Somite development and regionalisation of the vertebral axial skeleton

Shannon Antonia Weldon? and Andrea Miinsterberg®”
3School of Biological Sciences, University of East Anglia, Norwich, NR4 7TJ, UK

*corresponding author, email: a.munsterberg@uea.ac.uk

Abstract

A critical stage in the development of all vertebrate embryos is the generation of the body plan and its
subsequent patterning and regionalisation along the main anterior-posterior axis. This includes the
formation of the vertebral axial skeleton. Its organisation begins during early embryonic development
with the periodic formation of paired blocks of mesoderm tissue called somites. Here, we review axial
patterning of somites, with a focus on studies using amniote model systems — avian and mouse. We
summarise the molecular and cellular mechanisms that generate paraxial mesoderm and review how
the different anatomical regions of the vertebral column acquire their specific identity and thus shape
the body plan. We also discuss the generation of organoids and embryo-like structures from embryonic
stem cells, which provide insights regarding axis formation and promise to be useful for disease

modelling.
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1. Introduction

The axial skeleton is perhaps the most obvious example of segmental organization in the vertebrate
body. It is composed of a series of repeating units, vertebral bones and ribs, interconnecting joints and
ligaments, which are regionalised into the neck, trunk and tail [1, 2]. A major function of the axial
skeleton is to provide support for the head and protection for the spinal cord and organs in the ventral
body cavity. It provides a surface for the attachment of skeletal muscles that move the head, neck, and
trunk, support respiration, and stabilize the proximal parts of the appendicular skeleton —the forelimbs
and hindlimbs, via the shoulder and pelvic girdles. Thus, it is critical for vertebrate development.
Modifications of the axial skeleton have facilitated variation and evolutionary adaptations amongst
vertebrate species [2, 3]. For example, in avian species it has been shown that neck length scales
isometrically with leg length, suggesting correlated evolution of these modules [4]. The same group
used comparative dissections to examine the craniocervical anatomy in three vulture species with
different feeding behaviours. This showed different numbers of cervical vertebrae and variations in
the morphology of the atlas-axis complex and the associated neck musculature [5]. Studies of axial
morphology are not limited to living species and a recent analysis of the skeleton of an extinct
crocodilian found variations to both shoulder and pelvic girdles with additional sacral vertebrae, which
may hint at the species becoming more upright [6, 7]. However, our knowledge regarding the
embryonic development of these structures comes from studies in model systems, including avian and

mice, which can be live imaged and genetically manipulated.

2. Generation and patterning of somites

The vertebral axial skeleton is derived from somites [8], which form sequentially in a rostro caudal
progression as paired blocks of paraxial mesoderm on either side of the neural tube. Their formation
is governed by the segmentation clock: periodic patterns of oscillating gene expression, which are
subject to Retinoic Acid (RA), Wnt and Fibroblast Growth Factor (FGF) signals, creating opposing

gradients across presegmented mesoderm (PSM) and somites [1]. The segmentation clock has been



well-characterized in chick, mouse and zebrafish and can be recapitulated in human embryonic stem
cell derived PSM [9]. Segmentation is coordinated with embryo growth at the posterior end [10].
Furthermore, the emergence of PSM overlaps with neurulation and neural folds gathering at the axial
midline. Elongation of PSM and axial neural tissue is coordinated by inter-tissue forces and mechanical
interactions, acting in a feed-back loop to synchronise rates of tissue morphogenesis [11]. During body
axis extension, mesenchymal paraxial mesoderm cells display a posterior to anterior gradient of
random cell motility. This is downstream of FGF signaling [12], which establishes different metabolic
states along the PSM important for regulating these cell behaviours [13].

