulting in a
unique DNA-binding specificity for each paralog group.
Indeed, in the case of the Hox4 paralog group at least,
there is already some evidence that this might be the case15.
In a recent report16, a Drosophila PBX homolog is shown

to determine DNA-binding specificity directly via a 21 bp
element. This is distinct from the sequence that is bound by
the HOX homeodomain. Hence, the function of PBX
might not be limited to simply modifying the binding speci-
ficity of HOX proteins. We hope that future studies on the
requirement for these amino acids close to the hexapeptide
might provide clues as to how this ‘fine-tuning’ works.

OutlookLETTERSIdentifying HOX paralog groups by the PBX-binding region

TIG February 2000, volume 16, No. 2
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Abstract 
 
Hox transcription factors provide positional information during patterning of 
the anteroposterior axis. Recently, an early expression sequence of Hox genes 
was found in Xenopus gastrulae mesoderm. Hox transcription factors can co-
operatively bind with PBC-class co-factors, enhancing specificity and affinity 
for consensus binding sites. The nuclear localisation of these co-factors is 
regulated by the Meis-class of homeodomain proteins. During development 
of the zebrafish hindbrain, Meis3 has been shown to synergise with Hoxb1 in 
the autoregulation of Hoxb1. In Xenopus XMeis3 posteriorises the embryo 
upon ectopic expression. We investigated whether XMeis3 is involved in 
regulation of Hox gene expression in mesoderm during gastrulation. Here, we 
present evidence that XMeis3 is necessary for expression of Hoxd1, Hoxb4 
and Hoxc6 in mesoderm during gastrulation. In addition, we show that 
XMeis3 function is necessary for the progression of gastrulation. Finally, we 
propose synergy between XMeis3 and Hoxd1 in Hoxd1 autoregulation during 
gastrulation.  
 
Introduction 
 
During the development of most animal species studied, Hox transcription 
factors specify positional information along the anterior to posterior axis 
(Bürglin et al., 1991; Bürglin and Ruvkun, 1993; McGinnis and Krumlauf, 
1992; Lawrence and Morata, 1994; Manak and Scott, 1994). Hox genes form 
a subfamily of the homeobox containing gene family, and are organised in 
four clusters, each located on different chromosomes. The homeobox 
encodes a DNA binding motif called the homeodomain. A strict control of 
the expression and function of these Hox genes is essential. It has been shown 
that Pbx family members, and their Drosophila melanogaster counterpart 
Extradenticle (Exd), function as cofactors for Hox proteins; they can enhance 
their binding specificity and affinity for target sequences on DNA (van Dijk 
and Murre, 1994; Knoepfler and Kamps, 1995; Chang et al., 1995; 
Neuteboom and Murre, 1997; Ryoo and Mann, 1999). Pbx/Exd family 
members are part of a different subfamily of the homeodomain containing 
proteins, namely the TALE-class. This class is characterised by having a 
three amino acid loop extension between the first and second helices of their 
homeodomains (Bürglin, 1997). Cooperative binding of Hox and Pbx/Exd 
proteins can lead to transactivation while binding of the individual factors 
leads to repression on the same promoter elements (Pinsonneault et al., 
1997). When Hox proteins bind to DNA cooperatively with a Pbx/Exd family 
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member, the main protein-protein interaction consists of binding of the 
hexapeptide motif of the Hox protein to a pocket formed by the atypical 
homeodomain of PBC family members (Jabet et al., 1999; Passner et al., 
1999; Piper et al., 1999). This pocket is composed of the three amino acid 
loop extension of the PBC homeodomain, residues in the third helix of the 
homeodomain, and a residue in the C-terminal helix of PBC homeodomains 
(Piper et al., 1999). The nuclear localisation of Pbx/Exd proteins is controlled 
by competing nuclear import and export signals (Abu-Saar et al., 1999). 
When members of the Meis family, or their Drosophila counterpart 
Homothorax (Hth), also members of the TALE-class of homeodomain 
proteins, are present in the cytoplasm they interact with Pbx/Exd family 
members in such a way that the nuclear export signal of the Pbx/Exd family 
member is shielded, resulting in a net influx of Pbx/Exd into the nucleus, 
influencing the function of Hox proteins present (Ryoo et al., 1999; Ryoo and 
Mann, 1999; Jaw et al., 2000). However, Pbx/Exd and Meis/Hth proteins are 
not used exclusively as cofactors for Hox proteins. The myogenic bHLH 
factors (Knoepfler et al., 1999) and Engrailed (Peltenburg and Murre, 1996) 
also depend on the activity of Pbx and Meis members for proper functioning.  
For Hox paralog group 1 members, autoregulation dependent on Pbx/Exd and 
Meis/Hth has been shown to function in neurectoderm of mouse embryos 
(Pöpperl et al., 1995; Ferretti et al., 2000), C. elegans (Streit et al., 2002) and 
in endoderm of Drosophila embryos (Ryoo et al., 1999; Marty et al., 2001). 
Binding of Hox and Pbx family members to bipartite Hox-Pbx binding sites 
is essential for autoregulation (Pöpperl et al., 1995; Grieder et al., 1997; 
Ryoo et al., 1999; Marty et al., 2001). Meis proteins have been shown to be 
indispensable as mediators of this process (Grieder et al., 1997; Ryoo et al., 
1999; Marty et al., 2001). 
In Xenopus, a member of the Meis family, XMeis3, is a posteriorising factor 
in neurectoderm of Xenopus laevis, and is required for hindbrain patterning 
(Salzberg et al., 1999; Dibner et al., 2001). In zebrafish embryos, similar 
functions have been reported for Meis3 and other Meis family members 
(Vlachakis et al., 2001; Waskiewicz et al., 2001; Choe et al., 2002). 
Expression of XMeis3 is reported as being initiated in a stripe in the neural 
plate of early-mid neurula embryos. During neurula and early-tailbud stages, 
expression is mainly localised to rhombomeres (r’s) 2, 3, and 4, and the 
anterior spinal cord, while posterior rhombomeres show some ventral 
expression (Salzberg et al., 1999). Expression of XMeis3 overlaps with 
neurectodermal expression of Hoxd1 (r4 and r5) (Kolm and Sive, 1995), 
Hoxb4 (r7, r8, and the anterior spinal cord) (Harvey and Melton, 1988), and 
Hoxc6 (anterior spinal cord) (Oliver et al., 1988; De Robertis et al., 1989). 
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These overlaps are consistent with the idea that XMeis3 is involved in 
controlling the function of Hox proteins it is co-expressed with. These studies 
do, however, leave many questions unanswered. They pay little attention to 
when and where Meis cofactors actually interact with Hox proteins at 
different stages during the early AP patterning process. These details are 
likely to be crucial for understanding the mechanism at hand. Studies of 
vertebrate Hox expression and function have already made it clear that AP 
patterning depends on a specific early spatiotemporal sequence of Hox gene 
expression. Expression of each Hox gene is initiated in a specific domain in 
the gastrula embryo and then undergoes an establishment phase during which 
this expression domain changes to a gene specific AP zone in axial 
mesoderm and the neural plate and finally a maintenance phase during which 
this AP zone is consolidated. This sequence is employed universally in 
mammals, birds, fish and amphibians and shows generic features in these 
different species (Duboule and Dolle, 1989; Graham et al., 1989; Gaunt and 
Strachan, 1996; Deschamps et al., 1999; Wacker et al., submitted). A recent 
study analysed the early Hox expression patterns in Xenopus, and this 
revealed a spatiotemporally colinear initiation of expression of a sequence of 
Hox genes within a horseshoe-shaped domain of ventrolateral marginal zone 
mesoderm at different stages during gastrulation and then sequential 
dorsalisation of each Hox expression zone corresponding with its translation 
into a stable AP zone in axial mesoderm and the neural plate (Wacker et al., 
submitted). This sequence reflects timed interactions between a ventrolateral 
mesodermal Hox cascade and the Spemann organiser that are imperative for 
AP axis formation.  
We set out to investigate whether expression of early Hox genes depends on 
the activity of XMeis3 and whether XMeis3 is involved in regulation of 
expression of these Hox genes in mesoderm during gastrulation. In order for 
XMeis3 to be able to regulate Hox expression in mesoderm they need to be 
co-expressed there. We performed whole mount in situ hybridisation to study 
the detailed early expression of XMeis3 and compared it to the early 
expression patterns of Hoxd1, Hoxb4, and Hoxc6 and found significant co-
expression in lateral regions of marginal zone mesoderm, early during 
gastrulation. To gain further insight into the early function of XMeis3, we 
followed a gain- and a loss-of-function strategy. In the gain-of-function 
strategy synthetic XMeis3 mRNA was injected and expression of Hox genes 
was studied. These experiments showed that ectopic expression of XMeis3 
during gastrulation is capable of inducing expression of the assayed Hox 
genes in mesoderm as well as in ectoderm. In the loss-of-function strategy we 
made use of an antisense morpholino oligonucleotide (reviewed in Heasman, 
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2002 and references therein) to inhibit the translation of XMeis3 mRNA 
(MOXMeis3). Injection of MOXMeis3 leads to a reduction in expression of 
Hoxd1, Hoxb4, and Hoxc6 in mesoderm and ectoderm during gastrulation, 
and to severe patterning defects. Finally we show synergy between Hoxd1 
and XMeis3 and show that the mesodermal expression of Hoxd1 during early 
gastrulation is already dependent on XMeis3 mediated autoregulation. 
 
