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Summary
The vertebrate spine exhibits two striking characteristics. The first one is the periodic arrangement
of its elements – the vertebrae – along the antero-posterior axis. This segmented organization is
the result of somitogenesis, which takes place during organogenesis. The segmentation machinery
involves a molecular oscillator – the segmentation clock – which delivers a periodic signal
controlling somite production. During embryonic axis elongation, this signal is displaced
posteriorly by a system of traveling signaling gradients – the wavefront – which depends on the
Wnt, FGF and retinoic acid pathways. The other characteristic feature of the spine is the
subdivision of groups of vertebrae into anatomical domains, such as the cervical, thoracic, lumbar,
sacral and caudal regions. This axial regionalization is controlled by a set of transcription factors
called Hox genes. Hox genes exhibit nested expression domains in the somites which reflect their
linear arrangement along the chromosomes– a property termed colinearity. The colinear
disposition of Hox genes expression domains provides a blueprint for the regionalization of the
future vertebral territories of the spine. In amniotes, Hox genes are activated in the somite
precursors of the epiblast in a temporal colinear sequence and they were proposed to control their
progressive ingression into the nascent paraxial mesoderm. Consequently, the positioning of the
expression domains of Hox genes along the antero-posterior axis is largely controlled by the
timing of Hox activation during gastrulation. Positioning of the somitic Hox domains is
subsequently refined through a cross talk with the segmentation machinery in the presomitic
mesoderm. In this review, we focus on our current understanding of the embryonic mechanisms
that establish vertebral identities during vertebrate development.

Introduction
The vertebrate spine is formed by the periodic series of vertebrae distributed along the
antero-posterior (AP) body axis (Hirsinger et al., 2000). This repetitive pattern is established
during somitogenesis, a process by which segmental structures called somites are produced
in the embryo. In vertebrates, somites are epithelial blocks of mesodermal cells that contain
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the precursors of vertebrae, skeletal muscles and dorsal dermis (Hirsinger et al., 2000). They
form as the tissue pinches off from the anterior tip of the presomitic mesoderm (PSM) in a
rhythmic fashion. Somitogenesis begins anteriorly at the level immediately caudal to the otic
vesicle (Hinsch and Hamilton, 1956; Huang et al., 1997) and proceeds posteriorly on both
sides of the neural tube and notochord to the caudal tip of the embryo. Although the number
of somites that forms in a given species is highly constrained, it varies widely between
species, ranging from approximately 30 somite pairs in some fish to several hundred pairs in
snakes (Gomez et al., 2008; Richardson et al., 1998). In amniotes, such as birds or
mammals, the anterior-most somites contribute to the baso-occipital bone at the base of the
skull (Christ et al., 2007; Couly et al., 1993; Noden, 1986); whereas, the more posterior
somites form the vertebral column. The paraxial tissue anterior to the otic vesicle is called
the cephalic or head mesoderm. It does not segment into somites and gives rise to bones and
muscles of the head. Together with the somitic series, the cephalic mesoderm forms the
paraxial mesoderm.

Although all newly formed somites exhibit very similar morphology (Figure 1a), they
eventually differentiate into very distinct anatomical structures depending on their position
along the AP axis (Figure 1b). The vertebrate spine is partitioned into domains that exhibit
different identities, such as cervical, thoracic, lumbar, sacral and caudal. Within a given
species, the number of each type of vertebrae – the vertebral formula – is usually fixed. The
acquisition of vertebral identities is controlled by the Hox transcription factors (Krumlauf,
1994; Wellik, 2007), which are arranged in clusters in the genome (Duboule, 2007).
Mammals have 39 Hox genes organized into four clusters, and birds share a very similar set
of Hox genes (Richardson et al., 2007). In each cluster, the genes are arranged on the
chromosome in a sequence that reflects the timing of their expression during embryogenesis
(temporal colinearity) and the position of their expression domain along the AP axis (spatial
colinearity) (Dolle et al., 1989; Gaunt et al., 1988; Graham et al., 1989). Thus, Hox genes
exhibit nested expression domains in the vertebral precursors along the AP axis. The spatial
colinearity of the expression domains of Hox genes results in a specific combination of
genes to be expressed in each somite (Kessel and Gruss, 1991). This combination of Hox
genes is involved in the control of the specification of vertebral identities ((Carapuco et al.,
2005; Deschamps and van Nes, 2005; Kessel and Gruss, 1991; Wellik, 2007) and reference
therein). However, whereas the expression domain of many Hox genes extends from the
posterior end of the embryo to a defined anterior level in the somites, their action is
essentially restricted to their anterior-most expression domain. Thus, the identity of a
segment is controlled only by the posterior-most Hox genes that are expressed in this
segment (Burke et al., 1995; Duboule and Morata, 1994). This property is termed posterior
prevalence in vertebrates (Burke et al., 1995; Duboule and Morata, 1994).

In the vertebral precursors of amniotes, Hox genes are first activated prior to gastrulation in
the superficial epiblast in a colinear manner (Deschamps et al., 1999; Forlani et al., 2003;
Gaunt and Strachan, 1994; Gaunt and Strachan, 1996; Iimura and Pourquie, 2006). Hox
genes were proposed to control the timing of ingression of mesodermal precursors in the
primitive streak (Iimura and Pourquie, 2006). Thus, epiblast precursors expressing more 5′
genes ingress later than those expressing more 3′ genes and, hence, are positioned more
posteriorly along the AP axis because of the progressive mode of cell deposition involved in
the formation of the embryonic axis. This mechanism was proposed to be involved in the
conversion of the temporal colinearity into the colinear or nested arrangement of the
expression domain of these genes along the AP axis (Iimura and Pourquie, 2007). In this
review, we will first discuss the establishment of the colinear Hox expression domains in the
somites of amniote embryos.
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Initial Hox gene activation in paraxial mesoderm precursors in the epiblast
At the beginning of gastrulation, during the early stages of primitive streak formation, the
presumptive territory of the paraxial mesoderm in the epiblast is located bilaterally to the
forming primitive streak (Figure 2a) (Bortier and Vakaet, 1992; Hatada and Stern, 1994;
Iimura et al., 2007; Lawson et al., 1991; Nicolet, 1971; Rosenquist, 1966; Schoenwolf et al.,
1992; Tam and Beddington, 1987; Tam and Trainor, 1994; Waddington, 1952). During
gastrulation, these domains converge toward the streak where they undergo an epithelium-
to-mesenchyme transition, which allows their ingression to form the paraxial mesoderm
(Hatada and Stern, 1994; Psychoyos and Stern, 1996; Schoenwolf et al., 1992; Selleck and
Stern, 1991). The first paraxial mesoderm precursors to ingress form the head mesoderm
(Lawson et al., 1991; Nicolet, 1971; Psychoyos and Stern, 1996). This tissue lies at the
anterior tip of the embryo and does not express Hox genes (Iimura and Pourquie, 2006;
Kuratani et al., 1997; Prince and Lumsden, 1994). After the primitive streak reaches a
maximal size (Figure 2b), it begins to shrink and regress, and its anterior tip – which
corresponds to the Spemann organizer of amniotes (called the Hensen’s node or the Node) –
begins to move posteriorly (Spratt Jr., 1947)(Figure 2b–d). This regression movement lays
in its wake the forming body axis as cells become progressively deposited by the regressing
primitive streak. Fate maps of early chicken and mouse embryos show that paraxial
mesoderm precursors are located in the anterior portion of the streak (medial precursors,
green) and in the adjacent epiblast (lateral precursors, purple) (Figure 2b, c) (Forlani et al.,
2003; Hatada and Stern, 1994; Iimura et al., 2007; Lawson et al., 1991; Nicolet, 1971;
Psychoyos and Stern, 1996; Rosenquist, 1966; Schoenwolf et al., 1992; Selleck and Stern,
1991; Tam and Beddington, 1987; Tam and Trainor, 1994; Waddington, 1952).

The onset of Hox activation in vertebral precursors has been examined in detail for several
genes in chicken and mouse embryos (Figure 3a–c). Hox gene transcription is first initiated
in the epiblast at the level of the posterior streak, a region that gives rise to mainly the lateral
plate and extra-embryonic mesoderm (Figure. 3b, c) (Deschamps and Wijgerde, 1993;
Forlani et al., 2003; Frohman et al., 1990; Gaunt et al., 1986; Gaunt and Strachan, 1994;
Gaunt and Strachan, 1996; Iimura and Pourquie, 2006). Hox gene expression initially
appears as a salt-and-pepper pattern (Iimura and Pourquie, 2006) and progressively extends
anteriorly in the epiblast along the primitive streak (Figure 3b, c) (Forlani et al., 2003; Gaunt
and Strachan, 1994; Gaunt and Strachan, 1996; Iimura and Pourquie, 2006). Then,
expression of Hox genes progressively spreads to the surrounding cells, resulting in their
expression in virtually all of the epiblast cells along the streak up to the node level
(Deschamps et al., 1999; Forlani et al., 2003; Gaunt and Strachan, 1994; Gaunt and
Strachan, 1996; Iimura and Pourquie, 2006). Next, Hox gene expression subsequently
spreads even further anterior to the node in the posterior neural plate (Deschamps et al.,
1999; Forlani et al., 2003; Gaunt and Strachan, 1994; Gaunt and Strachan, 1996; Iimura and
Pourquie, 2006). This progressive mode of expression has been described as anterior
propagation, forward spreading or rostral expansion (Deschamps and van Nes, 2005; Gaunt
and Strachan, 1994).

In chicken embryos, spreading occurs across an implanted glass barrier (Gaunt and
Strachan, 1994). In contrast, in mouse embryos, cultures of isolated anterior primitive streak
region taken prior to activation of Hoxb1 or Hoxb8 activate these genes if they are taken
from embryos less than 12 hours before activation of these genes or if they are co-cultured
with the posterior primitive streak region (Forlani et al., 2003). Therefore, Hox activation in
the anterior primitive streak requires a signal from the posterior primitive streak. However,
the necessary molecular events for the activation of a given Hox gene along the epiblast
appear to have already taken place in the epiblast precursors at least 12 hours before the
gene is actually detected, thus, potentially providing an explanation as to why the glass
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barrier does not inhibit the spreading in the chicken embryo. The molecular basis underlying
this spreading of Hox expression is not understood. This anterior spreading movement of
Hox expression continues for some time in the neural tissue until the level of the anterior
boundary is reached; whereas in the paraxial mesoderm, no significant forward spreading is
observed in the PSM after ingression of the descendents of the Hox-expressing epiblast cells
(Forlani et al., 2003; Iimura and Pourquie, 2006). Consequently, boundaries in the paraxial
mesoderm and neural tube are usually located at different AP levels, and the regulation of
their positioning obeys different rules (Bel-Vialar et al., 2002). Here, we essentially discuss
the positioning of boundaries in the mesoderm.

The first Hoxb gene to be expressed, Hoxb1, is activated early during gastrulation before
complete extension of the primitive streak, and it follows the expression kinetics described
above (Forlani et al., 2003; Frohman et al., 1990; Iimura and Pourquie, 2006) (Figure 3a–b).
All Hoxb genes examined follow similar activation kinetics but their expression is initiated
in the posterior primitive streak at progressively later times as one considers genes located
more 5′ along the cluster (Forlani et al., 2003; Iimura and Pourquie, 2006) (Figure 3a–c).
Thus, the activation of Hox genes in the epiblast follows a temporal colinear sequence
(Forlani et al., 2003; Gaunt and Strachan, 1996; Iimura and Pourquie, 2006). Soon after the
expression domain of a given Hox gene reaches the node level, all cells in the paraxial
mesoderm territory of the epiblast now express this gene (as well as the more 3′ genes).
Descendents of the epiblast cells that express this Hox gene enter the posterior PSM at the
primitive streak level and maintain expression of this gene. Thus, the anterior boundary of a
given Hox gene in the paraxial mesoderm is roughly defined by the moment when the
expression domain of this gene reaches the paraxial mesoderm territory of the epiblast
(Forlani et al., 2003; Iimura and Pourquie, 2006). The temporal colinearity of Hox gene
expression ensures that this territory is reached progressively later by successively more 5′
Hox genes. Hence, cells that express progressively more posterior Hox genes sequentially
enter into the posterior PSM. Due to the posterior elongation of the embryo resulting from
primitive streak regression, this leads to the establishment of the nested Hox expression
domains along the AP axis.

Whereas the primitive streak contributes to the formation of the most anterior somites; more
posteriorly, the paraxial mesoderm is formed from the tail bud (Figure 2d). In this structure,
gastrulation movements, similar to those of the primitive streak, are still observed (Cambray
and Wilson, 2002; Cambray and Wilson, 2007; Catala et al., 1995; Davis and Kirschner,
2000; Gont et al., 1993; Kanki and Ho, 1997; Knezevic et al., 1998; Pasteels, 1937; Stern,
2006). In the tail bud, precursors of the paraxial mesoderm are located immediately posterior
to the region where the territory of the notochord and of the neural tube become fused (the
chordo-neural hinge) (Cambray and Wilson, 2007; Charrier et al., 1999; McGrew et al.,
2008). During axis elongation, newly ingressed paraxial mesoderm cells are deposited
bilaterally to the chordo-neural hinge, resulting in the continuous formation of the two strips
of paraxial mesoderm tissue. The sequence of Hox gene activation in the primitive streak
appears to continue in the tail bud with the colinear activation of the posterior-most Abd-B-
related genes (paralogs 10–13) (Izpisua-Belmonte et al., 1991). However, the cellular details
of their expression kinetics in the tail bud have not been reported. Nevertheless, there are
very significant differences in the timing of the activation of the 3′ and 5′ genes. Whereas
the time between activation of Hoxb1 and Hoxb8 in the streak is very short in mouse and
chicken embryos (~10 hours) (Forlani et al., 2003; Gaunt and Strachan, 1996; Iimura and
Pourquie, 2006), the activation time between the paralogs 10–13 is much slower (Izpisua-
Belmonte et al., 1991).

Recent observations support a conservation of the mode of mesoderm formation among
vertebrates (Cambray and Wilson, 2007; Iimura et al., 2007; Solnica-Krezel, 2005). A Hox
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gene activation pattern similar to that reported in the paraxial mesoderm precursors in
chicken and mouse embryos is observed in the Xenopus marginal zone (Wacker et al.,
2004b). In the frog, temporal colinear activation of Hox genes is observed in the entire
marginal zone, except in the organizer region. Colinear Hox gene activation proceeds
normally in ultraviolet (UV) ventralized Xenopus embryos, suggesting that organizer signals
are not required for the temporal colinearity of Hox activation during gastrulation (Wacker
et al., 2004b). The organizer is required for the spreading of the colinear activation of Hox
genes to the neural plate (Wacker et al., 2004b). These experiments in frogs confirm that the
colinear activation of Hox genes is first initiated in the mesodermal precursors prior to their
internalization and then spreads to the neural plate.

Molecular control of temporal colinearity
In vertebrates, Hox genes are arranged colinearly in intact clusters of ~100kb in length
(Duboule, 2007). The striking conservation of the integrity of vertebrate Hox clusters has led
to propose a functional link between the tight colinear arrangement of Hox genes in the
genome and their temporal activation during embryogenesis (Iimura and Pourquie, 2007;
Kmita and Duboule, 2003). Thus far, such a temporal colinearity has been observed only in
species that display intact Hox clusters, suggesting that this process relies on some higher
order properties of the organization of the clusters. Animals that show temporal colinearity
also exhibit a progressive mode of axis formation and segmentation. For instance, short-
germ band insects such as Tribolium or cephalochordates such as Amphioxus, which
elongate and segment their body axis progressively, exhibit an intact Hox cluster (Putnam et
al., 2008; Richards et al., 2008). In contrast, flies or ascidians, in which the Hox cluster is
broken into several pieces, do not show temporal colinearity and form their axis and
segments in a highly derived fashion (Dehal et al., 2002; Duboule, 2007; Seo et al., 2004). A
segmentation machinery involving dynamic expression of the Notch pathway and a posterior
Wnt gradient also appears to be a shared feature of animals showing a progressive mode of
axis formation and segmentation (Angelini and Kaufman, 2005; Bolognesi et al., 2008;
Chipman and Akam, 2008; McGregor et al., 2008; Stollewerk et al., 2003). Therefore, the
progressive mode of segmentation strategy coupled to the temporal colinearity of Hox gene
expression in the segment precursors might reflect an ancestral patterning strategy of
Bilateria.

The molecular mechanism governing the sequential activation of Hox genes in the epiblast
is unknown. In vertebrates, it has been proposed that temporal colinearity reflects the
progressive opening of chromatin in a 3′-to-5′ direction, thus providing a temporally
controlled access of Hox genes to the transcription machinery (Kmita and Duboule, 2003).
This conclusion was initially suggested by relocation experiments of Hoxd9/LacZ and
Hoxd11/LacZ transgenes at the 5′ extremity of the Hoxd complex (between Hoxd13 and
Evx2). This resulted in a delayed activation of these transgenes in the tail bud, which
behaved like Hoxd13 in the transgenic animals (van der Hoeven et al., 1996). Insertion of a
Hoxd9/LacZ transgene upstream of the Hoxd cluster followed by a series of deletions
identified a global regulatory element in the 5′ end of the Hoxd complex (Kondo and
Duboule, 1999). This element is essential for the early colinear activation of the cluster.
Together, these observations led to propose a silencing mechanism originating at the 5′ end
of the cluster (Kmita and Duboul e, 2003). Progressive opening of the chromatin (or
derepression) in a 3′-to-5′ direction would make genes progressively available for
transcription. The sequential activation of genes along the Hoxb cluster was imaged in vivo
in mouse embryonic stem (ES) cells (Chambeyron and Bickmore, 2004) and in the primitive
streak of early mouse embryos (Chambeyron et al., 2005) using fluorescent in situ
hybridization. Progressive chromatin decondensation was observed for the mouse Hoxb and
Hoxd clusters in differentiating ES cells and in the primitive streak/tail bud of mouse
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embryos (Chambeyron et al., 2005; Morey et al., 2007). Chromatin decondensation,
accompanied by successive looping out of the chromosomal territories (CT), is concomitant
with gene transcription both in vitro and in the primitive streak context (Chambeyron et al.,
2005; Morey et al., 2007). Although a functional link between the looping out of genes and
transcription remains to be established, extrusion of a locus from the CT probably represents
a poised state for transcription. However, no extrusion of the Hoxd genes CT was observed
in the limb bud despite chromatin decondensation and transcription of the genes, indicating
that both processes can occur also independently (Morey et al., 2007).

The colinearity has also been proposed to reflect the action of graded signaling pathways,
such as retinoic acid (RA) and FGF (and their target genes Cdx), acting on cis-regulatory
elements dispersed in the Hox clusters during gastrulation (Duboule, 1998). The sequence of
the human genome shows an extremely low density of interspersed repeats (as Alu
sequence) in the four Hox clusters, suggesting that cis-regulatory elements in each cluster
are a strong selective constraint that cannot tolerate being interrupted by insertions (Lander
et al., 2001). Several experimental configurations, in which cis-regulatory sequences within
the cluster have been mutated, have been shown to alter the temporal colinearity of Hox
gene activation during gastrulation (Gerard et al., 1996; Juan and Ruddle, 2003). In mutant
mice, in which a Hoxb1/LacZ transgene was relocated in the 5′ end of the Hoxd cluster, not
only was the transgene expressed early in the mesoderm but it also induced ectopic
expression of Hoxd13 in the primitive streak in a pattern reminiscent of Hoxb1 (Kmita et al.,
2000). In this transgenic mouse, ectopic chromatin decondensation and looping out of the
CT resulting in a breaking of Hoxd colinearity are observed (Morey et al., 2008). Thus, the
Hoxb1 locus contains cis-regulatory elements that can initiate local chromatin
rearrangement, leading to gene activation. Ectopic expression of Hoxb1 and Hoxb2 in
response to RA depends on whether the genes are within or outside the cluster (Roelen et al.,
2002). A randomly integrated Hoxb1/LacZ transgene that contains RA-Response Elements
(RARE) faithfully mimics the endogenous spatial expression pattern of Hoxb1; however,
unlike the endogenous locus, it cannot be prematurely activated by short RA exposure
(Roelen et al., 2002). While able to prematurely activate Hoxb1 and Hoxb2, RA is unlikely
to control temporal colinearity because roughly normal activation of Hox genes is observed
in mouse raldh2−/− mutants in which RA synthesis is blocked (Niederreither et al., 1999).
Other candidates, such as Wnt, BMP and FGF signaling, have been proposed to play a role
in the control of the onset of Hox gene activation; however, there is no conclusive evidence
implicating them in the control of temporal colinearity thus far (Deschamps and van Nes,
2005). Therefore, the timing of activation of a Hox gene in the cluster depends on its
position within the cluster and on local cis-regulatory sequences. Interaction between cis-
regulatory sequences and the chromatin remodeling machinery might lead to control the
progressive availability of Hox genes loci for transcription.

The temporal colinearity also involves a temporal regulation of transcription by global
enhancers. In vertebrates, temporal and spatial transcriptional regulation of Hoxd genes in
the early developing mouse limb was shown to depend on interactions between two opposite
global regulatory regions located on both sides of the Hoxd cluster (Deschamps, 2007).
Analysis of an inversion and a series of internal deletions in the Hoxd cluster showed that
the posterior genes, now positioned more 3′ in the cluster due to the deletion, were activated
earlier in the limb bud (Tarchini and Duboule, 2006; Zakany et al., 2004). This work
identified an enhancer located in the 3′ region upstream of the cluster called Early Limb
Control Region (ELCR). The ELCR controls progressive activation of genes in a 3′-to-5′
sequence, while a repressor element in the 5′ region controls the spatial restriction of Hox
expression in the limb bud. Since the lateral plate mesoderm that forms the limb bud
mesenchyme in which the ELCR is acting is derived from the epiblast, the colinear
expression of Hoxd genes reported during the early phase of limb bud development likely
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reflects the earlier temporal colinearity observed in the mesodermal precursors in the
epiblast described above. Examination of the same deletion mutants at an earlier stage
should reveal whether Hox genes that are precociously activated in the limb bud are also
precociously activated in the epiblast. This would indicate whether the ELCR enhancer is
also operating at the trunk level to control temporal Hox activation in the epiblast. These
observations suggest that the initial transcriptional availability of Hox genes depends both
on their position within the cluster and on specific regulatory elements located outside of the
cluster.

Converting temporal into spatial colinearity
In vertebrates, the expression dynamics of Hox genes described above follows the
gastrulation movements of cells from the epiblast to the mesoderm, suggesting that Hox
genes could play a role in mesoderm formation through gastrulation. This hypothesis was
tested in chicken embryos by electroporation of Hox-expressing constructs containing a
fluorescent reporter in epiblast cells (Iimura and Pourquie, 2006). In this way, the fate of the
descendants of Hox-overexpressing cells can be easily tracked in the embryo.
Overexpression of Hoxb genes in the paraxial mesoderm territory in the epiblast at the
gastrula stage resulted in colinear phenotypes in terms of AP distribution of Hox-expressing
cells (Figure 4a–f). In other words, cells overexpressing more 3′ Hox genes contributed to
more anterior portions of the somitic columns; whereas, cells overexpressing more 5′ Hox
genes contributed to more caudal domains. When posterior Hox genes, such as Hoxb7 or
Hoxb9, were expressed prior to their normal activation, the Hox-expressing cells retained
their epithelial structure and remained in the epiblast longer than cells expressing either
control GFP or anterior Hox genes, such as Hoxb1 and Hoxb4 (Figure 4g–l). A deletion
mutant of the third helix of the Hoxb9 homeo-domain did not show this delay effect on
epiblast ingression, suggesting that DNA binding is essential for this function. Similar
results were observed in Xenopus, when the B1 blastomere was injected with Hoxb9
(XlhBox6) at the 32-cell stage (Niehrs and De Robertis, 1991). Involution of the expressing
mesodermal cells appeared delayed compared to control cells. The injected cells changed
their fate and became incorporated into more posterior territories in the embryo. Therefore,
the different Hox genes appear to exert a graded (colinear) control over the properties
involved in epiblast cell ingression, such as adhesion of epithelial cells and epithelium-to-
mesenchyme transition. Consistently, in the developing limb bud mesenchyme, Hox genes
elicit changes in homophilic cell-adhesion properties, possibly through controlling cell
adhesion molecules, such as EphA7-receptor (Salsi and Zappavigna, 2006; Stadler et al.,
2001; Yokouchi et al., 1995). Strikingly, a similar role for C. Elegans Hox genes in the
control of cell migration has been demonstrated (Kenyon et al., 1997). In the worm, the QL
neuroblast, which is located on the left side of the embryo, expresses the mab-5 Hox gene
(AntP-AbdA homolog) and migrates posteriorly; whereas, the QR neuroblast located on the
right side expresses the lin-39 (Pb-Scr homolog) and migrates anteriorly.

These data suggest that the sequential activation of Hox genes controls the timing of cell
ingression during gastrulation. This mechanism has been proposed to control the translation
of the early temporal colinearity into the colinear positioning of the Hox gene expression
domains along the AP axis (Iimura and Pourquie, 2006).

Posterior prevalence is required for the establishment of spatial colinearity
In the model described above, the colinear activation of Hox genes in the epiblast controls
the sequential ingression of mesodermal cells in the embryo (Iimura and Pourquie, 2006).
Progressively more 5′ paralog genes are successively activated in the paraxial mesoderm
territory in the epiblast. Activation of these genes begins in a salt-and-pepper fashion in cells
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that already express more anterior Hox genes (Figure 3). In the chicken embryo, when 5′
Hox genes are overexpressed in epiblast cells fated to contribute to more anterior territories,
these cells alter their migratory properties, remain longer in the epiblast and contribute to
more posterior derivatives (Figure 4). Furthermore, when a 3′ and a 5′ Hox gene are co-
overexpressed in the same cells in the chicken embryo epiblast, the resulting phenotype is
similar to that elicited when only the most-posterior gene is overexpressed (Iimura and
Pourquie, 2006). Therefore, in the epiblast, the function of the 5′ Hox genes is dominant
over that of the 3′ Hox genes. This well-established property of functional dominance of the
posterior Hox genes is termed posterior prevalence in vertebrates (Duboule and Morata,
1994). In the absence of such a mechanism, one might expect that the temporal colinearity
of Hox gene expression along the primitive streak would result in mixed populations of cells
expressing consecutive Hox paralog genes to enter simultaneously the posterior PSM and to
become located at similar AP levels. Thus, the control of Hox genes over epiblast cell
ingression might provide a mechanism to ensure a separation of Hox gene expression
domains by controlling the serial ingression of cells expressing progressively more 5′ Hox
genes. This is particularly important for the segregation of cells in the anterior-most domain
of expression of Hox genes, which is the domain where the genes exert their patterning role
(Duboule and Morata, 1994). Hence, in this model, the posterior prevalence of Hox genes is
required for translating the temporal colinearity of their activation in their spatial colinear
expression along the somitic columns.

Posterior prevalence or phenotypic suppression was initially characterized in flies mutant for
the Polycomb-gene extra-sex combs (esc) in which all Hox genes are expressed ubiquitously
along the AP axis (Struhl, 1983). In these mutants, all segments acquire the identity of the
posterior-most A8 segment, which is controlled by the most 5′ Hox gene Abd-B. Also,
ubiquitous overexpression of Ubx in the fly embryo overrides the effect of Hox genes
expressed more anteriorly, such as Sex comb reduced (Scr) but not that of more 5′ genes
such as AntP (Gonzalez-Reyes and Morata, 1990). Such observations led to the idea that
posterior Hox genes are functionally dominant over the anterior ones (Duboule and Morata,
1994). In mouse loss-of-function mutants for Hox genes, the actual vertebral phenotypes are
usually restricted to a narrow window in the anterior-most expression domain of the mutated
genes (Horan et al., 1995a; van den Akker et al., 2001; Wellik and Capecchi, 2003). These
mutant mice usually exhibit a normal morphology posteriorly, where more posterior Hox
genes are normally expressed but the mutated gene is lacking. In transgenic mice that
overexpress Hox genes anterior to their normal domains, vertebrae that ectopically express
the transgene undergo posterior homeotic transformations (Kessel et al., 1990; Lufkin et al.,
1992). Thus, only the posterior-most Hox genes expressed in a somite play a functional role
in specifying its future vertebral identity.

In vertebrates, the ancestral Hox gene cluster has been repeatedly duplicated, resulting in
seven sets of Hox clusters in zebrafish and four sets in birds and mammals (Duboule, 2007).
These duplications generated groups of paralog genes that share high similarities in
sequence, expression pattern and function. Paralog swapping experiments in the mouse
using a knock-in strategy, in which Hoxa3 was substituted by Hoxd3, or Hoxa1 by Hoxb1,
show that these paralog genes carry out similar, although not fully identical functions (Greer
et al., 2000; Tvrdik and Capecchi, 2006). Combinations of Hox4 paralog mutants show a
dose-dependent increase in the number of affected vertebrae in mutants lacking more
paralogs (Horan et al., 1995b). Furthermore, null mutants for all paralog genes in a group
show a much more severe phenotype than mutants retaining one single, wild-type allele
(McIntyre et al., 2007; van den Akker et al., 2001; Wellik and Capecchi, 2003).

Whereas the posterior region is normal in mouse compound mutants for complete paralog
groups as predicted by posterior prevalence, the posterior part of the affected domain
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overlaps with the functional domain of the next paralog group (McIntyre et al., 2007;
Wellik, 2007). Thus, the axial identity of a vertebra is not strictly controlled by the
posterior-most Hox genes expressed in its precursors but requires input from adjacent
paralogs. Therefore, a combination of adjacent paralog Hox genes is required for the
specification of vertebral identities. Thus, posterior prevalence probably reflects a graded
trend of functional dominance of posterior-over-anterior Hox genes, rather than an absolute
functional suppression of Hox genes by genes located more 5′ in the clusters.

Experiments in the chicken embryo further support this idea. Following premature
expression of a given Hoxb gene in the epiblast, cells do not end up exactly in the normal
expression domain of this gene as one might have predicted in a strict interpretation of
posterior prevalence (Iimura and Pourquie, 2006). For example, precocious expression of
Hoxb9 in the epiblast leads the expressing cells to delay their ingression and become
positioned at least five to six somites more posteriorly than control cells electroporated with
a GFP vector (Figure 4). However, the anterior-most location of Hoxb9 overexpressing cells
does not correspond to the normal boundary of Hoxb9 in the somites, which is located at the
level of somites 22 to 23. In fact, cells electroporated with Hoxb9 in the epiblast before its
normal activation, end up being located posterior to somite 11, hence, much more anterior
than their endogenous expression domain. Varying the amount of a given Hox gene
overexpressed in the epiblast by using different promoters does not alter the definitive
positioning of the overexpressing cells along the AP axis. Thus, posterior prevalence
appears to rely on qualitative rather than quantitative differences between Hoxgenes (Iimura
and Pourquie, 2006).

The molecular mechanism underlying posterior prevalence remains unclear. Hox gene
expression domains largely overlap along the body axis, indicating that posterior genes do
not repress transcription of anterior genes. miRNA-mediated, post-transcriptional regulation
of Hox gene expression has recently been proposed to play a role in the control of posterior
prevalence (Yekta et al., 2008). Three miRNAs – miR-196a-1, miR-196a-2 and miR-196b –
can direct cleavage of Hoxb8 mRNA in vitro through their complementary sequence to this
gene (Yekta et al., 2004). Hoxb, Hoxc and Hoxa clusters, respectively, encode these
miRNAs between Hox9 and Hox10 genes, at a very similar position to the miRNA mir-iab4
in the Drosophila HOM complex, which lies between AbdA and AbdB genes (Ronshaugen
et al., 2005). These miRNAs are extensively conserved among vertebrates and potentially
bind to the 3′UTR sequence of Hoxb8, Hoxc8, Hoxd8 and Hoxa7 (Yekta et al., 2008).
These miRNAs were shown to be involved in targeting Hoxb8 3′UTR during posterior limb
bud patterning, thus providing a safeguard mechanism against inappropriate Hox activity
(Hornstein et al., 2005). Target sequences for these miRNAs are enriched in Hox genes
predominantly located more 3′ than miR-196, consistent with their potential role in
posterior prevalence (Ronshaugen et al., 2005; Yekta et al., 2008). Two other miRNA –
miR10a and miR10b – were identified 5′ to the group 4 genes in the Hoxb and Hoxd
complexes (Woltering and Durston, 2008). Blocking their function leads to extensive
vertebral defects, including homeotic transformation.

Post-transcriptional mechanisms other than miRNAs are also likely to be involved in the
control of posterior prevalence. Gain-of-function experiments in which Hox genes coding
sequences were over-expressed from ubiquitous promoters in transgenic flies or mice show
specific defects only in the region anterior to the normal expression domain of these genes
(Gonzalez-Reyes and Morata, 1990; Kessel et al., 1990; Lufkin et al., 1992). Also, in the
over-expression experiments in the chicken epiblast, the Hox expression constructs only
contain the coding sequence driven by a ubiquitous chicken β-actin promoter (Iimura and
Pourquie, 2006). Thus, in these experiments, the functional suppression is neither acting
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transcriptionally nor through the 3′UTR of Hox genes. This raises the possibility that the
suppression of the anterior gene function by posterior genes occurs at the protein level.

Spatial dissociation of segmentation and Hox gene activation programs
The origin of the paraxial mesoderm during gastrulation can be traced to two distinct
populations of precursors (Figure 2b, c) (Bellairs, 1986; Iimura et al., 2007; Nicolet, 1970;
Rosenquist, 1966; Selleck and Stern, 1991). These two populations exhibit different origins
and fates, and contribute to the future medial and lateral somitic compartments (Figure 2e).
The medial compartment gives rise to the epaxial muscles, the vertebral column and the
dermis of the back; whereas, the lateral compartment produces essentially the ribs and the
hypaxial muscles that include intercostals and limb muscles (Olivera-Martinez et al., 2000;
Ordahl and Le Douarin, 1992) (Figure 2e, f).

In the chicken embryo, medial somites derive from a population of precursors that exhibit a
stem-cell-like behavior and are located in the anterior-most primitive streak and Hensen’s
node, while the lateral somite precursors derive from the epiblast adjacent to the anterior
primitive streak that continues to ingress during axis formation (Bellairs, 1986; Iimura et al.,
2007; Selleck and Stern, 1991). A stem-cell-like population, located in the primitive streak
and contributing to somites, has also been identified in the mouse (Cambray and Wilson,
2002; Eloy-Trinquet and Nicolas, 2002; McGrew et al., 2008; Nicolas et al., 1996). The self-
renewal capacity of these stem cells has been revealed by lineage analysis using various
cell-labeling strategies and by serial transplants in chicken and mouse embryos (Cambray
and Wilson, 2002; Cambray and Wilson, 2007; McGrew et al., 2008; Nicolas et al., 1996;
Selleck and Stern, 1991). This dual origin of paraxial mesoderm precursors is likely
conserved across vertebrates (Iimura et al., 2007).

The distinction between medial and lateral precursors is important because the two
populations are involved in different aspects of spine patterning. Microsurgically separating
the medial from the lateral PSM results in a segmented medial PSM, while the lateral one
remains unsegmented (Freitas et al., 2001). Furthermore, transplantation of the region
containing the anterior primitive streak to different regions of the primitive streak of a stage-
matched host shows that the descendents of the grafted cells form ectopic rows of somites,
whereas, no such effect is observed with other epiblast regions (Schoenwolf, 1992). These
lines of evidence suggest that the segmentation program is controlled by the medial cells
precursors, which eventually give rise to most of the segmental derivatives of the body axis

The dynamics of the posterior-to-anterior waves of activation of Hox genes along the
epiblast described earlier imply that the territory fated to give rise to the lateral portion of
the somite in the epiblast first activates expression of Hox genes. Due to forward spreading,
the stem-cell-containing territory located in the anterior streak will be reached by the Hox
expression wave only later. Therefore, Hox activation (initiated in the posterior primitive
streak by temporal colinearity) and segmentation (initiated in the anterior primitive streak)
are spatially segregated.

A conserved feature of the tetrapod axis is the order of morphologically distinct regions
along the AP axis level (e.g., cervical, thoracic, lumbar, sacral and caudal vertebrae). Yet,
different numbers of segments contribute to various regions, resulting in the diversity of
vertebral formulae between vertebrate species. For instance, mice have 14 rib-bearing
thoracic vertebrae, while chickens have seven and corn snakes have 225. Mutation of an
entire paralog series of Hox genes in the mouse does not affect the total number of segments
in the mutants, suggesting that Hox genes are not directly involved in control of the total
segment number (Wellik, 2007). While Hox gene expression has not been investigated in
detail in snakes, the large expansion of the thoracic and caudal regions observed (225
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thoracic and 65 caudal vertebrae) was shown to be associated with an acceleration of the
segmentation clock relative to the axis growth (Gomez et al., 2008). This acceleration was
proposed to lead to the formation of smaller segments, hence allowing the formation of more
segments for the same amount of growth compared to mouse and chicken embryos. Such an
uncoupling between the processes of segmentation and axial regionalization, is consistent
with their spatial dissociation. It further suggests that their control is likely to be largely
independent, hence allowing the huge diversity of vertebral formulae observed across
vertebrates.

Definitive positioning of Hox gene boundaries in the somites
The precise timing of Hox gene activation serves a critical function in defining the final
spatial colinear distribution of Hox gene expression domains along the body axis, which
ultimately determines axial identity of the different vertebrae (Forlani et al., 2003; Juan and
Ruddle, 2003; Wacker et al., 2004a). Importantly, however, this initial blueprint does not
entirely match the definitive Hox gene expression (Forlani et al., 2003). For instance, in the
mouse embryo, Hoxb8 expression is initiated at the head-fold stage (day 7.5 dpc) in cells
located in the anterior primitive streak (Forlani et al., 2003) and the most anterior
localization of descendents of these cells is found to be mainly at the level of somites
6/7(Forlani et al., 2003). However, the final expression boundary of Hoxb8 will be more
posterior, at the level of somites 10/11. Thus, the position of the definitive Hox gene
expression boundaries is not solely imposed by the colinear initiation phase, but in addition,
requires modification of Hox gene expression domains after cells exit the primitive streak
and before they are incorporated into a somite, hence, while located in the PSM.

Cells of the posterior PSM experience transcriptional oscillations of the cyclic genes that are
driven by the segmentation clock (Figure 5a) (Dequeant et al., 2008). Signaling components,
including many negative feedback inhibitors of the Notch, Wnt and Fgf pathways, are
involved in the segmentation clock and have been proposed to control the periodic activation
of the system. The segmentation clock oscillator generates a complex periodic pulse of
signaling in the PSM, which was proposed to set the rhythm of somite production.
Molecular evidence for the existence of such an oscillator has now been obtained in the
chicken, mouse, frog and zebrafish, suggesting that it is a conserved feature of vertebrates
((Dequeant et al., 2008) and references therein). Posterior-to-anterior gradients of Fgf and
Wnt signaling within the PSM were shown to define a signaling threshold where PSM cells
become competent to respond to this periodic clock signal. Due to axis elongation, this
threshold (termed the determination front or wavefront) constantly regresses posteriorly
while maintaining its relative position in the PSM at the same level. This displacement
controls the spacing of the clock response along the AP axis and the conversion of the clock
pulse into the spatial periodicity of somites (Dequeant et al., 2008). Therefore, the size of a
somite is determined by the distance traveled by the wavefront during one period of the
segmentation clock oscillation. Reciprocal inhibitory interactions between RA produced by
the anterior PSM and FGF produced by the posterior PSM provide a fine-tuning mechanism
involved in refining the positioning of the determination front (Diez del Corral et al., 2003;
Moreno and Kintner, 2004). In addition to the important function of controlling
differentiation and defining the somite-forming unit, the gradient system of Wnt/Fgf and RA
signaling is also involved in the control of Hox gene expression in the PSM.

Local modification of the FGF signaling gradient by grafting a bead of Fgf8 in the posterior
PSM was shown to result in the formation of smaller somites anterior to the bead (Dubrulle
et al., 2001) (Figure 5b). This effect was interpreted as a slowing down of the determination
front progression (due to the local FGF concentration increase). As a result, less competent
cells are released at the front level during one period of the clock oscillation, hence,
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resulting in smaller somite formation (Figure 5b). Remarkably, the position of the Hoxb9
and Hoxa10 anterior boundary at the level of these smaller somites become located more
anteriorly on the grafted side, remaining at the appropriate somitic level (Alvares et al.,
2003; Dubrulle et al., 2001). In other words, the Hox gene expression boundary remains
located at the appropriate somite number (somite 23 for Hoxb9) rather than at the absolute
axial position (as defined by the position of the Hox boundary on the unoperated
contralateral side) (Figure 5c, d). Cells that ectopically alter their Hox expression in
response to the bead graft also alter their axial properties. For instance, in response to
ectopic Hoxa10 expression triggered by the Fgf8 bead graft, cells begin to activate the
muscle migratory program downstream of Lbx1 (Alvares et al., 2003; Dubrulle et al., 2001).
Thus, in these experiments, a gain of function of FGF signaling in the posterior PSM results
in a posterior transformation of cells in the smaller somites. Therefore, Hox gene expression
in the PSM remains plastic and can still be altered by manipulating the segmentation
machinery (Dubrulle et al., 2001; Zakany et al., 2001). Additional evidence indicates that
Notch signaling, which shows oscillating activity in the posterior PSM (Huppert et al., 2005;
Morimoto et al., 2005), likewise is involved in the control of Hox gene expression in the
PSM (Cordes et al., 2004).

Various perturbations of FGF and RA signaling have been shown to cause changes in Hox
gene expression and homeotic transformations in mouse embryos. The effect of gain- or
loss-of-function mutations of the FGF pathway on Hox gene expression is consistent with
the results of the FGF bead graft experiments described above. For instance, Fgfr1 gain-of-
function mutations introduced into the mouse embryo led to posterior homeotic
transformation; whereas, hypomorphic mutations led to anterior transformation (Partanen et
al., 1998). FGF signaling and RA signaling were shown to exert mutually antagonistic
actions in the PSM (Diez del Corral et al., 2003; Moreno and Kintner, 2004; Vermot and
Pourquie, 2005). Hence, a RA gain of function leads to an FGF loss of function in the PSM.
The modulation of RA signaling levels in developing mouse embryos causes homeotic
transformations which, depending on the time of treatment, causes vertebrae to acquire
either more anterior or more posterior identities (Kessel and Gruss, 1991). RA treatment of
mice at 8.5 dpc causes a posterior shift of 5′ Hox genes, consistent with the anterior
homeotic transformations observed in the FGF hypomorphic mutants. In contrast, the same
experiment at gastrulation stage (7.0 dpc) induces an anterior shift of 3′ Hox genes (Kessel
and Gruss, 1991), consistent with their ability to precociously activate Hoxb1 in the epiblast
(Marshall et al., 1992). These important functions of RA signaling in specifying vertebral
axial identity and the control of Hox genes were also confirmed through genetic deletion of
RA signaling components (Lohnes et al., 1994).

Finally, Wnt signaling has also been connected directly to the process of axial specification.
In Wnt3a mutant mouse embryos (Ikeya and Takada, 2001) or in Wnt3a hypomorphic
embryos vestigial tail (vt), homeotic transformations and corresponding changes in Hox
gene expression are observed (Greco et al., 1996). In these mutants, Fgf8 expression is
downregulated in the PSM (Aulehla et al., 2003), suggesting that the effect on Hox gene
expression could result from the downregulation of FGF signaling in the PSM. The caudal
transcription factors (Cdx) are targets of the Wnt, FGF and RA pathways, which play a
conserved role in Hox regulation during AP axis formation (Chawengsaksophak et al., 2004;
Copf et al., 2004; Houle et al., 2003a; Pilon et al., 2007; van den Akker et al., 2002). In
mice, Cdx gene expression (Cdx1, 2 and 4) is initiated at the primitive streak stage and later,
is restricted to the posterior part of the embryo (Bel-Vialar et al., 2002; Deschamps and van
Nes, 2005; Houle et al., 2000; Houle et al., 2003b; Ikeya and Takada, 2001; Isaacs et al.,
1994; Lohnes, 2003; Pilon et al., 2006; Pilon et al., 2007; Pownall et al., 1996; Prinos et al.,
2001). Cdx transcription factors act by regulating a subset of Hox genes in a dose-dependent
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manner (van den Akker et al., 2002). Together, these data suggest that the FGF, Wnt and RA
pathways control the expression of Hox gene domains in the PSM.

Several other factors involved in the regulation of Hox genes and in the patterning of the
axial skeleton have been identified. In the mouse, the TGF-β family secreted factor, Gdf11
(which is expressed in the tail bud) acts upstream of Hox genes. Mice mutant for Gdf11
show homeotic transformation of the vertebral column and tail truncation, correlating with
disruption of Hox expression domains (McPherron et al., 1999; Nakashima et al., 1999).
These patterning defects are partially phenocopied in mice mutant for the Gdf11 pro-protein
convertase Pcsk5, specifically expressed in the PSM, as well as in mutants for the TGF-β
type I receptor (Alk5) and type II receptors (ActRIIA/B [Acvr2/b]) (Andersson et al., 2006;
Essalmani et al., 2008; Oh and Li, 1997; Oh et al., 2002; Rancourt and Rancourt, 1997;
Szumska et al., 2008). How and if these genes interact with the pathways described above
remain to be investigated.

Positioning of Hox gene boundaries in the forming segments
After passing through the determination front, competent cells that receive the clock signal
simultaneously activate the transcription factor Mesp2, which defines the future segmental
domain and positions the future somitic boundary (Figure 5a, black) (Dequeant et al., 2008;
Morimoto et al., 2005). Based on mathematical modeling, it was proposed that the system of
opposing FGF and RA gradients defines a bistability window in the PSM, where cells can
adopt either of two distinct steady states: FGF-dominant or RA-dominant (Goldbeter et al.,
2007). Cells in the FGF-dominant state can abruptly switch to the RA-dominant stable state,
enabling a group of cells that will form the future segment to be exposed simultaneously to
RA signaling. This switch was proposed to be triggered by the periodic signaling pulse
delivered by the segmentation clock.

The resulting segmental prepattern, which appears as bilateral stripes of Mesp2 located
immediately anterior to the determination front, provides the blueprint for the morphological
segments. The morphological boundaries form when the epithelial somite separates from the
anterior tip of the PSM, and subsequently, somitic tissue begins to differentiate as directed
by the surrounding tissues (Hirsinger et al., 2000). During this step, somites subdivide into
the ventral sclerotome (which contains the skeletal precursors) and the dorsal
dermomyotome (which contributes to the myotome and dermatome, giving rise to the
skeletal muscles of the body and the dorsal dermis, respectively).

Mesp2 also plays a key role in establishing the rostrocaudal polarity of future somites
(Takahashi et al., 2000). This rostrocaudal subdivision of somites imposes the segmental
patterning of the nervous system by restricting migration of neural crest cells and axonal
guidance of motor neurons within the rostral half of the somite (Bronner-Fraser, 2000). This
rostrocaudal subdivision is also critical for the formation of vertebrae, which develop when
the caudal half of the skeletal precursors (the sclerotome) of one somite fuses to the rostral
half of the sclerotome of the following somite during a process called resegmentation (Christ
et al., 2007).

The spatial regulation of Hoxd genes in the anterior PSM is controlled by the segmentation
machinery (Zakany et al., 2001). Replacing the entire Hoxd cluster with a LacZ reporter
showed periodic stripes of gene expression in the anterior PSM, suggesting that a global
enhancer outside of the cluster is responsible for the segmental expression in the PSM.
Strikingly, Hoxd1 is expressed in the same striped domain as Mesp2 but slightly later in
time, suggesting that Hoxd1 activation might lie downstream of Mesp2. Subsequently,
Hoxd1 expression, like Mesp2, becomes restricted to the anterior compartment of the
forming somite. A similar expression pattern is observed for other Hox genes (e.g., Hoxd3).
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This regulatory expression is under the influence of the Notch pathway, since the striped
expression is lost in the mouse Rbpjk-null mutants in which Notch signaling is abolished.
The role of Hox genes during later stages of somite patterning remains to be investigated.

Conclusion: Determination of the axial fate of vertebral precursors
Due to posterior prevalence, only the anterior expression domain of Hox genes appears to be
functionally relevant for patterning the vertebral column. Thus, the positioning of the
anterior boundaries of Hox expression domains is of key importance for the establishment of
axial identity along the vertebrate spine. Data discussed in this review indicate that the
positioning of Hox anterior boundaries is essentially defined by the timing of their activation
during gastrulation. The importance of the precise temporal activation of Hox genes is
illustrated by mutations that change the timing of Hox activation in mouse embryos (Juan
and Ruddle, 2003). Mutation of the cis-regulatory region controlling Hoxc8 expression,
which causes an initial delay in expression, affects skeletal patterning by largely
phenocopying the Hoxc8-null mutant, even if the normal somitic expression appeared to be
recovered at later stages (Juan and Ruddle, 2003).

Grafting experiments in the chicken embryo demonstrated that Hox expression and axial
identity of vertebrae are already fixed in the PSM (Kieny et al., 1972; Nowicki and Burke,
2000). Furthermore, overexpression of Hox genes driven by a PSM-specific promoter in
transgenic mice leads to severe skeletal patterning defects; whereas, overexpression from a
promoter driving expression in somites does not elicit such phenotypes (Carapuco et al.,
2005). Thus, the appropriate expression of Hox genes early in the development of paraxial
mesoderm is critical for the establishment of the future vertebral identity.

In fact, Hox expression appears to be fixed extremely early in the paraxial mesoderm
precursors soon after their initial activation at the epiblast stage (Iimura and Pourquie,
2006). Heterochronic transplantation of epiblast cells in the chicken embryo showed that
groups of transplanted cells maintain their endogenous Hox expression schedule. Strikingly,
however, in grafts of very small fragments that contain the paraxial mesoderm precursors or
in isolated cells that detach from the graft, the original Hox gene expression is not
maintained, and cells adapt to their new location ((McGrew et al., 2008), OP and TI
unpublished observations). Such a situation is also observed in the nervous system (Trainor
and Krumlauf, 2000), suggesting that whereas the axial fate appears to be determined very
early at the tissue level, small group of cells can be reprogrammed.

Together, theses experiments suggest that the axial identity of paraxial mesoderm precursors
is sealed very early in the differentiation of this lineage, possibly even before their
ingression during gastrulation, in response to Hox gene expression. Therefore, although the
position of the anterior boundaries of Hox expression domains somehow becomes
subsequently refined in the PSM resulting in their definitive positioning along the AP axis,
the timing of Hox gene activation during gastrulation largely controls vertebral identity.
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Figure 1. Segmentation and regional patterning of somitic derivatives
(a) Two-day-old chicken embryo in the process of forming the embryonic somites. (b)
Skeletal preparation of a 10-day-old chicken embryo illustrating the different anatomical
regions along the antero-posterior axis of the spine.
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Figure 2. Paraxial mesoderm formation and segmentation in the chicken embryo
(a–d) Dorsal views of chicken embryos. (a) Gastrulating chicken embryo at stage 3
Hamburger and Hamilton (Stage HH3) (Hamburger and Hamilton, 1992). The presumptive
territory of the paraxial mesoderm (red), which contains the precursors of vertebrae and
skeletal muscles, converge toward the primitive streak. (b) Stage HH4 chicken embryo. At
this stage, the PS has reached its maximal length. Presumptive territories of the paraxial
mesoderm are located in the superficial epiblast just below Hensen’s node (medial precursor
population, green) and in two symmetrical domains located on both sides of the PS (lateral
precursor population, purple). These cells are ingressing (arrows) through the PS to form the
paraxial mesoderm. (c) Stage HH7 chicken embryo. The PS and node have begun their
posterior regression (arrow), leaving in their wake the embryonic axis comprising the head
process anteriorly and the notochord (Nc) axially. Epiblast cells (purple) continue to ingress
in the PS (arrow) and join the descendents of a population of resident stem cells located in
the anterior primitive streak (green) to generate the paraxial mesoderm. The mesodermal
layer is represented on the left side without the superficial epiblast. (d) Posterior region of a
stage HH10 chicken embryo. Somitogenesis progresses posteriorly on both sides of the
neural tube (Nt) in concert with axis elongation (arrow). Paraxial mesoderm cells are
produced at the tail bud level and undergo a maturation process in the presomitic mesoderm
(PSM), leading to the periodic formation of new pairs of somites. Segmental determination
occurs at the level of the determination front (DF, black rectangle)). Presumptive somite
nomenclature according to Pourquié and Tam (Pourquie and Tam, 2001).
(e–f) Transverse sections showing the fate of medial and lateral paraxial mesoderm
precursors (only the right side of the embryos are shown). The hatched line separates the
medial and the lateral domains. (e) Epithelial somite in a two-day-old chicken embryo.
Medial (green) and lateral (purple) somitic cells are indicated according to their origins in
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panels b and c. (f) Differentiation of the somitic derivatives in a five-day-old chicken
embryo at the limb level. Medial somitic cells (green) contribute to epaxial body structures,
such as vertebra, muscle (myotome) and dermis; whereas, lateral somitic cells (purple) give
rise to hypaxial muscles in the ventral body and limbs.
PS-primitive streak; Nc-notochord; Nt-neural tube; PSM-presomitic mesoderm

Iimura et al. Page 26

Curr Top Dev Biol. Author manuscript; available in PMC 2012 December 17.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3. Onset of Hox gene activation in the chicken embryo
(a) Chicken Hox clusters showing the location of Hoxb1 (purple) and Hoxb4 (green). (b)
Activation of Hoxb1 in the chicken embryo. Hoxb1 (purple) is first expressed in a salt-and-
pepper pattern in the posterior part of the primitive streak at stage HH3 and its expression
subsequently spreads anteriorly along the streak. At stage HH4, only precursors of the lateral
somitic cells express the gene. Expression continues to spread until all cells of the epiblast
adjacent to the streak, as well as cells entering the primitive streak, activate Hoxb1 at stage
HH4. From this stage onward, Hoxb1 is expressed by the precursors of the medial and the
lateral somites in the epiblast and the streak, and then this expression is maintained in the
descendents of these cells entering the posterior presomitic mesoderm. While the embryonic
axis forms, paraxial mesoderm cells continue to express Hoxb1, leading to the formation of
the columns of Hoxb1-expressing somites. This strategy results in the position of the Hoxb1
expression domain in the paraxial mesoderm to be roughly defined by the timing of Hox
activation in paraxial mesoderm precursors in the epiblast.
(c) Activation of Hoxb4 (green). Similar expression kinetics to that of Hoxb1 is observed,
albeit starting a bit later in the posterior streak, at stage HH4. As a result, the presumptive
territory of the paraxial mesoderm is reached later by Hoxb4 at stage HH5, after the cells
that will form the anterior-most somites expressing Hoxb1 have been produced by the
primitive streak. Consequently, the first cells expressing Hoxb4 will be positioned more
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posteriorly (at the level of somites 5–6) than the Hoxb1-expressing cells in the somitic
series. In this way, the temporal colinear activation of Hox genes in the posterior primitive
streak is translated into nested colinear domains along the somitic series. Expression
domains of Hox genes in other tissues such the neural plate are not represented.
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Figure 4. Hox genes control the timing of ingression of epiblast cells into the primitive streak
(a) Schematic representation of the homotopic and homochronic grafts of fragments of the
80% level of the primitive streak electroporated with Hox-expressing constructs. (b–f)
Contributions of the electroporated somitic precursors expressing control (b) or Hoxb1 (c),
Hoxb4 (d), Hoxb7 (e), and Hoxb9. (f) Expression vectors driven by a ubiquitous CAGGS
promoter with IRES2-ZsGreen were observed following a reincubation period of 16h. White
arrowheads denote the 5th somite level, and green arrowheads denote the anterior limit of the
clones overexpressing the constructs. Note the colinear distribution of the anterior limit of
the green clones shifting more posteriorly as progressively more 5′ Hox genes are
overexpressed.
(g) Schematic representation of homotopic and homochronic double graft of fragments of
the 80% level of the primitive streak from embryos electroporated with Hoxb4-IRES2-
DsRed and Hoxb9-IRES2-ZsGreen, respectively. The grafted embryo is shown just before
reincubation (h), and 6h (i), 16h (j) and 40h (k) after reincubation. Green and red
arrowheads denote the anterior and posterior extension of the descendants of the grafted
labeled cells by each reporter along the AP axis. (h–k). The descendents of the cells
expressing Hoxb4 (red) are located more anteriorly than those expressing Hoxb9 (j, k). (l)
Transverse section of an embryo grafted as in (g) and incubated for 6h at the level indicated
in (i) (white hatched line). Note that the cells expressing Hoxb4 (red) have entered the
mesodermal layer; whereas, Hoxb9-expressiong cells (green) remain in the surface epiblast
layer. Ventral views, anterior to the top. PS: primitive streak, panels h-k.
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Figure 5. Interaction between Hox patterning and the segmentation machinery
(a) The Clock and Wavefront model for somitic segment determination.
Antagonistic gradients of FGF/Wnt signaling (purple) and retinoic acid signaling (green)
position the determination front (thick, black line). The periodic wave of cyclic gene
expression reflecting the segmentation clock signal is shown in orange (represented on the
left side only). As the embryo extends posteriorly, the determination front moves caudally.
Cells that pass the determination front are exposed to the periodic clock signal, initiating the
segmentation program and activating expression of gened, such as Mesp2 (black squares,
represented on the right side only), in a stripe that prefigures the future segment. This
establishes the segmental pattern of the presumptive somites.
(b) The graft of an Fgf8 bead in the posterior part of the embryo leads to an anterior
extension of the FGF gradient (purple), corresponding to a slowing down of the
determination front regression. As a result, less competent cells pass the determination front
during one oscillation of the clock, leading to a smaller segment. Ultimately, this segment
will form a smaller somite compared to the control side (shown in d).
(c,d) Labeling cells at the same axial position with DiI in embryos grafted with a Fgf8 bead
(c) shows that cells remain at the same axial position but that the position of the somite
boundaries is changed on the grafted side due to the formation of smaller somites (Dubrulle
et al., 2001). (d) As a result, cells from the same axial level become incorporated into
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differently numbered somites. Strikingly, the expression of Hox genes (here, Hoxb9, green)
is maintained at the appropriate somitic boundary rather than at the appropriate axial level,
providing evidence for a cross talk between the segmentation machinery and Hox patterning.
Red spots show the DiI labeled cells marked in c. Dorsal views, anterior to the top.
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