From late gastrulation, as the primitive streak regresses, the PSM separates into cell aggregates with
the first somite apparent at Hamburger-Hamilton (HH) stage 7 (~24 hrs) in chick and embryonic days
E7.5-8.0 in mice. The gradual increase in cell density along the PSM [12] is followed by cell shape
changes, reorganization of the extracellular matrix, a mesenchymal-epithelial transition and formation
of near spherical epithelial somites [14, 15]. Epithelial somites grow rapidly and generate different
compartments. Cell behaviours underlying the morphological transitions during somite differentiation
have been examined using chick embryos expressing membrane-GFP. This showed somite cells
actively explore their environment and contact the surface ectoderm via filopodia-like protrusions.
Retrograde transport of the Wnt receptor, Frizzled-7, was observed in these protrusions, indicating
they are involved in signal reception [16]. Quantitative image analysis revealed heterogeneity of cell
size and proliferation rates across epithelial, maturing and differentiating somites. Within maturing
somites, cells displayed directed cellular motion towards medial somite regions, which could result
from mechanical constraints imposed by flanking tissues and may contribute to somite
compartmentalisation [17].

Work from many groups has shown that, in response to signals from adjacent tissues, somites are
patterned along the dorso-ventral, medio-lateral and anterior-posterior axes and generate different
compartments. These comprise progenitor cells which adopt different fates and give rise to distinct

lineages, eventually differentiating into dermis, skeletal muscle, tendons and cartilage of the vertebrae



and ribs (reviewed in [8, 18-21]). The sclerotome compartment forms by de-epithelialization of the
ventral portion of the epithelial somite and notochord-derived Shh induces expression of chondrogenic
transcription factors [22-25]. Together with the notochord the sclerotome generates the major
components of the intervertebral discs and the vertebral bodies of the spinal column [26]. The dorsal
portion of the somite, now known as the dermomyotome, remains epithelial [20, 21, 27]. Cells
delaminate from the dermomyotome edges, a process initiated at the anterior-medial margin of the
dermomyotome where apical junctions first dissolve [17]. Subsequently all four edges of the
dermomyotome are involved, with cells translocating underneath to form the myotome, sandwiched
between the remaining dermatome and sclerotome [28]. At the medial lip of the dermomyotome,
Notch-Delta mediated interactions between passing neural crest cells and myoblast progenitors trigger
their transition into the myotome [29], this involves the stabilization of Snaill [30]. In response to
Wntll, myoblasts elongate parallel to the neural tube [31] and fuse to generate multinucleated
myofibres [32], a process regulated by TGFp signalling [33]. Myogenic regulatory factors activate
myogenic differentiation, with several microRNAs ensuring robustness of this programme through
feed-back regulation and fine-tuning [34-37]. In response to myotome derived FGF signalling,
sclerotome cells give rise to tendon progenitors expressing the transcription factor scleraxis [38].

The commitment to specific cell lineages occurs relatively late and grafting experiments in chick
embryos (reviewed in [39]) showed that at epithelial somite stages cells remain plastic. By contrast,
anterior-posterior axial identity of paraxial mesoderm is determined prior to somite formation [40].
This is regulated through the expression of Hox genes (see section 4). How Hox genes interact with
somite patterning pathways and cellular differentiation programmes to elaborate different vertebral
morphologies and discrete features of associated muscles and connective tissues remains

incompletely understood.

3. Regionalisation of the body axis



Somites are initially similar in morphology, but they produce anatomical features characteristic for
their position along the body axis. Skeletal elements include vertebrae with complex morphology [39],
as well as scapulae and clavicles comprising the forelimb girdle, and pelvic bones comprising the
hindlimb girdle. Based on these features, the axis is partitioned into six domains: occipital, cervical,
thoracic, lumbar, sacral and caudal (Figure 1A, B). Transition from cervical to thoracic domains is
associated with emergence of forelimbs, while the lumbar-sacral transition is associated with
emergence of hindlimbs.

Within species the number of vertebrae in each domain is fixed, but between species the number of
vertebrae in each domain varies, generating a species-specific axial formula [41]. The occipital domain
forms the bony structure at the base of the skull [42, 43]; the cervical domain comprises neck vertebrae,
linking vertebral column and skull; the thoracic domain is characterized by ribs and is followed
by lumbar and sacral domains. The caudal domain, post-sacrally, represents the tail in most mammals
and the rudimentary coccyx in humans. In birds, the caudal area includes a few small vertebrae and
the pygostyle, formed by fused vertebrae [44-46]. Distinctive molecular networks produce these
anatomical domains (see section 5, Figure 1C).