Results 
 
The expression of XMeis3 overlaps with Hox gene expression in 
mesoderm 
 
To determine whether XMeis3 is co-expressed with Hox genes in the 
mesoderm of gastrula embryos, whole mount in situ hybridisations were 
performed for XMeis3, Hoxd1, Hoxb4, and Hoxc6. Expression of XMeis3 is 
initiated in a horseshoe-shaped domain in ventrolateral marginal zone 
mesoderm, before stage 11 expression is lost in the ventralmost tissue, 
resulting in two lateral expression domains on either side of the organiser in 
mesoderm of early gastrula stage embryos (Fig. 1A). Expression later in 
gastrulation becomes localised to mesoderm lateral to the midline and 
overlying ectoderm (Fig. 1B). Early expression of Hoxd1, Hoxb4, and Hoxc6 
is initiated in ventrolateral mesoderm and each of these genes follows a 
similar spatiotemporal expression sequence (Wacker et al., submitted). 
During early phases of gastrulation mesodermal expression of Hoxd1 (Fig. 
1C), Hoxb4 (Fig. 1E), and Hoxc6 (Fig. 1G) overlaps with expression of 
XMeis3 in the dorsolateral domains of these Hox genes (compare Fig. 1A to 
1C, 1E, and 1G). At the end of gastrulation the overlap between expression of 
Hoxd1 (Fig. 1D) and XMeis3 (Fig. 1B) in mesoderm is maintained, and 
newly initiated expression of both genes in the neurectoderm also overlaps. 
At the same time, the more posteriorly expressed Hoxb4 (Fig. 1F) and Hoxc6 
(Fig. 1H) only partially overlap XMeis3 expression (Fig. 1B) in involuted 
mesoderm. Hoxb4 expression partially overlaps expression of XMeis3 in 
overlying ectoderm (compare Fig. 1F to 1B). These results show that there is 
indeed an overlap in expression of XMeis3 and of early Hox genes in 
mesoderm during gastrulation, and that expression of XMeis3 and Hoxd1 also 
overlaps in ectoderm.  
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XMeis3 gain-of-function upregulates Hox gene expression in mesoderm 
and ectoderm 
 
To investigate whether XMeis3 is capable of contributing to the regulation of 
Hox gene expression, 2 ng of synthetic mRNA containing the full-length 
coding region of XMeis3 was injected into the animal pole of embryos at the 
one-cell stage. The amount of 2 ng was chosen because this was shown to 
lead to posteriorisation of injected embryos (Salzberg et al., 1999). The 
effects on expression of Hoxd1, Hoxb4, Hoxc6, Xbra, and the posterior 
marker Xcad3 in gastrula stages were assayed by in situ hybridisation. The 
ectopic expression of Hoxd1 (Fig. 2A) in injected embryos is remarkable 
because it is found in the region harbouring the Spemann organiser, tissue 
that normally does not expresses Hox genes. The horseshoe-shaped domain 
of expression is also expanded and expression levels appear to be enhanced. 
Furthermore expression can be found in ectoderm of the animal cap and 
mesoderm underlying it, in the form of a streak of expression in contact with 
the expanded ring of expression around the blastopore (Fig 2A). Hoxb4 also 
shows ectopic expression in animal cap ectoderm and expansion of the 
endogenous expression domain (Fig. 2B), but no closure of the dorsal 
expression gap neither in organiser mesoderm nor in overlying ectoderm can 
be observed. Interestingly, induced expression of Hoxc6 can already be found 
in dorsal mesoderm at stage 10.25 (Fig. 2C), significantly earlier than 
endogenous initiation of expression (st11) and like ectopic Hoxd1 expression, 
this occurs in dorsal mesoderm. In later stages an expansion of the 
endogenous horseshoe-shaped expression domain is also found (data not 
shown). Expression of the mesodermal marker Xbra appears unaltered in 
injected embryos (Fig. 2D), suggesting that changes in Hox expression 
domains are not due to changes in induction of mesoderm, but rather to its 
patterning. The previously described posteriorising effect of XMeis3 on 
neurectoderm is confirmed by anterior expansion of expression of the 
posterior marker Xcad3 (Fig. 2E). 
 
XMeis3 loss-of-function downregulates expression of Hox genes 
 
To determine whether XMeis3 function is necessary for initiation and/or 
establishment of Hoxd1, Hoxb4, and Hoxc6 expression, an antisense 
morpholino oligonucleotide directed against XMeis3 mRNA (MOXMeis3) was 
injected into the animal hemisphere of embryos at the one-cell stage. XMeis3 
loss-of-function leads to a loss of trunk structures and defects in axis 
specification, in a concentration dependent manner. When 12 ng MOXMeis3  
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 was injected a loss of trunk structures and defects in head development and 
tail formation can be observed, while the anteriormost structure, the cement 
gland, remains present (Fig. 3B). When 24 ng MOXMeis3 was injected, an 
enlargement of the cement gland was visible accompanied by a stronger loss 
of trunk structures (Fig. 3C) In half the injected embryos spina bifida’s are 
observed, suggesting that the embryos suffer from gastrulation problems. 
When 32 ng or more MOXMeis3 were injected, the embryos arrested during 
gastrulation at stage 11 (Fig. 3D). Embryos injected with this high dose of 
MOXMeis3 appear unaffected and posses normal looking blastopores until the 
moment of arrest. This is unlike what would be expected if the arrest was 
caused by toxicity of an injected agent, this would generally generate a much 
larger spread in stages at which embryos die or arrest, accompanied by 
irregular formation of the blastopore. Removal of the vitelline membrane 
revealed that cells have lost cell-cell contact, but appear round and intact. 
This suggests that the observed effect is the result of a strong knockdown of 
XMeis3 function and not an aspecific effect of MOXMeis3. Injection of the 
same amount of a control morpholino (MOcontr), in sequence unrelated to 
MOXMeis3, has no outward effects on embryos (data not shown). These 
findings support the idea that the gastrulation arrest phenotype is a true result 
of XMeis3 loss-of-function and that XMeis3 is required for patterning (a part 
of) the primary axis in Xenopus embryos. 
To further test the specificity of the MOXMeis3, 125 pg of synthetic XMeis3 
mRNA, lacking most of the sequence that the MOXMeis3 is complementary to, 
was co-injected with 32 ng MOXMeis3 into the animal hemisphere of embryos 
at the one-cell stage (Fig. 3F). The exogenous XMeis3 was able to largely 
rescue the MOXMeis3 phenotype (compare Fig. 3D to 3E, and 3F). In a small 
number of the co-injected embryos a full recovery of the axis can be 
observed, sometimes accompanied by a secondary axial outgrowth out of the 
primary axis, containing somites (Fig. 3G).  
The effect of XMeis3 loss-of-function on Hox expression was studied by 
injecting 16 ng MOXMeis3 into the animal hemisphere of embryos at the one-
cell stage followed by in situ hybridisation. To be able to analyse marker 
expression in late gastrula stage embryos the arrest in gastrulation, observed 
after injection of a high amount of MOXMeis3, was avoided, by the injection of 
16 ng. The XMeis3 loss-of-function leads to downregulation of expression of 
Hoxd1 (Fig. 4A), Hoxb4 (Fig. 4B), and Hoxc6 (Fig. 4C), in mesoderm and 
ectoderm. This led to our conclusion that XMeis3 is necessary for Hox gene 
expression in marginal zone mesoderm, and neural plate ectoderm.  
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Synergy between Hoxd1 and XMeis3 
  
