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ONE OF THE MOST STRIKING FEATURES of the human spine is its peri-
odic organization. This so-called “segmental” arrangement of the verte-
brae along the anteroposterior body axis is established during embryonic
development. Structures called somites, which contain the precursors of
the vertebrae, form in a rhythmic fashion at the posterior end of the
embryo during the process of somitogenesis. Somites are sequentially
added to the growing axis, thus establishing the characteristic periodic
pattern of the future vertebral column. The primary segmentation of the
vertebrate embryo displayed by somitic organization also underlies much
of the segmental organization of the body, including muscles, nerves, and
blood vessels. In amniotes, somites are the major component of the
paraxial mesoderm that form bilaterally along the nerve cord as a result
of primitive streak and tail bud regression during body axis formation.
Somites bud off from the anterior presomitic mesoderm (PSM) as epithe-
lial spheres surrounding a core of mesenchymal cells called the somito-
coele. The dorsal portion of the somite remains epithelial and forms the
dermomyotome, which differentiates into muscle and dermis while its
ventral moiety undergoes an epithelio-mesenchymal transition, leading
to the formation of the sclerotome. The sclerotome gives rise to the skele-
tal elements of the vertebral column: the vertebrae, ribs, intervertebral
disks, and tendons. Most of our understanding of amniote somitogene-
sis at the morphogenetic and molecular levels results from studies involv-
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ing the chicken (Gallus gallus) and the mouse (Mus musculus). In this
chapter, we essentially focus on the patterning and development of the
spine in amniote species such as chickens, mice, and humans.

SEGMENTAL PATTERNING OF THE VERTEBRAL COLUMN:
THE CLOCK AND WAVEFRONT SYSTEM

Origin of the Vertebral Precursors: The Paraxial Mesoderm

Together with the head mesoderm, somites form the paraxial mesoderm,
which appears as bilateral strips of tissue that flank the neural tube and
notochord, and are bound laterally by the intermediate and lateral plate
mesoderm. In the chicken, mouse, and human embryos, the first somite
lies immediately posterior to the otic vesicle (Huang et al. 1997; Spörle
and Schughart 1997; O’Rahilly and Müller 2003). Anterior to this somite,
the paraxial mesoderm is referred to as the head or cephalic mesoderm,
and it contributes to the skeletal muscles and bones of the head (see
Chapter 4 by Le Douarin and Creuzet). The paraxial mesoderm is gen-
erated when cells located in a defined region of the epiblast (the super-
ficial layer of the embryo) ingress into the primitive streak during
gastrulation (Waddington 1952; Rosenquist 1966; Nicolet 1971; Tam and
Beddington 1987; Schoenwolf et al. 1992; Hatada and Stern 1994; Tam
and Trainor 1994; Psychoyos and Stern 1996; Pourquié 2004; Iimura et
al. 2007).

At the beginning of gastrulation, the presumptive territory of the
paraxial mesoderm in the epiblast is located bilaterally to the forming
primitive streak that defines the future anteroposterior axis of the embryo
(Fig. 1A). During primitive streak formation, these territories converge
toward the streak and begin to ingress while undergoing an epithelio-
mesenchymal transition. The first paraxial mesoderm precursors to
ingress form the head mesoderm, which lies at the anterior tip of the
embryo. Then, the primitive streak begins to shrink and regress, and its
anterior tip, which corresponds to the Spemann organizer of amniotes
called Hensen’s node or the node, moves posteriorly. This regression lays
in its wake the forming body axis and progressively forms more poste-
rior levels of the paraxial mesoderm (Fig. 1B). Fate maps of the early
embryo show that the paraxial mesoderm precursors are located in the
anterior portion of the streak and in the adjacent epiblast, as well as in
the node region where the notochord precursors are located (Fig. 1A,B)
(Waddington 1952; Rosenquist 1966; Nicolet 1971; Tam and Beddington
1987; Selleck and Stern 1991; Schoenwolf et al. 1992; Hatada and Stern
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Figure 1. Paraxial mesoderm formation and segmentation in the chicken embryo.
(A) Hamburger and Hamilton Stage 4 (Stage HH4) chicken embryo (Hamburger
and Hamilton 1992). At this stage, the primitive streak (PS), which corresponds to
the amniote blastopore, has reached its maximal length. Presumptive territories of
somites are located in the superficial epiblast just below Hensen’s node (medial pre-
cursor 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. (B) Stage HH7 chicken embryo. The
PS and node have begun their posterior regression (arrowhead), 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 that forms two strips of tissue bilat-
erally to the notochord. The mesodermal layer is represented on the left side with-
out the superficial epiblast. Medial and lateral precursors are derived from the streak
stem cells and the epiblast layer, and contribute to the medial and lateral compart-
ments of the forming somites, respectively. (C) Stage HH10 chicken embryo.
Somitogenesis progresses posteriorly in concert with axis elongation (arrow).
Paraxial mesoderm cells are produced at the tail bud level and undergo a matura-
tion process in the presomitic mesoderm (PSM), leading to the periodic formation
of new pairs of somites (S0). Dorsal views, anterior to the top. (Nt) neural tube, (DF)
determination front. (Presumptive somite nomenclature according to Pourquié and
Tam 2001).
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1994; Tam and Trainor 1994; Psychoyos and Stern 1996; Iimura et al.
2007).

Whereas the primitive streak contributes to the formation of the
most anterior somites, more posteriorly, the paraxial mesoderm is formed
from the tail bud (see Fig. 1C). In this structure, gastrulation movements,
similar to those observed in the primitive streak, are still observed
(Pasteels 1937; Gont et al. 1993; Catala et al. 1995; Kanki and Ho 1997;
Knezevic et al. 1998; Davis and Kirschner 2000; Cambray and Wilson
2002, 2007; Stern 2006). In the tail bud, precursors of the paraxial meso-
derm are located immediately posterior to the chordo-neural hinge
region (Charrier et al. 1999; Cambray and Wilson 2007; McGrew et al.
2008). During axis elongation, newly ingressed paraxial mesoderm cells
are deposited bilaterally to the node or chordo-neural hinge and the axial
structures, resulting in the formation of the two strips of paraxial meso-
derm tissue (Fig. 1C) (Selleck and Stern 1991; Schoenwolf et al. 1992;
Hatada and Stern 1994; Psychoyos and Stern 1996).

The origin of the paraxial mesoderm during gastrulation can be
traced to two distinct populations of precursors (Rosenquist 1966;
Nicolet 1970; Bellairs 1986; Selleck and Stern 1991; Iimura et al. 2007).
These two populations exhibit different fates, forming the future medial
and lateral somitic compartments (Fig. 1, green and purple, respectively).
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 inter-
costals and limb muscles (Ordahl and Le Douarin 1992; Olivera-Martinez
et al. 2000). In the chicken embryo, medial somites derive from a popu-
lation of precursors that exhibit a stem-cell-like behavior and are located
in the anteriormost primitive streak and Hensen’s node, while the lateral
somite precursors derive from the epiblast adjacent to the anterior prim-
itive streak (Fig. 1) (Bellairs 1986; Selleck and Stern 1991; Iimura et al.
2007). A stem-cell-like population, located in the primitive streak and
contributing to somites, has also been identified in the mouse (Nicolas
et al. 1996; Eloy-Trinquet and Nicolas 2002). 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 (Selleck and Stern 1991; Nicolas et al. 1996; Cambray and
Wilson 2002, 2007; McGrew et al. 2008). The precursors of the medial
somites control the segmentation process and impose their segmental
pattern on the lateral somite (Freitas et al. 2001). This dual origin of
paraxial mesoderm precursors is likely conserved across vertebrates
(Iimura et al. 2007).
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A Molecular Oscillator Involved in Establishing the
Periodicity of Vertebrae

In all vertebrate species, pairs of somites bud off periodically at the ante-
rior tip of the PSM at a specific pace (for example, every 90 minutes in
chickens, 120 minutes in mice, and between 4–8 hours in humans)
(Romanoff 1960; Tam 1981; Palmeirim et al. 1997; William et al. 2007;
Aulehla et al. 2008). Microsurgical experiments in the chicken embryo
have revealed that segmentation of the PSM is a tissue-autonomous
process and is independent of the surrounding embryonic tissues
(Menkes and Sandor 1969; Christ et al. 1974; Packard 1978; Palmeirim
et al. 1998; Jouve et al. 2000). The rhythmic production of somites from
the PSM has inspired theoretical models such as the “clock and wave-
front” model (Cooke and Zeeman 1976). This model proposed that the
periodicity of somites results from the action of a molecular oscillator
(called the clock) traveling along the embryonic axis. In this model, the
periodic segment formation is triggered during a defined (permissive)
phase of the oscillation, while the oscillator is constantly displaced pos-
teriorly by a wave of maturation (called the wavefront), hence, ensuring
the spacing of the response to the oscillator. A number of subsequent the-
oretical models have been proposed, many of which have also relied upon
the conversion of a temporal oscillation into a spatial periodic pattern
(for reviews, see Dale and Pourquié 2000; Kulesa et al. 2007).

The first evidence of the existence of an oscillator coupled to somi-
togenesis was provided by the periodic expression of the transcription
factor hairy1 mRNA in the chicken embryo PSM (Palmeirim et al. 1997).
During the formation of each somite, the PSM is swiped by a dynamic
wave of hairy1 mRNA expression. During each somitogenesis cycle,
hairy1 is first activated in the posterior PSM and then progressively in
more anteriorly located cells, giving the illusion of a traveling wave of
gene expression (Fig. 2A–D). These hairy1 transcriptional oscillations
were proposed to reflect the existence of a molecular oscillator called the
segmentation clock (Palmeirim et al. 1997). Subsequently, it has been
shown in the fish, frog, chicken, and mouse that several members of the
Hes/Her/Hairy family of the basic helix-loop-helix (bHLH) transcrip-
tional repressors exhibit such a cyclic behavior, indicating that the oscil-
lator is conserved in vertebrates (Palmeirim et al. 1997; Holley et al. 2000;
Jiang et al. 2000; Jouve et al. 2000; Bessho et al. 2001; Dunwoodie et al.
2002; Li et al. 2003b). In the chicken, the genes hairy1, hairy2, and Hey2,
and in the mouse, the genes Hes1, Hes5, Hey1, and Hes7 oscillate in the
PSM (Palmeirim et al. 1997; Jouve et al. 2000; Leimeister et al. 2000;

Patterning and Differentiation of the Vertebrate Spine 45

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:14 AM  Page 45

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



Bessho et al. 2001; Dunwoodie et al. 2002; Dequeant et al. 2006). In sev-
eral developmental processes, the Hes/Her/Hairy genes are targets of the
Notch pathway, but in the PSM, their oscillatory expression does not
seem to absolutely require Notch signaling (Kageyama et al. 2007; Niwa
et al. 2007; Ozbudak and Lewis 2008). In amniotes, other classes of cyclic
genes have been identified based on their rhythmic expression pattern in
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Figure 2. Clock and wavefront model of somitogenesis. (A–H) Expression pattern com-
parison of key components of the clock and wavefront system during somitogenesis in
chicken embryos. (A–D) Wave of expression of the cyclic gene Lfng during one somite
formation. All embryos have 18 somites and have been hybridized with the Lfng probe.
A similar expression pattern dynamic is observed for the hairy1 gene. (E) Wnt3a, (F)
Fgf8, (G) Raldh2, (H) Mesp2 expression by in situ hybridization. (S1) last formed somite,
(DF) determination front (dotted lines). (I) Clock and wavefront segmentation model.
Antagonistic gradients of Fgf/Wnt signaling (purple) and retinoic acid signaling (green)
position the determination front (thick, black line). The periodic signal of the segmen-
tation clock is shown in orange (represented on the left side only). As the embryo extends
posteriorly, the determination front moves caudally. Cells that reach the determination
front are exposed to the periodic clock signal, initiating the segmentation program and
activating gene expression, such as Mesp2 (black stripes, represented on the right side
only), in a stripe that prefigures the future segment. This establishes the segmental pat-
tern of the presumptive somites. Dorsal views, anterior to the top.
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the PSM (Fig. 2A–D). These cyclic genes belong, in their vast majority,
to the Notch, Wnt, and fibroblast growth factor (Fgf) signaling pathways
(Dequeant and Pourquié 2008). Their dynamic expression sequence has
now been imaged in real time in live mouse embryos or in isolated PSM
cells using luciferase or green fluorescent protein-based methods
(Masamizu et al. 2006; Aulehla et al. 2008). Cyclic expression at the pro-
tein level has been demonstrated only for a subset of cyclic genes that
includes Hes7 and Lunatic fringe (Lfng) (Bessho et al. 2003; Dale et al.
2003). As discussed below, analysis of the mutation and misexpression of
the characterized cyclic genes demonstrate that many are important for
proper somitogenesis.

Periodic Notch Activation Is Associated with Somite Formation

Notch signaling has been shown to play an essential role at different
stages of somitogenesis (for review, see Pourquié 2001; Weinmaster and
Kintner 2003; Rida et al. 2004; Gridley 2006; Lewis and Ozbudak 2007;
Ozbudak and Pourquié 2008). Notch receptors (Notch 1–4 in mammals)
are single-pass transmembrane proteins that undergo regulated, sequen-
tial proteolysis that is required for proper membrane presentation, as well
as for signal transduction (Fig. 3A). Three cleavages have been identified
and are mediated sequentially: first, by a Furin-like protease in the Golgi
complex; next, at the cell surface by members of the ADAM (A disinte-
grin and metalloprotease) family of metalloproteases (such as
ADAM17/TACE and ADAM10/Kuz); and finally, by the Presenilin/γ-sec-
retase complex (cleavage S3) upon ligand binding to release the Notch
intracellular domain (NICD) (Kopan and Ilagan 2004; Bray 2006). The
originality of the Notch signaling pathway resides in the absence of a sec-
ondary messenger, since NICD acts directly as a transcription factor (Fig.
3A). Notch receptors are activated by transmembrane ligands of the
Delta/Serrate/Lag-2 (DSL) family, namely, Delta-like 1, 3, and 4 (Dll1,
-3, and -4) and Jagged/Serrate 1 and 2 (Jag1 and -2) in mammals. Notch
signaling is mediated by the CBF1/RBP-Jk, Suppressor of Hairless
Su(H)/Lag1 (CSL) transcription complex that associates with NICD. In
the absence of NICD, CSL acts as a repressor. Upon nuclear transloca-
tion of NICD and binding to CSL, histone acetylases (HAT) and other
components, such as Mastermind-like proteins (MAML1-3), are recruited
and lead to transcriptional activation of specific target genes (Fig. 3A)
(Baron 2003; Fryer et al. 2004).

Notch signaling has been implicated in a large array of developmen-
tal processes, where it can act as a switch that controls cell fate or regu-
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Figure 3. (See facing page for legend.)

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:14 AM  Page 48

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



lates tissue patterning (Artavanis-Tsakonas et al. 1999). In the mouse PSM,
the activation of the Notch1 receptor is periodic and parallels the rhythm
of somite production. Rhythmic cleavage of NICD can be detected using
a specific antibody that recognizes the cleaved form of the Notch1 recep-
tor (Huppert et al. 2005; Morimoto et al. 2005). In mice and zebrafish,
mutation of Notch1 (Notch1 in mice and Notch1a/des in zebrafish) results
in defects in somite formation, suggesting that it acts as the major Notch
receptor involved in somite segmentation (Conlon et al. 1995; Holley et
al. 2002). While Notch2 is also expressed in the mouse PSM, the Notch2
null embryo does not exhibit segmentation defects (Hamada et al. 1999).
However, the double Notch1 and -2 null embryo exhibits more severe seg-
mentation defects than the single Notch1 mutant, suggesting some func-
tional redundancy between the two receptors (Huppert et al. 2005). Mice
mutant for Presenilins or for the other components of the γ-secretase com-
plex (e.g., Nicastrin [Nct] or Aph-1a) exhibit a Notch-like segmentation
defect, and double PS1 and -2 mutants do not form somites (Fig. 3A)
(Shen et al. 1997; Wong et al. 1997; Donoviel et al. 1999; Herreman et al.
2000; Koizumi et al. 2001; Li et al. 2003a; Ma et al. 2005). Moreover, in
the chicken and zebrafish, pharmacological inhibition of γ-secretase to
block Notch signaling results in segmentation defects (Geling et al. 2002;
Dale et al. 2003; Mara et al. 2007; Riedel-Kruse et al. 2007; Ozbudak and
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Figure 3. Notch signaling pathway and human vertebral abnormalities. (A) The Notch
signaling pathway. The transmembrane Notch receptor is activated by the binding of
Delta and Jagged ligands from neighboring cells, leading to proteolytic cleavage and
release of the Notch intracellular domain (NICD). Notch cleavage involves the γ-sec-
retase complex. NICD translocates to the nucleus and interacts with the DNA-bind-
ing CSL protein, recruiting Mastermind (MAML) and leading to the activation of
transcription of target genes, such as Hes7, Lfng, and Mesp2. The ubiquitination (Ub)
by the ubiquitin ligase Mib controls the endocytosis of Notch ligands, which is nec-
essary for proper signaling. During Notch receptor trafficking to the membrane,
Notch undergoes sequential proteolytic cleavages by Furin and ADAMs protease.
Notch undergoes sequential glycosylation by OFUT1 and Lfng. Dll3 is located prin-
cipally in the Golgi complex where it interacts in cis to modulate Notch signaling.
Notch pathway components found to be mutated in association with human verte-
bral segmentation abnormalities are shown in red boxes. (B) Radiograph of a patient
with Spondylocostal dysostosis (SCDO1) showing the severe axial skeletal malforma-
tions associated with a mutation in the DLL3 gene. (Radiograph provided by Peter
Turnpenny, M.D.) (C) Radiograph of patient with spondylothoracic dysostosis (STD)
illustrating severe vertebral and rib malformations associated with a mutation in the
MESP2 gene. (Radiograph provided by Albert Cornier, M.D., and reprinted from
Cornier et al. 2008 [© Elsevier].) (Co-A) Coactivator.
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Lewis 2008). After nuclear translocation, NICD activates transcription of
target genes, such as Lfng or Notch-regulated ankyrin repeat protein (Nrarp)
(see Fig. 3A) (Krebs et al. 2001; Lamar et al. 2001; Cole et al. 2002; Morales
et al. 2002; Dale et al. 2003; Pirot et al. 2004). Periodic activation of tran-
scription downstream of Notch is indicated by the rhythmic waves of
Nrarp and Lfng expression in the PSM (see Fig. 2A–D) (Forsberg et al.
1998; McGrew et al. 1998; Aulehla and Johnson 1999; Dequeant et al.
2006). Mice mutant for RBP-Jk (Oka et al. 1995; del Barco Barrantes et al.
1999) and Lfng (Evrard et al. 1998; Zhang et al. 2002) exhibit marked
defects in somitogenesis with few anterior somites formed and an overall
disruption of posterior segmentation.

The rhythmic activation of Notch signaling in the PSM could be trig-
gered by the periodic expression of the Notch ligands. In amniotes, Dll1,
Dll3, and Jag/Serrate1, genes are expressed in the PSM (Bettenhausen et
al. 1995; Henrique et al. 1995; Lindsell et al. 1995; Myat et al. 1996;
Dunwoodie et al. 1997). Genes coding for Notch ligands exhibit cyclic
expression in the mouse (Dll1) and zebrafish (deltaC) PSM (Jiang et al.
2000; Maruhashi et al. 2005). Moreover, mice mutant for Dll1 and Dll3
(Pudgy), and zebrafish mutant for deltaD (aei) and deltaC (bea) exhibit
somitogenesis defects (Hrabĕ de Angelis et al. 1997; Kusumi et al. 1998;
van Eeden et al. 1998; Barrantes et al. 1999; Jiang et al. 2000; Jouve et al.
2000; Dunwoodie et al. 2002; Jülich et al. 2005). In the mouse, Dll1
(which is expressed at the surface of PSM cells) activates Notch signal-
ing; whereas, Dll3 (a highly divergent Notch ligand that is localized pri-
marily in the Golgi complex) acts intracellularly through an unknown
mechanism (see Fig. 3A) (Geffers et al. 2007). In vitro experiments and
analysis of mice mutant for Dll3 indicate that Dll3 modulates Notch sig-
naling in a cell-autonomous fashion through a mechanism that is inde-
pendent of Presenilin (Takahashi et al. 2003; Ladi et al. 2005). In addition,
several ubiquitin ligases modulate Notch signaling by regulating Notch
ligand endocytosis (Le Borgne 2006). In mice and zebrafish, mutations
in genes coding for E3 ubiquitin ligases (e.g., Mind bomb [Mib1] and
Neuralized [Neur1/2]) result in somitogenesis defects (see Fig. 3A) (Itoh
et al. 2003; Chen and Casey Corliss 2004; Barsi et al. 2005; Koo et al.
2005; Zhang et al. 2007).

Alternatively, periodic Notch activation could also be triggered by
intracellular negative feedback loops. Hes7 codes for a bHLH transcrip-
tional repressor that can act downstream of Notch and can repress its
own transcription, as well as that of the negative feedback inhibitor Lfng
(see Fig. 3A) (Bessho et al. 2001, 2003; Dale et al. 2003; Morimoto et al.
2005; Niwa et al. 2007). Hes7 is periodically expressed in the mouse PSM,
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and in mutant mice, its inactivation results in an arrest of Lfng oscilla-
tions and in an up-regulation of Hes7 transcription due to the lack of
Hes7 repressive activity, resulting in somitogenesis defects (see Fig. 3A)
(Bessho et al. 2003). Thus, Hes7 was proposed to play a role in the con-
trol of cyclic gene oscillations in the PSM (Kageyama et al. 2007). In
zebrafish, homologs of the Hes7 gene—Her1 and Her7—display a cyclic
expression in the PSM, and their overexpression or their knockdown
leads to segmentation defects (Takke and Campos-Ortega 1999; Holley
et al. 2000, 2002; Henry et al. 2002; Oates and Ho 2002; Gajewski et al.
2003; Lewis 2003; Rida et al. 2004; Oates et al. 2005a; Giudicelli et al.
2007; Holley 2007; Ozbudak and Lewis 2008). It has been proposed that
a simple Her1/Her7-based, delayed negative feedback mechanism gener-
ates oscillations and, thus, acts as the clock pacemaker (Lewis 2003). In
zebrafish, it has been proposed that the role of Notch signaling is
restricted to the synchronization of oscillations between individual PSM
cells and, therefore, coordinates the waves of cyclic gene expression along
the PSM (Jiang et al. 2000; Horikawa et al. 2006; Mara et al. 2007; Riedel-
Kruse et al. 2007; Ozbudak and Lewis 2008). Evidence is still lacking for
such a role for Notch signaling in amniotes.

A second negative feedback loop relying on Lfng and regulating
Notch activation has been described in amniotes (Dale et al. 2003;
Morimoto et al. 2005). Lfng is a glycosyltransferase that modifies the
Notch extracellular domain during its trafficking to the cell surface (see
Fig. 3A) (Haines and Irvine 2003). In the PSM, Lfng periodically inhibits
Notch signaling and participates in a negative feedback loop involved in
the control of Notch pathway oscillation and somite boundary position-
ing (Dale et al. 2003; Serth et al. 2003; Huppert et al. 2005; Morimoto et
al. 2005; Shifley et al. 2008). Lfng-modification activity is dependent
upon the priming of the Notch receptor by the O-fucosyltransferase
(OFUT1), which is expressed ubiquitously and is essential for mesoderm
segmentation in mice (see Fig. 3A) (Shi and Stanley 2003). In the PSM,
Lfng cyclic expression is controlled at the transcriptional level and is
observed only in amniotes (see Fig. 2A–D) (Forsberg et al. 1998; McGrew
et al. 1998; Aulehla and Johnson 1999; Leve et al. 2001; Cole et al. 2002;
Morales et al. 2002; Qiu et al. 2004).

Oscillations of Canonical Wnt and of Fgf Signaling
in the Mouse Embryo

Wnt ligands are soluble proteins that bind to a receptor complex com-
posed of Frizzled (Fz) and low-density-lipoprotein receptor-related pro-
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tein 5/6 (LRP5/6). In the absence of Wnt signaling, the protein β-catenin
is sequestered in a “destruction complex” that contains the scaffolding
proteins Adenomatosis polyposis coli (APC), Disheveled (Dsh), Axin1 and
-2, and the kinases Glycogen synthase kinase 3 (GSK3) and Casein kinase
1 (CK1) that phosphorylate β-catenin, targeting it for proteosomal degra-
dation. Wnt binding to its receptor complex leads to the release of β-
catenin from the destruction complex and, thus, prevents its
phosphorylation (Fuerer et al. 2008; Klaus and Birchmeier 2008). This
stops β-catenin degradation and allows it to translocate to the nucleus and
to bind to the lymphoid enhancer factor/T-cell-specific factor (LEF/TCF)
transcriptional complex. In the absence of Wnt signaling, LEF/TCF (Lef1
and Tcf1, -3, and -4 in mammals) binds Groucho-related proteins and acts
as a repressor. Upon activation of the pathway, the complex, formed from
LEF/TCF and β-catenin, is turned into a transcriptional activator that dri-
ves the expression of a specific set of target genes (Nusse 2005; Hoppler
and Kavanagh 2007). Axin2 is a classical target of the Wnt canonical path-
way that has been shown to be expressed periodically in the mouse
embryo PSM (Jho et al. 2002; Leung et al. 2002; Aulehla et al. 2003). This
implicated the Wnt/β-catenin pathway as a novel player in the mouse seg-
mentation clock (Aulehla et al. 2003). While mice mutant for the cyclic
gene Axin2 do not exhibit mesodermal defects, mice mutant for Axin1
(Fused) exhibit segmentation defects (Zeng et al. 1997; Yu et al. 2005).

In addition to Axin2, several other cyclic Wnt targets have been iden-
tified in a microarray screen aimed at identifying all cyclic genes in the
mouse PSM transcriptome (Dequeant et al. 2006). These genes include sev-
eral negative feedback inhibitors of the pathway, including: Dickkopf
homolog 1 (Dkk1), Dapper homolog 1 (Dact1), and Naked cuticle 1 (Nkd1)
(Ishikawa et al. 2004; Dequeant et al. 2006; Suriben et al. 2006). Inactivation
of several of these inhibitors, such as Dkk1 and Dact1, results in segmen-
tation defects (Mukhopadhyay et al. 2001; MacDonald et al. 2004). Wnt
ligands are distributed in a graded but steady fashion along the PSM. Thus,
as proposed for Notch oscillations, despite the presence of a constant (non-
periodic) Wnt signaling input in the PSM, oscillations of Wnt target tran-
scription could be triggered by the periodic activation of unstable negative
feedback inhibitors (Goldbeter and Pourquié 2008). However, as discussed
further, periodic expression of cyclic genes, such as Dkk1, is still detected
in mouse mutants that express a constitutively stable version of β-catenin
in the PSM, thus, arguing against the role of periodic β-catenin destabi-
lization in the clock pacemaker (Aulehla et al. 2008; Dunty et al. 2008).

The Fgf pathway constitutes a third signaling pathway activated peri-
odically in the mouse and chicken PSM. Upon binding by Fgf ligands,
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the Fgf receptors (FgfR1–4 in mammals) dimerize and through transpho-
sphorylation, initiate several transduction cascades that include: (1) MAP
kinase or ERK kinase (MEK), Extracellular-signal-regulated
kinase/Mitogen-activated protein kinase (ERK/MAPK) cascade, (2) the
PI3 Kinase cascade, and (3) the Phospholipase Cγ- (PLCγ) cascade, ulti-
mately leading to the activation of specific target genes (Bottcher and
Niehrs 2005). Cyclic expression of the Fgf targets Snail homolog 1 and 2
(Snail1 and -2), Sprouty homolog 2 (Spry2), and Dual specificity phos-
phatase 4 and 6 (Dusp4 and -6) suggests that the Fgf signaling pathway
is activated periodically in the posterior PSM (Dale et al. 2006; Dequeant
et al. 2006; Niwa et al. 2007). This periodic regulation of Fgf signaling is
further supported by the dynamic phosphorylation of ERK in the mouse
PSM (Niwa et al. 2007). As for the Wnt and Notch pathways, many of
the Fgf pathway cyclic genes are negative feedback inhibitors. Fgf signal-
ing has been proposed to control the initiation of Hes7 oscillations in the
tail bud, while Notch signaling would maintain these oscillations in the
PSM (see Fig. 3A) (Niwa et al. 2007). Thus, in the posterior PSM, Fgf-
dependent Hes7 expression controls the cyclic activation of the Fgf
inhibitor Dusp4, hence, potentially driving the periodic inhibition of this
pathway (Niwa et al. 2007).

Does the Cyclic Gene Network Act as the Clock Pacemaker?

The complex epistatic relationships and multiple cross talks between the
Notch, Fgf, and Wnt signaling pathways in the PSM make the analysis of
their respective contributions to the segmentation clock mechanism par-
ticularly challenging. Global analysis of cyclic gene expression reveals that
Notch- and Fgf-related cyclic genes oscillate mostly in antiphase to Wnt-
cyclic genes, suggesting a cross talk between these signaling pathways
(Dequeant et al. 2006; Goldbeter and Pourquié 2008).

Oscillations of Axin2 and Spry2 are maintained in the mouse RBP-
Jk mutants and in transgenic mouse embryos constitutively activating
Notch in the PSM (Aulehla et al. 2003; Hirata et al. 2004; Dequeant et al.
2006; Feller et al. 2008). In contrast, Lfng and Axin2 oscillations are dis-
rupted in the mouse Wnt3a hypomorphic vestigial tail (vt) mutant
(Aulehla et al. 2003). Together, these findings argue that Notch does not
act as the clock pacemaker and that Wnt signaling acts upstream of the
Notch oscillations.

The identification of many cyclic Wnt pathway negative feedback
inhibitors raises the possibility that the periodic β-catenin destabilization,
which should result from the action of these negative feedback loops,
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could act as the clock pacemaker that controls oscillations of the Notch
and Fgf pathways. However, using a transgenic reporter mouse in which
the Lfng promoter is fused to the yellow fluorescent protein Venus, Lfng
has been shown to oscillate with the same periodicity in β-catenin gain-
of-function mutants and in wild-type mice (Aulehla et al. 2008).
Therefore, periodic β-catenin production is not required to control the
rhythmicity of Notch activation in the PSM.

Conditional deletion of FgfR1 in the PSM abolishes oscillations of
Hes7, Lfng, Axin2, and Spry2 (Niwa et al. 2007; Wahl et al. 2007). Similarly,
in vitro treatment of mouse embryos with the Fgf inhibitor SU5402 leads
to a rapid arrest of Axin2 and Spry2 oscillations; whereas, Hes7 and Lfng
oscillations cease only after a delay of more than one cycle (Niwa et al.
2007; Wahl et al. 2007). These results are consistent with a role for Fgf sig-
naling in the control of the Notch and Wnt oscillations. However, intro-
ducing a constitutively stable version of β-catenin in a mutant mouse
embryo, in which FGFR1 is conditionally deleted in the PSM, restores the
formation of the Lfng stripes of expression (Aulehla et al. 2008). These
embryos show constitutive nuclear β-catenin expression and lack Fgf sig-
naling in the PSM; yet, they appear to be capable of producing Lfng oscil-
lations. Therefore, this result argues against a role for an Fgf-based
negative feedback loop in the pacemaker of the segmentation clock.

Taken together, these data support the argument that none of the three
signaling pathways periodically activated in the PSM individually appear to
act as a global clock pacemaker. Hence, this raises doubts about the cur-
rent models in which the periodic gene expression associated with the seg-
mentation clock is presented as resulting from the dynamic properties of
the cyclic gene network (Dequeant and Pourquié 2008). In amniotes, it is
possible that each subnetwork has the capacity to generate its own oscilla-
tions independent of the oscillations of the other subnetworks—while cou-
pling among the subnetworks entrain them to each other (Goldbeter and
Pourquié 2008; Ozbudak and Pourquié 2008). Alternatively, it is possible
that the network of cyclic genes that underlie the segmentation clock is
entrained by an outside pacemaker that remains to be identified.

Defects in the Segmentation Clock Lead to Congenital
Scoliosis in Humans

Congenital abnormalities in vertebral segmentation occur in a wide vari-
ety of rare but well-characterized disorders, encompassing many diverse
and poorly understood phenotypic patterns (Turnpenny et al. 2007).
Congenital forms of scoliosis involve structural malformations of the spine
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that are visible on radiographs and include segmental abnormalities such
as hemivertebrae, wedge-shaped vertebrae, vertebral fusions, and bars.
These observations in patients with congenital scoliosis are suggestive of
various abnormalities that may occur during early developmental pattern-
ing (see Fig. 3B,C). A new nomenclature, developed by the International
Consortium for Vertebral Anomalies and Scoliosis (ICVAS), has been cre-
ated to better describe these conditions (Turnpenny et al. 2007).

Manifestations leading to a diagnosis of congenital scoliosis include:
(1) generalized vertebral segmentation abnormalities as observed in
patients with spondylocostal dysostosis (SCD) or spondylothoracic
dysostosis (STD), (2) regionalized conditions, such as Klippel-Feil syn-
drome (which affects only the cervical region), and (3) conditions that
involve only one or two vertebrae. Congenital scoliosis can also be asso-
ciated with anomalies in other organ systems, most frequently involving
the renal, cardiac, or neural systems. In some cases, patients with con-
genital scoliosis with abnormalities of the chest wall present a major sur-
gical challenge. A better understanding and increased knowledge of the
disease mechanism(s) will aid in improving the prediction of the clinical
course of the disease, particularly in children.

Although most cases of congenital scoliosis were previously thought
to be sporadic, recent evidence suggests that a considerable genetic com-
ponent may be involved. Strikingly, thus far, the four mutations associ-
ated with congenital scoliosis in humans have been identified in genes
associated with the segmentation clock mechanism (see Fig. 3A). These
mutations result in monogenic autosomal recessive forms of SCD
(Turnpenny et al. 2007; Sparrow et al. 2008). Homozygosity mapping and
linkage analysis in consanguineous Arab-Israeli and Pakistani pedigrees
with a particular form of SCD (SCDO1 [MIM 277300]) led to the dis-
covery of multiple mutations in the Notch ligand DLL3 (Bulman et al.
2000). These DLL3 mutations result in abnormal vertebral segmentation
throughout the entire spine with all vertebrae losing their normal form
and regular three-dimensional shape (see Fig. 3B). A second, milder form
of SCD (SCDO2 [MIM 608681]) has been associated with a 4-base-pair
duplication in the MESP2 gene that is essential for normal segmentation
(discussed later in this chapter) (Whittock et al. 2004). A mutation in
LFNG was identified in members of one family with SCD (SCDO3 [MIM
609813]) (Sparrow et al. 2006). A mutation in the HES7 gene was also
found to be associated with a case of SCD (SCDO4) (Sparrow et al.
2008). The identified mutation impairs HES7 protein to heterodimerize
with the E47 cofactor. In addition, a recessive null mutation in the MESP2
gene was also identified in patients with STD (Jarcho-Levin syndrome)
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(see Fig. 3C) (Cornier et al. 2008). Also, various mutations of the Notch
ligand JAGGED1 have been associated with the autosomal dominant
Alagille syndrome in which misshaped vertebrae (butterfly vertebrae) are
observed (AGS [MIM 118450]) (Li et al. 1997; Oda et al. 1997; Joutel and
Tournier-Lasserve 1998). Together, these data strongly support the argu-
ment that human somitogenesis also relies on molecular mechanisms
similar to those identified in mouse and chicken embryos.

The Wavefront: Translating the Periodic Signal
into Repeated Segments

The Determination Front Controls PSM Maturation

The concept of a “wavefront,” as originally proposed by Cooke and
Zeeman, suggests that a transitional zone exists in the PSM where cells
that reach this level undergo a “catastrophe” corresponding to a sudden
change in cell properties and leading to somite formation (Cooke and
Zeeman 1976). Several studies have demonstrated the existence of such a
transitional region in the PSM, called the determination front (Dubrulle
et al. 2001; Sawada et al. 2001). This region is located at approximately the
S-3/S-2 level in chicken embryos (presumptive somite -3/-2; nomencla-
ture according to Pourquié and Tam [2001]) and corresponds to an
important transition in gene regulation and cellular properties (see Figs.
1C and 2). Grafting experiments in chicken embryos reveal that the seg-
mental pattern is established only anterior to the determination front
(Dubrulle et al. 2001).

The determination front is positioned by antagonistic gradients of Fgf,
Wnt, and retinoic acid (RA) signalings, and regresses posteriorly as the
embryo elongates along the anteroposterior axis (see Fig. 2E–G,I) (Aulehla
and Herrmann 2004; Dubrulle and Pourquié 2004a; Moreno and Kintner
2004). Mathematical modeling of this system led to the proposal that the
determination front is associated with a bistability window defined by the
mutually antagonistic gradients of Fgf and RA (Goldbeter et al. 2007;
Dequeant and Pourquié 2008). In this window, cells are poised to switch
abruptly from one steady state to the other in response to a triggering sig-
nal, such as the signaling pulse delivered by the segmentation clock. This
abrupt transition could explain the sudden rhythmic appearance of stripes
of gene expression at the determination front level. Molecularly, segmen-
tal genes (such as mesoderm posterior 2 [Mesp2]) become derepressed at
the determination front level (Delfini et al. 2005), and stripes of Mesp2
gene expression form in a rhythmic sequence in response to the clock sig-
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nal (see Fig. 2H,I) (Saga et al. 1997). As we shall see, the stripes of Mesp2
expression provide the template from which the morphological seg-
ments—the somites—will form (Morimoto et al. 2005; Saga 2007).

Fgf/Wnt Signaling Gradients Control the Maturation of the PSM

Parallel posterior-to-anterior gradients of Fgf and Wnt signaling (evi-
denced by graded phosphorylated ERK and nuclear β-catenin, respec-
tively) are established in response to the graded expression of secreted
ligands, such as Fgf8 and Wnt3a, along the PSM (see Fig. 2E,F) (Dubrulle
et al. 2001; Sawada et al. 2001; Aulehla et al. 2003; Dubrulle and Pourquié
2004b; Delfini et al. 2005; Aulehla et al. 2008). In the posterior PSM, cells
are exposed to a high level of Fgf and Wnt activity, and are maintained
in an immature, undifferentiated state (Dubrulle et al. 2001; Sawada et
al. 2001; Aulehla et al. 2008; Dunty et al. 2008). The transition from the
immature to the competent state of PSM cells can be visualized by the
down-regulation of the Mesogenin1 (Msgn1) gene at the level of the
determination front (Buchberger et al. 2000; Yoon et al. 2000).

Molecular Mechanisms Generating the Signaling Gradients. The posterior
gradients and thus the determination front move posteriorly in the wake
of axis elongation. This posterior displacement of the Fgf8 gradient has
been studied and shown to rely on an original mechanism involving Fgf8
mRNA decay (Dubrulle and Pourquié 2004b). Transcription of the Fgf8
mRNA is restricted to the PSM precursors in the tail bud, and it ceases
when their descendents enter the posterior PSM. Thus, as the axis elon-
gates, cells gradually become located more anteriorly in the PSM, and
their Fgf8 mRNA content progressively decays (see Fig. 2F). This results
in the establishment of an Fgf8 mRNA gradient that is converted into a
graded ligand distribution pattern and in graded Fgf activity along the
PSM (Sawada et al. 2001; Dubrulle and Pourquié 2004b; Delfini et al.
2005). A similar mechanism is assumed to be responsible for establish-
ing the Wnt gradient (Aulehla et al. 2003). As a result of the progressive
decay of the Fgf/Wnt mRNA and proteins in PSM cells, the determina-
tion front is constantly displaced posteriorly (Goldbeter et al. 2007). In
the zebrafish, chicken, mouse, and snake, the regression speed of the
determination front (marked by the anterior boundary of the Msgn1
expression domain) during somitogenesis is similar to the speed of
somite formation (Gomez et al. 2008). Thus, during embryogenesis, this
original gradient formation mechanism ensures a tight coupling between
axis elongation and segmentation.
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Fgf Signaling and Maturation of the PSM. The role of the Fgf signaling
gradient in positioning the determination front was first demonstrated
by experiments challenging the slope of the signaling gradient in chicken
embryos by grafting FGF8-soaked beads next to the PSM or by overex-
pressing an Fgf8-expressing construct in the PSM by electroporation
(Dubrulle et al. 2001). This resulted in an anterior extension of posterior
PSM markers (such as Brachyury), in down-regulation of segmentation
and differentiation markers (such as Paraxis, Mesp2, or myogenic differ-
entiation 1 [MyoD]), and in the formation of smaller somites (Dubrulle
et al. 2001; Delfini et al. 2005). Conversely, inhibition of Fgf signaling was
achieved by treating chicken embryos with pharmacological inhibitors
(Dubrulle et al. 2001). This resulted in a posterior shift of the anterior
boundary of genes associated with a posterior PSM identity (such as
Fgf8), and in the formation of larger somites. Together, these data sug-
gested that high levels of Fgf signaling are required to maintain the pos-
terior identity of PSM cells (Dubrulle et al. 2001). This further led to the
idea that the progressive decrease in Fgf signaling activity along the PSM
defines a specific threshold below which the cells become competent to
respond to the signaling pulse delivered by the segmentation clock.
Changing the position of the threshold by acting on Fgf levels leads to a
change in the position of the somite boundary position, resulting in
smaller or larger somites. The position of this threshold was proposed to
correspond to the determination front (Dubrulle et al. 2001).

Fgf8 and FgfR1 have emerged as key players during embryonic axis
elongation and somitogenesis, with conserved expression domains and
function in the vertebrate PSM (see Fig. 2F) (Deng et al. 1994; Yamaguchi
et al. 1994; Crossley and Martin 1995; Sun et al. 1999; Dubrulle et al.
2001; Sawada et al. 2001; Hoch and Soriano 2006; Niwa et al. 2007; Wahl
et al. 2007). Fgf signaling in the PSM activates the ERK/MAPK and PI3K-
Akt cascade (Yamaguchi et al. 1992, 1994; Deng et al. 1994; Crossley and
Martin 1995; Ciruna et al. 1997; Sawada et al. 2001; Dubrulle and
Pourquié 2004b; Delfini et al. 2005; Lunn et al. 2007; Niwa et al. 2007;
Wahl et al. 2007). In mice mutant for Fgf8 and FgfR1, loss of function of
Fgf signaling results in severe gastrulation defects (Deng et al. 1994; Sun
et al. 1999). Conditional deletion of Fgf8 in the PSM does not lead to
abnormal somitogenesis, suggesting that the Fgf3, -4, and -17 ligands,
which are also expressed in the mouse tail bud and PSM, probably act
redundantly with Fgf8 to pattern the paraxial mesoderm (Bottcher and
Niehrs 2005; Perantoni et al. 2005; Wahl et al. 2007). In contrast, FgfR1
is the only Fgf receptor expressed in the mouse PSM (Wahl et al. 2007).
Conditional deletion of FGFR1 in the PSM results in severe segmenta-
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tion defects and axis truncation, suggesting that Fgf signaling in the PSM
is mediated essentially by FgfR1 (Niwa et al. 2007; Wahl et al. 2007).

Wnt Signaling and Maturation of the PSM. In amniotes, Wnt signaling in
the posterior PSM involves Wnt3a and -5a, and the Frizzled1, -2, and -7
receptors (see Fig. 2E) (Takada et al. 1994; Yamaguchi et al. 1999a;
Cauthen et al. 2001; Aulehla et al. 2003). Loss of function of Wnt sig-
naling in mice mutant for Wnt3a or its downstream effectors Lef1 and
Tcf1 causes severe axis truncation immediately following the forelimb
level (Takada et al. 1994; Galceran et al. 1999). Similarly, axis truncations
are observed when β-catenin function is deleted in the PSM (Aulehla et
al. 2008; Dunty et al. 2008). Mice bearing the Wnt3a hypomorphic muta-
tion vt are truncated at the tail level, whereas mice bearing the vt allele
and the Wnt3a knockout allele exhibit a more severe truncation pheno-
type, and a variable number of lumbar (but not caudal) vertebrae are
formed (Greco et al. 1996). Interestingly, mutations of Wnt3a, Lef1/Tcf1,
or their targets T and Tbx6, also cause the posterior paraxial mesoderm
to switch to a neural tube fate (Takada et al. 1994; Yoshikawa et al. 1997;
Chapman and Papaioannou 1998). These results clearly indicate that
Wnt3a, acting through the canonical Wnt signaling pathway, is required
for production of the posterior paraxial mesoderm. In humans, abnor-
malities of this gradient system could result in congenital anomalies such
as caudal agenesis, a rare condition that occurs sporadically but is more
specific to pregnant women with diabetes mellitus (Catala 2002).

In mice, nuclear β-catenin forms a clear gradient parallel to the Wnt3a
mRNA gradient in the posterior PSM (Aulehla et al. 2008). β-catenin con-
ditional loss- and gain-of-function studies in mouse embryos demonstrate
that the level of nuclear β-catenin controls PSM cell maturation (Aulehla
et al. 2008; Dunty et al. 2008). Gain of function of Wnt/β-catenin signal-
ing leads to an anterior expansion of the expression domain of posterior
genes, such as Brachyury, Msgn1, or Tbx6. Furthermore, in these experi-
ments, both segmentation and the onset of the differentiation program in
the PSM are blocked (Aulehla et al. 2008; Dunty et al. 2008). The most
striking effect in the gain-of-function mutant is an anteroposterior exten-
sion of the oscillatory domain that results in a multistripe, oscillatory
expression pattern in the enlarged PSM (Aulehla et al. 2008; Dunty et al.
2008). These results imply that Wnt/β-catenin controls the size of the
oscillatory domain and maintains the immature state of posterior cells
and, thus, controls the onset of segmentation and differentiation in the
PSM (Aulehla et al. 2008). Therefore, Wnt signaling also plays a major role
in the positioning of the determination front. Whether Wnt acts in par-
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allel or synergistically with Fgf in this process is not understood.
Wnt signaling is regulated at multiple levels in the PSM. Secreted

WNT antagonists (such as Dkk1 and Secreted frizzled-related proteins
[Sfrps]), are implicated in axis elongation and somitogenesis regulation
(Hoang et al. 1998; Baranski et al. 2000; Ladher et al. 2000; Terry et al.
2000; Kawano and Kypta 2003). Dkk1 interacts with the coreceptor LRP6
by competitive binding with WNT ligands (Sëmenov et al. 2001; Satoh
et al. 2006). Mice mutant for Dkk1 and LRP6 exhibit segmentation defects
(Mukhopadhyay et al. 2001; Kokubu et al. 2004; MacDonald et al. 2004).
Sfrps function by sequestering WNT ligands (Hsieh et al. 1999; Kawano
and Kypta 2003; Satoh et al. 2006). Mice compound mutant for Sfrp1,
-2, and -5 exhibit defects in mesoderm segmentation and a shortening of
the anteroposterior axis (Satoh et al. 2006, 2008).

Cross Talk between Fgf and Wnt Signaling. The interactions between Fgf
and Wnt signaling in the PSM remain unclear. In mice, Fgf8 expression
is absent from the Wnt3a hypomorph vt mutants, suggesting that Wnt
signaling acts upstream of Fgf signaling in the tail bud (Aulehla et al.
2003, 2008). However, gain of function of β-catenin in the PSM of mouse
embryos results only in a partial gain of function of Fgf signaling, sug-
gesting that Wnt signaling is necessary but insufficient for Fgf signaling
in the PSM (Aulehla et al. 2008).

In addition, the Wnt and Fgf pathways have been shown to simulta-
neously control the expression of a number of transcription factors—
Brachyury/T, Tbx6, Gbx2, Cdx1, -2, and -4, and Msgn1 genes—that in turn
control different aspects of PSM maturation (Pownall et al. 1996;
Yamaguchi et al. 1999a,b; Arnold et al. 2000; Ciruna and Rossant 2001;
Lohnes 2003; Bussen et al. 2004; Hofmann et al. 2004; Pilon et al. 2006,
2007; Wahl et al. 2007; Wittler et al. 2007; Wardle and Papaioannou 2008).
Mutations of several of these genes cause similar truncation phenotypes
as those observed in mutations in the Fgf or Wnt pathways (Herrmann
et al. 1990; Schulte-Merker et al. 1994; Wilson et al. 1995; Chapman et al.
1996; Chapman and Papaioannou 1998; White et al. 2003).

How Fgf and Wnt signalings elicit a response, which is graded for
some genes and cyclic for others, is not understood. Additionally, the con-
trol of the surface distribution of the Fgf and Wnt receptors (FgfR and
Fz, respectively) allows spatial restriction of the signaling along the PSM.
Shisa is a conserved gene family (Shisa1-3) that encodes endoplasmic
reticulum-localized chaperone proteins (He 2005; Yamamoto et al. 2005;
Filipe et al. 2006; Nagano et al. 2006; Furushima et al. 2007). Shisa2 is
expressed in the anterior PSM and acts as a negative feedback inhibitor
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of Fgf and Wnt signalings by regulating the chaperone machinery to pre-
vent FgfR and Fz maturation and cell-surface expression (Yamamoto et
al. 2005; Nagano et al. 2006). In Xenopus, Shisa2 knockdown results in
an anterior shift of the determination front, resulting in delayed PSM
maturation (Nagano et al. 2006). Thus, several distinct molecular mech-
anisms can modulate the Fgf/Wnt signaling gradients in the PSM.

Other Signaling Pathways Involved in PSM Patterning. The noncanonical
Wnt pathway has also been implicated in the control of paraxial meso-
derm differentiation. In the mouse embryo, Wnt5a is expressed in a cau-
dal-to-rostral gradient in the PSM, and mice mutant for Wnt5a exhibit
a shorter PSM, skeletal defects, and axial truncation (Yamaguchi et al.
1999a; Schwabe et al. 2004). This phenotype is observed also in mice dou-
ble mutant for Dsh1 and -2, which are downstream transducers of Wnt
signaling (Hamblet et al. 2002; Wang et al. 2006). In humans, disorders
such as the Robinow syndrome (RRS [MIM 268310]), are associated with
autosomal recessive mutations in the receptor tyrosine kinase orphan
receptor ROR2, resulting in spine abnormalities that include hemiverte-
brae (Afzal et al. 2000; van Bokhoven et al. 2000; Patton and Afzal 2002).
ROR2 has been shown to interact with Wnt5a (Oishi et al. 2003). Among
the identified human ROR2 mutations, some have been shown to affect
specifically the targeting of the ROR2 receptor to the cell surface (Chen
et al. 2005). In amniotes, Ror2 is expressed in the PSM (Al-Shawi et al.
2001; Matsuda et al. 2001), and mice mutant for Ror2 or double mutant
for Ror1 and -2 exhibit several defects including vertebral malformations
reminiscent of RRS (DeChiara et al. 2000; Takeuchi et al. 2000; Nomi et
al. 2001; Schwabe et al. 2004; Raz et al. 2008).

Other evidence suggests that the transforming growth factor-β (TGF-
β) signaling, in addition to being essential for mesoderm specification
(Miura et al. 2006; Shen 2007), may be implicated in positioning the deter-
mination front. In the mouse, Smad interacting protein1 (SIP1) is expressed
segmentally in the anterior PSM, and mice mutant for SIP1 exhibit a short-
ened axis and form only a few anterior somites (Maruhashi et al. 2005).

Progressive Epithelialization of the PSM Accompanies
Somite Formation

The posterior PSM is a loose mesenchymal tissue. As the cells reach the
anterior PSM, they undergo a progressive mesenchymal-to-epithelial
transition that involves changes in cell shape, cell substrate, and cell–cell
interactions (Fig. 4A–C) (Christ et al. 2007). As the PSM cells epithelial-
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Figure 4. The mesenchymal-to-epithelial transition during somite formation. (A)
Dorsal view of a two-day-old chicken embryo highlighting the distribution of the
epithelial somite pairs, bilaterally to the neural tube (Nt). The posterior PSM is a
loose mesenchymal tissue produced by the tail bud. The PSM initiates epithelializa-
tion around the level of the determination front (DF, boxed), and eventually forms
an epithelial pair of somites (S0) at its anterior extremity. (B) Saggital section of the
paraxial mesoderm showing the cellular polarization associated with the transition
of PSM to somites. Tissue section stained for N-cadherin expression by in situ
hybridization. (C) Corresponding schematic representation of the cellular epithelial-
ization during somite boundary formation. Epithelialization is associated with the
deposition of a basal lamina on the outer surface of the forming somite. Somitocoele
cells do not epithelialize. (S-1) Next somite to form, (S0) forming somite, (S1) newly
formed somite (according to Pourquié and Tam 2001).

ize, they adopt an elongated and polarized shape, and their basolateral
side comes in contact with the nascent basal lamina on the outer surface
of the forming somite while their apical domain establishes adherent
junctions with somitocoele cells (Fig. 4B,C). In the chicken embryo, the
first signs of epithelialization become evident around the determination
front level, with the cell nuclei aligning dorsally and ventrally in the PSM
(Duband et al. 1987).

The Snail gene family, coding for zinc-finger transcriptional repres-
sors, has been implicated in the control of the mesenchymal state of sev-
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eral cell types by negatively regulating the expression of cadherins (Cano
et al. 2000). In the mouse and chicken, these genes are expressed in a
periodic fashion in the posterior mesenchymal PSM under the control of
Fgf signaling (Dale et al. 2006). In chicken embryos, overexpression of
Snail2 blocks segmentation and epithelialization in the anterior PSM,
suggesting that down-regulation of Snail genes is required in the anterior
PSM for cells to become epithelial (Dale et al. 2006).

In the PSM, the expression of the conserved bHLH transcription fac-
tor Paraxis (Tcf15) begins around the level of the determination front and,
hence, coincides with the onset of PSM epithelialization. Paraxis expres-
sion is maintained in epithelial somites, where it becomes restricted to the
differentiating dermomyotome (Quertermous et al. 1994; Blanar et al.
1995; Burgess et al. 1995; Barnes et al. 1997; Shanmugalingam and Wilson
1998; Carpio et al. 2004; Tseng and Jamrich 2004; Wilson-Rawls et al.
2004). The dorsal ectoderm has been shown to be required for proper
PSM epithelialization, possibly via Paraxis activation in the PSM (Sosic et
al. 1997; Palmeirim et al. 1998; Correia and Conlon 2000; Schmidt et al.
2004; Linker et al. 2005). Mouse embryos mutant for Paraxis show spe-
cific defects in somite epithelialization, and newborn mutant mice exhibit
vertebral fusions and chondrogenesis defects (Burgess et al. 1996;
Takahashi et al. 2007a). Thus, Paraxis controls the morphological transi-
tion from mesenchyme to epithelium during somite formation, as well as
later steps of spine development (Takahashi et al. 2007a). In addition to
their role during somite differentiation (discussed later in this chapter),
the transcription factors Mesenchyme homeobox 1 and 2 (Meox1 and -2)
and Paired box gene 3 (Pax3) regulate the epithelialization of the forming
somite (Schubert et al. 2001; Mankoo et al. 2003).

The RA Signaling Gradient Antagonizes Fgf/Wnt Signaling

RA Signaling and Maturation of the PSM. RA is a Vitamin A derivative
that exhibits pleiotropic effects during embryonic development
(Niederreither and Dollé 2008). Signal transduction requires direct RA
binding to its nuclear receptor, formed by a heterodimer of RA and
Retinoid X receptors (RARs and RXRs). These receptors act as ligand-
dependent transcriptional activators of genes that contain RA-response
elements (RAREs) (Niederreither and Dollé 2008). RA signaling is regu-
lated by controlling the amount of biologically active RA. While the reti-
nal dehydrogenases RALDH1-4 and CYP1B1 enzymes synthesize RA
from precursors, the CYP26 cytochrome p450 family of proteins
(Cyp26a1, -b1, and -c1) is implicated in RA catabolism in the vertebrate
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embryo (Chambers et al. 2007; Vilhais-Neto and Pourquié 2008).
Importantly, gene expression and loss-of-function studies demonstrate
that Raldh2 (Aldh1a2), which catalyzes the last step of RA biosynthesis,
is expressed in somites and is the major source of RA during early
embryogenesis (see Fig. 2G). Other enzymes, such as RDH10 and
CYP1B1, have been implicated in RA production in the embryo
(Chambers et al. 2007; Sandell et al. 2007), but their role in paraxial
mesoderm patterning has not been established.

In amniotes, RA signaling forms a decreasing rostrocaudal gradient
that is opposite to the Fgf and Wnt gradients in the PSM (Begemann and
Meyer 2001; Begemann et al. 2001; Diez del Corral et al. 2003; Moreno
and Kintner 2004; Sirbu and Duester 2006). In the trunk region, Raldh2
is expressed in the anteriormost PSM and segmented region, and is
excluded from the tail bud and posterior PSM (see Fig. 2G) (Nieder-
reither et al. 2002b). Using a RARE-LacZ reporter mouse, RA signaling
was found to be restricted to the anterior PSM and segmented region,
and was absent from the posterior PSM and tail bud where Cyp26a1 is
expressed downstream of Fgf (Rossant et al. 1991; Abu-Abed et al. 2001;
Vermot et al. 2005). Analysis of mice deficient for RA production (null
for Raldh2) or of Vitamin A-deficient (VAD) quail embryos reveals that
perturbation of RA signaling results in mesoderm segmentation defects
(Niederreither et al. 1999; Diez del Corral et al. 2003; Vermot et al. 2005).
Moreover, mice or zebrafish mutant for Cyp26a1 exhibit axis truncation,
suggesting that the regulation of the amount of RA in the embryo is crit-
ical for proper axis elongation (Abu-Abed et al. 2001; Sakai et al. 2001).
Interestingly, mice mutant for Cyp26a1 exhibit down-regulation of Wnt
signaling targets such as T. Moreover, ectopic neural structures form in
place of the paraxial mesoderm, a phenotype also observed in a number
of Wnt signaling mutants (Sakai et al. 2001). Thus, in the PSM, increased
RA signaling correlates with a loss of Wnt signaling.

In the chicken embryo, treatment of posterior PSM explants with RA
agonists can down-regulate Fgf8 expression, while a graft of an FGF8-
soaked bead in the PSM represses Raldh2 expression (Diez del Corral et
al. 2003). Furthermore, in mice mutant for Raldh2 and in chicken or quail
embryos deprived of RA, the Fgf8 domain is extended along the PSM
(Diez del Corral et al. 2003; Vermot and Pourquié 2005). Experiments in
chicken and Xenopus embryos indicate that RA can activate transcrip-
tion of key segmentation genes, such as the Mesp2 homologs, either
directly or by counteracting Fgf signaling that represses their expression
(Moreno and Kintner 2004; Delfini et al. 2005). Together, this led to the
proposal that the mutual inhibition of the Fgf and RA gradients is
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involved in positioning the determination front (see Fig. 2). Nevertheless,
somites do form in the mouse Raldh2 mutant in which RA signaling is
not detected (Niederreither et al. 2002a). Furthermore, in the FgfR1 con-
ditional knockout, no significant posterior shift of the RARE-lacZ
domain is observed, suggesting that Fgf is not the only antagonist to the
RA gradient (Wahl et al. 2007). Whether the posterior Wnt gradient, by
itself, can antagonize RA signaling remains to be investigated.

RA Signaling Controls Somite Bilateral Symmetry. Whereas the spine is a
symmetrical structure, obvious left–right asymmetries are observed in the
positioning and structure of vertebrate internal organs, such as the heart
and liver (Shiratori and Hamada 2006). Establishment of these asymme-
tries is downstream of a left–right signaling pathway that is active dur-
ing gastrulation (Shiratori and Hamada 2006). The secreted factor Nodal
acts on the left side of the embryo to activate the expression of specific
genes, such as Paired-like homeodomain transcription factor 1 (Pitx1), in
the left lateral plate (Shiratori and Hamada 2006; Speder et al. 2007).
These initial asymmetries control the subsequent and specific left–right
development of the internal organs. Strikingly, in normal embryos, the
asymmetric signals produced by the node cross the forming paraxial
mesoderm without affecting the perfect symmetry of paraxial mesoderm
patterning and development (Yokouchi et al. 1999). During early somi-
togenesis, RA signaling has been shown to play a role in maintaining the
bilateral coordination of paraxial mesoderm development (Kawakami et
al. 2005; Vermot et al. 2005; Vermot and Pourquié 2005; Sirbu and
Duester 2006). Thus, mice mutant for Raldh2 or chicken embryos treated
with the compound Disulfiram (in which RA synthesis is blocked) exhibit
asymmetric somite formation at the cervical level. This asymmetry of
somite formation is downstream of the left–right machinery, as it can be
reversed by changing the situs of the embryos (Vermot et al. 2005; Vermot
and Pourquié 2005). Thus, RA signaling acts in the paraxial mesoderm
by buffering the asymmetric signal generated by the left–right machin-
ery. While this appears to be a conserved feature among vertebrates, the
underlying molecular mechanisms remain unknown (Kawakami et al.
2005; Vermot et al. 2005; Vermot and Pourquié 2005; Sirbu and Duester
2006). In humans, a majority of patients with idiopathic scoliosis exhibit
a spine curvature toward the right, suggesting an underlying defect in the
left–right symmetry (Ahn et al. 2002). While the molecular mechanisms
underlying these diseases have not been identified, pathways controlling
the left–right symmetry of the spine during embryogenesis, such as the
RA pathway, are indeed attractive candidates.
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Segmental Patterning and Somite Boundary Specification

The segmentation process is initiated at the determination front level
when a segment-wide domain acquires a distinct genetic identity that iso-
lates it from the posterior PSM (see Figs. 1C and 2). This change can be
visualized, by activation of the transcription of the Mesp gene family, as a
striped domain that prefigures the future segment (see Fig. 2H). Mesp
family genes (Mesp1 and -2 in the mouse and Meso1 and -2 in the chicken)
code for bHLH transcription factors, which show a conserved expression
pattern and function during somitogenesis (Saga et al. 1996, 1997;
Buchberger et al. 1998, 2002; Oginuma et al. 2008). Mesp1 and Mesp2 are
first expressed as a dynamic stripe located at the determination front level
and then become restricted to the future rostral somitic compartment in
more anterior regions of the PSM. Mesp1 and Mesp2 gene expression
becomes down-regulated when the somite forms. While high Fgf signal-
ing in the posterior PSM inhibits Mesp2 expression, Tbx6 and Notch sig-
naling synergize to induce Mesp2 expression at the determination front
level (see Figs. 3A and 5) (Takahashi et al. 2003; Delfini et al. 2005;
Yasuhiko et al. 2006; Wahl et al. 2007). Furthermore, Mesp2 gene activa-
tion requires the transcription factors Forkhead box c1 (Foxc1) and
Forkhead box c2 (Foxc2/Mfh1) that are expressed anterior to the determi-
nation front (Miura et al. 1993; Winnier et al. 1997; Kume et al. 2001).

