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CHAPTER 6

Discussion
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The research described in chapter 2 showed that in Xenopus laevis Hox genes are switched
on in a collinear fashion in non-organiser mesoderm in the gastrula and that this coincides
with the generation of anterior to posterior (A-P) identities in this tissue. The Spemann
organiser was shown to have a role in A-P pattern formation by allowing ectodermal Hox
gene expression, and by somehow stabilising the A-P
identities formed in the mesoderm. Our findings
following investigation of these phenomena led us to
the formulation of a model, the time-space translator
model, that describes how important A-P patterning
events, like generation of A-P identities, cell
movements, and neural induction, work together to
pattern the A-P axis during gastrulation. Early in
gastrulation a division of the mesoderm into a territory
called the Spemann organiser, and the so-called non-
organiser mesoderm becomes apparent (Fig 1).

Fig. 1 Spemann organiser and non-organiser mesoderm in the early gastrula
In situ hybridisation showing expression of Chordin (turquoise) in the Spemann organiser and Hoxd-1
(magenta), indicating the non-organiser mesoderm.

The mesoderm is gradually internalised during gastrulation, and cell movements including
involution and convergence and extension, cause it to become localised mainly under the
future central nervous system. During gastrulation, new A-P identities are generated in the
non-organiser mesoderm that is not yet involuted. Cells in this domain have a dynamic
Hox-code, meaning that, during gastrulation, new, more posterior Hox genes are switched
on in a temporally collinear sequence. When cells leave this domain, and become involuted,
they lose the ability to express new Hox genes, and their A-P identity, and Hox-code
become static. At the same time, the Hox code that is present in the involuted mesodermal
cells, also appears in the overlying neurectoderm that is induced from embryonic ectoderm
by signals from the Spemann organiser. This coexpression of the same Hox code in
mesoderm and overlying ectoderm is associated with stabilising the Hox code, because
without neurectodermal Hox expression, the mesodermal Hox expression loses its sharp
anterior expression boundaries during later neurula stages (see also chapter 2 fig. 2 panel A,
and unpublished observations).

Pattern formation in the A-P axis of the developing neurectoderm starts with neuralisation
and generation of anterior identities (activation) and proceeds by subsequent generation of
more posterior identities (transformation) (Nieuwkoop, 1952). It is clear that activation
occurs via action on the embryonic ectoderm of signals from the organiser. And that
transformation occurs via action on the activated neurectoderm of separate transformation
signals. The region where the new A-P identities are generated (the source of the
transformation signals) has been proposed to be in different parts of the embryo. Some have
claimed that the Spemann organiser generates the A-P information (Eyal-Giladi, 1954;
Mangold, 1933; Zoltewicz and Gerhart, 1997), while others pointed to the posterior
mesoderm as a source for a transformation signal (Fainsod et al., 1994). In recent years a
number of experiments have pointed to the non-organiser mesoderm as the tissue where A-
P information is generated. In these experiments, embryos without a organiser but with
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neural tissue were examined. These embryos all still show the emergence of an A-P pattern,
fitting the idea that A-P information is generated in the non-organiser mesoderm. (Ang and
Rossant, 1994; Ober and Schulte-Merker, 1999; Wacker et al., 2004a).

Fig. 2 The time-space translator model

The top row shows schematic embryos in sagittal sections. The bottom row shows a dorsal view of
the same embryos. NOM: non-organiser mesoderm, NE: neurectoderm, O: Spemann organiser, A:
anterior, P: posterior, D: dorsal, V: ventral, L: left, R: right. White arrows indicate cell movements.
The drawings in Fig. 2 illustrate this model. The differently coloured bars represent different A-P
identities and the solid black bar, the Spemann organiser. The solid black line surrounds the
(coloured) dynamic zone where new identities are being formed, and the stippled black line indicates
the region within which A-P identities have become static. It possibly reflects the range of a
stabilizing signal from the Spemann organiser

The expression of new Hox genes always starts in the
same region which has been called the “Hox induction
field” (Deschamps et al., 1999) or “opening zone”
(Gaunt, 2000). Wacker et al. have shown that in
Xenopus this region lies in the overlap between the
gastrula stage domains of brachury expression and
BMP4 signalling (Wacker et al., 2004b).