Autoregulation is known to occur among labial type Hox genes in hindbrain 
ectoderm (Pöpperl et al., 1995; Struder et al., 1998), endoderm of Drosophila 
embryos (Grieder et al., 1997; Ryoo et al., 1999), and C. elegans (Streit et 
al., 2002). For a number of these cases it has been shown that this 
autoregulation is dependent on a Pbx/Hox bipartite binding site in their 
promoters (Pöpperl et al., 1995; Grieder et al., 1997; Ryoo et al., 1999; Streit 
et al., 2002). Because nuclear localisation of Pbx family members is 
dependent on the action of Meis family members and because XMeis3 loss-
of-function led to a significant downregulation of Hoxd1 expression in 
mesoderm and ectoderm, we suspected that XMeis3 might be involved in 
Hoxd1 autoregulation. To test our idea that XMeis3 may mediate 
autoregulation of labial type Hox genes in Xenopus development, we co-
injected relatively small amounts of synthetic mRNA for XMeis3 and Hoxd1 
and also injected them separately using double the amount of mRNA. Small 
amounts of mRNA were used to be able to observe compound phenotypes in 
co-injected embryos. If a strong effect in embryos injected with only a single 
messenger was generated this would not have been possible. The embryos 
injected with only a single synthetic messenger show little or no phenotypic 
effects, while co-injected embryos show a significant retardation in head 
development (Fig. 5). This points towards a synergistic relation between 
Hoxd1 and XMeis3. 
To further test this synergy, and to test whether XMeis3-mediated Hoxd1 
autoregulation is involved in the establishment of Hoxd1 expression, we 
wished to investigate the necessity of Hoxd1 for maintaining Hoxd1 
expression in mesoderm. If XMeis3 activity is needed in early gastrula 
mesoderm to enhance or alter the function of Hoxd1, then Hoxd1 loss-of-
function should generate the same effect on Hoxd1 expression as XMeis3 
loss-of-function. To test whether this is the case, 32 ng MOHoxd1 (McNulty et 
al., manuscript in preparation) was injected into the equatorial region of the 2 
blastomeres making up the presumptive left side of 4-cell stage embryos. The 
other half of the embryos served as an internal control. This results in a 
downregulation of expression of Hoxd1 in mesoderm on the injected side 
(Fig. 6A). To further test whether establishment of expression of Hoxd1 
needs both Hoxd1 and XMeis3, sub optimal amounts of morpholinos against 
both messengers were co-injected and injected separately. Embryos were 
harvested at stage 11 and assayed for Hoxd1 expression (Fig 6B). Sub 
optimal morpholino amounts were used to allow different levels of reduction  
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Figure 1. Expression of XMeis3, Hoxd1, Hoxb4, and Hoxc6 during gastrulation. Embryos 

were analysed by whole-mount in situ hybridisation for expression of XMeis3 (A and B),

Hoxd1 (C and D), Hoxb4 (E and F), and Hoxc6 (G and H). Whole mounts are shown on the 

left side of each panel, sections of these embryos are shown on the right side of each panel, 

in the inset, on the bottom right corner of every panel, the dotted line indicates the plane of 

sectioning. Embryos shown are at stage 11, vegetal views with dorsal up (A, C, E, and G)

and at stage 13, dorsal views with anterior up (B, D, F, and H). XMeis3 expression overlaps 

with dorsolateral expression of Hoxd1, Hoxb4, and Hoxc6 in mesoderm at stage 11 (A, C, E,

and G). XMeis3 expression in ectoderm at stage 13 overlaps with expression of Hoxd1 but 

not with expression of Hoxb4 and Hoxc6 (B, D, F, and H).
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Figure 2. XMeis3 gain-of-function. Embryos were injected into the animal hemisphere of 

embryos at the one-cell stage with 2 ng synthetic mRNA containing the full-length coding 

region of XMeis3, and analysed by whole-mount in situ hybridisation. In each panel control 

embryos are shown on top, XMeis3 injected embryos are shown on the bottom. For A, B, and 

C, whole mounts are shown on the left side, sections of these embryos are shown on the right 

hand of each panel. The plane of sectioning is depicted by the dotted line in the insets. (A)

Expression of Hoxd1, whole mounts are shown in dorsal view, with anterior to the top, at 

stage 10.5. Lateral expression of Hoxd1 in injected embryos is stronger and in a broader 

domain, the gap in expression on the dorsal mesoderm is closed and a streak of expression in 

dorsal mesoderm is observed. (B) Expression of Hoxb4, whole mounts are shown in lateral 

view, with dorsal to the left, at stage 11. Lateral expression of Hoxb4 is not affected by 

injection of XMeis3, the black arrow points to a patch of ectopic expression in ectoderm. (C)

Expression of Hoxc6, whole mounts are shown in dorsal view, with anterior to the top, at 

stage 10.5. Injected embryos show ectopic expression of Hoxc6 in dorsal mesoderm, prior to 

initiation of endogenous expression of Hoxc6. (D) Expression of Xbra, embryos at stage 10.5 

are shown in vegetal view with dorsal to the top. No change can be observed in the 

expression of the mesodermal marker Xbra as a result of injection of XMeis3. (E) Expression 

of Xcad3, embryos at stage 17 are shown in dorsal view with anterior to the top. The anterior 

expression boundary of the posterior marker Xcad3 is shifted to a more anterior position by 

injection of XMeis3.

XMeis3XMeis3
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in Hoxd1 expression, thus allowing possible synergistic effects to be 
observed. A downregulation of Hoxd1 expression in embryos injected with a 
single morpholino and an additional reduction by injection of both 
morpholinos is visible (Fig. 6B). This suggests that indeed there is a 
synergistic effect of Hoxd1 and XMeis3 on establishment of Hoxd1 
expression in marginal zone mesoderm during gastrulation.  
 
Discussion 
 
XMeis3 expression overlaps early Hox expression 
 
Much effort has been put into finding out details about the relation between 
Hox proteins and their cofactors Pbx/Exd and Meis/Hth. Although much has 
been accomplished, most of this work consists of in vitro binding studies. In 
Xenopus embryos, it has been shown that XMeis3 has a function in hindbrain 
patterning (Salzberg et al., 1999; Dibner et al., 2001), these results are 
corroborated by recent reports concerned with Meis function in hindbrain 
formation in zebrafish embryos (Vlachakis et al., 2001; Waskiewicz et al., 
2001; Choe et al., 2002). We show here that XMeis3 is expressed in marginal 
zone mesoderm significantly earlier than previously described (Salzberg et 
al., 1999). We went on to show that an overlap in expression of XMeis3 and 
early Hox genes is found in ventral and lateral mesoderm during gastrulation. 
In later phases of gastrulation the overlap is restricted to dorsolateral 
mesoderm. This co-localisation with early Hox genes suggests a role for 
XMeis3 in the regulation of Hox gene expression in mesoderm during the 
early phases of gastrulation.  
 
Ectopic XMeis3 enhances Hox expression in mesoderm 
 
By gain-of-function experiments we show that ectopic XMeis3 is capable of 
inducing expression of Hoxd1, Hoxb4, and Hoxc6, expanding endogenous 
expression domains of these genes in mesoderm, and ectopically initiating 
expression in dorsal mesoderm. Interestingly, this induction of Hox 
expression by ectopic XMeis3 can only be found as expansions of 
endogenous expression domains or in streaks of expression still in contact 
with the expanded endogenous domains of expression. This is most obvious 
for ectopic expression of Hoxd1 in dorsal mesoderm, expanding into more 
animally located mesoderm and ectoderm. This suggests that ectopic XMeis3 
only enhances the expression of the assayed Hox genes, requiring factors 
already present in their endogenous Hox expression domains rather than 
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32 ng MOXMeis3 + XMeis3 RNA32 ng MOXMeis3 + XMeis3 RNA

Figure 3. Effects of XMeis3 loss-of-function on the phenotype and the rescue of MO
XMeis3

.

