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Somites

Embryonic segments (epithelial
blocks of tissue surrounding a
cavity called somitocoele)
giving rise to the sclerotome
(precursors of the axial
skeleton) and dermomyotome
(precursors of the dermis of the
back and skeletal muscles).

Presomitic mesoderm

A mesoderm-derived
mesenchymal tissue lying on
both sides of the neural tube
that gives rise to the somites.

Paraxial mesoderm
A mesodermal tissue
comprising the head
mesoderm and the
somitic mesoderm.

Otic vesicle

One of the paired sacs of
invaginated ectoderm that
develops into the inner ear.
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Segmental patterning of the
vertebrate embryonic axis

the segmentation process in vertebrates.

Vertebrate somites are epithelial blocks of mesoderm
containing the precursors of the vertebrae and the
skeletal muscles (FIC. 1). They form rhythmically from
the presomitic mesoderm (PSM) at a time period that is
characteristic of the species, ranging from 30 minutes in
zebrafish embryos, 90 minutes in chicken and 120 min-
utes in mouse, to approximately 4-5 hours in humans'.
Pairs of somites regularly pinch off synchronously from
the anterior tip of the PSM in an anterior-to-posterior
sequence until a defined number, also characteristic of
the species, is reached. Although this number is usually
highly constrained within a given species, it varies widely
between species, ranging from approximately 30 pairs of
somites in some fish to several hundred in snakes®. The
somitic lineage is part of the paraxial mesoderm in amni-
ote species such as chicken, mouse and human, and is
part of the dorsal mesoderm in lower vertebrates such as
fish and frog. In all vertebrates, the somitic series begins
anteriorly immediately caudal to the otic vesicle (FIC. 1)
and runs posteriorly on both sides of the neural tube and
notochord to the caudal tip of the embryo. The first five
somites are incorporated into the basi-occipital bone at
the base of the skull, whereas the more posterior somites
form the vertebral column’.

Somitogenesis in amniotes can be subdivided into
three main phases (FIC. 1). First, during the specifica-
tion phase, the descendants of the epiblast and later on
of the tail bud acquire a paraxial mesoderm identity.
These cells are progressively added to the posterior tip
of the embryo to form the PSM. During the second
phase, a segmental pre-pattern manifests as a stripe of
gene expression that is established in the anterior PSM.

Mary-Lee Dequéant* and Olivier Pourquié**

Abstract | The body axis of vertebrates is composed of a serial repetition of similar
anatomical modules that are called segments or metameres. This particular mode of
organization is especially conspicuous at the level of the periodic arrangement of
vertebrae in the spine. The segmental pattern is established during embryogenesis when
the somites — the embryonic segments of vertebrates — are rhythmically produced
from the paraxial mesoderm. This process involves the segmentation clock, which is

a travelling oscillator that interacts with a maturation wave called the wavefront to
produce the periodic series of somites. Here, we review our current understanding of

This pre-pattern provides the blueprint from which the
morphological segment — the somite — will be formed
during the final phase. Then, the rostrocaudal polarity
of the future somite is established in the newly speci-
fied segment. This rostrocaudal subdivision of somites
controls the segmentation of the nervous system by
restricting migration of neural crest cells and axons to
the anterior part of the somites*. This subdivision is
also responsible for the definitive patterning of verte-
brae that form when the posterior part of one somite
fuses to the anterior part of the consecutive somite
during a process called resegmentation. Finally, the
formation of the morphological boundaries results in
the separation of the epithelial somite from the PSM>.
Soon after their formation, somites subdivide into the
ventral sclerotome that contains the precursors of the
axial skeleton and the dorsal dermomyotome that con-
tributes to the myotome and dermatome, which form
the skeletal muscles and dermis of the back, respec-
tively®. Finally, depending on their position along the
anteroposterior (AP) axis, somite derivatives acquire
a defined anatomical identity that is imposed mainly
by Hox genes that control their subsequent regional
differentiation”®. The mechanisms underlying the ros-
trocaudal subdivision and maturation of the somites
have been reviewed®*!! and will not be discussed
here further. Instead, we focus on the mechanisms
involved in the generation of the metamery in the PSM,
an aspect of somitogenesis that has received the most
attention over the past 10 years since the identification
of an oscillator associated with this process called the
segmentation clock.
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Amniotes

Group of tetrapod vertebrates
including mammals, reptiles
and birds, the embryo of which
is protected by a membrane
called the amnion, in particular
from dehydration.

Epiblast

Tissue precursor of the
three germ layers during
gastrulation.

Metamery

A segmented organization of
the body plan along the
anterior—posterior axis.

The segmentation clock oscillator

During the past three decades, the fly embryo has been
the major paradigm for the study of segmentation. The
pioneering screens for segmentation defects in Drosophila
melanogaster led to a thorough understanding of
the molecular cascade controlling the establishment
of the segmental pattern in this organism'>". The proc-
ess is initiated by gradients of maternal gene products,
such as bicoid and nanos, which then activate a series of
zygotic gap genes such as hunchback and Kruppel, the
expression domains of which are sequentially organized
in broad stripes along the AP axis of the embryo. The
combinatorial expression of the gap genes then results
in the periodic expression of the pair-rule genes, which
include hairy, even-skipped and runt, in seven alternating
domains that pre-figure the 14 embryonic segments. The
combinatorial expression of the pair-rule genes, in turn,
activates the segment polarity genes (such as engrailed,
wingless and hedgehog) that establish the definitive
segmental pattern of the embryo.

However, in contrast to the fly, most other segmented
species add segments sequentially as the embryonic
axis progressively elongates posteriorly (FIG. 1). Such a
rhythmic mode of segment formation is observed in
vertebrates. It inspired theoretical models such as the
‘clock and wavefront’ model', which proposed that
PSM cells forming a somite undergo an abrupt change
in cellular properties that could be formalized by a par-
ticular type of mathematical catastrophe (FIC. 2a). Such
a catastrophe can be explained by a bistable transition
between two steady states, allowing an abrupt switch
from one particular state to another'®. To account for
the periodic occurrence of the catastrophe, the existence
of an oscillator that controls the response of PSM cells
to the mechanism triggering the catastrophe was pos-
tulated (FIG. 2a). A number of subsequent models were
proposed, many of which also relied upon the conver-
sion of a temporal oscillation into a spatial periodic
pattern'®’.