Fig. 3 Expression pattens of Xsnail and Xbra.

A dorsolateral view of mesoderm analysed for expression of
Xbra (turquoise) and Xsnail (magenta). The domain of
expression for each gene is indicated by a similarly colored
line.
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It is evident that Hox genes lie at the heart of axial patterning (McGinnis and Krumlauf,
1992). Their temporally colinear expression in the non-organiser mesoderm coincides with
the generation of A-P identities in this tissue. How temporal colinearity in the Hox clusters
is achieved is to not yet clear. Global control regions outside the Hox clusters might play a
role in this (Kmita et al., 2002). Gradual opening of the chromatin in the Hox clusters has
also been proposed as part of the mechanism to achieve temporal colineairity (Kmita and
Duboule, 2003). At any rate, all who have speculated about the nature of Hox colinearity
have assumed that this is regulated at the level of transcription. More recently, it became
clear that the transcription of the Hox clusters is more complex than the simple expression
of the individual Hox genes. Mainguy et al. have shown that the mouse and human Hox
clusters generate many polycistronic transcripts and that large parts of them are transcribed
both in the sense and the antisense directions (Mainguy et al., 2007). Differential splicing
of large transcripts and sense-antisense pairing of mRNAs can also be ways by which the
abundance of Hox gene transcripts are regulated, and temporal colinearity can be achieved.
MicroRNAs are also known to regulate the expression other genes posttranscriptionally
(see for review (Schier and Giraldez, 2006)). Genes encoding small non-coding RNA’s of
the Mir family have been found in the Hox clusters and have been shown to regulate the
expression of Hox genes (Woltering and Durston, 2008; Yekta et al., 2004).

The research described in chapter 3 showed that neural induction is the only function of the
Spemann organiser needed for A-P patterning, even though its other functions do greatly
affect the shape and geometry of the embryo. In Xenopus laevis, the functions of the
organiser have been divided into three categories (Harland and Gerhart, 1997). First, self-
differentiation of the organiser generates a variety of mesodermal and endodermal tissues,
including head mesoderm, notochord, and pharyngeal endoderm. Second, the organiser
performs morphogenetic movements and, in addition, induces them in adjacent cells (e.g.
convergence and extension in the presumptive notochord and in the somitic mesoderm).
The organiser also has a influence on timing of mesodermal and endodermal
internalization. Bottle cell formation, involution and vegetal rotation start up to two hours
earlier on the organiser side than on the ventral side of the gastrula (Ibrahim and
Winklbauer, 2001; Shih and Keller, 1994; Winklbauer and Schiirfeld, 1999). Third, the
organiser secretes signals which affect all three germ layers of the developing embryo.
Most of these signals have been found to antagonize ventralizing signals like BMPs, Wants,
and Nodals (for review (De Robertis and Kuroda, 2004; Niehrs, 1999)). The inhibition of
BMP signaling in the ectoderm in combination with FGF signaling leads to formation of a
neural plate (Delaune et al., 2004; Linker and Stern, 2004).

The cell movements during gastrulation are an essential part of the time-space translation
model. Due to these cell movements, cells are involuted at the blastopore lip. Convergence
and extension movements direct cells from the ventral side to the dorsal side and elongate
the embryo to make shape changes needed for it to become a tadpole.

With these movements, cells can leave the “Hox induction field” and thereby change their
properties so that they do not switch on the expression of new Hox genes, and keep the Hox
code they have at the moment that they left this field. The expression of this Hox code in
involuted cells is not stable, because embryos with only mesodermal Hox expression show
the loss of their anterior boundaries of Hox expression, and will express all Hox genes in
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the involuted mesoderm (unpublished observations). This change in behaviour with respect
to Hox expression occurs in the blastopore lip and is associated with an epithelial to
mesenchymal transition (EMT). After their EMT, the involuted cells show separation
behaviour that separates them from the blastocoel wall/roof, which allows the formation of
Brachet’s cleft and the migration of involuted cells across the blastocoel roof (Wacker et
al., 2000). Involuted cells switch on the expression of new genes. One example is Snail,
which is expressed in involuted cells but not in non-involuted cells. Its domain of
expression overlaps partly with that of Xbra (Fig 3).