Embryos at the one-cell stage were injected into the animal hemisphere with MO
XMeis3

 in 

amounts of 12 ng (B), 24 ng (C), and 36 ng (D), and allowed to develop until the control 

embryos (A) reached tadpole stages. The specificity of MO
XMeis3

 is shown by the rescue with 

XMeis3 synthetic mRNA. Embryos were injected with 32 ng of MO
XMeis3

 and 125 pg 

synthetic mRNA for XMeis3 and allowed to develop until the control embryos reached the 

tad pole stage (E), In the majority of the embryos a large part of the axis was rescued (F), in 

a small number of embryos the phenotype could even be reversed, not only is the axis fully 

rescued but the embryo shown in (G) even possesses additional trunk structures as shown by 

the presence of somites in the axis outgrowth. 
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Figure 4. XMeis3 loss-of-function. Embryos were injected at the one-cell stage with 16 ng 

of the MO
XMeis3

, and analysed by whole mount in situ hybridisation at stage 10.5/11, shown 

on the left side of each panel, and at stage 12, shown at the right side of each panel. Injected 

embryos are shown at the bottom of each panel, untreated embryos are shown on top. Shown 

are vegetal views with dorsal to the top. Expression of Hoxd1 (A), Hoxb4 (B), and Hoxc6
(C) is downregulated in mesoderm of injected embryos at early gastrula stages. A reduction 

in ectodermal expression of the three studied Hox genes is observed in injected embryos at 

stage 12. 

100 pg Hoxd1

50 pg XMeis3

+ 50 pg Hoxd1 100 pg Hoxd1

50 pg XMeis3

+ 50 pg Hoxd1

Figure 5. Synergistic effect between Hoxd1 and XMeis3 in ectopic expression. Embryos at 

the one-cell stage were injected into the animal hemisphere with either 100 pg Hoxd1

mRNA, 100 pg XMeis3 mRNA, or 50 pg of both mRNA’s. A single injection of 100 pg of 

either factor is not sufficient to induce a phenotypic effect. The combination of half the 

amount of Hoxd1 and XMeis3, results in posteriorisation, shown by a clear reduction of eye 

formation, and an anterior shift of the eye.
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inducing expression de novo. These patterns are consistent with our idea that 
XMeis3 enhances Hox autoregulation in mesoderm of Xenopus embryos. 
 
XMeis3 is necessary for Hox expression in mesoderm and ectoderm 
 
The injection of MOXMeis3 led to a downregulation of expression of all three 
Hox genes assayed. For Hoxd1 and Hoxb4 this held true for mesoderm and 
ectoderm, in the case of Hoxc6, mesodermal expression partially recovers 
during later phases of gastrulation, but ectodermal expression could not be 
observed. This indicates that XMeis3 protein is necessary, in ventral and 
lateral mesoderm and in neurectoderm during gastrulation, for proper 
initiation and maintenance of Hox expression.  
XMeis3 loss-of-function using small amounts of MOXMeis3 already led to a 
strong phenotype, indicating the necessity of XMeis3 function in 
anteroposterior patterning. This phenotype corroborates the results of Dibner 
and co-workers (2001). The sudden arrest in gastrulation at stage 11, caused 
by injecting a high amount of MOXMeis3 is very striking. We show by 
coinjecting a limited amount of XMeis3 mRNA that the observed effect is not 
aspecific. The phenotype observed after injection of less morpholino, namely 
loss of trunk structures, head defects, and retarded tail formation described in 
this report and by Dibner and co-workers (2001), is therefore most likely a 
result of reduced XMeis3 function, not a complete loss of it. We cannot be 
certain that the phenotype caused by injection of 32 ng MOXMeis3 represents 
the complete loss-of-function phenotype, but it suggests the need for XMeis3 
in two processes during early development: the progression of gastrulation 
and the subsequent patterning of the hindbrain.  
 
Autoregulation by Hoxd1 is necessary for its establishment of expression 
in marginal zone mesoderm 
 
Autoregulation dependent on Pbx/Exd has been shown for Hox paralog group 
1 and 4 members (Pöpperl et al., 1995; Gould et al., 1997; Ryoo et al., 1999; 
Ferretti et al., 2000; Marty et al., 2001; Streit et al., 2002), this suggests that 
the shown regulation of Hox expression by XMeis3 could take place at the 
level of Hox autoregulation. Indeed, injection of MOHoxd1 led to a reduction 
in Hoxd1 expression. This is most likely the result of a reduction in Hoxd1 
translation, leading to a reduced amount of Hoxd1 protein. This reduction of 
Hoxd1 protein levels subsequently led to an apparent reduction in Hoxd1 
transcription. This suggests that Hoxd1 autoregulation is an essential step in 
the establishment, and not only the maintenance, of Hoxd1 expression in
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MOHoxd1 MOXMeis3 MOXMeis3MOHoxd1 MOXMeis3 MOXMeis3

Figure 6. Synergistic effects in loss-of-function of Hoxd1 and XMeis3. (A) Embryos were 

injected with 32 ng of MO
Hoxd1

 into the lateral marginal zone on the left side of embryos, 

rendering the un-injected side an internal control. Embryos were allowed to develop until 

control stage 11 and assayed by in situ hybridisation for expression of Hoxd1. Embryos are 

shown in vegetal view, with dorsal up. Expression of Hoxd1 is reduced on the left side of 

injected embryos (shown on the bottom of the panel). (B) To investigate whether there is 

synergy between Hoxd1 and XMeis3, 16 ng MO
XMeis3

 and 16 ng MO
Hoxd1

 were injected, 

together and separately, into the animal hemisphere of one-cell stage embryos, at stage 11 

the embryos were harvested and assayed for expression of Hoxd1 by in situ hybridisation. 

Embryos are shown in lateral view, with dorsal to the left. Injection of MO
Hoxd1

 and MO
XMeis3

separately leads to a reduction in expression of Hoxd1, the co-injection leads to a reduction 

as compared to injection of either MO
XMeis3

 or MO
Hoxd1

 separately. This suggests that Hoxd1 

and XMeis3 work synergistically in establishment of Hoxd1 expression in mesoderm during 

early gastrula stages. 
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 mesoderm during gastrulation in Xenopus embryos. The observed reduction 
of Hoxd1 expression could also be explained if binding of MOHoxd1 to mRNA 
led to a reduction in stability of the messenger, however this potential effect 
has, to our knowledge, never been reported. The necessity for Hoxd1 
autoregulation in mesoderm is a remarkable discovery considering that 
vertebrate Meis family members have so far only been shown to be involved 
in Hox autoregulation in the hindbrain. Here we show that XMeis3 is an 
essential factor for establishment of stable Hoxd1 expression in marginal 
zone mesoderm. A second noteworthy aspect is that apparently Hoxd1 loss-
of-function is not fully, if at all, rescued by the other labial type gene 
normally expressed during the early phases of gastrulation, Hoxa1 and Hoxb1 
as would be expected from a viewpoint of redundancy. Either Hoxa1 and 
Hoxb1 are not capable of inducing the expression of Hoxd1, which seems 
unlikely taking into account the redundant function of these paralog group 
members (reviewed in Morrison, 1998, and references therein), or expression 
of Hoxa1 and Hoxb1 is also reduced or prevented by Hoxd1 loss-of-function, 
this would suggest the necessity of Hoxd1 to induce the two other labial 
homologous during gastrulation in Xenopus embryos. Additional experiments 
are needed to distinguish between the two possibilities but whatever the 
outcome, this sheds new light on the initiation and establishment of 
expression of the first Hox genes of the Hox cascade.  
 
Synergy between Hoxd1 and XMeis3 
 
The synergistic effects we have observed in the gain-of-function experiment 
by injection of synthetic XMeis3 and Hoxd1 mRNA together show that 
indeed these two factors, when co-expressed can generate a phenotype that 
cannot be accomplished by injecting double the amount of either factor 
separately. These results corroborate the findings of Vlachakis and co-
workers (2001), who have shown that in zebrafish embryos, Meis3, Pbx4, 
and Hoxb1 synergise to promote hindbrain fate. The combined Hoxd1 and 
XMeis3 loss-of-function supports the suggested synergy, while sub optimal 
amounts of either morpholino against Hoxd1 or XMeis3 led to a reduction of 
the Hoxd1 expression, the combination led to a significantly stronger 
reduction. This adds to the evidence for a synergistic relation between Hoxd1 
and XMeis3. Taken together our results show that XMeis3 is necessary in 
marginal zone mesoderm to establish the expression of early Hox genes. This 
XMeis3-mediated mesodermal Hox cascade is of vital importance for axis 
formation and AP patterning. 
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Materials and methods 
 
Xenopus embryos and microinjections 
 
Pigmented Xenopus laevis embryos were obtained by in vitro fertilisation, 
and after dejelling in a 2% cysteine solution (pH 8.0), cultured in 0.1x Marc’s 
Modified Ringers’s (MMR) (Sive et al., 2000), containing 50 µg/ml 
gentamycin at 14-21 oC. Embryos were injected in 1x MMR + 4% ficoll and 
afterwards transferred to 1x MMR + 1% Ficoll, and cultured in this medium 
for 1 to 7 hours, after which they were transferred and to 0.1x MMR in which 
they were cultured until harvesting. Staging of the embryos was performed 
according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967). Embryos 
at the one-cell stage were injected into the animal pole with synthetic mRNA 
dissolved in water. The synthetic capped mRNA was made using the Ambion 
mMessage mMachine Kit with CS2-XMeis3, or CS2-Hoxd1, linearised with 
NotI, as template. CS2-XMeis3 was constructed by cloning the full-length 
coding region of XMeis3, obtained by PCR using stage 15 cDNA as template 
and the following primers: f: 5’-gcgggatccatggcacaaaggtatgatgag, r: 5’–
cgcctcgagcatgtagtgccactgcccctcc, containing an BamHI or a XhoI restriction 
site respectively, in the CS2+ vector (Rupp et al., 1994) using the restriction 
sites in the primers. CS2-Hoxd-1 contains the complete coding sequence of 
XHoxd1 in CS2+, kindly provided by W. Van den Akker.   
MOXMeis3, supplied by Gene Tools, LLC, has the sequence: 5’-
cctttgtgccattccgagttgggtc, and was injected in amounts of 8 to 48 ng in a 
concentration of 8 ng/nl. MOcontr, supplied by Gene Tools, LLC, has the 
sequence: 5’-cctcttacctcagttacaatttata and was injected using the same 
amounts and concentrations as MOXMeis3. 
 
Whole mount in situ hybridisation and antisense probes 
 
Whole mount in situ hybridisations were performed according to Harland 
(1991), with minor modifications. The antisense RNA probes were generated 
by run off in vitro translation using DIG RNA labelling mix (Roche), and T7 
or Sp6 RNA polymerase (Promega). The probes were generated using the 
following templates: Hoxd1: (Sive and Cheng, 1991), Hoxb4: a 708 bp 
fragment containing the complete Hoxb-4 ORF cloned in pGEMTE, Hoxc6: a 
998 bp Hoxc-6 fragment in pGEM1 containing a part of the homeodomain 
and extending into the 3' UTR, Xcad3: (Pownall et al., 1996); Xbra: 
pSP73Xbra (Smith et al., 1991).  
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Introduction 
 
The ParaHox cluster, an evolutionary sister of the Hox clusters, contains 
three genes, in chordates called Gsh, Pdx1, and Cdx (or Cad) respectively 
(Brooke et al., 1998; Coulier et al., 2000). An intact ParaHox cluster, 
containing the genes Gsh1, Pdx1 and Cdx2 is found in human and mouse, on 
chromosome 5 or 13, respectively. The other ParaHox genes, Gsh2, Cdx1, 
and Cdx4 are not, or no longer, organised in a cluster, as they are all located 
on different chromosomes (Pollard and Holland, 2000), although it cannot be 
excluded that the genes were duplicated independently of complete cluster 
duplications. Amino acid sequence comparison studies using the 
homeodomains of the Hox and ParaHox proteins has revealed that Gsh, 
Pdx1, and Cdx/Cad proteins are most similar to Hox paralog groups 1 and 2, 
3, and 9 through 13, respectively (Kourakis and Martindale, 2000; Yanze et 
al., 2001). However the homeodomains of Cdx1 and Cdx2 are closer to Hox 
paralog groups 8 and 9, and even to groups 1 and 2 than to the most posterior 
group (Van den Akker et al., 2002). 
Studies concerning Hox target specificity have revealed that PBC-class co-
factors, subfamily of the TALE-class of homeodomain proteins, are 
employed by most Hox proteins to enhance binding specificity and affinity 
(Pöpperl et al., 1995; Mann and Chan, 1996; Di Rocco et al., 1997). The 
Hox/PBC interaction is mediated via a so-called hexapeptide motif. NMR 
and X-ray crystallographic analysis of Lab/Exd and Hoxb1/Pbx1 fragments 
bound to a short DNA sequence has revealed that the tryptophan residue in 
the core of the hexapeptide binds a pocket formed by the atypical 
homeodomain of PBC family members (Jabet et al., 1999; Passner et al., 
1999; Piper et al., 1999). This pocket is composed of the three amino acid 
loop extension of the PBC homeodomain, residues in the third helix of the 
homeodomain, and a residue in the C-terminal helix of PBC homeodomains 
(Piper et al., 1999). From known sequences the hexapeptide has been defined 
as a tryptophan residue surrounded by hydrophobic residues that is flanked 
by a lysine or arginine residue two to five amino acids C-terminally 
(Knoepfler et al., 1999). Previously we have shown that highly conserved 
amino acids are clustered around the hexapeptide sequence, and consistently 
identify Hox proteins as belonging to a particular paralog group (Morgan et 
al., 2000). We and others have suggested a recognition code. In contrast, the 
mechanism(s) in which ParaHox proteins achieve target specificity are 
largely unknown. Recently, the ParaHox gene Pdx1 has been shown to 
depend on Pbx1 to fully employ its function in pancreatic development (Kim 
et al., 2002), raising the possibility that the “code” could be extended to 
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ParaHox genes. In addition, it has been reported that Cdx proteins contain a 
hexapeptide sequence as well (Van den Akker et al., 2002). To gain more 
insight into ParaHox/TALE-class co-factor interaction we undertook a search 
for hexapeptide sequences in all known ParaHox proteins, and if so whether 
conservation of flanking sequence can also be found in the ParaHox proteins. 
We found that all described Cdx and Pdx1 members contain a hexapeptide 
sequence and that in these factors hexapeptide-flanking sequences 
conservation exists. In contrast, Gsh members do not possess a hexapeptide 
sequence. More generally we searched for the presence of a hexapeptide 
sequence in all of the members of the Antp-class of homeodomain proteins, 
and found them to be widely distributed. This suggests a functional 
interaction between Antp-class homeodomain proteins and TALE-class co-
factors early during evolution.    
 
Sequences used in this study 
 
Gsh: Ciona intestinalis Gsx (AF305500), Human Gsh1 (AB044158), Human 
Gsh2 (AB028838), Mouse Gsh1 (NM_008178), Mouse Gsh2 (S79041), 
Nephasoma minuta Gsx (AF363231), Oryzias latipes Gsh1 (AF035573), 
Phascolion strombi Gsx (AF363230), and Podocoryne carnea Gsx 
(AF268446). Pdx1: Human Pdx-1 (U35632), Mesocricetus auratus Pdx1 
(U73854), Mouse Pdx-1 (XM_124700), Rat STF-1 (S67435), Xenopus laevis 
XlHbox8 (X16849), and Zebrafish Pdx1 (NM_131443). Cdx: Anopheles 
gambiae Cdx (AF119382), Bombyx mori Cdx (D16683), Carp Cdx1 
(X80668), Caenorhabditis elegans Cad (NM_065590), Drosophila 
melanogaster Cad (NM_134301), Zebrafish Cad1 (NM_131109), Chicken 
CdxA (AB046532), Chicken CdxB (AF353624), Chicken CdxC (U80614), 
Halocynthia roretzi Cad (AB031032), Herdmania curvata Cdx (AF242305), 
Human Cdx1 (U51095), Human Cdx2 (NM_001265), Human Cdx4 
(NM_005193), Mesocricetus auratus Cdx3 (X81404), Mouse Cdx1 
(BC019986), Mouse Cdx2 (NM_007673), Mouse Cdx4 (L08061), Rat Cdx2 
(NM_023963), Tribolium castaneum, (AJ005421), Xenopus laevis Cad2 
(U04302), Xenopus laevis Cad3 (U02034), Xenopus tropicalis Cad1 
(AF417197), Xenopus tropicalis Cad2 (AF417198), and Xenopus tropicalis 
Cad3 (AF417199). HB9: Chicken HB9 (AF066861), Fugu rubripes (SINFR 
UG00000071220) Human HB9 (U07664), Mouse HB9 (NM_019944) and 
Xenopus laevis XHB9 (AF072382). Msx: Ambystoma mexicanum Msx1 
(BAA11574), Ambystoma mexicanum Msx2 (AAD28493), Bos taurus Msx1 
(BAA20367), Canis familiaris Msx2 (AJ277753), Chicken Ghox7 (D10372), 
Chicken Msx2 (S64478), Human Msx1 (M97676), Human Msx2 (S75361), 
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Mouse Msx1 (BC016426), Mouse Msx2 (L11739), and Rat Msx1 (D83036). 
Nkx: Fugu rubripes Nkx6 (SINFRUG00000085230), Fugu rubripes Nkx6-1 
(SINFRUG00000050033), Human Gtx (AF184215), Human Nkx6-1 (NM_0 
06168), Mesocricetus auratus Nkx6-1 (CAA57166), Mouse Gtx (ENSMUSG 
00000041309), Mouse Nkx6 (ENSMUSG00000035187), and Rat Nkx6-1 
(AF004431), Emx: Fugu rubripes Emx1 (SINFRUG00000074711), Fugu 
rubripes Emx2 (SINFRUG00000060256), Human Emx1 (ENSG0000013563 
8), Human Emx2 (AF301598), Oryzias latipes Emx1 (AJ250402), Oryzias 
latipes Emx2 (AJ132403), Zebrafish Emx1 (D32214), Zebrafish Emx2 
(D32215), Hmx: Human Hmx1 (M99587) and Mouse Hmx1 (AF009367). 
Tlx: Chicken Tlx1 (AF071874), Chicken Tlx3 (AF071875), Human Tlx1 
(M62626), Human Tlx2 (BC006356), Mouse Tlx1 (S70632), Mouse Tlx2 
(M75953), Mouse Tlx3 (AJ223801), Xenopus laevis XHox11 (AF283694), 
Xenopus laevis Xhox11L2 (AF283693), and zebrafish Tlx3 (AY045753). 
 