An important role for Mesp2 is to position the future somitic bound-
ary (Morimoto et al. 2005). As described earlier, Notch signaling oscilla-
tions in the posterior PSM generate waves of NICD production that
control Lfng expression in the mouse (see Fig. 2A–D). When the
NICD/Lfng wave reaches the determination front level, Mesp2 becomes
activated in the future segmental domain where it takes over Lfng regu-
lation, thus stabilizing its expression in the Mesp2 expression domain (see
Figs. 2D,H and 5). Because Lfng negatively regulates Notch activation,
this results in the creation of an interface between a Mesp2-positive
domain (the future somitic domain) in which Notch activation is sup-
pressed, and an adjacent posterior Mesp2-negative domain in which
Notch is activated. This interface marks the level of the future somitic
boundary (Fig. 5). This model is supported by grafting experiments in
the chicken, which suggest that Lfng activity at the posterior border of
the interface could instruct PSM fissure formation (Sato et al. 2002).
However, mutant mouse embryos that overexpress NICD throughout the
PSM still generate stripes of Mesp2 expression and do form somites,
although they exhibit rostrocaudal polarity defects (Feller et al. 2008).
Similarly, overexpression of NICD in the zebrafish PSM does not prevent
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Figure 5. The Notch/Mesp2 genetic network involved in segment formation and somite rostrocaudal patterning. The system of
opposing gradients of Fgf/Wnt and RA plays a key role in positioning the determination front. The posterior PSM expresses a
specific set of transcription factors including Brachyury (T), Tbx6, and Msgn1, and undergoes periodic activation of the Notch,
Wnt, and Fgf signaling pathways driven by the segmentation clock. At the determination front level, synergistic action of Tbx6
and of the pulse of Notch signaling (NICD) downstream of the clock activates Mesp2 in cells that have reached the determina-
tion front during the preceding oscillation cycle, in a striped pattern. Mesp2 activates Lfng in the future segmental domain, cre-
ating an interface between a domain where Notch is activated (gray) and a domain where Notch is inhibited (green). This interface
marks the presumptive somite boundary. Rostrocaudal somite polarity is subsequently established in the newly specified segment
by repressing Mesp2 expression in the future caudal compartment (which reactivates Notch and expresses Dll1), while maintain-
ing Mesp2 in the rostral compartment. Mesp2 then activates downstream targets such as EphA4 and Papc. Ripply2 activation by
Mesp2 results in the termination of the segmentation program by a negative feedback loop mechanism. Concomitantly, PSM cells
progressively acquire epithelial characteristics after the determination front. The anterior PSM expresses a distinct set of tran-
scription factors including Paraxis and Foxc1 and -2. The rostrocaudal polarity of the newly formed somite is maintained by the
antagonism between Tbx18 and Uncx4.1. (R) Rostral, (C) caudal. (Somite nomenclature according to Pourquié and Tam 2001).
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the formation of somite boundaries (Ozbudak and Lewis 2008), arguing
that more than an interface between NICD-positive and -negative
domains is necessary for somite boundary specification.

The Ripply1 and -2 genes code for transcription factors that interact
with the Groucho-related family of corepressors (Kawamura et al. 2005;
Chan et al. 2006, 2007; Biris et al. 2007; Morimoto et al. 2007). Ripply
genes are expressed in the anterior PSM downstream of Mesp2 and Tbox
genes (Kawamura et al. 2005; Morimoto et al. 2007; Hitachi et al. 2008).
In the mouse, Ripply2 acts as a negative feedback inhibitor, turning off
Mesp2 expression once the segment is specified (see Fig. 5) (Morimoto
et al. 2007). Therefore, Ripply genes are an essential component in the
termination of the segmentation program, allowing subsequent somite
differentiation to proceed (Takahashi et al. 2005, 2007b).

Morphogenesis of the Epithelial Somite

Somite boundary morphogenesis primarily involves a localized medio-lat-
eral fissure that forms across the epithelialized anterior PSM tissue (see
Fig. 4B,C). This process has been examined in vivo using time-lapse video
microscopy that reveals complex cellular rearrangements (Kulesa and
Fraser 2002). It has been proposed that boundary formation involves cell
repulsion and differential cell adhesion mechanisms driven by large fam-
ilies of conserved transmembrane molecules, such as Cadherins, Integrins,
Eph/ephrins, Immunoglobulin-like Cell Adhesion Molecules (CAMs), and
by cytoskeleton remodeling factors such as the Rho small GTPases.

The Cadherins are transmembrane, calcium-dependent, cell-adhesion
proteins required for cell sorting, boundary formation, epithelial integrity,
and cell movements during embryo morphogenesis (Halbleib and Nelson
2006). Cell–cell contacts and adhesion in epithelial cells are primarily
mediated by adherens junction complexes in which classical cadherins are
the major cell–cell-connecting elements (Gumbiner 2005; Halbleib and
Nelson 2006). At the cell membrane, cadherins are tethered to the actin
cytoskeleton by a complex of proteins including α-catenin, β-catenin, and
several actin filament-binding proteins (Gumbiner 2005). In amniotes,
mesodermal tissues are devoid of E-cadherin and express predominantly
N-cadherin (Cdh2) (Duband et al. 1987; Horikawa et al. 1999; Cano et al.
2000). N-cadherin is essential for proper somite formation, and the mouse
null mutants exhibit significant defects in somite morphogenesis (Duband
et al. 1987; Radice et al. 1997; Linask et al. 1998). Furthermore, in the dou-
ble N-cadherin and Cadherin11 mouse mutant, somites disaggregate into
small cell clusters (Horikawa et al. 1999). These results suggest a functional
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overlap and compensation mechanism among the cadherin family mem-
bers (Kimura et al. 1995; Horikawa et al. 1999).

The Integrin-extracellular matrix (ECM) interactions play a major role
in cell-substrate adhesion. Integrins are transmembrane heterodimers that
act as receptors for major components of the ECM, such as fibronectins,
laminins, and collagens (Juliano 2002). The interactions between PSM cells
and the fibronectin matrix are essential for proper somitogenesis (see Fig.
4C) (Ostrovsky et al. 1983; Lash et al. 1984; Lash and Yamada 1986;
Duband et al. 1987; George et al. 1993; Georges-Labouesse et al. 1996).
Mice mutant for integrin α5 and fibronectin1 exhibit severe defects in meso-
derm formation and cell migration, resulting in disruption of somite for-
mation (George et al. 1993; Georges-Labouesse et al. 1996; Goh et al. 1997;
Yang et al. 1999). In the chicken embryo, fibronectin is produced mainly
by the dorsal ectoderm, a tissue required for proper epithelialization of
somites (Palmeirim et al. 1998; Correia and Conlon 2000; Rifes et al. 2007).
Other integrin ligands, such as laminin1 and collagen IV, form the main
components of somitic basal lamina (see Fig. 4C) (Duband et al. 1987).
The anchoring of ECM components to the cell by integrins leads to the
formation of focal adhesion sites that act as cell-adhesion and cell-signal-
ing centers (Mitra et al. 2005). Mice mutant for focal adhesion kinase exhibit
general mesoderm development defects that are similar to those observed
in mice mutant for laminin (Ilic et al. 1995; Miner and Yurchenco 2004).
Thus, multiple interactions between cell-surface integrins and the ECM
components are essential for proper PSM and somite morphogenesis.

The small GTPases of the Rho family are major regulators of the actin
cytoskeleton and of the endocytic traffic (Ellis and Mellor 2000). Among
the Rho GTPases, Ras-related C3 botulinum substrate 1 (Rac1), cell divi-
sion cycle 42 homolog (cdc42), and RhoA have been shown to control
cytoskeletal dynamics, cell polarity, and motility (Malbon 2005). In
chicken embryos, the effect of Rac1 and cdc42 overexpression suggests
that these Rho GTPases control the epithelial versus mesenchymal status
of cells in the anterior PSM (Nakaya et al. 2004). Thus, these small
GTPases likely integrate Cadherin- and Integrin-mediated signals during
somite morphogenesis.

FROM SOMITES TO VERTEBRAE

Resegmentation of Somites Generates the Vertebrae

As originally proposed by Remak (1850), one vertebra does not directly
derive from one somite, but rather, from the fusion of the rostral com-
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partment of one sclerotome to the caudal compartment of the following
sclerotome through a process called resegmentation (Fig. 6) (Bagnall et
al. 1988; Goldstein and Kalcheim 1992; Aoyama and Asamoto 2000;
Christ et al. 2007). In contrast, the myotome maintains its original
somitic segmentation that results in the intervertebral musculature con-
necting two successive vertebrae. While the concept of resegmentation
has been challenged by some authors (Verbout 1976), experimental evi-

70 J. Chal and O. Pourquié

Figure 6. Resegmentation of the sclerotome and its contribution to vertebrae. (A)
Schematic temporal sequence of sclerotome resegmentation (side view). Sclerotome
rostral and caudal compartments are separated by the von Ebner fissure. The rostral
compartment of one somite/sclerotome (yellow) fuses to the caudal compartment of
the consecutive somite/sclerotome (blue) to form one vertebra. Thus, the somites and
the vertebrae are out of register by one half of a segment. The dorsal ectoderm
(brown) and dermomyotome that do not resegment (purple) have been removed to
visualize the underlying sclerotome. (B) Fate of the rostral and caudal sclerotome
compartments projected onto adult human vertebrae. Respective contribution of the
somite caudal and rostral compartments is shown. The orientation of the embryonic
axes is indicated in black bold in the circle and the corresponding medical terminol-
ogy is shown in gray italics. (R) Rostral somite sclerotome compartments. (C) caudal
somite sclerotome compartments, (Nt) neural tube, (Nc) notochord, (Sc) spinal cord.
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dence largely supports this hypothesis (Bagnall et al. 1988, 1989; Ewan
and Everett 1992). For example, quail somites grafted into a chicken
embryo host (Bagnall et al. 1988, 1989; Huang et al. 2000a) or retroviral
labeling of single somites (Ewan and Everett 1992) clearly indicate a con-
tribution of each somite to two consecutive vertebrae.

The early rostrocaudal organization of the somite, first established in
the anterior PSM, is maintained in the sclerotome in which the rostral and
caudal compartments become separated by the von Ebner fissure (Figs. 6
and 7B). The rostral and caudal sclerotome differ notably by their extra-
cellular matrix and cell membrane composition. Thus, the caudal sclero-
tome has been shown to specifically express molecules such as T-cadherin,
versican, collagen type XI, peanut agglutinin binding molecules, and chon-
droitin-6-sulphate-proteoglycan (Bagnall and Sanders 1989; Oakley and
Tosney 1991; Ranscht and Bronner-Fraser 1991; Landolt et al. 1995; Ring
et al. 1996; Henderson et al. 1997). The sclerotome compartments also dif-
fer in the expression of neural guidance molecules, such as Eph/ephrins, F-
sponding, neuropilin2, or Semaphorin3F (Debby-Brafman et al. 1999;
Baker and Antin 2003; Kuan et al. 2004; Gammill et al. 2006). As a result,
neural crest cells and motor axons are repelled from the caudal sclerotome
and their migration is confined to the rostral compartment of the sclero-
tome (Keynes and Stern 1984; Rickmann et al. 1985). Hence, the rostro-
caudal subdivision of the sclerotome controls the segmentation of the
peripheral nervous system (Fig. 6) (for review, see Kuan et al. 2004).

Fate mapping studies of the rostral and caudal somite compartments
using lineage tracing and quail-chicken chimeras indicate that the rostral
somite/sclerotome compartment gives rise to the caudal half of the ver-
tebral body and a small part of the neural arch (Figs. 6 and 7B,D).
Conversely, the caudal somite/sclerotome compartment gives rise to the
rostral half of the vertebral body, to the pedicles and most of the neural
arch (Figs. 6 and 7B,D) (Bagnall et al. 1988, 1989; Ewan and Everett 1992;
Goldstein and Kalcheim 1992; Huang et al. 1994, 1996, 2000c; Aoyama
and Asamoto 2000). The intervertebral discs are contributed by the somi-
tocoele cells, which integrate the caudal sclerotome compartment (Figs.
6 and 7B,D) (Christ et al. 2007). The ribs also derive from the fusion of
two consecutive somites and thus exhibit resegmentation (Chevallier
1975; Evans 2003; Aoyama et al. 2005).

Establishment of Somite Rostrocaudal Polarity

In amniotes, newly formed somites can be subdivided into a rostral and
a caudal compartment (Saga and Takeda 2001). The future rostral and
caudal compartments of the somite first acquire their identity in the ante-
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rior PSM immediately after segment determination and before morpho-
logical somite individualization (see Fig. 1C). Rostrocaudal identity of the
newly formed segment is materialized by stripes of gene expression
restricted either to the future rostral or caudal compartments (see Fig. 5)
(Saga and Takeda 2001). In amniotes, Dll1 is initially expressed in a broad
domain of the posterior PSM under the control of Wnt, Notch, and Tbx6
(Galceran et al. 2004; Hofmann et al. 2004; White and Chapman 2005;
White et al. 2005). Dll1 expression becomes down-regulated by Mesp2 in
the newly specified segmental domain, and its expression is reactivated in
the caudal domain of the forming somite in response to Notch activation
(see Fig. 5) (Takahashi et al. 2000). Hence, Dll1 expression becomes
restricted to the caudal compartment of the forming somite, while Mesp2
becomes restricted to the rostral domain (Takahashi et al. 2003). The func-
tional significance of the caudal restriction of Dll1 expression in somites,
however, is unclear since overexpression of Dll1 throughout the PSM does
not alter somite polarity (Serth et al. 2003; Teppner et al. 2007).

Analysis of mice mutant for components of the Notch/Mesp2 genetic
network reveals striking vertebral abnormalities involving specific
absence of structures derived from either the rostral or the caudal scle-
rotome. Such phenotypes can be interpreted as resulting from specific
defects in rostrocaudal polarity. Thus, in mice, mutations leading to a loss
of Notch activity, such as null mutations for Notch1, Dll1, Ofut1, PS1,
RBP-Jk, and Ripply2, exhibit rostralized paraxial mesoderm (Evrard et al.
1998; Kusumi et al. 1998; Zhang and Gridley 1998; del Barco Barrantes
et al. 1999; Koizumi et al. 2001; Takahashi et al. 2003; Morimoto et al.
2007; Feller et al. 2008). Conversely, mice harboring mutations that inter-
fere with Mesp1/2 functions (such as null mutants for Mesp1/2, Dll3, Lfng
Hes7, Tbx6, or constitutive expression of NICD) exhibit only caudal scle-
rotome derivatives (Chapman et al. 1996; Saga et al. 1997; Takahashi et
al. 2000, 2003, 2005; Bessho and Kageyama 2003; Bussen et al. 2004;
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Figure 7. Sclerotome compartments and their contribution to vertebrae. (A, B)
Schematic representation of the sclerotome compartments as defined by molecular
markers and fate map. (A) transversal view. (B) lateral view, dermomyotome has been
removed to visualize the underlying sclerotome. (C, D) Color-coded projection of
the sclerotomal compartments (shown in A, B, respectively) onto an adult human
lumbar vertebra. (C) Transversal (superior) view; (D) Lateral (right) view. The ori-
entation of the embryonic axes is indicated in black bold in the circle and the cor-
responding medical terminology is shown in gray italics. (Nt) Neural tube, (Nc)
notochord, (Sc) spinal cord.
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Cordes et al. 2004; Morimoto et al. 2005, 2006; Yasuhiko et al. 2006;
Oginuma et al. 2008). Such genetic evidence argues that Mesp2 promotes
the rostral identity of somites, while Notch activity is required to specify
their caudal identity (see Fig. 5). In amniotes, this Notch/Mesp2 system
is downstream of the Foxc1 and -2 transcription factors in the anterior
PSM. Mice double mutant for Foxc1 and -2 do not exhibit any rostro-
caudal polarity (Kume et al. 2001). Whereas both the somite boundary
formation and the establishment of the rostrocaudal somitic identities are
concommitent and use similar regulatory loops and downstream effec-
tors, the two processes can be separated genetically (Nomura-Kitabayashi
et al. 2002; Feller et al. 2008). Thus, somite boundaries can form in the
absence of defined rostrocaudal polarity.

In humans, MESP2 mutations have been found to be associated with
congenital scoliosis (SCD02 [MIM 608681]) or with Spondylothoracic
dysostosis/Jarcho-Levin Syndrome. STD has been characterized as an
autosomal recessive disorder in which patients exhibit severe disruption
of the spine segmentation. These patients are short in stature due to a
short rigid neck and thorax, with a “crab like” chest, resulting from the
fusion of the ribs at the costovertebral junctions (see Fig. 3C) (Cornier
et al. 2004). This phenotype is strikingly similar to the mouse Mesp2 null
mutation in which the axial skeleton is caudalized (Saga et al. 1997).
Sequencing the MESP2 genes in these patients led to the identification of
a recessive null mutation in this gene, suggesting that a similar mecha-
nism controls the establishment of the rostrocaudal identity of somites
in mice and humans (Cornier et al. 2008).

The downstream cellular effectors of the Notch/Mesp2 system are still
poorly characterized. It has been shown that in mice, Mesp2 controls the
segmental expression of the ephrin ligand EphA4 (see Fig. 5) (Nakajima
et al. 2006). Eph-ephrins are the largest family of membrane-bound tyro-
sine kinase receptors (RTKs), with 14 to 16 Eph receptors and eight to
nine ephrin ligands identified in mammals (Kullander and Klein 2002).
Receptor/ligand associations result in cell–cell attraction, repulsion, or
modulation of cell adhesion (Durbin et al. 1998; Xu et al. 1999; Barrios
et al. 2003; Cooke et al. 2005). The ephrin-B2 receptor is expressed in the
anterior PSM in a conserved segmental and complementary manner to
EphA4 (Bergemann et al. 1995; Flenniken et al. 1996; Irving et al. 1996;
Baker and Antin 2003). While alteration of Eph/ephrin signaling in
zebrafish leads to segmentation defects, in mice mutant for EphA4 or
EphrinB2, somitogenesis is normal, suggesting the existence of compen-
satory mechanisms in amniotes (Dottori et al. 1998; Adams et al. 1999;
Barrios et al. 2003).
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Protocadherins are a large family of cadherin-like molecules that act
as putative signaling receptors rather than adhesion molecules (Sano et al.
1993; Redies et al. 2005). Paraxial protocadherin (Papc) is implicated in
several biological processes, including convergent-extension movements
during gastrulation (Kim et al. 1998; Yamamoto et al. 1998; Hukriede et
al. 2003; Medina et al. 2004; Unterseher et al. 2004) and paraxial meso-
derm patterning in Xenopus, zebrafish, and mice (Kim et al. 1998, 2000;
Rhee et al. 2003). During somite formation, Papc has been shown to be
regulated by Mesp2, Ripply, and paraxial mesoderm-specific T-box genes
(see Fig. 5) (Kim et al. 2000; Sawada et al. 2000; Nomura-Kitabayashi et
al. 2002; Rhee et al. 2003; Kawamura et al. 2005; Oates et al. 2005b;
Muyskens and Kimmel 2007). While interfering with PAPC expression
results in somitogenesis defects, the mouse Papc null mutant, however, is
viable without major developmental defects, suggesting a functional
redundancy with other protocadherins in amniotes (Yamamoto et al.
1998, 2000; Kim et al. 2000; Rhee et al. 2003). Therefore, Ephrin receptors
and ligands, as well as protocadherins, are potentially involved in both the
process of boundary establishment and the acquisition of rostrocaudal
identities downstream of the Mesp2 regulatory network.

Maintenance of Somite Rostrocaudal Identity
by Tbx18 and Uncx4.1

The two transcription factors Tbx18 and Uncx4.1 act downstream of the
Notch/Mesp2 system to maintain the rostral and the caudal identities of
somites, respectively (see Figs. 5 and 7B). Tbx18 expression is initiated at
the level of the forming somite and is restricted to the rostral compart-
ment (Kraus et al. 2001; Bussen et al. 2004; Haenig and Kispert 2004;
Tanaka and Tickle 2004). Mice mutant for Tbx18 exhibit severe rib
fusions and vertebral malformations that result from somite caudaliza-
tion (Bussen et al. 2004). Somite polarity is primarily established in the
mutant, but is then subsequently lost. In addition, ectopic expression of
Tbx18 is sufficient to confer rostral identity to somite derivatives; thus,
Tbx18 appears necessary and sufficient for somite rostral identity (see Fig.
5) (Bussen et al. 2004). Uncx4.1, a paired-related homeobox gene, is
expressed in the caudal compartment of formed somites (see Fig. 5)
(Rovescalli et al. 1996; Saito et al. 1996; Mansouri et al. 1997). Mice
mutant for Uncx4.1 exhibit skeletal malformations of the spine due to
sclerotome condensation defects. They lack the caudal sclerotome com-
partment derivatives, including the pedicles and transverse processes, as
well as the proximal ribs, while the initial segmental pattern remains
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unaffected (see Fig. 7B,D) (Leitges et al. 2000; Mansouri et al. 2000;
Schrägle et al. 2004). While Tbx18 and Uncx4.1 emerge as key factors in
somite rostrocaudal identity, their downstream targets remain unknown.
The segmental pattern of the axial skeleton also requires maintenance of
the sclerotome boundaries, a process involving the TGF-β type II recep-
tor (Tgfbr2) (Baffi et al. 2006).

The Ventral Somite Forms the Vertebral Precursors
of the Sclerotome

Sclerotome Compartments and Their Derivatives

Newly formed somites are epithelial spheres that rapidly subdivide into
the ventral mesenchymal sclerotome and the dorsal epithelial dermomy-
otome. Cells of the newly formed somites are not yet committed with
respect to their future differentiation (Aoyama and Asamoto 1988). The
commitment of somite cells to the osteo-chondrogenic lineage is pro-
gressively determined in response to local inducers (Aoyama and Asamoto
1988; Dockter and Ordahl 1998; Dockter 2000). Patterning of the epithe-
lial somites is controlled by inductive signals produced by the adjacent
structures, namely the notochord, neural tube, dorsal ectoderm, and the
lateral plate (Watterson et al. 1954; Strudel 1955; Hall 1977; Brand-Saberi
et al. 1993; Pourquié et al. 1993, 1995, 1996; Sosic et al. 1997; Dockter
2000). In response to this combinatorial signal, the sclerotome becomes
subdivided into a ventral, a central, a lateral, and a dorsal compartment
(see Fig. 7A) (Marcelle et al. 1997; Brand-Saberi and Christ 2000; Brent
and Tabin 2002; Kalcheim and Ben-Yair 2005; Christ et al. 2007).

Schematically, the ventral part of the sclerotome expresses predomi-
nantly the Paired box transcription factor (Pax1) and forms the vertebral
bodies and intervertebral disks (see Fig. 7A,C). The neural arch essentially
derives from the central sclerotome, which also contributes to the proxi-
mal ribs. The spinous process and the dorsal neural arch are contributed
by the Msx1 and -2-positive dorsal compartment of the sclerotome (see
Fig. 7A,C) (Monsoro-Burq 2005). The lateral sclerotome, which strongly
expresses Vascular endothelial growth factor receptor 2 (VEGFR2) and Sim1,
gives rise to the distal ribs, tendons, and endothelial cells (Eichmann et al.
1993; Pourquié et al. 1996). Another small compartment, the syndetome,
lies at the interface between the central sclerotome and the dermomy-
otome. This compartment is marked by Scleraxis expression and forms the
tendons linking the segmental muscles to the vertebrae (Cserjesi et al.
1995; Schweitzer et al. 2001; Brent et al. 2003). Fate mapping studies have
demonstrated that the somitocoele forms a compartment called the
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arthrotome, which contributes to intervertebral joints (synovial joints)
and disks, as well as to the proximal ribs (Huang et al. 1996; Christ et al.
2004; Mittapalli et al. 2005). The sclerotome also contributes to both the
endothelium and smooth muscles of the aorta (Wiegreffe et al. 2007;
Pouget et al. 2008). Interestingly, while the pelvic girdle is derived entirely
from the lateral plate mesoderm, some skeletal elements of the pectoral
girdle are contributed by the somites (Chevallier et al. 1977). Thus, in the
chicken, the long blade of the scapula is formed by somite-derived pre-
cursors that express Pax1 and exhibit a segmental organization (Huang et
al. 2000b; Wang et al. 2005; Christ et al. 2007).

The Sclerotome Is Patterned by Diffusible Signals
from Surrounding Structures

The somite ventral compartment differentiates in the sclerotome in
response to diffusible signals produced by the notochord and the floor
plate (Fig. 8) (Watterson et al. 1954; Strudel 1955; Hall 1977; Brand-Saberi
et al. 1993; Pourquié et al. 1993; Dockter 2000). Major components of this
ventralizing signal are the proteins Sonic hedgehog (Shh) (Fan and
Tessier-Lavigne 1994; Johnson et al. 1994; Fan et al. 1995) and the BMP
antagonist, Noggin (Nog) (Hirsinger et al. 1997; Marcelle et al. 1997;
McMahon et al. 1998). These signals induce expression of sclerotome-spe-
cific transcription factors, such as Pax1 and -9, which initiate the skeletal
differentiation program (Fig. 8). In response to these signals, the ventral
somite undergoes an epithelio-mesenchymal transition to generate the
mesenchymal sclerotome. This transition involves the down-regulation of
N-cadherin and requires the MMP-2 metalloprotease activity (Hatta and
Takeichi 1986; Duband et al. 1987; Duong and Erickson 2004).
Subsequently, the sclerotome cells form the peri-notochordal tissue that
gives rise to the vertebral centra and then to the vertebral bodies and inter-
vertebral discs (see Figs. 7A,C, 8C, and 9C) (Christ et al. 2007). Pax3,
which is expressed in all cells of the anterior PSM, becomes down-regu-
lated in the sclerotome cells in response to Shh (Dietrich et al. 1993; Fan
and Tessier-Lavigne 1994). Pax3 is maintained in cells of the somite dor-
solateral compartment, which retains an epithelial structure and differen-
tiates into the dermomyotome (Fig. 8A) (Schmidt et al. 2004; Christ et al.
2007). The dermomyotome subsequently gives rise to the skeletal muscu-
lature of the trunk and the dorsal dermis (Buckingham et al. 2006).

Mice mutant for Shh lack the entire axial skeleton, but initiate Pax1
expression in the ventral somite (Chiang et al. 1996). However, this weak
induction of Pax1 in the ventral somite appears to result from Indian
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Figure 8. Signals patterning the sclerotome and transcriptional program underlying
sclerotome differentiation. Temporal sequence from the differentiation of the epithe-
lial somite to the ossification of the vertebra (signaling factors are shown in red). (A)
Epithelial somites are patterned in two compartments by diffusible signals produced
by adjacent structures. The sclerotome is primarily specified by “ventralizing signals,”
such as Shh produced by the notochord and the floor plate, and BMP antagonists
Chordin (Chd) and Noggin (Nog) produced by the notochord. While Chd and Nog
antagonize BMP4 (from the lateral plate mesoderm), Shh signaling activates the expres-
sion of the transcription factors Pax1 and -9. The dermomyotome is specificied by
“dorsalizing” signals, namely Wnts, produced by the dorsal ectoderm and neural tube,
which activate Pax3 and antagonize the action of Shh. (B) Pax1 and -9 control a cas-
cade of transcription factors that are responsible for sclerotomal differentiation. Thus,
Pax1 and -9 activate the key chondrogenesis factor Bapx1 (Nkx3.2) in synergy with
Meox1 and -2. (C) Bapx1 allows the sclerotome to respond to BMP signals by trig-
gering the expression of Sox9. This initiates the chondrogenesis program leading to the
expression of Col2a and Runx2. (D) The final stage of sclerotomal differentiation con-
sists of the ossification of the cartilaginous vertebral model, controlled by the Runx2
genetic network. The orientation of the embryonic axis and time axis is indicated in
black bold and the corresponding medical terminology is indicated in gray italics.
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hedgehog (Ihh) activity produced by the dorsal endoderm (Zhang et al.
2001). In mice mutant for the Shh coreceptor Smoothened (Smo) or for
both Shh and Ihh, induction of sclerotome markers, such as Pax1 or
Nkx3.2 (Bapx1), is not observed, suggesting that Hedgehog signaling is
an absolute requirement for sclerotome induction (Zhang et al. 2001). In
the ventral somite, Shh activates the expression of its receptor Patched,
the Gli2 and -3 genes, and the Wnt antagonist Sfrp2 (Goodrich et al.
1996; Hahn et al. 1996; Borycki et al. 1998; Motoyama et al. 1998; Buttitta
et al. 2003). The Gli proteins are zinc-finger transcription factors acting
downstream of Hedgehog signaling in vertebrates. Gli1, -2, and -3 are
expressed in somites, and mice mutant for Gli genes exhibit skeletal
defects (Hui et al. 1994; Mo et al. 1997; Platt et al. 1997; Borycki et al.
1998). Shh signaling in the ventral somite antagonizes the dorsalizing
influence from the neural tube and the dorsal ectoderm mediated by Wnt
signals (see Fig. 8A) (Fan and Tessier-Lavigne 1994; Fan et al. 1995). In
addition to its patterning function, Shh is also required as a trophic fac-
tor for sclerotomal cells to promote their survival and proliferation
(Borycki et al. 1998; Teillet et al. 1998; Marcelle et al. 1999).

The secreted BMP4 growth factor is expressed by the lateral plate at
the time of somite formation (Pourquié et al. 1996). The right level of
BMP signaling along the medio-lateral axis is critical to maintain parax-
ial mesoderm and sclerotome identity (Hirsinger et al. 1997; Tonegawa
et al. 1997). At this stage, BMP4 induces lateral markers, such as Sim1,
in the somite and it antagonizes Pax1 expression, contributing to its
restriction to the medial somite domain (Balling et al. 1996; Pourquié et
al. 1996; Tonegawa et al. 1997). The BMP signal is counteracted by the
axial structures that produce the noggin (Nog) antagonist (Fig. 8A)
(Hirsinger et al. 1997; Marcelle et al. 1997; Reshef et al. 1998; Tonegawa
and Takahashi 1998). In addition, other BMP antagonists (such as
Chordin [Chd], Cerberus, and Follistatin) may counteract the BMP4
effects (Patel et al. 1996; Belo et al. 1997; Biben et al. 1998; Shawlot et al.
1998). Therefore, sclerotome specification involves antagonism between
the Shh and the BMP4/Wnt signaling pathways.

Cross talk between the myotome and sclerotome compartments
involving platelet-derived growth factor (PDGF) signaling is also required
for proper sclerotomal development. While the receptor PDGFRα is
expressed mostly in the sclerotome, PDGFA and C ligands are produced
by the myotome (Orr-Urtreger et al. 1992; Orr-Urtreger and Lonai 1992;
Ding et al. 2000; Aase et al. 2002). Mice mutant for PDGFRα exhibit spina
bifida and fusion of skeletal elements along the axis (Soriano 1997;
Klinghoffer et al. 2002). PDGF signaling is required for regulating chon-
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drogenesis and sclerotomal cell migration, leading to formation of the
neural arches (Hoch and Soriano 2003; Pickett et al. 2008).

A Transcriptional Network Underlying Sclerotome Development

A network of transcription factors that acts downstream of Shh and BMP
signaling, controls sclerotomal fate, and cartilage and bone differentiation.
Shh induces Pax1 and Pax9, which are essential for sclerotomal cell pro-
liferation and differentiation in the ventral somite (see Fig. 8A) (Balling et
al. 1996; Müller et al. 1996; McMahon et al. 1998; Peters et al. 1999). Pax1
expression precedes the epithelio-mesenchymal transition that character-
izes the sclerotome formation, while Pax9 is expressed later during sclero-
tomal differentiation (Goulding et al. 1993; Love and Tuan 1993). While
mice mutant for Pax9 are essentially normal, Pax1 mutants (Undulated-
short-tail [Uns]) lack vertebral bodies and intervertebral disks (Wallin et
al. 1994). Mice double mutant for Pax1 and Pax9 form only neural arches,
demonstrating the key role played by these factors in vertebral body for-
mation (see Figs. 7A,C, and 8) (Peters et al. 1999). Pax1 and Pax9 (and
also Meox1 and -2; discussed later in this chapter) directly activate expres-
sion of the homeobox-containing transcription factor Nkx3.2 (Bapx1) in
the sclerotome (see Fig. 8B) (Lettice et al. 1999; Tribioli and Lufkin 1999;
Akazawa et al. 2000; Herbrand et al. 2002; Rodrigo et al. 2003, 2004). As
in the Pax1 and -9 double mutant, mice mutant for Nkx3.2 lack vertebral
bodies and intervertebral disks (Lettice et al. 1999; Tribioli and Lufkin
1999; Akazawa et al. 2000). The induction of Nkx3.2, downstream of Shh
and Pax1 and -9, is a key step in the sclerotome determination process as
it endows sclerotomal cells with the competence to respond to the BMP
signal by activating Sox9 (see Fig. 8C) (Murtaugh et al. 2001). Nkx3.2
forms with Sox9, a BMP-dependent, autoregulatory loop that promotes
sclerotomal chondrogenesis in amniotes (Murtaugh et al. 2001; Zeng et al.
2002). Subsequently, Sox9 activates the chondrogenic program that leads
to the formation of the vertebral cartilaginous template (see Fig. 8C,D)
(Healy et al. 1996, 1999; Bell et al. 1997; Bi et al. 1999, 2001). During later
stages, the Runx2 transcriptional network (which controls bone forma-
tion) is activated during vertebral ossification (see Fig. 8D). The role of
Sox9 or Runx2 in the control of cartilage and bone development is dis-
cussed extensively in other chapters of this book and is not detailed here.

Several other transcription factors have been implicated in sclero-
tome differentiation. Nkx3.1 is a gene closely related to Nkx3.2, which is
also strongly expressed in the sclerotome (Herbrand et al. 2002). Whereas
the Nkx3.1 null mutant does not show an axial skeleton phenotype, the
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double Nkx3.1 and 3.2 null mutant exhibits more severe skeletal defects
compared to the single Nkx3.2 mutant, suggesting that the two genes play
partly redundant roles (Herbrand et al. 2002). The Meox 1 and 2 homeo-
box transcription factors are expressed in somites of vertebrate embryos
(see Fig. 8B) (Candia et al. 1992; Candia and Wright 1996; Mankoo et al.
2003; Reijntjes et al. 2007). Meox1 and -2 have partially redundant func-
tions in mice. While Meox1 mutants present defects in sclerotomal deriv-
atives (such as fusion of vertebrae) and Meox2 mutants do not exhibit an
axial skeleton phenotype, the double Meox1/2 null mutants present a
severe disruption of somite organization and differentiation (Mankoo et
al. 2003). Foxc2 is expressed in the sclerotome under the control of Shh
and is required to promote sclerotomal cell proliferation (see Fig. 8A)
(Winnier et al. 1997; Furumoto et al. 1999). In addition, it has also been
demonstrated that Twist, coding for a bHLH transcription factor acti-
vated by Shh and Fgf signaling, controls sclerotomal cell viability and
proliferation, while inhibiting bone formation (see Fig. 8A) (Chen and
Behringer 1995; Bialek et al. 2004; Hornik et al. 2004). Zic1-3 (zinc-fin-
ger transcription factors) are expressed in differentiating somites, and
mice mutant for these transcription factors exhibit skeletal defects (Aruga
et al. 1999; Carrel et al. 2000; Klootwijk et al. 2000; Nagai et al. 2000;
Purandare et al. 2002; Merzdorf 2007). Zic2 and -3 are specifically
expressed in the PSM and newly formed somites, and have been shown
to act cooperatively during paraxial mesoderm segmentation (see Fig.
8A) (Inoue et al. 2007). Since the somite boundaries and rostrocaudal
polarity are normal in the compound mutant mice, Zic2 and -3 are more
likely to be implicated in the maintenance and differentiation of the scle-
rotome (Inoue et al. 2007). The transcription factor Jun/AP-1 has been
implicated in the differentiation of intervertebral disks by controlling
degeneration of the notochordal cells (Behrens et al. 2003).

Differentiation of the Vertebrae from the Sclerotome

The sclerotome subsequently differentiates into a cartilaginous model that
becomes ossified and then forms the definitive vertebra (Fig. 9C–E) (Bono
et al. 2006; Christ et al. 2007). In humans, cartilage-producing centers
(identifiable by the deposition of Collagen type 2) form at approximately
the 6th week in the embryo (see Figs. 8C and 9C) (Bareggi et al. 1993;
Nolting et al. 1998). Primary chondrification centers appear in the neural
arches, and they subsequently fuse over the midline dorsally and with the
centrum ventrally (see Figs. 8D and 9D). Failure of the neural arch to fuse
dorsally is associated with spina bifida. Two primary chondrification cen-
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Figure 9. (See facing page for legend.)
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ters also form on the left and right sides of the regressing notochord and
eventually fuse to form the cartilaginous centrum (Fig. 9C). Subsequently,
cartilaginous transverse and spinous processes form from the neural arch.
In between forming centra, regions of loosely packed cells surrounding
the remnant of the notochord will form the cartilaginous intervertebral
disks. The disk center, consisting of the nucleus pulposus, is produced by
a remnant of the notochordal cells, while it is surrounded by the annulus
fibrosus, formed by sclerotomal cells (Christ et al. 2007).

The cartilaginous template then becomes progressively ossified (endo-
chondral ossification) (Fig. 9D,E) (Bareggi et al. 1993; Nolting et al. 1998).
In the human embryo, this process begins around the 8th week when
blood vessels invade the cartilaginous centrum (Bono et al. 2006). Three
primary ossification centers are typically recognized: one in the centrum,
and one on each side of the vertebral arch (Fig. 9D). In mice and humans,
ossification of vertebrae follows a specific spatio-temporal sequence along
the anteroposterior axis, beginning in the lower thoracic and upper lum-
bar regions (Bareggi et al. 1993). Five secondary ossification centers
develop following the onset of puberty: (1) one at the tip of the spinous
process, (2) one at the tip of each transverse process, and (3) one ring
apophysis in the superior and inferior endplates (attachment surface disk-
vertebrae) of the vertebral bodies (see Fig. 7C) (Bono et al. 2006).

Regionalization of the Axial Skeleton and
the Role of the Hox Genes

Each vertebra exhibits a distinct morphology depending on its position
along the anteroposterior axis. Based on shared morphological features,
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Figure 9. Sclerotome differentiation and vertebra formation. Schematic temporal
sequence of sclerotome differentiation, morphogenesis, chondrogenesis, and osteogene-
sis leading to the formation of the vertebra (thoracic level; transversal section). (A) Two
compartments are specified from the epithelial somites: the dermomyotome dorsally and
the sclerotome ventrally. (B) The epithelial sclerotome undergoes an epithelio-mes-
enchymal transition, while the dermomyotome maintains its epithelial structure. (C) The
sclerotome initiates chondrogenesis in centers initially localized around the notochord
ventrally and on both neural arches dorsally. Meanwhile, the dermomyotome produces
the skeletal muscles and dermis. (D) Skeletogenesis further proceeds by the progressive
ossification of the cartilaginous model of the vertebrae, in which vertebrae centra, neural
arches, and costal elements (thoracic level) are identifiable. (E) Ossification centers even-
tually fuse to produce the final vertebra structure. (Nc) Notochord, (Nt) neural tube,
(Sc) spinal cord, (Em) epaxial muscle mass, (Hm) hypaxial muscle mass.
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five main regions of the amniote vertebral column can be distinguished:
the cervical, thoracic, lumbar, sacral, and caudal (Fig. 10). In humans, the
five sacral vertebrae fuse to form a triangular-shaped sacrum. The num-
ber of each type of vertebra defines the vertebral formula of a particular
species and varies dramatically among vertebrate species (Burke et al.
1995; Burke 2000; Gomez et al. 2008). The acquisition of the distinct ver-
tebral identities is controlled by a class of transcription factors called Hox
proteins (for review, see Krumlauf 1994; Duboule 2007; Wellik 2007). In
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Figure 10. Hox gene expression domains and vertebral formula of the mouse embryo.
(A) Representation of the genomic organization of the four mouse paralog Hox clus-
ters. Hox gene combinatorial expression controls the vertebral identity along the
anteroposterior axis. Genes are color-coded based on their expression and pheno-
typic domains (the skeletal domain that is affected when a particular Hox gene is
mutated) along the anteroposterior axis. The inset panel (upper right) illustrates a
mouse embryo (embryonic day 9.0) with approximate somite identity along the
anteroposterior axis (lateral view). (B) Schematic representation of the somitic
regions compared to the vertebral formula of the mouse. The somites and derived
vertebrae are aligned and subdivided by color-coded domains corresponding to dis-
tinct vertebrae types and which correlate with specific Hox paralog expression (A).
(C) The different regions of the axial skeleton are illustrated in a mouse embryo
(embryonic day 15.5) stained with Alcian blue.
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mice and humans, there are 39 Hox genes that are organized into four par-
alogous clusters (Hox1–13) (Fig. 10A) (Duboule 2007). The position of
the genes along a cluster correlates with the order in which each gene will
be expressed in time and space along the anteroposterior axis of the
embryo, a property called collinearity (Kmita and Duboule 2003). Hox
genes control the timing of ingression of paraxial mesoderm precursors
into the primitive streak (Iimura and Pourquié 2006). Thus, precursors
expressing more “posterior” genes (i.e., genes located 5′ in the Hox clus-
ter) will ingress later than those expressing more “anterior” (genes located
3′) and, hence, will be positioned more posteriorly along the anteropos-
terior axis. This mechanism results in a collinear or nested arrangement
of the Hox gene expression domains along the anteroposterior axis. This
nested arrangement of the Hox expression domains defines a specific com-
bination of genes expressed for each somite (Kessel and Gruss 1991). The
combination of Hox genes that are expressed in each somite is involved in
the control of the specification of vertebral identities (Fig. 10) (Wellik
2007). However, although the Hox gene expression domains often extend
from the posterior end of the embryo to their anterior expression limit in
the somites, their action is essentially restricted to their anteriormost
expression domain. Thus, the identity of a segment is controlled by the
posteriormost Hox genes expressed in this segment, a property called pos-
terior prevalence in vertebrates (Duboule and Morata 1994; Burke et al.
1995). Grafting experiments in chicken embryos support the idea that ver-
tebral axial identity is already determined at the level of the PSM, before
somite individualization (Kieny et al. 1972; Nowicki and Burke 2000). Hox
loss of function or ectopic expression in the paraxial mesoderm can
change vertebral identities, leading to homeotic transformations in the
axial skeleton (see Wellik 2007 and references therein). The function and
targets of Hox genes in the developing spine are virtually unknown.

Several factors involved in the regulation of Hox genes in the pat-
terning 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 transfor-
mation of the vertebral column and tail truncation, correlating with dis-
ruption of Hox expression domains (McPherron et al. 1999; Nakashima
et al. 1999). These patterning defects are partially phenocopied in mice
mutant for the GDF11 proprotein convertase Pcsk5, specifically expressed
in the PSM, as well as TGF-β type I receptor (Alk5) and type II recep-
tors (ActRIIA/B [Acvr2/b]) (Oh and Li 1997; Rancourt and Rancourt
1997; Oh et al. 2002; Andersson et al. 2006; Essalmani et al. 2008;
Szumska et al. 2008).
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The caudal transcription factors (Cdx) play a conserved role in Hox
regulation during anteroposterior axis formation (van den Akker et al.
2002; Houle et al. 2003a; Chawengsaksophak et al. 2004; Copf et al. 2004;
Pilon et al. 2007). In mice, Cdx gene expression (Cdx1, -2, and -4) is ini-
tiated at the primitive streak stage and is later restricted to the posterior
part of the embryo. Cdx gene expression is regulated by Wnt, Fgf, and
RA signalings (Isaacs et al. 1994; Pownall et al. 1996; Houle et al. 2000,
2003b; Ikeya and Takada 2001; Prinos et al. 2001; Bel-Vialar et al. 2002;
Lohnes 2003; Deschamps and van Nes 2005; Pilon et al. 2006, 2007). Cdx
factors act by regulating a subset of Hox genes in a dose-dependent man-
ner (van den Akker et al. 2002). Mice mutant for Cdx1, -2, and -4 exhibit
severe axis truncation (van den Akker et al. 2002; Chawengsaksophak et
al. 2004; van Nes et al. 2006). Other transcription factors, such as Plzf
(Zfp145) and Hox nuclear cofactors such as Pbx1, also regulate Hox gene-
dependent patterning along the anteroposterior axis (Barna et al. 2000;
Selleri et al. 2001; Capellini et al. 2008). Importantly, Hox gene expres-
sion in the axial skeleton also depends on the conserved families of chro-
matin remodeling proteins of the Polycomb and Trithorax groups, which
negatively and positively regulate Hox expression, respectively. Mutation
of several genes of these families results in homeotic transformations of
the axial skeleton (Kim et al. 2006).

The anterior boundary of any given Hox gene expression domain in
the precursors of the vertebral column is always positioned at the same
somitic level, indicating that Hox gene expression is tightly coupled to
somitogenesis (see Fig. 10B). Several Hox genes have been shown to be
expressed in a dynamic fashion (similar to Mesp2) in the anterior PSM,
suggesting that their regulation might be taken over by the segmentation
machinery (Zákány et al. 2001). In the chicken embryo, changing the
somite size by treating embryos with Fgf results in a corresponding change
in the position of Hox expression boundaries (Dubrulle et al. 2001).
Interestingly, in the mouse, altering the signals that control the position-
ing of the determination front—namely Fgf (FgfR1), Wnt (Wnt3a), and
RA (RA, RAR receptors, Cyp26)—also results in homeotic transformations
(Kessel 1992; Lohnes et al. 1994; Partanen et al. 1998; Abu-Abed et al.
2001; Ikeya and Takada 2001; Sakai et al. 2001; Mallo et al. 2008).
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M.J., Pourquié, O., and Gessler, M. 2000. Oscillating expression of c-hey2 in the pre-
somitic mesoderm suggests that the segmentation clock may use combinatorial signal-
ing through multiple interacting bHLH factors. Dev. Biol. 227: 91–103.

Leitges, M., Neidhardt, L., Haenig, B., Herrmann, B.G., and Kispert, A. 2000. The paired
homeobox gene Uncx4.1 specifies pedicles, transverse processes and proximal ribs of
the vertebral column. Development 127: 2259–2267.

Lettice, L.A., Purdie, L.A., Carlson, G.J., Kilanowski, F., Dorin, J., and Hill, R.E. 1999. The
mouse bagpipe gene controls development of axial skeleton, skull, and spleen. Proc.
Natl. Acad. Sci. 96: 9695–9700.

Leung, J.Y., Kolligs, F.T., Wu, R., Zhai, Y., Kuick, R., Hanash, S., Cho, K.R., and Fearon, E.R.
2002. Activation of AXIN2 expression by β-catenin-T cell factor. A feedback repressor
pathway regulating Wnt signaling. J. Biol. Chem. 277: 21657–21665.

Leve, C., Gajewski, M., Rohr, K.B., and Tautz, D. 2001. Homologues of c-hairy1 (her9) and
lunatic fringe in zebrafish are expressed in the developing central nervous system, but
not in the presomitic mesoderm. Dev. Genes Evol. 211: 493–500.

Lewis, J. 2003. Autoinhibition with transcriptional delay: A simple mechanism for the
zebrafish somitogenesis oscillator. Curr. Biol. 13: 1398–1408.

Lewis, J. and Ozbudak, E.M. 2007. Deciphering the somite segmentation clock: Beyond
mutants and morphants. Dev. Dyn. 236: 1410–1415.

Li, L., Krantz, I.D., Deng, Y., Genin, A., Banta, A.B., Collins, C.C., Qi, M., Trask, B.J., Kuo,
W.L., Cochran, J., et al. 1997. Alagille syndrome is caused by mutations in human
Jagged1, which encodes a ligand for Notch1. Nat. Genet. 16: 243–251.

Li, T., Ma, G., Cai, H., Price, D.L., and Wong, P.C. 2003a. Nicastrin is required for assem-
bly of presenilin/γ-secretase complexes to mediate Notch signaling and for processing
and trafficking of β-amyloid precursor protein in mammals. J. Neurosci 23: 3272–3277.

Li, Y., Fenger, U., Niehrs, C., and Pollet, N. 2003b. Cyclic expression of esr9 gene in Xenopus
presomitic mesoderm. Differentiation 71: 83–89.

Linask, K.K., Ludwig, C., Han, M.D., Liu, X., Radice, G.L., and Knudsen, K.A. 1998. N-cad-
herin/catenin-mediated morphoregulation of somite formation. Dev. Biol. 202: 85–102.

Lindsell, C.E., Shawber, C.J., Boulter, J., and Weinmaster, G. 1995. Jagged: A mammalian
ligand that activates Notch1. Cell 80: 909–917.

102 J. Chal and O. Pourquié

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 102

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



Linker, C., Lesbros, C., Gros, J., Burrus, L.W., Rawls, A., and Marcelle, C. 2005. β-Catenin-
dependent Wnt signalling controls the epithelial organisation of somites through the
activation of paraxis. Development 132: 3895–3905.

Lohnes, D. 2003. The Cdx1 homeodomain protein: An integrator of posterior signaling in
the mouse. Bioessays 25: 971–980.

Lohnes, D., Mark, M., Mendelsohn, C., Dollé, P., Dierich, A., Gorry, P., Gansmuller, A., and
Chambon, P. 1994. Function of the retinoic acid receptors (RARs) during development.
I. Craniofacial and skeletal abnormalities in RAR double mutants. Development 120:
2723–2748.

Love, J.M. and Tuan, R.S. 1993. Pair-rule gene expression in the somitic stage chick embryo:
Association with somite segmentation and border formation. Differentiation 54: 73–83.

Lunn, J.S., Fishwick, K.J., Halley, P.A., and Storey, K.G. 2007. A spatial and temporal map
of FGF/Erk1/2 activity and response repertoires in the early chick embryo. Dev. Biol.
302: 536–552.

Ma, G., Li, T., Price, D.L., and Wong, P.C. 2005. APH-1a is the principal mammalian APH-
1 isoform present in γ-secretase complexes during embryonic development. J. Neurosci.
25: 192–198.

MacDonald, B.T., Adamska, M., and Meisler, M.H. 2004. Hypomorphic expression of Dkk1
in the doubleridge mouse: Dose dependence and compensatory interactions with Lrp6.
Development 131: 2543–2552.

Malbon, C.C. 2005. G proteins in development. Nat. Rev. Mol. Cell Biol. 6: 689–701.
Mallo, M., Vinagre, T., and Carapuco, M. 2008. The road to the vertebral formula. Int. J.

Dev. Biol. 52: (in press).
Mankoo, B.S., Skuntz, S., Harrigan, I., Grigorieva, E., Candia, A., Wright, C.V., Arnheiter,

H., and Pachnis, V. 2003. The concerted action of Meox homeobox genes is required
upstream of genetic pathways essential for the formation, patterning and differentia-
tion of somites. Development 130: 4655–4664.

Mansouri, A., Yokota, Y., Wehr, R., Copeland, N.G., Jenkins, N.A., and Gruss, P. 1997.
Paired-related murine homeobox gene expressed in the developing sclerotome, kidney,
and nervous system. Dev. Dyn. 210: 53–65.

Mansouri, A., Voss, A.K., Thomas, T., Yokota, Y., and Gruss, P. 2000. Uncx4.1 is required
for the formation of the pedicles and proximal ribs and acts upstream of Pax9.
Development 127: 2251–2258.

Mara, A., Schroeder, J., Chalouni, C., and Holley, S.A. 2007. Priming, initiation and syn-
chronization of the segmentation clock by deltaD and deltaC. Nat. Cell Biol. 9: 523–530.

Marcelle, C., Stark, M.R., and Bronner-Fraser, M. 1997. Coordinate actions of BMPs, Wnts,
Shh and Noggin mediate patterning of the dorsal somite. Development 124: 3955–3963.

Marcelle, C., Ahlgren, S., and Bronner-Fraser, M. 1999. In vivo regulation of somite dif-
ferentiation and proliferation by Sonic Hedgehog. Dev. Biol. 214: 277–287.

Maruhashi, M., Van De Putte, T., Huylebroeck, D., Kondoh, H., and Higashi, Y. 2005.
Involvement of SIP1 in positioning of somite boundaries in the mouse embryo. Dev.
Dyn. 234: 332–338.

Masamizu, Y., Ohtsuka, T., Takashima, Y., Nagahara, H., Takenaka, Y., Yoshikawa, K.,
Okamura, H., and Kageyama, R. 2006. Real-time imaging of the somite segmentation
clock: Revelation of unstable oscillators in the individual presomitic mesoderm cells.
Proc. Natl. Acad. Sci. 103: 1313–1318.

Matsuda, T., Nomi, M., Ikeya, M., Kani, S., Oishi, I., Terashima, T., Takada, S., and Minami,
Y. 2001. Expression of the receptor tyrosine kinase genes, Ror1 and Ror2, during mouse

Patterning and Differentiation of the Vertebrate Spine 103

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 103

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



development. Mech. Dev. 105: 153–156.
McGrew, M.J., Dale, J.K., Fraboulet, S., and Pourquié, O. 1998. The lunatic Fringe gene is

a target of the molecular clock linked to somite segmentation in avian embryos. Curr.
Biol. 8: 979–982.

McGrew, M.J., Sherman, A., Lillico, S.G., Ellard, F.M., Radcliffe, P.A., Gilhooley, H.J.,
Mitrophanous, K.A., Cambray, N., Wilson, V., and Sang, H. 2008. Localised axial prog-
enitor cell populations in the avian tail bud are not committed to a posterior Hox iden-
tity. Development 135: 2289–2299.

McMahon, J.A., Takada, S., Zimmerman, L.B., Fan, C.M., Harland, R.M., and McMahon,
A.P. 1998. Noggin-mediated antagonism of BMP signaling is required for growth and
patterning of the neural tube and somite. Genes Dev. 12: 1438–1452.

McPherron, A.C., Lawler, A.M., and Lee, S.J. 1999. Regulation of anterior/posterior pattern-
ing of the axial skeleton by growth/differentiation factor 11. Nat. Genet. 22: 260–264.

Medina, A., Swain, R.K., Kuerner, K.M., and Steinbeisser, H. 2004. Xenopus paraxial proto-
cadherin has signaling functions and is involved in tissue separation. EMBO J. 23: 3249–
3258.

Menkes, B. and Sandor, S. 1969. Researches on the development of axial organs. V. Rev.
Roum. Embryol. Cytol. 6: 65–72.

Merzdorf, C.S. 2007. Emerging roles for zic genes in early development. Dev. Dyn. 236:
922–940.

Miner, J.H. and Yurchenco, P.D. 2004. Laminin functions in tissue morphogenesis. Annu.
Rev. Cell Dev. Biol. 20: 255–284.

Mitra, S.K., Hanson, D.A., and Schlaepfer, D.D. 2005. Focal adhesion kinase: In command
and control of cell motility. Nat. Rev. Mol. Cell Biol. 6: 56–68.

Mittapalli, V.R., Huang, R., Patel, K., Christ, B., and Scaal, M. 2005. Arthrotome: A specific
joint forming compartment in the avian somite. Dev. Dyn. 234: 48–53.

Miura, N., Wanaka, A., Tohyama, M., and Tanaka, K. 1993. MFH-1, a new member of the
fork head domain family, is expressed in developing mesenchyme. FEBS Lett. 326: 171–
176.

Miura, S., Davis, S., Klingensmith, J., and Mishina, Y. 2006. BMP signaling in the epiblast
is required for proper recruitment of the prospective paraxial mesoderm and develop-
ment of the somites. Development 133: 3767–3775.

Mo, R., Freer, A.M., Zinyk, D.L., Crackower, M.A., Michaud, J., Heng, H.H., Chik, K.W.,
Shi, X.M., Tsui, L.C., et al. 1997. Specific and redundant functions of Gli2 and Gli3 zinc
finger genes in skeletal patterning and development. Development 124: 113–123.

Monsoro-Burq, A.H. 2005. Sclerotome development and morphogenesis: When experi-
mental embryology meets genetics. Int. J. Dev. Biol. 49: 301–308.

Morales, A.V., Yasuda, Y., and Ish-Horowicz, D. 2002. Periodic Lunatic fringe expression is
controlled during segmentation by a cyclic transcriptional enhancer responsive to notch
signaling. Dev. Cell 3: 63–74.

Moreno, T.A. and Kintner, C. 2004. Regulation of segmental patterning by retinoic acid
signaling during Xenopus somitogenesis. Dev. Cell 6: 205–218.

Morimoto, M., Takahashi, Y., Endo, M., and Saga, Y. 2005. The Mesp2 transcription factor
establishes segmental borders by suppressing Notch activity. Nature 435: 354–359.

Morimoto, M., Kiso, M., Sasaki, N., and Saga, Y. 2006. Cooperative Mesp activity is required
for normal somitogenesis along the anterior-posterior axis. Dev. Biol. 300: 687–698.

Morimoto, M., Sasaki, N., Oginuma, M., Kiso, M., Igarashi, K., Aizaki, K., Kanno, J., and
Saga, Y. 2007. The negative regulation of Mesp2 by mouse Ripply2 is required to estab-

104 J. Chal and O. Pourquié

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 104

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



lish the rostro-caudal patterning within a somite. Development 134: 1561–1569.
Motoyama, J., Takabatake, T., Takeshima, K., and Hui, C. 1998. Ptch2, a second mouse

Patched gene is co-expressed with Sonic hedgehog (letter). Nat. Genet. 18: 104–106.
Mukhopadhyay, M., Shtrom, S., Rodriguez-Esteban, C., Chen, L., Tsukui, T., Gomer, L.,

Dorward, D.W., Glinka, A., Grinberg, A., Huang, S.P., et al. 2001. Dickkopf1 is required for
embryonic head induction and limb morphogenesis in the mouse. Dev. Cell 1: 423–434.

Müller, T.S., Ebensperger, C., Neubüser, A., Koseki, H., Balling, R., Christ, B., and Wilting,
J. 1996. Expression of avian Pax1 and Pax9 is intrinsically regulated in the pharyngeal
endoderm, but depends on environmental influences in the paraxial mesoderm. Dev.
Biol. 178: 403–417.

Murtaugh, L.C., Zeng, L., Chyung, J.H., and Lassar, A.B. 2001. The chick transcriptional
repressor Nkx3.2 acts downstream of Shh to promote BMP-dependent axial chondro-
genesis. Dev. Cell 1: 411–422.

Muyskens, J.B. and Kimmel, C.B. 2007. Tbx16 cooperates with Wnt11 in assembling the
zebrafish organizer. Mech. Dev. 124: 35–42.

Myat, A., Henrique, D., Ish-Horowicz, D., and Lewis, J. 1996. A chick homologue of Serrate
and its relationship with Notch and Delta homologues during central neurogenesis. Dev.
Biol. 174: 233–247.

Nagai, T., Aruga, J., Minowa, O., Sugimoto, T., Ohno, Y., Noda, T., and Mikoshiba, K. 2000.
Zic2 regulates the kinetics of neurulation. Proc. Natl. Acad. Sci. 97: 1618–1623.

Nagano, T., Takehara, S., Takahashi, M., Aizawa, S., and Yamamoto, A. 2006. Shisa2 pro-
motes the maturation of somitic precursors and transition to the segmental fate in
Xenopus embryos. Development 133: 4643–4654.

Nakajima, Y., Morimoto, M., Takahashi, Y., Koseki, H., and Saga, Y. 2006. Identification of
Epha4 enhancer required for segmental expression and the regulation by Mesp2.
Development 133: 2517–2525.

Nakashima, M., Toyono, T., Akamine, A., and Joyner, A. 1999. Expression of growth/differ-
entiation factor 11, a new member of the BMP/TGFβ superfamily during mouse embryo-
genesis. Mech. Dev. 80: 185–189.

Nakaya, Y., Kuroda, S., Katagiri, Y.T., Kaibuchi, K., and Takahashi, Y. 2004. Mesenchymal-
epithelial transition during somitic segmentation is regulated by differential roles of
Cdc42 and Rac1. Dev. Cell 7: 425–438.

Nicolas, J.F., Mathis, L., Bonnerot, C., and Saurin, W. 1996. Evidence in the mouse for self-
renewing stem cells in the formation of a segmented longitudinal structure, the
myotome. Development 122: 2933–2946.

Nicolet, G. 1970. Analyse autoradiographique de la localisation des differentes ebauches
presomptives dans la ligne primitive de l’embryon de poulet. J. Embryol. Exp. Morphol.
23: 79–108.

Nicolet, G. 1971. Avian gastrulation. Adv. Morphog. 9: 231–262.
Niederreither, K. and Dollé, P. 2008. Retinoic acid in development: Towards an integrated

view. Nat. Rev. Genet. 9: 541–553.
Niederreither, K., Subbarayan, V., Dollé, P., and Chambon, P. 1999. Embryonic retinoic acid

synthesis is essential for early mouse post-implantation development. Nat. Genet. 21:
444–448.

Niederreither, K., Abu-Abed, S., Schuhbaur, B., Petkovich, M., Chambon, P., and Dollé, P.
2002a. Genetic evidence that oxidative derivatives of retinoic acid are not involved in
retinoid signaling during mouse development. Nat. Genet. 31: 84–88.

Niederreither, K., Fraulob, V., Garnier, J.M., Chambon, P., and Dollé, P. 2002b. Differential

Patterning and Differentiation of the Vertebrate Spine 105

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 105

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



expression of retinoic acid-synthesizing (RALDH) enzymes during fetal development
and organ differentiation in the mouse. Mech. Dev. 110: 165–171.

Niwa, Y., Masamizu, Y., Liu, T., Nakayama, R., Deng, C.X., and Kageyama, R. 2007. The
initiation and propagation of Hes7 oscillation are cooperatively regulated by Fgf and
notch signaling in the somite segmentation clock. Dev. Cell 13: 298–304.

Nolting, D., Hansen, B.F., Keeling, J., and Kjaer, I. 1998. Prenatal development of the nor-
mal human vertebral corpora in different segments of the spine. Spine 23: 2265–2271.

Nomi, M., Oishi, I., Kani, S., Suzuki, H., Matsuda, T., Yoda, A., Kitamura, M., Itoh, K.,
Takeuchi, S., Takeda, K., et al. 2001. Loss of mRor1 enhances the heart and skeletal
abnormalities in mRor2-deficient mice: Redundant and pleiotropic functions of mRor1
and mRor2 receptor tyrosine kinases. Mol. Cell. Biol. 21: 8329–8335.

Nomura-Kitabayashi, A., Takahashi, Y., Kitajima, S., Inoue, T., Takeda, H., and Saga, Y. 2002.
Hypomorphic Mesp allele distinguishes establishment of rostrocaudal polarity and seg-
ment border formation in somitogenesis. Development 129: 2473–2481.

Nowicki, J.L. and Burke, A.C. 2000. Hox genes and morphological identity: Axial versus
lateral patterning in the vertebrate mesoderm. Development 127: 4265–4275.

Nusse, R. 2005. Wnt signaling in disease and in development. Cell Res. 15: 28–32.
Oakley, R.A. and Tosney, K.W. 1991. Peanut agglutinin and chondroitin-6-sulfate are mol-

ecular markers for tissues that act as barriers to axon advance in the avian embryo. Dev.
Biol. 147: 187–206.

Oates, A.C. and Ho, R.K. 2002. Hairy/E(spl)-related (Her) genes are central components of
the segmentation oscillator and display redundancy with the Delta/Notch signaling path-
way in the formation of anterior segmental boundaries in the zebrafish. Development 129:
2929–2946.

Oates, A.C., Mueller, C., and Ho, R.K. 2005a. Cooperative function of deltaC and her7 in
anterior segment formation. Dev. Biol. 280: 133–149.

Oates, A.C., Rohde, L.A., and Ho, R.K. 2005b. Generation of segment polarity in the parax-
ial mesoderm of the zebrafish through a T-box-dependent inductive event. Dev. Biol.
283: 204–214.

Oda, T., Elkahloun, A.G., Pike, B.L., Okajima, K., Krantz, I.D., Genin, A., Piccoli, D.A.,
Meltzer, P.S., Spinner, N.B., Collins, F.S., et al. 1997. Mutations in the human Jagged1
gene are responsible for Alagille syndrome. Nat. Genet. 16: 235–242.

Oginuma, M., Hirata, T., and Saga, Y. 2008. Identification of presomitic mesoderm (PSM)-
specific Mesp1 enhancer and generation of a PSM-specific Mesp1/Mesp2-null mouse
using BAC-based rescue technology. Mech. Dev. 125: 432–440.

Oh, S.P. and Li, E. 1997. The signaling pathway mediated by the type IIB activin receptor
controls axial patterning and lateral asymmetry in the mouse. Genes Dev 11:
1812–1826.

Oh, S.P., Yeo, C.Y., Lee, Y., Schrewe, H., Whitman, M., and Li, E. 2002. Activin type IIA and
IIB receptors mediate Gdf11 signaling in axial vertebral patterning. Genes Dev. 16:
2749–2754.

Oishi, I., Suzuki, H., Onishi, N., Takada, R., Kani, S., Ohkawara, B., Koshida, I., Suzuki, K.,
Yamada, G., Schwabe, G.C., et al. 2003. The receptor tyrosine kinase Ror2 is involved
in non-canonical Wnt5a/JNK signalling pathway. Genes Cells 8: 645–654.

Oka, C., Nakano, T., Wakeham, A., de la Pompa, J.L., Mori, C., Sakai, T., Okazaki, S.,
Kawaichi, M., Shiota, K., Mak, T.W., et al. 1995. Disruption of the mouse RBP-Jκ gene
results in early embryonic death. Development 121: 3291–3301.

Olivera-Martinez, I., Coltey, M., Dhouailly, D., and Pourquié, O. 2000. Mediolateral somitic

106 J. Chal and O. Pourquié

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 106

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



origin of ribs and dermis determined by quail-chick chimeras. Development 127:
4611–4617.

O’Rahilly, R. and Müller, F. 2003. Somites, spinal ganglia, and centra. Enumeration and
interrelationships in staged human embryos, and implications for neural tube defects.
Cells Tissues Organs 173: 75–92.

Ordahl, C.P. and Le Douarin, N.M. 1992. Two myogenic lineages within the developing
somite. Development 114: 339–353.

Orr-Urtreger, A. and Lonai, P. 1992. Platelet-derived growth factor-A and its receptor are
expressed in separate, but adjacent cell layers of the mouse embryo. Development 115:
1045–1058.

Orr-Urtreger, A., Bedford, M.T., Do, M.S., Eisenbach, L., and Lonai, P. 1992. Developmental
expression of the α receptor for platelet-derived growth factor, which is deleted in the
embryonic lethal Patch mutation. Development 115: 289–303.

Ostrovsky, D., Cheney, C.M., Seitz, A.W., and Lash, J.W. 1983. Fibronectin distribution dur-
ing somitogenesis in the chick embryo. Cell Differ. 13: 217–223.

Ozbudak, E.M. and Lewis, J. 2008. Notch signalling synchronizes the zebrafish segmenta-
tion clock but is not needed to create somite boundaries. PLoS Genet. 4: e15.

Ozbudak, E.M. and Pourquié, O. 2008. The vertebrate segmentation clock: The tip of the
iceberg. Curr. Opin. Genet. Dev. 18: 317–323.

Packard, D.S.J. 1978. Chick somite determination: The role of factors in young somites and
the segmental plate. J. Exp. Zool. 203: 295–306.

Palmeirim, I., Henrique, D., Ish-Horowicz, D., and Pourquié, O. 1997. Avian hairy gene
expression identifies a molecular clock linked to vertebrate segmentation and somito-
genesis. Cell 91: 639–648.

Palmeirim, I., Dubrulle, J., Henrique, D., Ish-Horowicz, D., and Pourquié, O. 1998.
Uncoupling segmentation and somitogenesis in the chick presomitic mesoderm. Dev.
Genet. 23: 77–85.

Partanen, J., Schwartz, L., and Rossant, J. 1998. Opposite phenotypes of hypomorphic and
Y766 phosphorylation site mutations reveal a function for Fgfr1 in anteroposterior pat-
terning of mouse embryos. Genes Dev. 12: 2332–2344.

Pasteels, J. 1937. Etudes sur la gastrulation des Vertébrés méroblastiques. III. Oiseaux. IV.
Conclusions générales. Arch. Biol. 48: 381–488.

Patel, K., Connolly, D.J., Amthor, H., Nose, K., and Cooke, J. 1996. Cloning and early dor-
sal axial expression of Flik, a chick follistatin-related gene: Evidence for involvement in
dorsalization/neural induction. Dev. Biol. 178: 327–342.

Patton, M.A. and Afzal, A.R. 2002. Robinow syndrome. J. Med. Genet 39: 305–310.
Perantoni, A.O., Timofeeva, O., Naillat, F., Richman, C., Pajni-Underwood, S., Wilson, C.,

Vainio, S., Dove, L.F., and Lewandoski, M. 2005. Inactivation of FGF8 in early meso-
derm reveals an essential role in kidney development. Development 132: 3859–3871.

Peters, H., Wilm, B., Sakai, N., Imai, K., Maas, R., and Balling, R. 1999. Pax1 and Pax9 syn-
ergistically regulate vertebral column development. Development 126: 5399–5408.

Pickett, E.A., Olsen, G.S., and Tallquist, M.D. 2008. Disruption of PDGFRα-initiated PI3K
activation and migration of somite derivatives leads to spina bifida. Development 135:
589–598.

Pilon, N., Oh, K., Sylvestre, J.R., Bouchard, N., Savory, J., and Lohnes, D. 2006. Cdx4 is a
direct target of the canonical Wnt pathway. Dev Biol 289: 55–63.

Pilon, N., Oh, K., Sylvestre, J.R., Savory, J.G., and Lohnes, D. 2007. Wnt signaling is a key
mediator of Cdx1 expression in vivo. Development 134: 2315–2323.

Patterning and Differentiation of the Vertebrate Spine 107

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 107

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



Pirot, P., van Grunsven, L.A., Marine, J.C., Huylebroeck, D., and Bellefroid, E.J. 2004. Direct
regulation of the Nrarp gene promoter by the Notch signaling pathway. Biochem.
Biophys. Res. Commun. 322: 526–534.

Platt, K.A., Michaud, J., and Joyner, A.L. 1997. Expression of the mouse Gli and Ptc genes
is adjacent to embryonic sources of hedgehog signals suggesting a conservation of path-
ways between flies and mice. Mech. Dev. 62: 121–135.

Pouget, C., Pottin, K., and Jaffredo, T. 2008. Sclerotomal origin of vascular smooth mus-
cle cells and pericytes in the embryo. Dev. Biol. 315: 437–447.

Pourquié, O. 2001. Vertebrate somitogenesis. Annu. Rev. Cell Dev. Biol. 17: 311–350.
Pourquié, O. 2004. The chick embryo: A leading model in somitogenesis studies. Mech.

Dev. 121: 1069–1079.
Pourquié, O. and Tam, P.P. 2001. A nomenclature for prospective somites and phases of

cyclic gene expression in the presomitic mesoderm. Dev. Cell 1: 619–620.
Pourquié, O., Coltey, M., Teillet, M.A., Ordahl, C., and Le Douarin, N.M. 1993. Control of

dorsoventral patterning of somitic derivatives by notochord and floor plate. Proc. Natl.
Acad. Sci. 90: 5242–5246.

Pourquié, O., Coltey, M., Breant, C., and Le Douarin, N.M. 1995. Control of somite pat-
terning by signals from the lateral plate. Proc. Natl. Acad. Sci. 92: 3219–3223.

Pourquié, O., Fan, C.M., Coltey, M., Hirsinger, E., Watanabe, Y., Breant, C., Francis-West,
P., Brickell, P., Tessier-Lavigne, M., and Le Douarin, N.M. 1996. Lateral and axial sig-
nals involved in avian somite patterning: A role for BMP4. Cell 84: 461–471.

Pownall, M.E., Tucker, A.S., Slack, J.M., and Isaacs, H.V. 1996. eFGF, Xcad3 and Hox genes
form a molecular pathway that establishes the anteroposterior axis in Xenopus.
Development 122: 3881–3892.

Prinos, P., Joseph, S., Oh, K., Meyer, B.I., Gruss, P., and Lohnes, D. 2001. Multiple path-
ways governing Cdx1 expression during murine development. Dev. Biol. 239: 257–269.

Psychoyos, D. and Stern, C.D. 1996. Fates and migratory routes of primitive streak cells in
the chick embryo. Development 122: 1523–1534.

Purandare, S.M., Ware, S.M., Kwan, K.M., Gebbia, M., Bassi, M.T., Deng, J.M., Vogel, H.,
Behringer, R.R., Belmont, J.W., and Casey, B. 2002. A complex syndrome of left-right
axis, central nervous system and axial skeleton defects in Zic3 mutant mice.
Development 129: 2293–2302.

Qiu, X., Xu, H., Haddon, C., Lewis, J., and Jiang, Y.J. 2004. Sequence and embryonic expres-
sion of three zebrafish fringe genes: lunatic fringe, radical fringe, and manic fringe. Dev.
Dyn. 231: 621–630.

Quertermous, E.E., Hidai, H., Blanar, M.A., and Quertermous, T. 1994. Cloning and char-
acterization of a basic helix-loop-helix protein expressed in early mesoderm and the
developing somites. Proc. Natl. Acad. Sci. 91: 7066–7070.

Radice, G.L., Rayburn, H., Matsunami, H., Knudsen, K.A., Takeichi, M., and Hynes, R.O.
1997. Developmental defects in mouse embryos lacking N-cadherin. Dev. Biol. 181:
64–78.

Rancourt, S.L. and Rancourt, D.E. 1997. Murine subtilisin-like proteinase SPC6 is
expressed during embryonic implantation, somitogenesis, and skeletal formation. Dev.
Genet. 21: 75–81.

Ranscht, B. and Bronner-Fraser, M. 1991. T-cadherin expression alternates with migrating
neural crest cells in the trunk of the avian embryo. Development 111: 15–22.

Raz, R., Stricker, S., Gazzerro, E., Clor, J.L., Witte, F., Nistala, H., Zabski, S., Pereira, R.C.,
Stadmeyer, L., Wang, X., et al. 2008. The mutation ROR2W749X, linked to human BDB,

108 J. Chal and O. Pourquié

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 108

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



is a recessive mutation in the mouse, causing brachydactyly, mediating patterning of
joints and modeling recessive Robinow syndrome. Development 135: 1713–1723.

Redies, C., Vanhalst, K., and Roy, F. 2005. δ-Protocadherins: Unique structures and func-
tions. Cell. Mol. Life Sci. 62: 2840–2852.

Reijntjes, S., Stricker, S., and Mankoo, B.S. 2007. A comparative analysis of Meox1 and
Meox2 in the developing somites and limbs of the chick embryo. Int. J. Dev. Biol. 51:
753–759.

Remak, R. 1850. Untersuchungen über die entwicklung der Wirbeltiere. Reimer, Berlin.
Reshef, R., Maroto, M., and Lassar, A.B. 1998. Regulation of dorsal somitic cell fates: BMPs

and Noggin control the timing and pattern of myogenic regulator expression. Genes
Dev. 12: 290–303.

Rhee, J., Takahashi, Y., Saga, Y., Wilson-Rawls, J., and Rawls, A. 2003. The protocadherin
papc is involved in the organization of the epithelium along the segmental border dur-
ing mouse somitogenesis. Dev. Biol. 254: 248–261.

Rickmann, M., Fawcett, J.W., and Keynes, R.J. 1985. The migration of neural crest cells and
the growth of motor axons through the rostral half of the chick somite. J. Embryol. Exp.
Morphol. 90: 437–455.

Rida, P.C., Le Minh, N., and Jiang, Y.J. 2004. A Notch feeling of somite segmentation and
beyond. Dev. Biol. 265: 2–22.

Riedel-Kruse, I.H., Muller, C., and Oates, A.C. 2007. Synchrony dynamics during initia-
tion, failure, and rescue of the segmentation clock. Science 317: 1911–1915.

Rifes, P., Carvalho, L., Lopes, C., Andrade, R.P., Rodrigues, G., Palmeirim, I., and
Thorsteinsdottir, S. 2007. Redefining the role of ectoderm in somitogenesis: A player in
the formation of the fibronectin matrix of presomitic mesoderm. Development 134:
3155–3165.

Ring, C., Hassell, J., and Halfter, W. 1996. Expression pattern of collagen IX and potential
role in the segmentation of the peripheral nervous system. Dev. Biol. 180: 41–53.

Rodrigo, I., Hill, R.E., Balling, R., Munsterberg, A., and Imai, K. 2003. Pax1 and Pax9 acti-
vate Bapx1 to induce chondrogenic differentiation in the sclerotome. Development 130:
473–482.

Rodrigo, I., Bovolenta, P., Mankoo, B.S., and Imai, K. 2004. Meox homeodomain proteins
are required for Bapx1 expression in the sclerotome and activate its transcription by
direct binding to its promoter. Mol. Cell. Biol. 24: 2757–2766.

Romanoff, A. 1960. The avian embryo: Structural and functional development. Macmillan,
New York.

Rosenquist, G.C. 1966. A radioautographic study of labeled grafts in the chick blastoderm.
Development from primitive-streak stages to stage 12. Contrib. Embryol. Carnegie Inst.
Wash. 38: 71–110.

Rossant, J., Zirngibl, R., Cado, D., Shago, M., and Giguère, V. 1991. Expression of a retinoic
acid response element-hsplacZ transgene defines specific domains of transcriptional
activity during mouse embryogenesis. Genes Dev. 5: 1333–1344.

Rovescalli, A.C., Asoh, S., and Nirenberg, M. 1996. Cloning and characterization of four
murine homeobox genes. Proc. Natl. Acad. Sci. 93: 10691–10696.

Saga, Y. 2007. Segmental border is defined by the key transcription factor Mesp2, by means
of the suppression of Notch activity. Dev. Dyn. 236: 1450–1455.

Saga, Y. and Takeda, H. 2001. The making of the somite: Molecular events in vertebrate
segmentation. Nat. Rev. Genet. 2: 835–845.

Saga, Y., Hata, N., Kobayashi, S., Magnuson, T., Seldin, M.F., and Taketo, M.M. 1996.

Patterning and Differentiation of the Vertebrate Spine 109

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 109

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



MesP1: A novel basic helix-loop-helix protein expressed in the nascent mesodermal
cells during mouse gastrulation. Development 122: 2769–2778.

Saga, Y., Hata, N., Koseki, H., and Taketo, M.M. 1997. Mesp2: A novel mouse gene
expressed in the presegmented mesoderm and essential for segmentation initiation.
Genes Dev. 11: 1827–1839.

Saito, T., Lo, L., Anderson, D.J., and Mikoshiba, K. 1996. Identification of novel paired
homeodomain protein related to C. elegans unc-4 as a potential downstream target of
MASH1. Dev. Biol. 180: 143–155.

Sakai, Y., Meno, C., Fujii, H., Nishino, J., Shiratori, H., Saijoh, Y., Rossant, J., and Hamada,
H. 2001. The retinoic acid-inactivating enzyme CYP26 is essential for establishing an
uneven distribution of retinoic acid along the anterio-posterior axis within the mouse
embryo. Genes Dev. 15: 213–225.

Sandell, L.L., Sanderson, B.W., Moiseyev, G., Johnson, T., Mushegian, A., Young, K., Rey,
J.P., Ma, J.X., Staehling-Hampton, K., and Trainor, P.A. 2007. RDH10 is essential for
synthesis of embryonic retinoic acid and is required for limb, craniofacial, and organ
development. Genes Dev. 21: 1113–1124.

Sano, K., Tanihara, H., Heimark, R.L., Obata, S., Davidson, M., St John, T., Taketani, S.,
and Suzuki, S. 1993. Protocadherins: A large family of cadherin-related molecules in
central nervous system. EMBO J. 12: 2249–2256.

Sato, Y., Yasuda, K., and Takahashi, Y. 2002. Morphogical boundary forms by a novel induc-
tive enevt mediated by Lunatic fringe and Notch during somitic segmentation.
Development 129: 3633–3644.

Satoh, W., Gotoh, T., Tsunematsu, Y., Aizawa, S., and Shimono, A. 2006. Sfrp1 and Sfrp2
regulate anteroposterior axis elongation and somite segmentation during mouse
embryogenesis. Development 133: 989–999.

Satoh, W., Matsuyama, M., Takemura, H., Aizawa, S., and Shimono, A. 2008. Sfrp1, Sfrp2,
and Sfrp5 regulate the Wnt/β-catenin and the planar cell polarity pathways during early
trunk formation in mouse. Genesis 46: 92–103.

Sawada, A., Fritz, A., Jiang, Y., Yamamoto, A., Yamasu, K., Kuroiwa, A., Saga, Y., and Takeda,
H. 2000. Zebrafish Mesp family genes, mesp-a and mesp-b are segmentally expressed in
the presomitic mesoderm, and Mesp-b confers the anterior identity to the developing
somites. Development 127: 1691–1702.

Sawada, A., Shinya, M., Jiang, Y.J., Kawakami, A., Kuroiwa, A., and Takeda, H. 2001.
Fgf/MAPK signalling is a crucial positional cue in somite boundary formation.
Development 128: 4873–4880.

Schmidt, C., Stoeckelhuber, M., McKinnell, I., Putz, R., Christ, B., and Patel, K. 2004. Wnt
6 regulates the epithelialisation process of the segmental plate mesoderm leading to
somite formation. Dev. Biol. 271: 198–209.

Schoenwolf, G.C., Garcia-Martinez, V., and Dias, M.S. 1992. Mesoderm movement and fate
during avian gastrulation and neurulation. Dev. Dyn. 193: 235–248.

Schrägle, J., Huang, R., Christ, B., and Pröls, F. 2004. Control of the temporal and spatial
Uncx4.1 expression in the paraxial mesoderm of avian embryos. Anat. Embryol. 208:
323–332.

Schubert, F.R., Tremblay, P., Mansouri, A., Faisst, A.M., Kammandel, B., Lumsden, A.,
Gruss, P., and Dietrich, S. 2001. Early mesodermal phenotypes in splotch suggest a role
for Pax3 in the formation of epithelial somites. Dev. Dyn. 222: 506–521.

Schulte-Merker, S., van Eeden, F.J., Halpern, M.E., Kimmel, C.B., and Nüsslein-Volhard, C.
1994. no tail (ntl) is the zebrafish homologue of the mouse T (Brachyury) gene.

110 J. Chal and O. Pourquié

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 110

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



Development 120: 1009–1015.
Schwabe, G.C., Trepczik, B., Suring, K., Brieske, N., Tucker, A.S., Sharpe, P.T., Minami, Y.,

and Mundlos, S. 2004. Ror2 knockout mouse as a model for the developmental pathol-
ogy of autosomal recessive Robinow syndrome. Dev. Dyn. 229: 400–410.

Schweitzer, R., Chyung, J.H., Murtaugh, L.C., Brent, A.E., Rosen, V., Olson, E.N., Lassar,
A., and Tabin, C.J. 2001. Analysis of the tendon cell fate using Scleraxis, a specific
marker for tendons and ligaments. Development 128: 3855–3866.

Selleck, M.A. and Stern, C.D. 1991. Fate mapping and cell lineage analysis of Hensen’s node
in the chick embryo. Development 112: 615–626.

Selleri, L., Depew, M.J., Jacobs, Y., Chanda, S.K., Tsang, K.Y., Cheah, K.S., Rubenstein, J.L.,
O’Gorman, S., and Cleary, M.L. 2001. Requirement for Pbx1 in skeletal patterning and
programming chondrocyte proliferation and differentiation. Development 128:
3543–3557.

Sëmenov, M.V., Tamai, K., Brott, B.K., Kühl, M., Sokol, S., and He, X. 2001. Head inducer
Dickkopf-1 is a ligand for Wnt coreceptor LRP6. Curr. Biol. 11: 951–961.

Serth, K., Schuster-Gossler, K., Cordes, R., and Gossler, A. 2003. Transcriptional oscillation
of Lunatic fringe is essential for somitogenesis. Genes Dev. 17: 912–925.

Shanmugalingam, S. and Wilson, S.W. 1998. Isolation, expression and regulation of a
zebrafish paraxis homologue. Mech. Dev. 78: 85–89.

Shawlot, W., Deng, J.M., and Behringer, R.R. 1998. Expression of the mouse cerberus-
related gene, Cerr1, suggests a role in anterior neural induction and somitogenesis. Proc.
Natl. Acad. Sci. 95: 6198–6203.

Shen, J., Bronson, R.T., Chen, D.F., Xia, W., Selkoe, D.J., and Tonegawa, S. 1997. Skeletal
and CNS defects in Presenilin-1-deficient mice. Cell 89: 629–639.

Shen, M.M. 2007. Nodal signaling: Developmental roles and regulation. Development 134:
1023–1034.

Shi, S. and Stanley, P. 2003. Protein O-fucosyltransferase 1 is an essential component of
Notch signaling pathways. Proc. Natl. Acad. Sci. 100: 5234–5239.

Shifley, E.T., Vanhorn, K.M., Perez-Balaguer, A., Franklin, J.D., Weinstein, M., and Cole,
S.E. 2008. Oscillatory lunatic fringe activity is crucial for segmentation of the anterior
but not posterior skeleton. Development 135: 899–908.

Shiratori, H. and Hamada, H. 2006. The left-right axis in the mouse: From origin to mor-
phology. Development 133: 2095–2104.

Sirbu, I.O. and Duester, G. 2006. Retinoic-acid signalling in node ectoderm and posterior
neural plate directs left-right patterning of somitic mesoderm. Nat. Cell Biol. 8:
271–277.

Soriano, P. 1997. The PDGF α receptor is required for neural crest cell development and
for normal patterning of the somites. Development 124: 2691–2700.

Sosic, D., Brand-Saberi, B., Schmidt, C., Christ, B., and Olson, E.N. 1997. Regulation of
paraxis expression and somite formation by ectoderm- and neural tube-derived signals.
Dev. Biol. 185: 229–243.

Sparrow, D.B., Chapman, G., Wouters, M.A., Whittock, N.V., Ellard, S., Fatkin, D.,
Turnpenny, P.D., Kusumi, K., Sillence, D., and Dunwoodie, S.L. 2006. Mutation of the
LUNATIC FRINGE gene in humans causes spondylocostal dysostosis with a severe ver-
tebral phenotype. Am. J. Hum. Genet. 78: 28–37.

Sparrow, D.B., Guillén-Navarro, E., Fatkin, D., and Dunwoodie, S.L. 2008. Mutation of
HAIRY-AND-ENHANCER-OF-SPLIT-7 in humans causes spondylocostal dysostosis.
Hum. Mol. Genet. 17: 3761–3766.

Patterning and Differentiation of the Vertebrate Spine 111

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 111

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



Speder, P., Petzoldt, A., Suzanne, M., and Noselli, S. 2007. Strategies to establish left/right
asymmetry in vertebrates and invertebrates. Curr. Opin. Genet. Dev. 17: 351–358.

Spörle, R. and Schughart, K. 1997. System to identify individual somites and their deriva-
tives in the developing mouse embryo. Dev. Dyn. 210: 216–226.

Stern, C.D. 2006. Evolution of the mechanisms that establish the embryonic axes. Curr.
Opin. Genet. Dev. 16: 413–418.

Strudel, G. 1955. L’action morphogène du tube nerveux et de la corde sur la différencia-
tion des Vertébrés et des muscles vertébraux chez l’embryon de Poulet. Arch. Anat.
Microsc. Morphol. Exp. 44: 209–235.

Sun, X., Meyers, E.N., Lewandoski, M., and Martin, G.R. 1999. Targeted disruption of Fgf8
causes failure of cell migration in the gastrulating mouse embryo. Genes Dev. 13: 1834–
1846.

Suriben, R., Fisher, D.A., and Cheyette, B.N. 2006. Dact1 presomitic mesoderm expression
oscillates in phase with Axin2 in the somitogenesis clock of mice. Dev. Dyn. 235: 3177–
3183.

Szumska, D., Pieles, G., Essalmani, R., Bilski, M., Mesnard, D., Kaur, K., Franklyn, A., El
Omari, K., Jefferis, J., Bentham, J., et al. 2008. VACTERL/caudal regression/Currarino
syndrome-like malformations in mice with mutation in the proprotein convertase
Pcsk5. Genes Dev. 22: 1465–1477.

Takada, S., Stark, K.L., Shea, M.J., Vassileva, G., McMahon, J.A., and McMahon, A.P. 1994.
Wnt-3a regulates somite and tailbud formation in the mouse embryo. Genes Dev. 8:
174–189.

Takahashi, Y., Koizumi, K., Takagi, A., Kitajima, S., Inoue, T., Koseki, H., and Saga, Y. 2000.
Mesp2 initiates somite segmentation through the Notch signalling pathway. Nat. Genet.
25: 390–396.

Takahashi, Y., Inoue, T., Gossler, A., and Saga, Y. 2003. Feedback loops comprising Dll1,
Dll3 and Mesp2, and differential involvement of Psen1 are essential for rostrocaudal
patterning of somites. Development 130: 4259–4268.

Takahashi, Y., Kitajima, S., Inoue, T., Kanno, J., and Saga, Y. 2005. Differential contribu-
tions of Mesp1 and Mesp2 to the epithelialization and rostro-caudal patterning of
somites. Development 132: 787–796.

Takahashi, Y., Takagi, A., Hiraoka, S., Koseki, H., Kanno, J., Rawls, A., and Saga, Y. 2007a.
Transcription factors Mesp2 and Paraxis have critical roles in axial musculoskeletal for-
mation. Dev. Dyn. 236: 1484–1494.

Takahashi, Y., Yasuhiko, Y., Kitajima, S., Kanno, J., and Saga, Y. 2007b. Appropriate sup-
pression of Notch signaling by Mesp factors is essential for stripe pattern formation
leading to segment boundary formation. Dev. Biol. 304: 593–603.

Takeuchi, S., Takeda, K., Oishi, I., Nomi, M., Ikeya, M., Itoh, K., Tamura, S., Ueda, T., Hatta,
T., Otani, H., et al. 2000. Mouse Ror2 receptor tyrosine kinase is required for the heart
development and limb formation. Genes Cells 5: 71–78.

Takke, C. and Campos-Ortega, J.A. 1999. her1, a zebrafish pair-rule like gene, acts down-
stream of notch signalling to control somite development. Development 126: 3005–3014.

Tam, P.P. 1981. The control of somitogenesis in mouse embryos. J. Embryol. Exp. Morphol.
(suppl.) 65: 103–128.

Tam, P.P. and Beddington, R.S. 1987. The formation of mesodermal tissues in the mouse
embryo during gastrulation and early organogenesis. Development 99: 109–126.

Tam, P.P. and Trainor, P.A. 1994. Specification and segmentation of the paraxial mesoderm.
Anat. Embryol. 189: 275–305.

112 J. Chal and O. Pourquié

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 112

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



Tanaka, M. and Tickle, C. 2004. Tbx18 and boundary formation in chick somite and wing
development. Dev. Biol. 268: 470–480.

Teillet, M., Watanabe, Y., Jeffs, P., Duprez, D., Lapointe, F., and Le Douarin, N.M. 1998.
Sonic hedgehog is required for survival of both myogenic and chondrogenic somitic
lineages. Development 125: 2019–2030.

Teppner, I., Becker, S., de Angelis, M.H., Gossler, A., and Beckers, J. 2007.
Compartmentalised expression of Delta-like 1 in epithelial somites is required for the
formation of intervertebral joints. BMC Dev. Biol. 7: 68.

Terry, K., Magan, H., Baranski, M., and Burrus, L.W. 2000. Sfrp-1 and sfrp-2 are expressed
in overlapping and distinct domains during chick development. Mech. Dev. 97:
177–182.

Tonegawa, A. and Takahashi, Y. 1998. Somitogenesis controlled by Noggin. Dev. Biol. 202:
172–182.

Tonegawa, A., Funayama, N., Ueno, N., and Takahashi, Y. 1997. Mesodermal subdivision
along the mediolateral axis in chicken controlled by different concentrations of BMP-
4. Development 124: 1975–1984.

Tribioli, C. and Lufkin, T. 1999. The murine Bapx1 homeobox gene plays a critical role in
embryonic development of the axial skeleton and spleen. Development 126: 5699–5711.

Tseng, H.T. and Jamrich, M. 2004. Identification and developmental expression of Xenopus
paraxis. Int. J. Dev. Biol. 48: 1155–1158.

Turnpenny, P.D., Alman, B., Cornier, A.S., Giampietro, P.F., Offiah, A., Tassy, O., Pourquié,
O., Kusumi, K., and Dunwoodie, S. 2007. Abnormal vertebral segmentation and the
notch signaling pathway in man. Dev. Dyn. 236: 1456–1474.

Unterseher, F., Hefele, J.A., Giehl, K., De Robertis, E.M., Wedlich, D., and Schambony, A.
2004. Paraxial protocadherin coordinates cell polarity during convergent extension via
Rho A and JNK. EMBO J. 23: 3259–3269.

van Bokhoven, H., Celli, J., Kayserili, H., van Beusekom, E., Balci, S., Brussel, W., Skovby,
F., Kerr, B., Percin, E.F., Akarsu, N., et al. 2000. Mutation of the gene encoding the ROR2
tyrosine kinase causes autosomal recessive Robinow syndrome. Nat. Genet. 25: 423–426.

van den Akker, E., Forlani, S., Chawengsaksophak, K., de Graaff, W., Beck, F., Meyer, B.I.,
and Deschamps, J. 2002. Cdx1 and Cdx2 have overlapping functions in anteroposterior
patterning and posterior axis elongation. Development 129: 2181–2193.

van Eeden, F.J., Holley, S.A., Haffter, P., and Nüsslein-Volhard, C. 1998. Zebrafish segmen-
tation and pair-rule patterning. Dev. Genet. 23: 65–76.

van Nes, J., de Graaff, W., Lebrin, F., Gerhard, M., Beck, F., and Deschamps, J. 2006. The
Cdx4 mutation affects axial development and reveals an essential role of Cdx genes in
the ontogenesis of the placental labyrinth in mice. Development 133: 419–428.

Verbout, A.J. 1976. A critical review of the ‘neugliederung’ concept in relation to the devel-
opment of the vertebral column. Acta Biotheor. 25: 219–258.

Vermot, J. and Pourquié, O. 2005. Retinoic acid coordinates somitogenesis and left-right
patterning in vertebrate embryos. Nature 435: 215–220.

Vermot, J., Llamas, J.G., Fraulob, V., Niederreither, K., Chambon, P., and Dollé, P. 2005.
Retinoic acid controls the bilateral symmetry of somite formation in the mouse
embryo. Science 308: 563–566.

Vilhais-Neto, G.C. and Pourquié, O. 2008. Retinoic acid. Curr. Biol. 18: R191–R192.
Waddington, C.H. 1952. The epigenetics of birds. Cambridge University Press, Cambridge.
Wahl, M.B., Deng, C., Lewandoski, M., and Pourquié, O. 2007. FGF signaling acts upstream

of the NOTCH and WNT signaling pathways to control segmentation clock oscillations

Patterning and Differentiation of the Vertebrate Spine 113

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 113

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



in mouse somitogenesis. Development 134: 4033–4041.
Wallin, J., Wilting, J., Koseki, H., Fritsch, R., Christ, B., and Balling, R. 1994. The role of

Pax-1 in axial skeleton development. Development 120: 1109–1121.
Wang, B., He, L., Ehehalt, F., Geetha-Loganathan, P., Nimmagadda, S., Christ, B., Scaal, M.,

and Huang, R. 2005. The formation of the avian scapula blade takes place in the hypax-
ial domain of the somites and requires somatopleure-derived BMP signals. Dev. Biol.
287: 11–18.

Wang, J., Hamblet, N.S., Mark, S., Dickinson, M.E., Brinkman, B.C., Segil, N., Fraser, S.E.,
Chen, P., Wallingford, J.B., and Wynshaw-Boris, A. 2006. Dishevelled genes mediate a
conserved mammalian PCP pathway to regulate convergent extension during neurula-
tion. Development 133: 1767–1778.

Wardle, F.C. and Papaioannou, V.E. 2008. Teasing out T-box targets in early mesoderm.
Curr. Opin. Genet. Dev. 8: 418–425.

Watterson, R., Fowler, I., and Fowler, B.J. 1954. The role of the neural tube and notochord
in development of the axial skeleton of the chick. Am. J. Anat. 95: 337–399.

Weinmaster, G. and Kintner, C. 2003. Modulation of notch signaling during somitogene-
sis. Annu. Rev. Cell Dev. Biol. 19: 367–395.

Wellik, D.M. 2007. Hox patterning of the vertebrate axial skeleton. Dev. Dyn. 236:
2454–2463.

White, P.H. and Chapman, D.L. 2005. Dll1 is a downstream target of Tbx6 in the parax-
ial mesoderm. Genesis 42: 193–202.

White, P.H., Farkas, D.R., McFadden, E.E., and Chapman, D.L. 2003. Defective somite pat-
terning in mouse embryos with reduced levels of Tbx6. Development 130: 1681–1690.

White, P.H., Farkas, D.R., and Chapman, D.L. 2005. Regulation of Tbx6 expression by
Notch signaling. Genesis 42: 61–70.

Whittock, N.V., Sparrow, D.B., Wouters, M.A., Sillence, D., Ellard, S., Dunwoodie, S.L., and
Turnpenny, P.D. 2004. Mutated MESP2 causes spondylocostal dysostosis in humans.
Am. J. Hum. Genet. 74: 1249–1254.

Wiegreffe, C., Christ, B., Huang, R., and Scaal, M. 2007. Sclerotomal origin of smooth mus-
cle cells in the wall of the avian dorsal aorta. Dev. Dyn. 236: 2578–2585.

William, D.A., Saitta, B., Gibson, J.D., Traas, J., Markov, V., Gonzalez, D.M., Sewell, W.,
Anderson, D.M., Pratt, S.C., Rappaport, E.F., et al. 2007. Identification of oscillatory
genes in somitogenesis from functional genomic analysis of a human mesenchymal
stem cell model. Dev. Biol. 305: 172–186.

Wilson, V., Manson, L., Skarnes, W.C., and Beddington, R.S. 1995. The T gene is necessary
for normal mesodermal morphogenetic cell movements during gastrulation.
Development 121: 877–886.

Wilson-Rawls, J., Rhee, J.M., and Rawls, A. 2004. Paraxis is a basic helix-loop-helix pro-
tein that positively regulates transcription through binding to specific E-box elements.
J. Biol. Chem. 279: 37685–37692.

Winnier, G.E., Hargett, L., and Hogan, B.L. 1997. The winged helix transcription factor
MFH1 is required for proliferation and patterning of paraxial mesoderm in the mouse
embryo. Genes Dev. 11: 926–940.

Wittler, L., Shin, E.H., Grote, P., Kispert, A., Beckers, A., Gossler, A., Werber, M., and
Herrmann, B.G. 2007. Expression of Msgn1 in the presomitic mesoderm is controlled
by synergism of WNT signalling and Tbx6. EMBO Rep. 8: 784–789.

Wong, P.C., Zheng, H., Chen, H., Becher, M.W., Sirinathsinghji, D.J., Trumbauer, M.E.,
Chen, H.Y., Price, D.L., Van der Ploeg, L.H., and Sisodia, S.S. 1997. Presenilin 1 is

114 J. Chal and O. Pourquié

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 114

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



required for Notch1 and DII1 expression in the paraxial mesoderm. Nature 387:
288–292.

Xu, Q., Mellitzer, G., Robinson, V., and Wilkinson, D.G. 1999. In vivo cell sorting in com-
plementary segmental domains mediated by Eph receptors and ephrins. Nature 399:
267–271.

Yamaguchi, T.P., Conlon, R.A., and Rossant, J. 1992. Expression of the fibroblast growth
factor receptor FGFR-1/flg during gastrulation and segmentation in the mouse embryo.
Dev. Biol. 152: 75–88.

Yamaguchi, T.P., Harpal, K., Henkemeyer, M., and Rossant, J. 1994. fgfr-1 is required for
embryonic growth and mesodermal patterning during mouse gastrulation. Genes Dev.
8: 3032–3044.

Yamaguchi, T.P., Bradley, A., McMahon, A.P., and Jones, S. 1999a. A Wnt5a pathway under-
lies outgrowth of multiple structures in the vertebrate embryo. Development 126:
1211–1223.

Yamaguchi, T.P., Takada, S., Yoshikawa, Y., Wu, N., and McMahon, A.P. 1999b. T
(Brachyury) is a direct target of Wnt3a during paraxial mesoderm specification. Genes
Dev. 13: 3185–3190.

Yamamoto, A., Amacher, S.L., Kim, S.H., Geissert, D., Kimmel, C.B., and De Robertis, E.M.
1998. Zebrafish paraxial protocadherin is a downstream target of spadetail involved in
morphogenesis of gastrula mesoderm. Development 125: 3389–3397.

Yamamoto, A., Kemp, C., Bachiller, D., Geissert, D., and De Robertis, E.M. 2000. Mouse
paraxial protocadherin is expressed in trunk mesoderm and is not essential for mouse
development. Genesis 27: 49–57.

Yamamoto, A., Nagano, T., Takehara, S., Hibi, M., and Aizawa, S. 2005. Shisa promotes
head formation through the inhibition of receptor protein maturation for the caudal-
izing factors, Wnt and FGF. Cell 120: 223–235.

Yang, J.T., Bader, B.L., Kreidberg, J.A., Ullman-Cullere, M., Trevithick, J.E., and Hynes, R.O.
1999. Overlapping and independent functions of fibronectin receptor integrins in early
mesodermal development. Dev. Biol. 215: 264–277.

Yasuhiko, Y., Haraguchi, S., Kitajima, S., Takahashi, Y., Kanno, J., and Saga, Y. 2006. Tbx6-
mediated Notch signaling controls somite-specific Mesp2 expression. Proc. Natl. Acad.
Sci. 103: 3651–3656.

Yokouchi, Y., Vogan, K.J., Pearse II, R.V., and Tabin, C.J. 1999. Antagonistic signaling by
Caronte, a novel Cerberus-related gene, establishes left-right asymmetric gene expres-
sion. Cell 98: 573–583.

Yoon, J.K., Moon, R.T., and Wold, B. 2000. The bHLH class protein pMesogenin1 can spec-
ify paraxial mesoderm phenotypes. Dev. Biol. 222: 376–391.

Yoshikawa, Y., Fujimori, T., McMahon, A.P., and Takada, S. 1997. Evidence that absence of
Wnt-3a signaling promotes neuralization instead of paraxial mesoderm development
in the mouse. Dev. Biol. 183: 234–242.

Yu, H.M., Jerchow, B., Sheu, T.J., Liu, B., Costantini, F., Puzas, J.E., Birchmeier, W., and
Hsu, W. 2005. The role of Axin2 in calvarial morphogenesis and craniosynostosis.
Development 132: 1995–2005.

Zákány, J., Kmita, M., Alarcon, P., de la Pompa, J.L., and Duboule, D. 2001. Localized and
transient transcription of Hox genes suggests a link between patterning and the seg-
mentation clock. Cell 106: 207–217.

Zeng, L., Fagotto, F., Zhang, T., Hsu, W., Vasicek, T.J., Perry III, W.L., Lee, J.J., Tilghman,
S.M., Gumbiner, B.M., and Costantini, F. 1997. The mouse Fused locus encodes Axin,

Patterning and Differentiation of the Vertebrate Spine 115

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 115

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.



an inhibitor of the Wnt signaling pathway that regulates embryonic axis formation. Cell
90: 181–192.

Zeng, L., Kempf, H., Murtaugh, L.C., Sato, M.E., and Lassar, A.B. 2002. Shh establishes an
Nkx3.2/Sox9 autoregulatory loop that is maintained by BMP signals to induce somitic
chondrogenesis. Genes Dev. 16: 1990–2005.

Zhang, N. and Gridley, T. 1998. Defects in somite formation in lunatic fringe-deficient
mice. Nature 394: 374–377.

Zhang, N., Norton, C.R., and Gridley, T. 2002. Segmentation defects of Notch pathway
mutants and absence of a synergistic phenotype in lunatic fringe/radical fringe double
mutant mice. Genesis 33: 21–28.

Zhang, X.M., Ramalho-Santos, M., and McMahon, A.P. 2001. Smoothened mutants reveal
redundant roles for Shh and Ihh signaling including regulation of L/R asymmetry by
the mouse node. Cell 105: 781–792.

Zhang, C., Li, Q., and Jiang, Y.J. 2007. Zebrafish Mib and Mib2 are mutual E3 ubiquitin
ligases with common and specific Delta substrates. J. Mol. Biol. 366: 1115–1128.

116 J. Chal and O. Pourquié

041-116_03_SSM.qxd:Skeletal System  1/15/09  11:15 AM  Page 116

The Skeletal System © 2009 Cold Spring Harbor Laboratory Press 978-087969-825-6
For conditions see www.cshlpress.com/copyright.


	Patterning and Differentiation of the Vertebrate Spine
	SEGMENTAL PATTERNING OF THE VERTEBRAL COLUMN: THE CLOCK AND WAVEFRONT SYSTEM
	Origin of the Vertebral Precursors: The Paraxial Mesoderm
	Figure 1. Paraxial mesoderm formation and segmentation in the chicken embryo

	A Molecular Oscillator Involved in Establishing the Periodicity of Vertebrae
	Figure 2. Clock and wavefront model of somitogenesis
	Periodic Notch Activation Is Associated with Somite Formation
	Figure 3. Notch signaling pathway and human vertebral abnormalities
	Oscillations of Canonical Wnt and of Fgf Signaling in the Mouse Embryo
	Does the Cyclic Gene Network Act as the Clock Pacemaker?
	Defects in the Segmentation Clock Lead to Congenital Scoliosis in Humans

	The Wavefront: Translating the Periodic Signal into Repeated Segments
	The Determination Front Controls PSM Maturation
	Fgf/Wnt Signaling Gradients Control the Maturation of the PSM
	Progressive Epithelialization of the PSM Accompanies Somite Formation
	Figure 4. The mesenchymal-to-epithelial transition during somite formation
	The RA Signaling Gradient Antagonizes Fgf/Wnt Signaling

	Segmental Patterning and Somite Boundary Specification
	Figure 5. The Notch/Mesp2 genetic network involved in segment formation and somite rostrocaudal patterning

	Morphogenesis of the Epithelial Somite

	FROM SOMITES TO VERTEBRAE
	Resegmentation of Somites Generates the Vertebrae
	Figure 6. Resegmentation of the sclerotome and its contribution to vertebrae

	Establishment of Somite Rostrocaudal Polarity
	Figure 7. Sclerotome compartments and their contribution to vertebrae

	Maintenance of Somite Rostrocaudal Identity by Tbx18 and Uncx4.1
	The Ventral Somite Forms the Vertebral Precursors of the Sclerotome
	Sclerotome Compartments and Their Derivatives
	The Sclerotome Is Patterned by Diffusible Signals from Surrounding Structures
	Figure 8. Signals patterning the sclerotome and transcriptional program underlying sclerotome differentiation
	A Transcriptional Network Underlying Sclerotome Development
	Differentiation of the Vertebrae from the Sclerotome
	Figure 9. Sclerotome differentiation and vertebra formation

	Regionalization of the Axial Skeleton and the Role of the Hox Genes
	Figure 10. Hox gene expression domains and vertebral formula of the mouse embryo


	REFERENCES