It has been shown in Ciona intestinalis and Xenopus that Snail is a inhibitor of brachyury
expression (Fujiwara et al., 1998; Ibrahim, 2002). The repression of Xbra by Snail
combined with the involution movements could be used by cells as a mechanism to fix their
Hox code since expression of new Hox genes requires the presence of Xbra (Wacker et al.,
2004b). Another possibility is that the involution movements carry cells away from the
source of BMP signalling, which is located in the ventral and lateral blastopore lip (Wacker
et al., 2004b). In both of these ways, cells are leaving the “Hox induction field”.

Hox genes themselves also have influence on the time that the EMT takes place. limura and
Pourquie showed that the time of ingression can be controled by overexpressing different
Hox genes in the chick gastrula’s paraxial mesoderm (Iimura and Pourquie, 2006). How all
these mechanisms interact to make a spatial pattern out of a time sequence remains to be
investigated.

When mesodermal cells are involuted and come to lie underneath the neural plate,
expression of the same Hox genes as are expressed in this mesoderm starts in the
neurectoderm. It has been debated whether planar signals within the neurectoderm or
vertical signals between mesoderm and neurectoderm are responsible for this expression
(Nieuwkoop, 1952; Ruiz I Altaba, 1992). Gradients of secreted molecules (FGFs, Wnts,
retinoic acid) have been postulated to act in a planar way along the AP axis to define more
posterior values (Cox and Hemmati-Brivanlou, 1995; Durston et al., 1989; Kiecker and
Niehrs, 2001; Lamb and Harland, 1995).

There is clear evidence that mesoderm and neurectoderm signal to each other (Nieuwkoop
and Weijer, 1978). In the experiments described in this paper the differentiation of
transplanted gastrula mesoderm was affected by the overlying neurula ectoderm.

A candidate molecule for signalling from the mesoderm to the ectoderm is an active
retinoid. Retinoic acid is synthesised in the mesoderm by RALDH2 (Niederreither et al.,
1997). Its receptors are mainly found in the neurectoderm (Pfeffer and De Robertis, 1994).
In chapter 4 we describe the loss of function of retinoid signalling by a receptor antagonist,
and by targeted injection of Cyp26 and CRABP mRNA in the mesoderm. Both treatments
fail to disrupt Hox expression in the mesoderm but these treatments dowregulate the early
Hox expression in the neurectoderm. These experiments suggest that active retinoids can
play a role as messengers that signal from mesoderm to ectoderm. Hox paralogue groups 1-
5 respond differentially to retinoids (Dupe and Lumsden, 2001; Godsave et al., 1998). This
differential response of pg 1-5 could be used to create different zones of Hox expression in
the neurectoderm.

While Hox paralogue groups 1-5 can respond to active retinoids, Hox paralogue groups 6-
13 are not retinoid sensitive. These genes could be regulated in the neurectoderm by Cdx
genes, which are direct targets of FGF signalling (Isaacs et al., 1998). FGF4 is expressed
during gastrulation in the mesoderm, and might play a role as a signalling molecule (Isaacs

83



et al., 1995). It remains to be investigated if the Cdx family of genes can differentially
regulate Hox genes. In Xenopus these genes have largely overlapping expression domains
and they do not show a graded expression along the A-P axis during gastrulation (Pillemer
et al., 1998; Reece-Hoyes et al., 2002). FGF signalling itself also plays another role in
signalling to the ectoderm. It is now clear that next to inhibition of BMP signalling by the
Spemann organiser, a low dose of FGF signalling is also needed to induce a neural plate
(Delaune et al., 2004; Linker and Stern, 2004).

Another class of candidates for the molecules mediating signalling between mesoderm and
neurectoderm are the Hox proteins themselves. There is clear evidence that homeodomain
proteins have the ability to travel from cell to cell and that these proteins are used as
signalling molecules (Brunet et al., 2005; Derossi et al., 1994). Hooiveld ef al. have shown
that ectodermally overexpressed Hoxb-4 can induce Hoxb-4 and Hoxb-5 expression outside
of the injected domain (Hooiveld et al., 1999). If Hox proteins could travel from the
mesoderm to the ectoderm they could transfer the mesodermal Hox expression pattern to
the neurectoderm by vertical signalling. This would be a simple, robust mechanism to
pattern the neurectoderm, using the pattern already established in the mesoderm. With this
type of signalling, coordinated expression of Hox genes between mesoderm and
neurectoderm is guaranteed, and there is no need for a separate neurectodermal patterning
mechanism. It is still to be determined whether Hox protein transfer is used to pattern the
neurectoderm.

Apart from their possible role as signalling molecules, Hox genes evidently provide A-P
identity to the tissues where they are expressed. Altered Hox expression by various
methods in different animal model sytems clearly show a role in tissue specification (for
review see (McGinnis and Krumlauf, 1992)). How tissue specification is achieved is only
recently, with the advances in “genomics”, becoming more clear. Recently microarray data
has become available that sheds light on targets that are regulated by Hox genes (Hersh et
al., 2007; Hueber et al., 2007; Rohrschneider et al., 2007; Schwab et al., 2006), Van den
Akker in press, and this thesis, chapter 5).

In chapter 5 we compared the fly and the frog to identify conserved targets of Antp and/or
Hoxc-6 at different developmental stages. The experimental approach chosen makes
comparison of targets in very different model systems possible and should allow us to
identify targets that are conserved in evolution (as is the A-P patterning role of Hox genes).
Our results showed that there are indeed conserved targets of Hox genes. Some of the
groups of targets identified can be linked to the visible phenotype of these embryos. The
repression of transcription factors that are expressed in the head, and the genes that are
involved with cell movements are examples of this. The influence of Antp/Hoxc-6 on cell
cycle progression is also a conserved function of these genes. The validity of this appraoch
is confirmed by the identification of Prickle as a Hox target in the zebrafish (Rohrschneider
et al., 2007). Allthough the conserved targets are indicating important Hox functions, the
not conserved Hox targets are also important to study since these point towards Hox
functions that are more species specific. In Xenopus the notch signaling pathway is clearly
affected by Hoxc-6 overexpression. We found several genes involved in this pathway up or
downregulated. This finding is supported by recent findings where a connection was found
between Hox genes, Delta-Notch signalling, and segmentation (Peres et al., 2006), Bardine
in press).

84



When several stages are compared, more targets are found in the older stages (Hueber et al.,
2007), chapter 5 this thesis). This might reflect the expression of secondary targets that are
affected by the changed expression of primary targets. However, if the targets from
different stages are compared, only a subset of targets is commonly regulated in different
stages (Hueber et al., 2007), chapter 5 this thesis). This suggests that the transcriptional
response to Hox genes is to some extent stage dependent.

The Hox response elements, through which Hox genes excert their function, do not show a
high Hox specificity in vitro (Ekker et al., 1994). However, precise in vivo regulation of
targets is observed, both in time and space (Hueber et al., 2007), chapter 5 this thesis). This
suggests that the transcriptional response to Hox proteins depends on the presence of other
factors. This is supprted by the expression data of Hoxc-6 targets after overexpression of
Hoxc-6. The upregulation of several of these targets occurs within a limited domain even
though Hoxc-6 was expressed ubiquitously (Fig. 1 chapter 5).

In this view Hox genes might not be seen as master genes that regulate identity along the
A-P axis but as cofactors that act depending on other regulatory factors that are present in
specific cells. This also allows for much more regulatory fine tuning, and adaptivity.
Unraveling these highly complex regulatory networks of which Hox genes are only a part is
the next challenge in understanding how specific structures in the embryo are made.
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