Results and discussion 
 
The analysis of the complete protein sequences of Gsh members (all 
sequences used in this study and accession numbers are listed at the end) 
revealed that none of the Gsh proteins contains a hexapeptide, or a derived 
sequence. Therefore it is highly unlikely that they use PBC-class proteins as 
co-factors to enhance target specificity and/or affinity. 
Human Pdx1 was shown to contain a hexapeptide (Goudet et al., 1999). 
Sequence alignments of the Pdx1 homologs revealed a conservation of the 
hexapeptide sequence in vertebrates (Fig. 1A). Sequence comparison of the 
homeodomain and 13 amino acids C-terminal to the homeodomain showed 
that Pdx1 members resemble closely the third Hox paralog group (Kourakis 
and Martindale, 2000), accordingly the conserved hexapeptide of Pdx1 
family members resembles mostly the hexapeptide of the third Hox paralog 
group (FPWMK, Morgan et al., 2000). In addition, sequence conservation of 
the flanking regions can also be observed (Fig. 1A). The conservation of the 
sequences flanking the Pdx1 hexapeptide is in corroboration with the 
sequence conservation found in comparable sequences in Hox paralog group 
proteins (Morgan et al., 2000). 
Phylogenetic analysis of the complete amino acid sequences of Cad/Cdx 
homologs reveals a division of the vertebrate caudal members into 3 groups 
(Fig. 2), that we named Cdx1, Cdx2, and Cdx3. We suggest reclassification 
of the Cdx/Cad members accordingly. A hexapeptide sequence can be found 
in all Cdx proteins (Fig 1B).  
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Because sequence conservation of hexapeptides and their flanking regions 
per paralog group is a feature described for Hox paralog groups 1 to 8  
 
A    Pdx1    ggLEepnRvqLPFPWMKSTKaHaWKgQWagGaY 
B    Cdx1       SPxAqRrxpYEWMRRs---x7-10--GKTRT 
     Cdx2     QLSPxGqRRxlcEWmRKPaq-x6-7 --vKTRT 
     Cdx3       SPxxxrxssYeWMKTVqst-----GKTRT 
C    HB9     DPIKlsAgTFQLDqWLRaSTAGMiLPKMpDF 
D    Msx1       AESPdkpeRtPWMQsPrFSPPpaRRLSPP 
     Msx2     ASVKSEnsEDGaaWIQepGRYSPPPRHlSPt 
     Nkx       PIFWPGVmQspPWRDARLA 
     Hmx SDRDSPETGEEMGRAEgAWPRGPG 
     Emx      FxsqqRDpltFYPWVlhRyrylghRFQ 
     Tlx            ltgltFPWmeSsRRfxKdRfT 
 
Figure 1. Conserved hexapeptide sequences and flanking regions. Capital letters denote 
conserved amino acids, in lower case predominant amino acids are depicted, and ‘x’ 
indicates that that the amino acid at that position is not conserved (based on standard IUB 
codes). The amino acids that define the hexapeptide are shown in bold. (A) Pdx1 
hexapeptide and flanking sequence conservation, the sequences compared are Human Pdx-1, 
Mesocricetus auratus Pdx1, Mouse Pdx-1, Rat STF-1, Xenopus laevis XlHbox8, and 
Zebrafish Pdx1. (B) Conserved hexapeptide and flanking region of the Cdx groups. The 
putative phosphorylation motif S-P is underlined. The sequences compared are for each Cdx 
group as follows. Cdx1: Chicken, Human, Mouse, Xenopus laevis, and Xenopus tropicalis. 
Cdx2: Chicken, Human, Mesocricetus auratus, Mouse, Rat, Xenopus tropicalis. Cdx3: Carp, 
Chicken, Human, Mouse, Xenopus laevis, and Xenopus tropicalis, Zebrafish. (C) 
Hexapeptide and flanking sequence conservation of Chicken HB9, Fugu rubripes HB9, 
Human HB9, Mouse HB9, and Xenopus laevis XHB9. (D) Putative hexapeptide and flanking 
sequence conservation in NKL genes. Msx: Ambystoma mexicanum Msx1 and Msx2, Bos 
taurus Msx1, Canis familiaris Msx2, Chicken Ghox7 and Msx2, Human Msx1 and Msx2, 
Mouse Msx1 and Msx2, and Rat Msx1. Nkx: Fugu rubripes Nkx6 and Nkx6-1, Human Gtx 
and Nkx6-1, Mesocricetus auratus Nkx6-1, Mouse Gtx and Nkx6, and Rat Nkx6-1. Emx: 
Fugu rubripes Emx1 and Emx2, Human Emx1 and Emx2, Oryzias latipes Emx1 and Emx2, 
and Zebrafish Emx1 and Emx2. Hmx: Human Hmx1 and Mouse Hmx1. Tlx: Chicken Tlx1 
and Tlx3, Human Tlx1 and Tlx2, Mouse Tlx1, Tlx2, and Tlx3, Xenopus laevis Xhox11 and 
Xhox11L2, and Zebrafish Tlx3. 
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Mouse Cdx2

Rat Cdx2 
Ma Cdx3
Human Cdx2

Chicken CdxC
Xt Cad1

Xt Cad2
Xl Cad2
Chicken CdxA

Mouse Cdx1
Human Cdx1

Human Cdx4
Mouse Cdx4 

Chicken CdxB 
Carp Cdx1 

Zebrafish Cad1
Xt Cad3 

Xl Cad3
Dm Cad

Ag Cdx
Tc Cad

Bm Cdx
Hr Cad 

Hc Cdx
Ce Cad

Cdx1

Cdx2

Cdx3

 
 