In addition to conferring axial identity, Hox genes control the position of limb buds, forming from
lateral plate mesoderm. In the forelimb, this is mediated via direct binding to a Tbx5 enhancer element.
Co-electroporation of lacZ enhancer reporter plasmids with Hox expression constructs in chick showed
that Hox binding sites are required to restrict Tbx5 expression to the forelimb-forming region. This
occurs via both activating and repressive interactions. Similar observations were made using mice
transgenic for lacZ enhancer reporters. For example, Hoxc9, which is expressed in caudal lateral plate
mesoderm, represses the Thx5 forelimb regulatory element [47]. ChIP-seq experiments revealed
overlapping binding sites for Meis, Tbx, and Hox in regulatory sequences of the Fgf10 and Lefl genes.
Thus, these transcription factors converge to co-regulate the Wnt and Fgf pathways, which are critical

for limb initiation at the correct axial levels [48]. Comparative analysis of multiple bird species: chicken,



zebra finch and ostrich, with different numbers of cervical vertebrae, suggested that variation in

forelimb position correlates with the timing of Hox gene activation during gastrulation [49, 50].

4. Hox regulation of axial identity

Organisation of the body plan requires that local information in the embryo is translated into a
functional, global pattern. Hox genes, and axial level-dependent activity of HOX protein combinations,
are important in this context.

Amniotes have almost 40 members of the Hox gene family, which are organised into four clusters,
arising from duplications of an ancestral cluster, plus subsequent gene loss or duplications (Figure 1A)
[2, 51]. Due to these duplications, each gene within a particular cluster has close relatives in one or
more of the remaining clusters. These closely related genes share a similar sequence and relative
position and are classified into 13 paralogue groups. The position of genes within clusters has
functional relevance and reflects the order of gene expression in time and space along the anterior-
posterior axis, a feature termed collinearity [52, 53)]. Vertebrate Hox clusters are compact in their
organisation with uniform orientation of transcription. Genome engineering and inversion of genes
within the HoxD cluster in mice showed that this tight structure is likely to be crucial for regulation
[54]. Differential genome-wide Hox binding profiles [55], as well as axial level and tissue specific co-
factors that facilitate binding to regulatory elements, have been extensively investigated (see for
example [56, 57]). Overall, the data suggest that differential binding of Hox TFs drives patterning
diversification.

An important question is when axial identity becomes fixed and how this is achieved. Classic
transplantation experiments in chick embryos can challenge differentiation potential [40]. Grafting
PSM between cervical and thoracic axial levels showed that the dorsal somite retains original Hox
expression and morphological identity - specifically rib formation, vertebral and scapula shapes.
However, laterally migrating cells are incorporated into ventral derivatives and adopt lateral plate

specific Hox expression [58]. Similarly, progenitor cells in the tailbud can adjust their Hox gene



expression after heterochronic transplantation [59]. This suggests that patterns of Hox expression are
reversible and extrinsic signals from the environment are able to effect changes to intrinsic features,

such as chromatin and epigenetic marks, to influence gene expression programmes.

4.1. Timing of Hox activation

In paraxial mesoderm tissue and in the adjacent neural tube, Hox expression is initiated by temporal
activation of Hox genes from 3’ to 5’ within each cluster. This begins during gastrulation [60] and is
also detected in progenitor cell populations located caudally in the embryo [61]. A detailed discussion
of these progenitors is found elsewhere in this issue. Importantly, neuromesodermal (NMP) and lateral
plate/paraxial mesoderm progenitors (LPMP) together fuel axial elongation throughout
embryogenesis. NMPs in particular are specified by high levels of Wnt and FGF signalling in a posterior
niche. In the mouse these cells emerge at E7.5, the end of gastrulation, and persist until E13.5 when
axis elongation ceases [62]. Lineage tracing in chick showed that limited ingression and increased
proliferation maintain and amplify the axial progenitor pool in the tailbud [63], and that these cells
contribute to elongation of multiple axial tissues [10]. Transcriptomics, including single cell sequencing,
identified their distinct molecular signatures [63, 64]. Their bipotency and eventual differentiation into
mesodermal or neural progenies is determined by Brachyury-T and Sox2 transcription factors [61, 65].
Furthermore, analysis of T/ chimeric embryos suggests that Brachyury-T limits the allocation of
primitive streak cells to the NMP pool [66]. Misexpression approaches in chick embryos provided
evidence that the Sox2:Brachyury-T ratio affects the cells’ motile behaviour: cells stay in place to
generate neural tissue (high Sox2) or exit the progenitor zone to produce mesoderm (high Brachyury-
T) [67]. Transcriptomics identified a network involving RA and Wnt signalling regulating neural versus
mesodermal allocation [68]. The most highly upregulated genes in NMP- and LPMP-containing regions
were Hox genes, with peak expression during primitive streak to tail bud transition [64]. The NMP
transcriptome changes over time [64] and acquisition of axial identity remains responsive to extrinsic

signals [59] until it becomes fixed in the PSM [58]. Interestingly, anterior limits of Hox gene expression



differ in paraxial mesoderm and neural tissues, despite their common origin from posterior progenitor
pools [61] and the coupling of axial and paraxial tissue elongation [11].

As these progenitors contribute to more caudal mesodermal or neural progenies, collinear Hox gene
activation is translated into a spatial pattern of expression along the axis [69]. The progressive opening
of Hox clusters is associated with changes in chromatin structure [70]. In chick this has been visualised
using chromatin accessibility and Hox expression within PSM and somites. Differentially accessible
chromatin detected across all four Hox clusters reflects the organisation of genes within clusters and
their collinear expression. Footprints for transcription factors involved in Hox gene regulation and

patterning, such as CDX1/2 and RA receptors, were found in intergenic regions [71].

4.2. Interactions of Hox with lineage specifying genes

Ultimately Hox expression instructs anatomically distinguishable vertebrae subtypes of the vertebral
column (Figure 1A, B) [21, 39, 72]. Our understanding of how Hox genes interact with somite
patterning pathways to regulate vertebral morphologies is incomplete. For example, cervico-thoracic
vertebrae are specified by Hox paralogous groups 5-9 [69]. Hoxa5 is expressed in posterior cervical
somites, where Fgf-8 and Shh signalling restricts expression to the lateral sclerotome. Cartilage defects
in lateral vertebral elements were observed after Hoxa5 knockdown or misexpression and this is
mediated by negative regulation of the chondrogenic transcription factor, Sox-9 [73]. Similarly, Hoxc6
expression demarcates the anterior boundary of the thoracic region in many vertebrates including
mouse and chick [74, 75], alligator [76] and snakes [77]. Overexpression of Hox6 paralogues in PSM
produces ectopic ribs in more anterior cervical and more posterior lumbar regions, indicating that Hox6
can determine thoracic identity throughout the vertebral column. Mouse knockout studies showed
that Hox10 and Hox11 paralogues provide identity to lumbo-sacral regions. In absence of Hox11
function, sacral vertebrae assume lumbar identity, whereas in absence of Hox10 function, ribs project
from all posterior vertebrae and no lumbar vertebrae form [78]. Conversely ectopic expression of

Hoxal0 suppresses rib formation [79, 80]. Interestingly, both Hox6 and Hox10 interact with an



enhancer element that regulates expression of MYF5 and MRF4/Myf6 in the hypaxial myotome, which
in turn activates FGF and PDGF signalling to promote rib formation [80]. Some species, including snakes,
have a polymorphism in this enhancer element modulating its response to rib-suppressing and rib-
promoting Hox proteins, overall resulting in an expanded rib cage [81]. Ongoing efforts to further
characterize downstream gene regulatory networks underlying axial transitions and skeletal
morphology use differential transcriptomics and chromatin accessibility in chick somites (SW and AM
unpublished). Focussing on cervical and thoracic levels, the aim is to identify molecular signatures that
correlate with differential expression of Hox paralogues, which define this region. This may uncover
additional target genes and gene networks that mediate axial specific somite patterning and
differentiation downstream of Hox.

Studies in conditional mouse mutants have shown that Hox genes are also important in postnatal and
adult stages. Lineage tracing showed that Hoxal1l expressing cells are self-renewing skeletal stem cells
[82]. Evidence suggests that Hox genes confer differentiation cues to these stem cells throughout life.
For example, Hox11 genes play critical roles in skeletal homeostasis of the forelimb. Loss of Hox11
gene function impairs the differentiation to chondrocytes and osteoblasts [83], which fail to mature

and normal bone is replaced with an abnormal matrix of collagen fibres [84].

5. Primary and secondary body formation

The vertebrate body can be separated into a primary and secondary body, governed by independent
developmental modules acting simultaneously (Figure 1C). The primary body comprises occipital to
lumbar domains, the secondary body includes sacral and caudal domains. A recent review describes
molecular mechanisms required for each region and the transition between them [85]. Here, we
summarise this concept and the regulatory cascades that produce somites with unique signatures.
The primary body arises from epiblast axial progenitors from late gastrulation. Structural and
functional differences between axial derivatives are already reflected in somites and mechanisms

regulating somite formation vary at different axial levels. This is illustrated by differential effects of



inactivation of Lfng oscillations on thoracic versus caudal vertebrae [86]. Somite maturation dynamics
also varies as indicated by the onset of sclerotome and myotome formation [87, 88]. In the occipital
domain, the first five somites form occipital bone [42]. They are independent of NMPs, instead, head-
associated neural and mesodermal structures require canonical Wnt and Nodal signalling from the
primitive streak. This determination of cell fate occurs during gastrulation before morphologically
overt segmentation [85, 89].

During transition from occipital to cervical somites, which marks the outset of the spinal cord and
vertebral column, a developmental switch occurs and somite development becomes dependent on
Brachyury-T and Cdx genes, which promote emergence of NMPs [61]. Cdx2 and Brachyury-T cooperate
to establish axial progenitors, loss of function of both genes disrupts axial elongation more than
individual mutations [90]. Common targets for Cdx2 and Brachyury-T include Wnt and Fgf pathway
components [90, 91]. Wnt3a mediated canonical Wnt signalling becomes important for lineage choice
in NMPs, changing their developmental potential to mesoderm during axial elongation [92].

As described above, regional vertebrae characteristics are specified by the actions of Hox paralogues,
with clear associations between major transitions in the axial skeleton and anterior expression
boundaries of specific Hox paralogues [75]. For most genes, expression persists until chondrification
begins in vertebrae primordia. Most vertebrae are specified by a unique combination of Hox genes,
thus ensuring formation of discrete morphologies along the axis. For example, in the mouse, the top-
most cervical vertebra — the atlas - is characterized by Hoxal, Hoxa3, Hoxb1, and Hoxd4. The axis, the
next vertebra after the atlas, is specified by these four genes plus Hoxa4 and Hoxb4. Segmental
identity in the cervical domain is conveyed by Hox paralogous groups 3, 4 and 5, as demonstrated by
homeotic transformations in mouse loss-of-function mutants (reviewed in [69]. Axial level specific
identity of soft tissues is similarly governed by Hox genes, as shown by regulation of Lbx1 expression
in migratory muscle progenitors in limb level somites [93].

A key regulator for the trunk, specifically the thoracic domain, is Oct4. Conditional Oct4 inactivation,

produced embryos lacking trunk structures, but still containing tail features [94]. Conversely, sustained
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activity of Oct4 produced embryos with extended trunks and delayed secondary body formation.
Interestingly, snake embryos have extended Oct4 expression explaining their long trunks [95]. Similarly,
Gdf11 signalling is important for the trunk to tail transition, without it the switch is delayed [96],
whereas premature activation produces short trunks [97]. Gdf1l1l also coordinates reallocation of
bipotent NMPs from the anterior primitive streak to the tail bud. Single cell transcriptomics comparing
primitive streak epithelial cells to tail bud cells, suggests the latter are a subset of epiblast axial
progenitors that undergo an incomplete epithelial to mesenchymal transition (EMT). This EMT,
triggered by activation of Snail downstream of Tgfbrl and GDF11 signalling, is functionally different
from that in the primitive streak and keeps axial progenitors in a transitory state to drive further axial
extension, producing post-sacral structures [98]. Tail development relies on the Lin28/let-7 pathway,
which controls caudal progenitors by promoting their proliferation and self-renewal, as well as
balancing neuromesodermal cell fate decisions [99]. Gdfl1-mediated activation of Hox13 leads to
premature arrest of posterior axial growth by downregulating Lin28 [100]. In chick embryos, measuring
velocities of axis elongation and somite formation shows that activation of posterior Hox paralogous
groups 9-13 correlates with slowing down of elongation. The expansion of tail bud axial progenitors
ceased and LIN28 was downregulated [101]. Simultaneously, Wnt activity is repressed, reducing
mesoderm ingression, this reduces PSM size and brings RA close to the tail bud, causing further loss of
axial progenitors. Posterior extension of the axial skeleton is balanced by the actions of the Cdx family
of transcription factors, which promote extension, and the Hox12-13 paralogues, which exert a braking
effect by regulating Wnt and RA signalling [102]. Together these mechanisms regulate termination of

segmentation and axis elongation.

6. In vitro models of somite formation
To dissect coordination of lineage decisions and morphogenetic processes shaping the embryo, a
number of sophisticated in vitro systems have recently been developed. The aim of these approaches

is to reverse engineer molecular pathways driving embryogenesis. A number of reviews highlight some
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key advantages of these model systems [103-108]. They can be grown in large quantities, thus enabling
screens, are easier to genetically modify as they are grown directly from ES cells and can be used to
study the effect of external signals on morphogenesis. They complement studies with embryos and
provide insights into human development that could otherwise not be obtained. Here we summarise
findings relevant to axial patterning and somite formation.

As described above, patterning of axial structures depends on the collinear expression of HOX genes
in axial stem cells during embryo elongation. It has been unclear whether sequential activation of more
posterior HOX genes is controlled by intrinsic chromatin-based timing mechanisms or by changes in
environmental signalling cues. A recent study addressed this question using human pluripotent stem
cell (PSC) derived axial progenitors, differentiated into spinal cord motor neuron subtypes [109].
Increasing FGF signalling was necessary for progressive activation of caudal HOX genes, consistent with
the posterior to anterior gradient of FGF activity in the embryo. Furthermore, exposing progenitors to
a combination of FGF and GDF11 accelerated the pace of Hox gene expression and induced more
posterior genes and motor neuron subtypes. These results argue that the Hox clock is dynamically
controlled by secreted extrinsic signals, although chromatin accessibility or epigenetic modifications
were not directly assessed.

Remarkably, three-dimensional aggregates of embryonic stem cells, also termed gastruloids, display
germ-layer specification and some axial organization [110-112]. Compared with embryos, gastruloids
exhibit limited morphogenesis; this improves dramatically when cultures are supplemented with
extracellular matrix. In both mouse and human, single-cell transcriptomics demonstrates that
gastruloids activate the same gene networks seen in embryos [113-115]. This includes expression of
genes involved in cell-cell adhesion and cell-matrix adhesion, thus allowing the formation of somites.
Mouse gastruloids produced striped segmentation patterns and axial elongation reminiscent of those
that emerge during somitogenesis. Live imaging confirmed that the somitogenesis clock is active with
similar dynamics to in vivo [113]. Furthermore, gene expression analysis revealed lineage segregation

of NMPs and their differentiated progeny in an anterior-posterior pattern analogous to that in embryos.
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Thus, in these gastruloids, or trunk-like structures, mesodermal and neural differentiation trajectories
were coordinated with their position along the axis [113, 115].

Similarly, paraxial mesoderm organoids have been generated from human PSCs [116]. As these somite-
like structures (somitoids) recapitulate molecular, morphological and functional features observed in
embryos, they could be used to examine development and diseases of the human spine in vitro. There
are already several examples of disease modelling using synthetic systems. This includes myasthenia
gravis pathology, aspects of which can be recapitulated in organoids containing functional
neuromuscular junctions. These neuromuscular organoids were generated from hPSC-derived axial
stem cells; both spinal cord neurons and skeletal muscle cells were produced, and their differentiation
trajectories were tracked over time by single cell transcriptomics [117]. Chemically defined conditions
have also been used to induce multiple musculoskeletal cell types from mouse embryonic stem cells
[118] and from human induced pluripotent stem cells (iPSCs) [119]. In the latter, disease modelling of
fibrodysplasia ossificans progressiva (FOP), which is characterized by ossification in soft tissues, has

further illustrated the usefulness of these protocols [119].

7. Conclusion

Here we summarised mechanisms that generate paraxial mesoderm and reviewed how different
anatomical regions of the vertebral column acquire specific identities. A review of pathologies
associated with axis development was beyond scope, however, disruptions of the mechanisms
described have been shown to cause segmentation defects in human [1, 27]. This spectrum of
disorders affect skeletal elements and musculature of the spine, resulting in curvatures such as
scoliosis and kyphosis. No doubt, future work on somitogenesis and patterning of the axial skeleton
and musculature, in both embryos and gastruloid models, will provide better understanding of the
embryonic origin and causes of these diseases. In addition, studies in diverse taxa indicate that changes
in HOX expression patterns govern axial identity, suggesting that they are critical for evolutionary

adaptations [2, 3]. But how different anatomies are achieved remains poorly understood. Overall the
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process of axial regionalisation will continue to fascinate investigators. This is also exemplified by the
emergence of ex-vivo systems, such as gastruloids, somitoids and trunk-like structures, where germ-

layer specification and axial organization can be dissected in detail.

Acknowledgements
We thank Dr Johannes Wittig for graphic illustrations and members of the Minsterberg laboratory for
discussions. Funding: SW is funded by a doctoral studentship from the BBSRC Norwich Research Park

Doctoral Training Programme (NRPDTP).

References

[1] B. Benazeraf, O. Pourquie, Formation and segmentation of the vertebrate body axis, Annu Rev Cell
Dev Biol 29 (2013) 1-26.

[2] M. Mallo, Reassessing the Role of Hox Genes during Vertebrate Development and Evolution, Trends
Genet 34(3) (2018) 209-217.

[3] M. Mallo, The vertebrate tail: a gene playground for evolution, Cell Mol Life Sci 77(6) (2020) 1021-
1030.

[4] C. Bohmer, O. Plateau, R. Cornette, A. Abourachid, Correlated evolution of neck length and leg
length in birds, R Soc Open Sci 6(5) (2019) 181588.

[5] C. Bohmer, J. Prevoteau, O. Duriez, A. Abourachid, Gulper, ripper and scrapper: anatomy of the
neck in three species of vultures, J Anat 236(4) (2020) 701-723.

[6] M.R. Stocker, Too hip for two sacral vertebrae, Elife 8 (2019).

[7] T.M. Scheyer, J.R. Hutchinson, O. Strauss, M. Delfino, J.D. Carrillo-Briceno, R. Sanchez, M.R.
Sanchez-Villagra, Giant extinct caiman breaks constraint on the axial skeleton of extant crocodylians,
Elife 8 (2019).

[8] B. Christ, R. Huang, M. Scaal, Amniote somite derivatives, Dev Dyn 236(9) (2007) 2382-96.

[9] M. Diaz-Cuadros, D.E. Wagner, C. Budjan, A. Hubaud, O.A. Tarazona, S. Donelly, A. Michaut, Z. Al
Tanoury, K. Yoshioka-Kobayashi, Y. Niino, R. Kageyama, A. Miyawaki, J. Touboul, O. Pourquie, In vitro
characterization of the human segmentation clock, Nature 580(7801) (2020) 113-118.

[10] B. Benazeraf, M. Beaupeux, M. Tchernookov, A. Wallingford, T. Salisbury, A. Shirtz, A. Shirtz, D.
Huss, O. Pourquie, P. Francois, R. Lansford, Multi-scale quantification of tissue behavior during amniote
embryo axis elongation, Development 144(23) (2017) 4462-4472.

[11] F. Xiong, W. Ma, B. Benazeraf, L. Mahadevan, O. Pourquie, Mechanical Coupling Coordinates the
Co-elongation of Axial and Paraxial Tissues in Avian Embryos, Dev Cell 55(3) (2020) 354-366 e5.

[12] B. Benazeraf, P. Francois, R.E. Baker, N. Denans, C.D. Little, O. Pourquie, A random cell motility
gradient downstream of FGF controls elongation of an amniote embryo, Nature 466(7303) (2010) 248-
52.

[13] M. Oginuma, P. Moncuquet, F. Xiong, E. Karoly, J. Chal, K. Guevorkian, O. Pourquie, A Gradient of
Glycolytic Activity Coordinates FGF and Wnt Signaling during Elongation of the Body Axis in Amniote
Embryos, Dev Cell 40(4) (2017) 342-353 el0.

[14] P.M. Kulesa, S.E. Fraser, Cell dynamics during somite boundary formation revealed by time-lapse
analysis, Science 298(5595) (2002) 991-5.

[15] G.G. Martins, P. Rifes, R. Amandio, G. Rodrigues, |. Palmeirim, S. Thorsteinsdottir, Dynamic 3D cell
rearrangements guided by a fibronectin matrix underlie somitogenesis, PLoS One 4(10) (2009) e7429.

14



[16] Sagar, F. Prols, C. Wiegreffe, M. Scaal, Communication between distant epithelial cells by
filopodia-like protrusions during embryonic development, Development 142(4) (2015) 665-71.

[17] J. McColl, G.F. Mok, A.H. Lippert, A. Ponjavic, L. Muresan, A. Munsterberg, 4D imaging reveals
stage dependent random and directed cell motion during somite morphogenesis, Sci Rep 8(1) (2018)
12644.

[18] B. Christ, M. Scaal, Formation and differentiation of avian somite derivatives, Adv Exp Med Biol
638 (2008) 1-41.

[19] A.E. Brent, C.J. Tabin, Developmental regulation of somite derivatives: muscle, cartilage and
tendon, Curr Opin Genet Dev 12(5) (2002) 548-57.

[20] M. Buckingham, P.W. Rigby, Gene regulatory networks and transcriptional mechanisms that
control myogenesis, Dev Cell 28(3) (2014) 225-38.

[21])J. Chal, O. Pourquie, Making muscle: skeletal myogenesis in vivo and in vitro, Development 144(12)
(2017) 2104-2122.

[22] L.C. Murtaugh, J.H. Chyung, A.B. Lassar, Sonic hedgehog promotes somitic chondrogenesis by
altering the cellular response to BMP signaling, Genes Dev 13(2) (1999) 225-37.

[23] L.C. Murtaugh, L. Zeng, J.H. Chyung, A.B. Lassar, The chick transcriptional repressor Nkx3.2 acts
downstream of Shh to promote BMP-dependent axial chondrogenesis, Dev Cell 1(3) (2001) 411-22.
[24] L. Zeng, H. Kempf, L.C. Murtaugh, M.E. Sato, A.B. Lassar, Shh establishes an Nkx3.2/Sox9
autoregulatory loop that is maintained by BMP signals to induce somitic chondrogenesis, Genes Dev
16(15) (2002) 1990-2005.

[25] E. Kozhemyakina, A.B. Lassar, E. Zelzer, A pathway to bone: signaling molecules and transcription
factors involved in chondrocyte development and maturation, Development 142(5) (2015) 817-31.
[26] S. Williams, B. Alkhatib, R. Serra, Development of the axial skeleton and intervertebral disc, Curr
Top Dev Biol 133 (2019) 49-90.

[27] M. Maroto, R.A. Bone, J.K. Dale, Somitogenesis, Development 139(14) (2012) 2453-2456.

[28] J. Gros, M. Scaal, C. Marcelle, A two-step mechanism for myotome formation in chick, Dev Cell
6(6) (2004) 875-82.

[29] A.C. Rios, O. Serralbo, D. Salgado, C. Marcelle, Neural crest regulates myogenesis through the
transient activation of NOTCH, Nature 473(7348) (2011) 532-5.

[30] D. Sieiro, A.C. Rios, C.E. Hirst, C. Marcelle, Cytoplasmic NOTCH and membrane-derived beta-
catenin link cell fate choice to epithelial-mesenchymal transition during myogenesis, Elife 5 (2016).
[31] J. Gros, O. Serralbo, C. Marcelle, WNT11 acts as a directional cue to organize the elongation of
early muscle fibres, