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Summary

A segmented body plan is fundamental to all vertebrate species and this bestows both rigidity and
flexibility on the body. Segmentation is initiated through the process of somitogenesis. This article
aims to provide a broad and balanced cross-species overview of somitogenesis and to highlight the
key molecular and cellular events involved in each stage of segmentation. We highlight where our
understanding of this multifaceted process relies on strong experimental evidence as well as those
aspects where our understanding still relies largely on models.
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Introduction

A characteristic feature of the vertebrate body plan is a segmented body axis, most clearly
seen in the skeleton. Segmentation is initiated very early in the developing embryo through
the formation of segments called somites, which later give rise to vertebrae and skeletal
muscle, as well as to some dermis (Dequeant and Pourquie, 2008). During somitogenesis,
the unsegmented paraxial or presomitic mesoderm (PSM) progressively segments into
bilaterally symmetrical epithelial somites in an anterior to posterior direction. This is a
rhythmic process with a periodicity that matches that of a molecular oscillator acting in PSM
cells (Dequeant and Pourquie, 2008). This oscillator is believed to function as a
segmentation ‘clock’ that drives the periodic formation of somites (Cooke and Zeeman,
1976). Both the periodicity and final number of somites are species-specific characteristics.
Here, and in the accompanying poster, we provide an overview of somitogenesis,
highlighting the molecular and cellular events involved in each stage of the segmentation
process.
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Gastrulation: generation of the PSM

One of the first morphological landmarks to form in the developing embryo is the blastopore
or site of gastrulation. In some, but not all, vertebrates, this site is termed the primitive
streak. In chick, this structure forms during the first few hours of development at the midline
of the developing embryo. Gastrulation describes the movement of cells towards the
blastopore/primitive streak and their subsequent ingression through this structure to generate
the three germ layers of the embryo (ectoderm, mesoderm and endoderm) from which all
embryonic tissues will derive. These movements involve an epithelial to mesenchymal
transition (EMT) driven by the action of the fibroblast growth factor (FGF)-regulated
transcription factor Snail. The activities of Snail and Sox3 (SRY-box containing 3) in the
primitive streak are mutually repressive and maintain the balance of ectodermal progenitors
in the epiblast and mesendodermal progenitors that ingress through the blastopore/streak
(Acloque et al., 2011).

In chick and mouse, it has been shown that stem-like progenitor cells for certain tissues,
such as the paraxial mesoderm (from which somites derive), are specified and reside within
a domain of the primitive streak (Selleck and Stern, 1991; Psychoyos and Stern, 1996;
Cambray and Wilson, 2007; McGrew et al., 2008). These progenitors divide and the cells
they generate migrate out from the streak to take up a position in the posterior PSM (Selleck
and Stern, 1991; Psychoyos and Stern, 1996; Cambray and Wilson, 2007; McGrew et al.,
2008). Their new identity is characterised by the expression of the PSM-specific marker
Thx6 (T-box 6). As somites bud off the anterior end of the PSM, they are constantly
replenished by cells entering the posterior end of the PSM from the site of gastrulation
(Dequeant and Pourquie, 2008).

The segmentation clock

The segmentation clock drives the dynamic and periodic mRNA expression of a number of
so-called ‘clock’ genes [such as those encoding the bHLH transcription factors Hairyl and
Hairy2 in chick, hairy and enhancer of split 1 (Hes1) and Hes7 in mouse, Hairy and
enhancer of split-related 1 (Herl) and Her7 in zebrafish] across the PSM in a posterior to
anterior fashion, with a periodicity that matches somite formation (Pourquie, 2011; Gibb et
al., 2010). The wave of expression is not due to cell movement but to individual cells
turning on and off gene expression in a synchronised and periodic fashion (Palmeirim et al.,
1997). This is an intrinsic property of the PSM tissue. Once the wave reaches the anterior
limit of the PSM, a somite pair buds off and a new wave of expression is initiated in the
posterior PSM.
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Components of the Notch pathway share this dynamic expression profile in the PSM in a
variety of vertebrate species (Pourquie, 2011; Gibb et al., 2010). In addition, genes from the
Whnt and FGF pathways have also been shown to cycle across the PSM of the mouse
(Palmeirim et al., 1997; Aulehla et al., 2003; Ishikawa et al., 2004; Niwa et al., 2007; Dale et
al., 2006; Dequeant et al., 2006). Recent data suggest that these activities could also be
dynamic in the posterior end of the PSM of other vertebrate species, suggesting their
potential involvement in the initiation of the oscillations (Krol et al., 2011). At least in the
case of the Notch pathway, the generation and maintenance of oscillations along the PSM
have been shown to rely on negative-feedback loops driven by unstable negative regulators
of the pathway that are encoded by the clock genes: Hes7 in the mouse (Bessho et al., 2003)
and Lunatic fringe (Lfng) in the chicken (Dale et al., 2003). Notch signalling is crucial for
both clock gene oscillations and somite formation in the mouse (Ferjentsik et al., 2009). In
addition, Notch is required to synchronise oscillations between neighbouring cells (Herrgen
et al., 2010; Ozbudak and Lewis, 2008).

A major unresolved issue in the field is to identify the molecular mechanism by which the
periodicity of the oscillations is regulated. There is some evidence in mouse and chick to
suggest that Wnt activity plays a role in ensuring that the oscillations occur with the correct
periodicity (Gibb et al., 2009). Downregulation of Wnt signalling could also be involved in
the final arrest of oscillations in the anterior PSM, where levels of nuclear p-catenin are
significantly reduced compared with the rest of the PSM (Aulehla et al., 2008).

There is clear evidence of crosstalk between the FGF, Wnt and Notch pathways in the
control of the oscillations, although there is still much to be learned about the molecular
level at which these interactions are established (Pourquie, 2011). It is noteworthy that
striped Notch expression also occurs in arthropods (McGregor et al., 2009) such as spiders
(Stollework et al., 2003), centipedes (Chipman and Akam, 2008) and cockroaches (Pueyo et
al., 2008). As yet, there is no evidence that a clock governs segmentation in these species;
however, this striped expression raises the possibility that Notch could be part of a key
ancestral mechanism for segmentation. Furthermore, oscillations in the expression of Notch
target genes are not unique to overtly segmented tissues; Hes1 expression oscillates in a
wide variety of cell lines and also in neural progenitor cell populations (Shimojo et al., 2008;
Hirata et al., 2002). Although evidence to indicate that the oscillations serve a ‘clock’-like
function is still to come, these observations do suggest a more global implication for the
clock, and studies of the oscillations that sweep the PSM could help us to understand the
clock mechanism as a whole.

The determination front

In the PSM, a posterior-anterior gradient of Fgf8 and nuclear B-catenin expression is
opposed by an anterior-posterior gradient of retinoic acid (RA) activity (Aulehla et al., 2003;
Aulehla et al., 2008; Dubrulle et al., 2001; Sawada et al., 2001; Aulehla and Pourquie, 2010;
Diez del Corral and Storey, 2004). The intersection of these two gradients is believed to
provide a transition point, known as the ‘determination front’, at which cells in the PSM can
initiate their segmentation programme (Dubrulle et al., 2001). Cells posterior to the
determination front are maintained in a non-determined state by FGF activity (Dubrulle et
al., 2001). The current model holds that the size of each somite is defined by the number of
mesodermal cells that pass the determination front between these two opposing signalling
domains during one cycle of the segmentation clock. Changes in FGF signalling levels can
change the length of the somite that forms subsequently from the affected PSM tissue and is
believed to be due to alteration in the position of the determination front (Dubrulle et al.,
2001; Sawada et al., 2001).
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Somite boundary formation

The morphological changes that eventually generate the new somite at the anterior end of
the PSM are triggered by a genetic cascade driven by the wave of Notch activity as it moves
anteriorly. This cascade begins with activation of mesoderm posterior 2 (Mesp2) by Notch
in a Thx6-dependent manner in a one-somite domain just anterior to the determination front
(Saga, 2007; Sasaki et al., 2011; Oginuma et al., 2008). In the cells located posterior to the
determination front, Mesp2 expression is inhibited by FGF activity (Sasaki et al., 2011). The
domain of Mesp2 expression is then refined to just the anterior half of the prospective
somite due to the loss of Tbx6 via the action of the Ripply repressor (Takahashi et al., 2010).
This refining of the domain of Mesp2 activity is crucial in establishing somite polarity,
which is in turn essential for later patterning of the skeleton and especially the vertebrae, as
these are formed from the posterior half of one somite and the anterior half of the caudally
adjacent somite (Christ et al., 2007).

The new somite boundary is formed at the anterior tip of the PSM, where the cells have
acquired an elevated level of expression of adhesion molecules such as E-cadherin and
neural cell adhesion molecule (NCAM) (Thorsteind6ttir et al., 2011). Mesp2 is again
instrumental in this process by inducing Eph-ephrin signalling activity that participates in
the epithelialisation of somite boundary cells and the creation of the new furrow (Watanabe
et al., 2009; Barrios et al., 2003). This process involves clustering of integrin a5 at the
somite boundary, which in turn recruits fibronectin-based extracellular matrix to the forming
border (Giro6s et al., 2011; Julich et al., 2009).

Somite differentiation

From the moment the new epithelial somite is made, it starts to mature and differentiate. The
surrounding tissues are instrumental in providing signals that direct specification of these
different tissues from the naive somite and in their further differentiation into the definitive
somitic derivatives: the sclerotome, the dermatome and the myotome (Christ et al., 2007;
Yusuf and Brand-Saberi, 2006). Thus, cells in the ventral part of the somite de-epithelialise
to form the sclerotome, which eventually goes on to form the vertebrae of the skeleton and
the tendon progenitor known as the syndetome. This process is influenced by the levels of
notochord-derived sonic hedgehog (Shh), which are highest in the ventral half-somite where
they act to induce the expression of paired box 1 (Pax1) and Pax9 in the sclerotome cells
(Christ et al., 2007; Yusuf and Brand-Saberi, 2006). The dermomyotome cells from the
dorsal part of the somite remain epithelial. Wnt1/3a from the neural tube and Wnt8c from
the ectoderm participate in the induction of Pax3 and Pax7 expression in the dermomyotome
(Christ et al., 2007; Yusuf and Brand-Saberi, 2006). Cells from the tips of the
dermomyotome then give rise to the underlying myotome, which starts to express the
myogenic factors Myf5 (myogenic factor 5) and MyoD (myogenic differentiation 1), and
eventually generates the epaxial (back) and hypaxial (body wall) muscles and part of the
dermis of the back. Neurotrophin 3 (NTF3) from the neural tube induces specification of the
dermatome, the precursor of dermis tissue (Yusuf and Brand-Saberi, 2006).

Anterior-posterior identity

Vertebrae have distinct morphologies depending on their location along the anterior-
posterior body axis, and it is the expression of Hox genes that provides the basis for this
specification. Hox genes encode transcription factors that are expressed in restricted
domains along the embryonic axis and different combinations of genes give rise to different
kinds of vertebrae. The relationship between the physical order of the genes on the
chromosome and the temporal activation and spatial extent of expression domains is known
as spatial and temporal collinearity. During gastrulation in chick, Hox genes are sequentially
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expressed in the ingressing epiblast cells and they act to specify the axial identity of the
paraxial mesoderm cells, and hence the developing vertebrae, as they form (limura and
Pourquie, 2006; limura et al., 2009).

Human pathologies

Somitogenesis is a critical process in humans. When this process goes awry due to the
presence of teratogenic agents or congenital mutations, it leads to the generation of skeletal
and muscular deformities. The aetiology of most of these problems is still unknown.
However, human mutations in four genes known to play a crucial role in early patterning of
the PSM [LFNG, MESP2, HESY and delta-like 3 (DLL3)] have been identified as the cause
of some of these segmental defects (Turnpenny et al., 2007; Sparrow et al., 2010; Whittock
et al., 2004; Sparrow et al., 2006). Through studying somitogenesis in animal models, we
can hope to increase our knowledge of how this process is regulated at the molecular level,
which will allow inferences to be made as to the molecular basis of human segmentation.
The study of somitogenesis is therefore of great interest to medical science.

Perspectives

There are multiple aspects of the process of somitogenesis that are clearly important areas to
focus on in the future as they could be of key relevance to our understanding of the
astonishing variation in body plan found among vertebrates. This knowledge would also
contribute to the elucidation of the aetiologies of human pathologies associated with
defective segmentation. The oscillatory expression of clock genes is initiated in the
progenitor cells of the primitive streak concomitant with the onset of gastrulation. It is still
unknown how the oscillatory mechanism is first established in these progenitor cells. It also
remains unclear to what extent the Notch, FGF and Wnt pathways interact in the
segmentation clock, at the determination front and, more precisely, in the interconnection
between these two phenomena, and how conserved this crosstalk is among the different
vertebrate species. Another aspect that requires further understanding is the regulation of the
clock periodicity. The roles of Fgf8 and Wnt3a in regulating both the determination front
and clock gene expression highlight a paradox that remains unresolved: the determination
front appears to rely on caudorostral graded expression of pathway components, whereas the
oscillator relies on the dynamic expression of target genes sweeping across the same tissue.
Finally, although progress has been made recently to further our understanding of the
molecular mechanism by which the final number of somites/segments is determined in
different vertebrate species (Gomez et al., 2008; Schroter and Oates, 2010; Tenin et al.,
2010), much remains to be learned.

In summary, a wealth of information and data has amassed over the last decade pertaining to
the molecular regulation of certain aspects of somitogenesis, but we still have a long way to
go in understanding how these different pieces of the puzzle fit together to achieve the
correct temporal and spatial orchestration of a segmented body axis.
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