 
Figure 2. Phylogenetic tree of complete Cdx/Cad proteins, constructed using the sequences 
and abbreviations as follows: Anopheles gambiae (Ag) Cdx; Bombyx mori (Bm) Cdx; Carp 
Cdx1; Caenorhabditis elegans (Ce) Cad; Drosophila melanogaster (Dm) Cad; Zebrafish 
Cad1; Chick CdxA; Chick CdxB; Chick CdxC; Halocynthia roretzi (Hr) Cad; Herdmania 
curvata (Hc) Cdx; Human Cdx1; Human Cdx2; Human Cdx4; Mesocricetus auratus (Ma) 
Cdx3; Mouse Cdx1; Mouse Cdx2; Mouse Cdx4; Rat Cdx2; Tribolium castaneum (Tc); 
Xenopus laevis (Xl) Cad2; Xenopus laevis (Xl) Cad3; Xenopus tropicalis (Xt) Cad1; 
Xenopus tropicalis (Xt) Cad2; Xenopus tropicalis (Xt) Cad3. 
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(Morgan et al., 2000), and now also for Pdx1 ParaHox members, we analysed 
the sequences of the hexapeptides and flanking region of the different Cdx 
groups. The hexapeptide sequences of the three different Cdx groups are 
highly conserved (Fig. 1B), and distinct from other described hexapeptides. 
When the flanking sequences of the Cdx hexapeptides are compared to each 
other within each group, sequence conservation defining an individual Cdx 
group can also be observed (Fig. 1B). 
Despite the differences mentioned above between the Cdx groups, all 
members of the Cdx family share a number of characteristics. Firstly, in all 
members of the Cdx1 and Cdx2 groups an acidic amino acid residue is 
present directly N-terminal to the tryptophan in the core sequence of the 
hexapeptide (Fig. 1B). In the Cdx3 group the Cad3 proteins of Xenopus 
laevis and - tropicalis also contain an acidic residue at that position. This 
acidic residue most likely influences the target specificity of the Cdx proteins 
in dimers with Pbx co-factors, and the fact that it is also found in all the 
known insect Cdx homologs suggests that this is an ancient characteristic of 
the Cdx proteins. Comparison of the Cdx hexapeptide to the other known 
hexapeptides reveals that the labial group Hox proteins have an acidic residue 
at the same position as the Cdx proteins (Morgan et al., 2000). Secondly, the 
Cdx/Cad hexapeptides contain an arginine or lysine residue at positions 2 and 
3 (the latter with exception of Cdx3 proteins), C-terminal to the core 
tryptophan residue (Fig. 1B); this feature is only found in the hexapeptides of 
the fourth Hox paralog members (Morgan et al., 2000). Thirdly, an arginine 
or lysine residue is found at the –5 position to the core tryptophan residue in 
all known insect and ascidian Cdx homologs and an arginine at position –6 
(and often also –5) in Cdx1, Cdx2, and Cdx3 groups, with the exception of 
the Xenopus laevis and – tropicalis Cad3 proteins, which have a serine 
residue at the –6 position instead of a basic residue (Fig. 1B). This is a 
feature shared with the Hox paralog group 3 proteins, where in the flanking 
sequences of the hexapeptide a conserved lysine is found at a position –5 to 
the core tryptophan residue (Morgan et al., 2000). Fourthly, in all described 
Cdx/Cad proteins, except those of C. elegans and cnidarians, an S-P sequence 
is found N-terminally to the hexapeptide (Fig. 1B). In the vertebrate Cdx 
proteins the serine residue is found at position -11 relative to the core 
tryptophan residue of the hexapeptide. In the insect Cad/Cdx proteins the S-P 
sequence is found between positions –4 to –9, depending on the species. We 
analysed the sequence flanking the serine residue (10 amino acids C- and N-
terminally) of each Cdx/Cad member using NetPhos (Blom et al., 1999). The 
serine residues in the conserved S-P motifs score between 0.975 and 0.998, 
strongly suggesting that this indeed represents a conserved phosphorylation 
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site. Finally, the linker region between the hexapeptide and the homeodomain 
contains the amino acid sequence g-K-T-R-T in all Cdx/Cad members, 
directly N-terminal to the homeodomain (Fig. 1B), defining a third caudal 
specific motif in addition to the homeodomain and the hexapeptide. The N-
terminal arm of the homeodomain has been implicated in the establishment 
of target specificity of Hox proteins by functional studies in Drosophila 
(Kuziora and McGinnis, 1989; Gibson et al., 1990) and X-ray diffraction and 
NMR studies (Jabet et al., 1999; Passner et al., 1999; Piper et al., 1999).  
The remarkably high sequence conservation between the Cdx family 
members suggests that amino acids in the linker region between 
homeodomain and hexapeptide contribute to target specificity. Taken 
together these results show that the Cdx family members contain a highly 
conserved hexapeptide that shares features with the first, third and fourth Hox 
paralog groups, but is Cdx specific. In addition, the strict sequence 
conservation in the linker region directly N-terminal to the homeodomain of 
Cdx proteins suggests a role for this region, and because it is located between 
the homeodomain and the Pbx interaction domain it is tempting to speculate 
about a role for the linker region in target specificity. Interestingly, Gsh 
family members do not have a hexapeptide in contrast to its closest Hox 
relatives (Fig 3A). Pdx1 contains a hexapeptide, most similar in sequence to 
that of Hox paralog group 3 members, also the closest Hox group based on 
homeodomain sequence, further strengthening the suggested common 
ProtoHox origin of the Pdx1 and Hox paralog group 3 (Kourakis and 
Martindale, 2000). A scenario for successive duplication of genes and 
clusters has been proposed to account for the genomic organisation of the 
Antp-class of homeodomain proteins (Fig. 3) (Pollard and Holland, 2000). 
Accordingly, all four ProtoHox genes likely contained a hexapeptide. 
Interestingly, a hexapeptide sequence has been found in the Engrailed genes, 
raising the intriguing possibility that the hexapeptide origin could be even 
more widespread. To further investigate this we surveyed for putative 
hexapeptide sequences in all the Antp related homeodomain proteins. 
In humans, the genes HB9, En2, and Gbx1 are linked, the same holds true for 
En1 and Gbx2 (Fig. 3A). These genes most likely arose by duplication of the 
so-called EHGbox array (Fig. 3B). The Engrailed genes have been shown to 
contain a hexapeptide sequence (Peltenburg and Murre, 1996). Gbx1 and 
Gbx2 do not contain a hexapeptide sequence, but interestingly, HB9 does. 
The hexapeptide and its flanking sequences are conserved between chicken, 
Fugu rubripes, human, mouse, and Xenopus laevis HB9 (Fig. 1C). The other 
cluster proposed to have arisen from the ArcheHox cluster is the ProtoNKL 
cluster (Fig. 3B). We found that Msx, Nkx, Hmx, Emx, and Tlx homologs 
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contain a putative hexapeptide sequence (Fig. 1D and 3A). Under the 

assumption of divergence of the hexapeptide, as opposed to independent 

acquisition, this suggests that an ancient form of the hexapeptide was present 

in all of the ArcheHox cluster members, and therefore presumably in the 

ancestor of the Antp-related proteins. Interestingly, the TALE-class of 

homeodomain co-factors has been shown to be very ancient, as a TALE-class 

factor was present in the common ancestor of plants, fungi, and animals 

(Bürglin, 1997). Our findings suggest that hexapeptide mediated interactions 

between Antp superfamily members and TALE-class co-factors appeared 

early during evolution. 

Figure 3. Distribution and proposed evolution of hexapeptide sequences in the Antp-class of 

homeobox genes. The schematic depiction of the clustral organisation is adapted from 

Pollard and Holland, 2000. (A) Overview of EHGbox, Extended Hox, ParaHox and NKL 

clusters. Green diamonds depict previously described hexapeptide sequences while red 

diamonds depict putative hexapeptides. (B) Suggested history of the hexapeptide, suggested 

hexapeptides are depicted by blue diamonds. 
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Summary 
 
The Hox genes form a subset of the homeobox containing genes. The 
homeobox encodes a DNA binding motif, called the homeodomain. In most 
animal species the Hox genes are organised in one or more clusters. The 
number of genes present in a cluster varies between animal species; the 
number of clusters in each species also varies. The Hox clusters are thought 
to have arisen by tandem duplication of a single gene, followed, in 
vertebrates, by duplication of the cluster itself. As a consequence, Hox genes 
occupying the same relative position along the 5' to 3' chromosomal 
coordinate, named paralogous genes, share more similarities in sequence, 
expression pattern and function than do adjacent Hox genes on the same 
chromosome. One of the conserved features of the Hox genes is that of 
spatial colinearity of Hox expression along the AP axis and other embryonic 
axes. This means that paralogs located in the most 3’ position of a cluster are 
expressed at a more anterior position than genes located at more 5’ clustral 
locations. Vertebrate embryos also display a second form of colinearity, 
temporal colinearity, whereby genes located more 3’ in the cluster are 
expressed earlier than genes located more 5’ in the cluster.  
It has been firmly established that Hox expression boundaries along the AP 
and other embryonic axes are correlated with structural identities. Generating 
correct Hox expression patterns is thus clearly essential for correct AP axis 
patterning. The aim of investigations presented in this thesis has been to gain 
more insight into the processes controlling expression and function of Hox 
genes during anteroposterior patterning.  
Recent work in our research group has shown that a temporally colinear 
expression sequence of Hox genes is already present in the marginal zone 
mesoderm of Xenopus gastrulae. Most, if not all, previous work concerning 
Hox colinearity has been focused on colinear Hox gene expression in the 
neurectoderm. In chapter two, we present data to show that Xwnt8 is directly 
upstream of Hoxd1 in marginal zone mesoderm. This is the first example of 
an initiator of expression of a 3’ Hox gene in a vertebrate. 
An upstream regulator of Hox gene expression in the neurectoderm of 
vertebrates is retinoic acid (RA) (and or its derivatives) Retinoids can act via 
the nuclear receptors of the RAR and RXR family. These receptors form 
heterodimers and bind Retinoic Acid Response Elements (RAREs) in the 
promoters of target genes. RAREs have been found in the regulatory 
sequences of a number of labial- and deformed group Hox genes. We took 
advantage of the availability of the genomic sequences of all four Hox 
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clusters of mouse and human, to search for conserved RAREs in the Hox 
clusters, and the results are reported in chapter three.  
Most Hox proteins contain a second conserved domain, in addition to the 
homeodomain, the hexapeptide. This domain is needed for Hox/PBC member 
interaction, and this interaction leads to increased binding specificity and -
affinity. Sequence analysis of Hox proteins demonstrates interspecies 
sequence conservation among paralog group members in the sequences 
flanking the hexapeptide, which is reported in chapter four.  
Nuclear localisation of PBC family members is controlled by competing 
nuclear import and export signals. Interaction of Meis family members with 
PBC members shields the nuclear export signal of PBC proteins, resulting in 
a net influx into the nucleus, modifying the activity of Hox proteins present. 
In zebrafish hindbrain development, a synergistic relation between Hoxb1, 
Pbx4, and Meis3 has been shown, and was argued to directly induce the 
expression of Hoxb1. Since recent discoveries have shown that Hox genes are 
expressed in a colinear sequence in marginal zone mesoderm it was 
investigated whether a Xenopus Meis homolog, XMeis3, cooperates with Hox 
function during gastrula stages. In chapter five, we report that XMeis3 is 
necessary for mesodermal and ectodermal Hox expression, and the 
progression of gastrulation. 
In chapter six, conservation of hexapeptide-flanking sequences of Pdx1 and 
Cdx proteins, present in a wide range of species, resembling the conservation 
found in Hox group 1 through 8 proteins (Chapter four) is reported. More 
generally the presence of a hexapeptide sequences and conservation of 
flanking sequences in all of the members of the Antp-class of homeodomain 
proteins was investigated, and found to be widely distributed, in addition, 
hexapeptide flanking sequences conservation was found. 
Identifying the downstream targets of Hox genes is necessary if their function 
in development is to be understood in molecular terms. XRap1 joins a very 
short list as to date very few Hox targets have been identified. In chapter 
seven, the small GTPase XRap1 is reported as a direct target of Hoxb4 
regulation. Hoxb4 represses XRap1 expression in a manner that is 
independent of protein translation, and may bind to two putative HOXB4 
protein-binding sites located at the 3’ end of the Rap1 gene in order to 
mediate this inhibition. 
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Samenvatting in het Nederlands 
 
De Hox genen vormen een subset van de homeobox bevattende genen. De 
homeobox codeert voor een DNA bindend motief, homeodomein genaamd. 
In de meeste diersoorten zijn de Hox genen georganiseerd in één of meer 
clusters. Het aantal genen in een cluster varieert per soort, zo ook het aantal 
clusters. De meeste gewervelde dieren hebben vier clusters, die 
waarschijnlijk voortgekomen zijn uit stapsgewijze duplicaties van een enkel 
gen, gevolgd door clusterduplicatie. Als gevolg van die clusterduplicatie zijn 
de genen die op vergelijkbare locaties in verschillende clusters liggen meer 
verwant aan elkaar in sequentie, expressiepatroon en functie dan Hox genen 
die naast elkaar in hetzelfde cluster liggen. Deze Hox genen vormen zo 
dertien zogenoemde paraloge groepen. Één van de geconserveerde 
eigenschappen van Hox genen is ruimtelijke colineariteit, wat inhoudt dat 
genen gelegen aan de 3’ kant van een cluster tot expressie komen in een meer 
anteriore positie op de anteroposteriore as, en andere embryonale assen, dan 
genen in een meer 5’ positie. In embryo’s van gewervelde dieren vertonen de 
Hox genen een tweede vorm van colineariteit, de temporele. Dit houdt in dat 
genen aan de 3’ kant van een cluster eerder tot expressie komen dan meer 5’ 
gelegen genen.  
Expressiepatronen van Hox genen hebben een scherpe anteriore grens. Deze 
grenzen zijn verbonden met structurele identiteit. Dit maakt een strikte 
controle op expressie van Hox genen essentieel voor correcte specificatie 
langs de embryonale kop-staart as. Dit proefschrift behandelt een aantal 
aspecten van de controle op expressie en functie van Hox genen tijdens 
embryonale ontwikkeling. 
Recentelijk is in onze werkgroep aangetoond dat in mesoderm een colineair 
Hox expressiepatroon voorkomt. In hoofdstuk twee wordt signaaltransductie 
van Xwnt8 beschreven als directe activator van Hoxd1 expressie in 
mesoderm, terwijl de expressie van Hoxb4 niet afhankelijk blijkt van Xwnt8. 
Dit is het eerste voorbeeld van een directe initiator van expressie van een 3’ 
Hox gen in mesoderm in een vertebraat embryo.  
Een activator van Hox gen expressie in het neurectoderm van vertebraten is 
retinoine zuur. Retinoiden kunnen expressie van target genen beïnvloeden via 
nucleaire receptoren van de RAR en RXR familie. Deze receptoren vormen 
heterodimeren en binden specifieke sequenties, zogenoemde RARE’s, in de 
promotoren van target genen. RARE’s zijn gevonden in de regulatoire 
sequenties van een aantal Hox genen. In hoofdstuk drie is van de 
beschikbaarheid van genomische sequenties van de vier Hox clusters van de 
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muis en de mens gebruik gemaakt om te zoeken naar nog niet beschreven, 
geconserveerde RARE’s in de Hox clusters. 
Naast het homeodomein bevatten de meeste Hox eiwitten een tweede 
geconserveerd domein, de hexapeptide. Dit domein is verantwoordelijk voor 
interactie met co-factoren van de PBC familie. Deze interactie draagt zorg 
voor een verhoging van de bindingsspecificiteit en -affiniteit van Hox 
eiwitten voor target sequenties. Sequentie analyse van Hox eiwitten brengt 
naar voren dat een paraloge groep specificiteit bestaat voor de hexapeptide 
flankerende sequenties, dit is beschreven in hoofdstuk vier. 
De nucleaire localisatie van PBC eiwitten wordt onder andere gereguleerd 
door MEIS eiwitten. Deze factoren zijn essentieel voor de ontwikkeling van 
de achterhersenen, en het is aangetoond dat, in zebravis embryo’s, Hoxb1, 
Pbx4 en Meis3 de expressie van Hoxb1 induceren. Zoals vermeld is 
recentelijk ook colineaire Hox expressie aangetoond in mesoderm. Hoofdstuk 
vijf  beschrijft dat XMeis3 noodzakelijk is voor mesodermale en ectodermale 
Hox expressie en voor de voortschrijding van gastrulatie. 
De Hox genen vormen samen met de ParaHox-, de EHG-box- en de NKL 
cluster genen de Antp-familie van homeobox genen. Naast de Hox eiwitten 
bevatten de Pdx1 en Cdx (ParaHox), en de Engrailed (EHG-box) eiwitten een 
hexapeptide domein. In hoofdstuk zes wordt beschreven dat in meer leden 
van de Antp-familie een hexapeptide voorkomt, zo wijd verbreid zelfs dat het 
aannemelijk is dat een hexapeptide domein al aanwezig was in de 
gezamenlijke voorouder van de Antp-familie. 
Voor het volledig begrijpen van de werking van Hox eiwitten op moleculair 
niveau is het van belang om target genen en sequenties te vinden. Tot nu toe 
zijn echter slechts een beperkt aantal target genen bekent. Hoofdstuk zeven 
beschrijft Xrap1 als een target gen voor Hoxb4 regulatie. Hoxb4 inhibeert de 
expressie van Xrap1 onder omstandigheden waarbij eiwit synthese 
geblokkeerd is. De repressie wordt mogelijk gemedieerd door twee 
veronderstelde HOXB4 bindingssequenties, gesitueerd aan de 3’ kant van het 
Xrap1 gen.       
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