The first evidence of the existence of an oscillator
coupled to somitogenesis was provided by the periodic
expression of the mRNA encoding the transcription fac-
tor HES1 (hairy and enhancer of split 1) in the chicken
embryo PSM'®. During the formation of each somite,
the PSM is swiped by a dynamic wave of HESI mRNA
expression (FIC. 2b). These transcriptional oscillations of
HES] that occur with the same periodicity as the somi-
togenesis process were proposed to identify a molecular
oscillator — termed the segmentation clock — acting
in PSM cells. Subsequently, several other genes exhibit-
ing such a cyclic behaviour were identified in fish, frog
and mouse, indicating that the oscillator is conserved
in vertebrates'*-*>. These genes are now referred to as
cyclic genes and, as we shall see below, the vast major-
ity of them belong to the Notch, Wnt and fibroblast
growth factor (FGF) signalling pathways. Much of the
recent research in the vertebrate segmentation field has
focused on the identification of the pacemaker that
triggers the rhythmic expression of the cyclic genes in
the PSM. This has led to several hypotheses that are
discussed in this Review.
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The zebrafish oscillator

In zebrafish, all the cyclic genes identified so far belong to
the Notch pathway and comprise the Notch downstream
targets: herl (hairy and enhancer of split-related 1),
her7, herll, herl2 and her15 (which are homologous
to the chicken HESI) %, as well as the Notch ligand
DeltaC?'. Large genetic screens carried out in zebrafish
have identified a handful of mutants in which somito-
genesis is disrupted®. These mutants show alterations
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Figure 1| Establishment of segmentation during
embryogenesis. Dorsal view of a 4-week-old human
embryo showing somites and the presomitic mesoderm
(PSM) forming the paraxial mesoderm that flanks the
axial neural tube. The different phases of paraxial
mesoderm patterning leading to somite formation are
indicated as: paraxial mesoderm production from the
progenitor pool localized in the tail bud, segmental
determination, rostro-caudal patterning and somite
formation. The anterior-most somites give rise to the
basi-occipital bone of the skull and to the anterior-most
cervical vertebrae. The subsequent somites generate the
vertebral column. Prospective somites in the PSM are
numbered in a rostrocaudal series beginning with somite
S0, which is the forming somite, in negative roman
numerals (for example, -, —I1)**2. The segmented somites
(for example, SI, Sll) are numbered according to
Ordahl'*3. Arrows indicate the movement of paraxial
mesoderm cells from the tail bud into the PSM.
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Figure 2 | The clock and wavefront model and the segmentation clock oscillator.
a| Topological representation of the somitogenesis model showing a section of the
embryonic axis (corresponding to the posterior part of the embryo, including the
presomitic mesoderm (PSM) and the few somites most recently formed) plotted in real
space (s) (in head-tail axis), real developmental time (T) (that is, indicating the onset of
each somitic cycle) and a dimension representing intracellular development (the
vertical arrows falling from the fold-edge symbolize the catastrophe and correspond
to abrupt cellular changes associated with somite formation). The oscillator (circle)
was postulated to ensure the periodic occurrence of the catastrophe (in the fold-
edge, along the dashed line) that corresponds to an abrupt transition between two
cellular states. b | Evidence for an oscillator underlying vertebrate segmentation.
Periodic waves of transcriptional expression of the hairy1 gene (blue) in PSM cells are
associated with the formation of each pair of somites added sequentially’®.
Part a modified with permission from REF. 14 © (1976) Elsevier Ltd.

in genes that encode components of the Notch path-
way, such as the Notch1A receptor, the ligands DeltaD
and DeltaC, and the Mindbomb ubiquitin ligase that
is required for Delta endocytosis and Notch activa-
tion'***2 In these mutants, the dynamic wave of cyclic
gene expression in the PSM is disrupted and replaced
by a salt-and-pepper expression pattern®'. This char-
acteristic expression pattern of the cyclic genes in the
Notch mutants was proposed to reflect desynchronized
oscillations in PSM cells?, suggesting a role for Notch
signalling in the synchronization of the oscillations
among PSM cells (BOX 1).

Experiments in zebrafish embryos in which the
function of the Her genes was blocked by mutation or
by morpholino knock-down, or constitutively activated

Morpholinos

Synthetic molecules of
antisense oligonucleotides
used for gene expression
knock-down.

by overexpression'>?**>**¥-37 ]Jed to a simple oscillator
model that essentially relied on the Herl and Her7
transcriptional repressors. In this model, oscillations are
generated by a negative feedback loop in which the Her
genes are directly repressed by their own protein prod-
ucts® (BOX 1). To generate oscillations, the model takes
into account a defined time delay in the auto-inhibitory
circuit that occurs from the beginning of transcription
of the Her RNA until the Her protein binds to the Her
gene promoter. Mathematical modelling showed that
oscillations can be sustained, but only if the half-lives
of the gene transcripts and proteins are short compared
with the sum of the transcriptional and translational
delays*. Using plausible numerical values for the model
parameters, oscillations exhibiting a period consistent
with that observed in zebrafish could be obtained?.
Several of the kinetic parameters (such as transcrip-
tional delays and the stability of the RNAs and proteins)
that were initially roughly estimated, were subsequently
validated in the embryo and shown to be consistent with
the estimated values®. Surprisingly, whereas a com-
plete disruption of segmentation would be expected in
zebrafish mutant embryos lacking both herI and her7,
or in embryos injected with herl and her7 morpholinos,
these embryos still form abnormal somites”. However,
redundancy with the other Her genes could account for
this surprisingly mild phenotype.

This Her1-Her7 intracellular oscillator was proposed
to be linked to an intercellular oscillator involving the
Notch signalling pathway. Herl and Her7 negatively
regulate deltaC, thus potentially triggering oscillations
of this Notch ligand (BOX 1) that should, in turn, result in
periodic Notch activation in neighbouring cells***'. This
coupling provides a basis for maintaining the synchrony
between oscillations of neighbouring cells* (BOX 1).

It remains unclear whether the Notch pathway is
required for Her oscillations. The fact that the first
oscillatory cycles require Her genes but not the Notch
pathway?® argues that Notch is not part of the clock
pacemaker. Accordingly, Her gene expression is not
abolished in the Notch pathway mutants or when
treating embryos with the y-secretase inhibitor DAPT
(N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenyl
glycine t-butyl ester)'***. However, a constitutively
active form of Notch1A results in overexpression of
herl in the PSM*, suggesting that these genes are targets
of the Notch pathway. This is also consistent with the
observation that in many biological systems, genes of the
Her family of transcription factors function as down-
stream targets of Notch®. Furthermore, it has been pro-
posed that the Notch ligand DeltaD is required for the
initiation of oscillations in the tail bud*.

The Her1-Her7 oscillations require the Hes6-related
gene, Herl13.2 REF. 41). Expression of this transcription
factor is regulated by FGF signalling. It can form a
heterodimer with Herl, enhancing the ability of Her1
to negatively regulate its own promoter* (80X 1). Thus,
although in fish the Her1-Her7 negative feedback loop
might constitute the core of the segmentation clock
pacemaker, it requires additional input from several
signalling pathways*.
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Box 1| Synchronization of the presomitic mesoderm (PSM) cellular oscillators

A remarkable property among neighbouring PSM cells is
their synchronized oscillations, resulting in the smooth
transcriptional wave that sweeps through the PSM
(cyclic gene expression is shown in blue in PSM cells that
are represented as octagons). In zebrafish, the role of the
Notch pathway in synchronizing oscillators was first
proposed based on the typical salt-and-pepper
expression pattern of cyclic genes in PSM cells of Notch
segmentation mutants'®?!, interpreted as
desynchronized oscillations?. In these mutants in which
the first somites segment normally, oscillations would be
set initially, but owing to the lack of Notch-dependent
coupling, they would progressively drift out of
synchrony, resulting in segmentation failure?"3¢.

The role of the Notch pathway in coupling oscillators
has been mathematically modelled by connecting the
zebrafish Her1 (hairy and enhancer of split-related 1)-Her7
intracellular oscillator to the Notch-DeltaC (DeltaC is a
Notch ligand) intercellular loop?*3%!*°. The transcription
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requires the Her13.2 partner, which is downstream of
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Experimental evidence supports the role of cell-cell
communication through the Notch-DeltaC loop in
maintaining synchronized oscillations among nearby
cells. Implantation of cells from a zebrafish embryo
overexpressing DeltaC can desynchronize the waves of
cyclic gene expression, resulting in the shifting of
somitic boundaries on the injected side!?!%,
Consistently, dissociation of the PSM cells rapidly results
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The amniote oscillator

The first cyclic genes identified in amniotes also belong
to the Notch pathway'®. As in zebrafish, oscillations of
the hairy and enhancer of split (called Hes in amniotes)
homologues are detected in chicken (HESI, HAIRY2
and HEY?2) and in mouse (Hesl, Hes7, Hes5 and
Heyl)"#-%, Oscillations of the Notch ligand-encoding
DIl (delta-like 1) have also been reported in mouse?’.
Cyclic expression of other Notch pathway genes such
as Lfng (lunatic fringe), which is a glycosyl-transferase
that modifies the Notch receptor, is detected only in
amniotes®***** and not in lower vertebrates®. As the
first cyclic genes identified in amniotes were targets of
the Notch pathway, the first molecular models placed
Notch signalling as a central component of the seg-
mentation clock®2. This idea was supported by the

NotchlA Um

observation that Lfng and Hesl expression was lost in
the PSM of mouse Notch pathway mutants such as Rbpjk
(recombination signal binding protein for immuno-
globulin kappa J region) and DII1 homozygotes*»*.
Furthermore, periodic expression in the mouse PSM
of the cleaved activated intracytoplasmic form of the
Notchl receptor is detected by immunohistochemistry,
providing direct evidence for rhythmic activation of the
pathway>**. In the chicken embryo, LFNG is periodi-
cally activated by Notch signalling in the PSM and, in
turn, inhibits Notch signalling, thereby establishing a
negative feedback loop® (FIG. 3). The expression of the
LENG protein cycles with the same period as somi-
togenesis in the PSM, indicating a short half-life*. In
mouse Lfng-null mutants, constitutive expression of
the activated form of Notch is detected in the PSM,
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Figure 3 | The mouse oscillator. Cyclic genes belonging to the Notch and FGF (fibroblast growth factor) pathways (the
products of which are indicated in red) oscillate in opposite phase to cyclic genes of the Wnt pathway (blue). A large
number of the cyclic genes are involved in negative feedback loops. The basic circuitry of the three signalling pathways is
represented. Dashed lines correspond to modes of regulation inferred from work in other systems or based on microarray
data’®. APC, adenomatous polyposis coli; DACT1, dapper homologue 1; DKK1, dickkopf homologue 1; DLL1, delta-like 1;
DSH, dishevelled; DUSP6, dual specificity phosphatase 6; ERK, mitogen-activated protein kinase 1; FGFR1, FGF receptor 1;
GRB2, growth factor receptor-bound protein 2; GSK3, glycogen synthase kinase 3; Hes1, hairy and enhancer of split-
related 1; LFNG, lunatic fringe; LRP6, low density lipoprotein receptor-related protein 6; MEK, mitogen-activated protein
kinase kinase 1; NICD, Notch intracellular domain; NKD1, naked cuticle 1 homologue; Nrarp, Notch-regulated ankyrin
repeat protein; SHP2, Src homology region 2-containing protein tyrosine phosphatase 2; SOS, son of sevenless;

Sp5, trans-acting transcription factor 5; Tnfrsf19, tumour necrosis factor receptor superfamily, member 19.

supporting a conserved role for this negative feed-
back loop in amniote segmentation® (FIC. 3). However,
constitutive overexpression of Lfng in the PSM of
transgenic mice does not prevent oscillations of the
endogenous Lfng or Hes7 (REF. 57), suggesting that this
negative feedback loop is, by itself, insufficient to drive
the oscillatory network.

In mouse, the HES protein family has a key role in
the control of oscillations by implementing a negative
feedback loop similar to the zebrafish Her-based loop®.
The genes Hes7, Hes1, Hes5 and Hey2 encode transcrip-
tional repressors that are expressed periodically in the
mouse PSM*~%. The HesI, Hes5 and Hey2-null mutants
do not show any somitic phenotype, but in Hes7-null
mutants somitogenesis is defective and oscillations of
cyclic genes such as Lfng are disrupted®**. Furthermore,

transcription of both Hes7 and Lfng is upregulated in
the Hes7 mutants, consistent with the idea that Hes”
represses its own transcription in the PSM as well as
that of Lfng®® (FIC. 3). Analysis of the regulatory region
of the Lfng promoter confirmed that it includes CSL
(CBF1, Su(H), LAG1) binding sites that are required
for regulation by Notch signalling®, as well as binding
sites for bHLH (basic helix-loop-helix) proteins, such as
members of the Hes family®. Deletion of these regula-
tory sites (clock elements) blocks Lfng oscillations in the
posterior PSM®. This leads to a ubiquitous activation
of Notch in the PSM and to severe vertebral anomalies.
Strikingly, however, this phenotype is not observed in
the sacral (posterior-most region of the trunk) and
caudal (tail) region, suggesting that the clock regulation
might vary along the AP body axis.
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Mathematical models, based on a delayed negative
feedback loop that is controlled by Hes-family members
similar to those proposed to drive fish cyclic gene oscil-
lations, have been proposed for the mouse embryo®’.
In these models, the production of oscillations directly
depends on the half-life of the Her/Hes RNA and protein.
The rapid clearing of the cyclic genes from the PSM is
consistent with a short half-life of the mRNA of the cyclic
genes. The mouse HES7 and HES1 proteins also have a
short half-life that is actively controlled by the protea-
some and estimated to be approximately 22 minutes
in vitro®®%5%8, To test the importance of protein stability
in the generation of oscillations, the half-life of HES7 was
genetically modified in the mouse embryo. A point muta-
tion conferring a small half-life increase from 22 to 30
minutes leads to a failure of Hes7 oscillations and somite
segmentation, as predicted by the time-delay model®.

Unlike in zebrafish, several other signalling path-
ways show periodic activity in the mouse PSM during
the segmentation clock cycle. Identification in mouse of
oscillations of Axin2, a key negative feedback inhibitor
of the Wnt pathway, together with the observation that
in mice with the hypomorphic Wnt3a mutation vestigial
tail (vt) both Axin2 and Lfng oscillations are disrupted,
suggested the implication of Wnt signalling in the oscil-
lator mechanism®. A microarray-based approach led
to the identification of a much larger number of cyclic
genes that are associated with the segmentation clock in
the mouse PSM transcriptome” (FIC. 3). The cyclic genes
that were identified fell into two main clusters of gene
expression profiles that oscillate in antiphase (FIG. 3).
One cluster contained a large number of cyclic genes,
most of which are linked to the Wnt signalling pathway
(shown in blue in FIC. 3). These cyclic genes correspond
to downstream targets of the Wnt pathway such as the
transcription factors SP5 (trans-acting transcription
factor 5)”" and MYC (myelocytomatosis oncogene)’*”2.
These also include negative feedback inhibitors such as
AXIN2 (REF. 69) and DKK1 (dickkopf homologue 1)7.
Although Axin2”- mutants do not exhibit any somitic
phenotype’, inactivation of many of the newly identi-
fied cyclic genes in the Wnt cluster (DkkI (REF. 75), Sp5
(REF. 76), Myc (REF. 77) and has2 (hyaluronan synthase 2)7)
produces segmentation defects, supporting a role for
Wnt signalling during segmentation in mouse.

Wnt activation in cells results in stabilization of
B-catenin, which in turn enters the nucleus to activate
the expression of target genes. Therefore, oscillations
of Wnt inhibitors such as DKK1 or DACT1 (dapper
homologue 1) should, in principle, result in the rhyth-
mic fluctuation of B-catenin expression levels. As Wnt
signalling has been shown to function upstream of both
Wnt and Notch oscillations®, such B-catenin oscilla-
tions seem to be a good candidate for a pacemaker that
entrains the Notch signalling loop. Accordingly, Notch
and Wnt cyclic gene oscillations are lost in a conditional
deletion of B-catenin in the PSM”. However, in a mouse
mutant in which -catenin is made constitutively stable
in the PSM, expression of Wnt and Notch pathway genes
still oscillates™*, indicating that B-catenin signalling is
necessary but insufficient for driving the expression of
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cyclic genes. Therefore, these experiments argue against
arole for the periodic destabilization of B-catenin in the
control of clock oscillations.

The second cyclic gene cluster that was identi-
fied in the microarray study’ contains known cyclic
genes of the Notch pathway as well as other genes of
this pathway that had not been previously associated
with the oscillator (FIG. 3). These include Nrarp (Notch-
regulated ankyrin repeat protein), which is a direct
target of Notch signalling that functions as a negative
regulator of the Notch pathway®'-®. In parallel, NRARP
can also positively regulate the Wnt pathway by stabiliz-
ing the transcription factor LEF1 (lymphoid enhancer
binding factor 1)*. The previously identified cyclic gene
naked cuticle 1 homologue (NkdI), an inhibitor of Wnt
signalling regulated by Notch signalling®, was also iden-
tified as part of the Notch cluster (FIC. 3). These genes
might provide a functional link between the Notch and
Wnt arms of the oscillator.

A novel class of cyclic genes involved in FGF sig-
nalling and oscillating in phase with the Notch cyclic
genes was identified in the same microarray study”.
Two negative feedback inhibitors of the FGF pathway,
Spry2 (sprouty homologue 2) and Dusp6 (dual specifi-
city phosphatase 6), show a clearly periodic profile in
the array series (FIG. 3). The FGF targets Snail (snail
homologue 1), in mouse, and SNAI2, in chicken®, as well
as the Dusp4 negative feedback inhibitors of the FGF
pathway¥, also exhibit periodic expression in mouse and
chicken PSM. Furthermore, periodic phosphorylation of
ERK (extracellular signal-regulated kinase) in the mouse
PSM supports periodic FGF signalling activity®’.

Despite the synchronized activation of Notch and
FGF activity in the clock cycle, expression of FGF-
regulated genes seems to be largely independent of Notch
signalling as Spry2 expression is still dynamic in Rbpjk”
mutant mice”. Furthermore, Dusp4 expression is still
cyclic in Lfng™, DIl1”- and Rbpjk” mutants as well as in
mouse PSM treated with DAPT¥. However, conditional
deletion of Fgfrl (FGF receptor 1) in the PSM blocks
the oscillations of the FGE Notch and Wnt pathways in
the PSM*”#%, Moreover, whereas treatment of mouse tail
explants with the FGFRI inhibitor SU5402 quickly abol-
ishes cyclic expression of Axin2 and Spry2, it only blocks
Lfng oscillations after a one-cycle delay, indicating that
FGF indirectly regulates the Notch oscillations®. The
requirement of Wnt signalling for Lfng oscillations®**
suggests that FGF functions upstream of Wnt signalling,
which, in turn, controls Notch oscillations. In mouse, the
Notch target Hes7 also requires FGF signalling®”. FGF
was proposed to be required to initiate Hes7 pulses of
expression in the tail bud, whereas propagation of Hes7
oscillations in the more anterior PSM requires Notch
signalling®. Such a two-step model is consistent with
the observed delay of Lfng oscillation inhibition when
FGFRI is inhibited. However, Lfng stripes are observed
in the PSM of a mouse conditional Fgfr]1~”~ mutant with
a constitutively stable form of B-catenin®. Therefore,
constitutive B-catenin restores Notch oscillations
in the absence of FGF signalling, arguing against a
role for FGF as the periodic input controlling Wnt
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Mesenchyme
Tissue consisting of loosely
packed cells.

Basal lamina

A layer of extracellular
matrix that underlies the
epithelium and is secreted
by the epithelial cells.

oscillations. Therefore, these experiments argue that nei-
ther periodic Wnt nor FGF signalling triggers the rhyth-
mic expression of cyclic genes such as Lfng. Together
with observations indicating that Axin2 oscillations are
maintained in Notch pathway mutants®, this suggests
that none of the three oscillating pathways of the seg-
mentation clock functions as a pacemaker. Therefore,
it cannot be ruled out that these oscillatory networks of
signalling genes correspond only to outputs of an as yet
unidentified pacemaker. On the other hand, the evolu-
tionary conservation of the role of the Her/Hes proteins
is consistent with their potential role in the pacemaker
of the segmentation clock.

A striking feature of the cyclic gene network in amni-
otes is its apparent redundancy. Among mouse cyclic
genes are several negative feedback inhibitors for each of
the Notch, FGF and Wnt pathways (FIC. 3) that potentially
account for the robustness of the network. Other cyclic
genes are likely to be just downstream targets of the clock
and could merely represent outputs of the oscillator.
The role of the segmentation clock might be to deliver
coordinated pulses of Notch, FGF and Wnt signalling that
are, in turn, used for the appropriate patterning of the seg-
ments. Below we discuss how this periodic signalling is
translated into a coordinated striped gene activation that
defines the segmental domain and its boundaries.

Translating the clock pulse into segments
In the original clock and wavefront model, Cooke and
Zeeman postulated the existence of a front of maturation
— the wavefront — that slowly moves posteriorly along
the embryo'*. When PSM cells in the permissive phase
of the clock oscillation cycle are passed by the wave-
front, they undergo an abrupt transition (a catastrophe)
that leads to somite formation (FIG. 2a). Therefore, the
wavefront serves to translate the rhythmic pulse of the
clock into the spatial periodic series of segments. In the
Cooke and Zeeman model, the wavefront was positioned
at the anterior-most level of the PSM where somites
form. This positioning was subsequently challenged
by heat-shock experiments in Xenopus® that identified
and positioned the hidden wavefront of cellular change
more posteriorly than initially proposed. In chicken
embryos, microsurgical inversions of small fragments of
the PSM along the AP axis demonstrated the existence
of a virtual boundary — called the determination front
— in this tissue®>. This boundary separates the posterior
PSM domain (where inverted blocks of cells form seg-
ments according to their new position) from an anterior
domain (where cells are committed to their original
segmental fate). Therefore, the determination front was
defined as the level at which PSM cells first acquire their
segmental identity, and is therefore conceptually similar
to the wavefront. At the molecular level, the position of
the determination front corresponds to the posterior
boundary of the Mesp2 (mesoderm posterior 2) stripe
that marks the first evidence of a segmental prepattern
in the PSM.

Interestingly, this transition in the PSM also cor-
responds to a morphological transition at the cellular
level. Whereas the posterior PSM is a loose mesenchyme,

the cells located anterior to the determination front
become progressively epithelialized. This transition is
also accompanied by a slowing down of PSM cell move-
ments®”. The mesenchymal-epithelial transition that
occurs concomitantly with the segmental patterning of
the anterior PSM correlates with a downregulation
of the Snai genes that are regulated by FGF signalling
and are associated with a mesenchymal state in many
systems®. Downregulation of Snai genes at the deter-
mination front correlates with the expression of several
adhesion molecules such as integrins and cadherins,
which progressively increases in the anterior PSM as
cells become polarized®*°. This transition is also accom-
panied by the deposition of a basal lamina, containing
laminin and fibronectin, that surrounds the anterior
PSM?. This epithelialization process requires the bHLH
transcription factor TCF15 (transcription factor 15, also
known as Paraxis) that is expressed anteriorly to the
determination front in the anterior PSM and somites”.
TCF15 controls the activity of Rho GTPases, such as
RACI1 (Ras-related C3 botulinum substrate 1) and
CDC42 (cell division cycle 42 homologue), which have
been shown to mediate the mesenchymal-epithelial
transition during somite formation®.

The position of the determination front is defined
by specific thresholds of FGF and Wnt signalling activi-
ties®**>% (FIC. 4). The FGF gradient was first described
as a posterior-to-anterior gradient of Fgf8 mRNA in
the PSM of chicken, fish and mouse embryos®>1%.
This mRNA gradient is subsequently translated into
a protein gradient and then into a MAPK (mitogen-
activated protein kinase)-AKT activity gradient along
the PSM?***1%_The role of the FGF signalling gradient
in positioning the determination front was first dem-
onstrated by experiments that perturbed the slope of
the gradient in chicken embryos. This was achieved by
grafting FGF8-soaked beads next to the PSM or by over-
expressing an FGF8-expressing construct in the PSM by
electroporation®. This resulted in an anterior extension
of posterior PSM markers, such as Brachyury, and in
downregulation of segmentation and differentiation
markers such as paraxis, Mesp2 and Myod (myogenic
differentiation 1)°>%.

Fgf8 loss-of-function mutations have proved to be
more problematic to interpret owing to redundancy
in the FGF pathway. Neither the zebrafish fgf8 mutant
ace'" nor the conditional deletion of Fgf8 in the mouse
PSM'*? shows a segmentation phenotype, suggesting
that FGF8 is not the only ligand involved in setting the
FGF-signalling gradient along the PSM gradient. Fgf3,
Fgf4 and Fgf18 are expressed in the PSM and tail bud
region of the mouse embryo®. In zebrafish, fgf8 func-
tions redundantly with fgf24 to promote the formation
of the posterior PSM'®®. Inhibition of FGF signalling
was achieved by treating chicken embryos with phar-
macological inhibitors®. This resulted in a posterior
shift of the anterior boundary of the expression domain
of genes such as FGF8 that are associated with a poste-
rior identity. Such a posterior shift was also observed
for the expression domain of posterior markers Fgf8
and Msgnl (mesogenin 1) in mouse mutant embryos
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Figure 4 | A somitogenesis model integrating the segmentation clock and determination front. The system of
opposing gradients of FGF (fibroblast growth factor)-Wnt signalling (purple) and retinoic acid (green) signalling was
proposed to position the determination front (black line) along the presomitic mesoderm (PSM). This particular level is
characterized by a signalling threshold at which the cells become competent to respond to the segmentation clock
signal and is conceptually similar to the wavefront of the original Cooke and Zeeman model. The clock signal s still
poorly characterized but probably involves three signalling pathways experiencing periodic activity: FGF, Wnt and
Notch. The wave of cyclic gene expression controlled by the segmentation clock oscillator is shown in orange on the
left side of the embryos. When competent cells that pass through the determination front receive the clock signal,
they simultaneously activate Mesp2 (mesoderm posterior 2; shown in black), thereby defining the future segmental
domain as shown on the right side of the embryos. In this model, the size of the segment (the future somite) is defined
by the distance travelled by the wavefront during one oscillation of the segmentation clock. However, the role of
retinoic acid in this model remains debated (see text). During the next cycle Mesp2 expression becomes restricted to
the anterior compartment of S-I (grey). T, time in segmentation clock cycle unit.

with a conditional deletion in the paraxial mesoderm
of FGFRI, the only FGF receptor that is expressed in
the PSM®. Together, these data suggest that high levels
of FGF signalling are required to maintain the poste-
rior identity of PSM cells®?. This further led to the idea
that the progressive decrease in FGF signalling activity
along the PSM defines a specific threshold below which
the cells become competent to respond to the signal-
ling pulse that is delivered by the segmentation clock
(FIG. 4). The position of this threshold was proposed to
correspond to the determination front®™.

Wnt genes, such as Wnt3a, are expressed in the tail
bud and posterior PSM®. Furthermore, a gradient
of nuclear B-catenin extends from the tail bud to the
determination front™. Together with the graded expres-
sion of Wnt targets, such as Axin2, along the PSM, they
identify a posterior-to-anterior Wnt signalling gradient
in the PSM parallel to the FGF gradient®. Fgf8 expres-
sion is absent in Wnt3a mutants, indicating that Wnt
signalling is required for the expression of FGF ligands
in the PSM®. However, only a partial FGF gain of func-
tion is observed in the PSM of mouse embryos over-
expressing a constitutively stable B-catenin, suggesting
that Wnt signalling is insufficient for Fgf8 expression
in the PSM®. The posterior 3-catenin gradient was
recently shown to define the size of the oscillatory
field in the PSM, thereby controlling the position of the
wavefront where the oscillations stop®. Furthermore,
[B-catenin gain of function in the PSM prevents activa-
tion of MESP2 targets, indicating that downregulation
of Wnt signalling at the determination front is required
for normal segmentation to proceed”®.

Whereas both FGF and Wnt signalling are character-
ized by posterior-to-anterior gradients of activity in the
posterior PSM, some of their targets exhibit an oscilla-
tory expression, which seems paradoxical. The 3-catenin
gain-of-function experiments demonstrate a role for the
nuclear B-catenin gradient in the control of the matura-
tion of cells along the PSM, but they indicate that oscil-
lation of Wnt targets, such as Axin2, results from an
oscillating input that is independent of B-catenin and
FGF signalling®. Such an input could be provided by a
pacemaker that is external to the cyclic gene network.
Although similar gain-of-function experiments remain
to be carried out for FGF signalling, such a pacemaker
could also function on the FGF cyclic genes and explain
the coexistence of a graded signal and an oscillatory
response.

Retinoic acid (RA)'*'%” was also proposed to have a
role in positioning the determination front as an anterior-
to-posterior gradient of RA opposing the Wnt-FGF gra-
dient'®'®(FIC. 4. RALDH2, the RA biosynthetic enzyme,
is expressed in the anterior-most PSM and segmented
region, and is excluded from the tail bud and posterior
PSM™"?. Using a RARE (RA response element)-LacZ
reporter mouse, RA signalling was found to be restricted
to the anterior PSM and segmented region, and absent
from the posterior PSM and tail bud'* where CYP26, an
enzyme of the cytochrome P450 family that is involved
in RA degradation, is expressed downstream of FGF'!!.
In chicken, treatment of posterior PSM explants with RA
agonists can downregulate FGF8 expression, and a graft
of an FGF8-soaked bead in the PSM represses RALDH2
expression in the embryo'®. Furthermore, in Raldh2
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mouse mutants and in chicken or quail embryos that are
deprived of RA, the Fgf8 expression domain is extended
along the PSM!*>1%. A similar antagonistic action of FGF
and RA gradients was also observed in Xenopus, suggest-
ing that this gradient system is conserved among verte-
brates'®. These experiments led to a proposal that the
mutual inhibition of the FGF and RA gradients has a role
in positioning the determination front. However, this is
difficult to reconcile with the observation that somites
do form in the Raldh2 mouse mutant in which no RA
signalling is detected'?, suggesting that RA signalling is
dispensable for somite formation. Furthermore, in the
Fgfrl conditional knock-out, no significant posterior
shift of the RARE-lacZ domain is observed, suggesting
that FGF is not the only antagonist of the RA gradi-
ent®s. Whether the posterior Wnt gradient, by itself, can
antagonize RA signalling remains to be investigated.

RA has also been implicated in the control of the
symmetry of the somitogenesis process'**'””. Somite
formation is asymmetric in embryos that are deprived
of RA. This lateralized desynchronization of somitogen-
esis occurs in response to the activation of the left-right
machinery that is involved in the asymmetric positioning
of the internal organs. RA prevents the paraxial meso-
derm from responding to the asymmetric signal down-
stream of Nodal, thereby maintaining the symmetry
of the somitogenesis process at early stages.

In the embryo, the segmentation process is tightly
coordinated with axis elongation through the formation
of the FGF signalling gradient in the posterior PSM'".
As the embryo grows posteriorly owing to axis elonga-
tion, new cells enter the posterior PSM, compensating
for the loss of the anterior PSM cells that form somites.
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. Therefore, as the
axis elongates, cells become located progressively more
anteriorly in the PSM and their Fgf8 mRNA content
progressively decays. This results in the establishment of
an Fgf8 mRNA gradient that is converted into a graded
distribution of ligand and FGF activity****'*, A similar
mechanism is assumed to be responsible for establishing
the Wnt gradient®. As a result of the progressive decay of
FGF-Wnt family mRNA and proteins in PSM cells, the
determination front is constantly displaced posteriorly,
and the speed of this displacement defines the speed that
somitogenesis progresses along the AP axis (FIG. 4). This
mechanism ensures a tight coordination between axis
elongation and segmentation during embryogenesis.

A clock and wavefront-based model

Experimental perturbations of the shape of the FGF,
Wnt and RA gradients led to specific somite defects that
revealed how the clock and the wavefront could interact.
In zebrafish and chicken embryos, FGF- and Wnt-bead
graft experiments shift the determination front anteri-
orly and lead to the formation of smaller somites®*>%.
Similarly, RA loss of function in mouse Raldh2 mutants
or in RA-deprived chicken or quail embryos results
in an FGF gain of function in the PSM, leading to the
same phenotype'®*!%1%, Conversely, inhibition of FGF

signalling shifts the determination front posteriorly,
resulting in the formation of larger somites*®. Conditional
deletion of Fgfrl in the PSM also results in transient
formation of larger somites followed by disruption
of segmentation®.

These results gave rise to a new segmentation model
integrating the original clock and wavefront concepts'.
In this model, the wavefront corresponds to the trav-
elling determination front, defined as a threshold of
Wnt-FGF-RA signalling, the position of which moves
posteriorly and accompanies the posterior regression of
these gradients. During one segmentation clock oscil-
lation, the determination front moves posteriorly along
the AP axis by a distance that corresponds to approxi-
mately one somite (FIC. 4). We proposed that when PSM
cells are passed by the determination front, they become
competent to respond to a periodic signal delivered by
the segmentation clock®. In response to this signal,
the cohort of cells located between the determination
front and the posterior boundary of the segment that
was determined in the previous segmentation cycle
simultaneously activate Mesp2, resulting in the forma-
tion of a stripe of Mesp2 expression that prefigures the
future segment. Once expressed, Mesp2 stabilizes Lfng
expression in the newly formed striped domain, leading
to an inhibition of Notch signalling in this territory®.
Because Notch is activated in the posterior part of the
segmental domain that is located immediately anterior
to the Mesp2-Lfng domain', this mechanism gener-
ates an interface between cells activating and repress-
ing Notch™. This interface marks the level of the future
somite boundary. During the next oscillation cycle, the
newly specified segmental domain becomes located
more anteriorly in the PSM by one somite. Cells in
this territory begin to activate a complex genetic pro-
gramme downstream of MESP2. These cells activate
the transcriptional repressor Ripply1 that establishes a
negative feedback loop shutting down Mesp2 expression
in the future posterior compartment'*>"®. MESP2 also
activates the expression of genes, such as Epha4 (Eph
receptor A4), that are involved in boundary forma-
tion'”. This complex genetic cascade ultimately results
in the specification of the anterior and posterior somite
compartments and of the somite boundaries.

A striking feature of the segmental patterning proc-
ess is the highly synchronized periodic gene activation
that occurs in the stripes of cells that define the future
segments. The signalling pulse that is delivered by the
segmentation clock is a good candidate to trigger this
periodic gene activation. The synchronization of the
response to this signal in the future segment was pro-
posed to reflect a molecular switch that simultaneously
triggers Mesp2 expression in the cohort of competent
cells that passed the determination front'>. Mathematical
modelling shows that the mutual inhibition of FGF and
RA signalling can define a bistability domain along the
PSM in which such a switch behaviour can be observed'®
(FIC. 5). In response to an appropriate signal, cells located
in the bistability domain (in fact, in the area between
the determination front and the last specified segment)
can abruptly switch from the FGF-dominated steady
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Figure 5 | Model for segment determination. The system of opposing FGF
(fibroblast growth factor)-Wnt (purple) and retinoic acid (RA) (green) gradients was
proposed to define a bistability window (dashed rectangle) in which cells can adopt
either of two distinct steady states (FGF-dominated or RA-dominated®). In the
bistability window, upon suprathreshold stimulation, cells that are in the FGF-
dominated state can abruptly switch to the RA-dominated steady state, resulting in
the simultaneous exposure of a cohort of cells (the future segment, in hatched
orange) to RA signalling. This stimulation was proposed to be provided by

the periodic signalling pulse delivered by the segmentation clock. Owing to the
posterior extension of the axis and the decay of the FGF-Wnt mRNA and ligands in
the PSM, the bistability window constantly moves posteriorly. The next cohort of
cells to be simultaneously determined to form the future segment is hatched in blue.
In this model, the posterior edge of the bistability window (bifurcation point)
corresponds to the determination front.

Suprathreshold stimulation
Stimulation of sufficient
strength to produce a
perceptible effect; in the
current context a catastrophe
leading to somite
determination.

Urbilateria
Hypothetical last common
ancestor of all bilaterians.

Bilateria

Members of the animal
kingdom that have bilateral
symmetry — the property of
having two similar sides, with
definite upper and lower
surfaces, and anterior and
posterior ends.

Ultradian oscillator
Oscillator with a period of less
than 24 hours.

state to the other, RA-dominated steady state'® (FIG. 5).
The signalling pulse that is generated by the segmenta-
tion clock is a good candidate to trigger the switch-like
transition. This transition would result in a synchronous
exposure of cells of the future segmental domain to RA
signalling, thereby explaining the collective gene activa-
tion in the stripe of cells. This hypothesis is consistent
with the observation that Mesp2 and thylacine expres-
sion is repressed by FGF and controlled by Notch and
RA signalling®'*1"*, Remarkably, a similar bistable
behaviour working together with an autonomous clock
is observed in in silico simulations of segmentation
controlled by a moving gradient, as in the clock and
wavefront model'*s,

Conclusion

Studies of the segmentation clock oscillator in verte-
brates have begun to shed light on the complex mecha-
nism that is involved in generating the characteristic
periodic pattern of the vertebrate body axis. A common
strategy, based on an oscillator (the segmentation clock)
that generates a temporal periodicity and a travelling
maturation front that converts the signalling pulse into

REVIEWS

a spatial periodic pattern, was identified in fish, frog,
chicken and mouse embryos, supporting some conserva-
tion of the segmentation mechanism among vertebrates.
A metameric pattern similar to that of vertebrates is also
found in many invertebrate phyla such as arthropods
and annelids'®. Some arthropods in which axis forma-
tion and segmentation proceeds sequentially as in ver-
tebrates, such as spiders, do show dynamic expression
of Notch pathway genes during segment formation,
suggesting that a molecular oscillator could operate in
these species'?. However, a very different segmentation
machinery lacking cyclic genes has been identified in
D. melanogaster. Furthermore, other invertebrates
(including molluscs, nematodes and urochordates) are
not segmented, raising the question of the conserva-
tion of segmentation in evolution'”. So, it still remains
unclear whether segmentation appeared independently
in different phyla during evolution or whether it repre-
sents an ancestral feature of urbilateria, the ancestor of
bilaterian animals.

Other examples of periodic structures generated by
an oscillator include the well-characterized circadian
pattern of sporulation in Neurospora crassa, which
results in the formation of stripes of spores that are
deposited daily in the race tubes'*'. In plants, many
structures, such as shoots and roots, are produced by
progressive growth from a terminal growth zone (the
meristem). This mechanism resembles that involved in
producing the vertebrate AP body axis. Shoots and roots
are often subdivided into repeated units or segments, as,
for example, in bamboo. Whether the mechanisms gov-
erning the establishment of this segmentation pattern in
plants are related to that observed in animals is currently
unknown. Given the similarity between the patterning
of plant and animal body axes, it is possible that the
clock and wavefront strategy for generating periodic
patterns identified in vertebrates reflects a very general
patterning principle for metazoans.

Whether the ultradian oscillator identified in verte-
brate segmentation is strictly dedicated to this process
or whether it reflects a more fundamental cellular proc-
ess at work in the embryo remains an open question.
Strikingly, Hes1 oscillations with a period similar to that
of somite segmentation in mouse can be recapitulated
in cultured cells in response to serum stimulation®.
Microarray studies of these serum-induced oscilla-
tions in mouse C3H10T1/2 fibroblasts and human
mesenchymal stem cells identified ultradian oscil-
lations of Smad (MAD homologue) and Stat (signal
transducer and activator of transcription) signalling
pathways'#!%. So, the molecular circuitry underlying
these oscillations shows some differences from that
of the segmentation clock. The key remaining task is
the identification of the clock pacemaker that drives
the oscillations of cyclic genes in somitogenesis and in
these cultured cells. Whereas much has been learned
since the identification of the segmentation clock, it
currently remains unclear whether the cyclic genes
are part of the segmentation clock pacemaker or if
they merely reflect an output of a yet-to-be-identified
pacemaker.
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In humans, severe disruptions of the segmentation
pattern of the vertebrae lead to congenital scoliosis,
which is a rare deformity of the spine that occurs in 1-2
per 10,000 births'*. Most forms of congenital scoliosis
are thought to be sporadic, but, in fact, little informa-
tion on familial incidence is available. So far, traditional
linkage analysis in families with individuals affected
with congenital scoliosis has led to the identification
of three genes, all associated with the segmentation
clock. Mutations in DII3, Mesp2 and Lfng were shown
to lead to familial forms of spondylocostal dysostosis
— a form of congenital scoliosis'*'?". The fact that
all of the genes that have been associated with familial
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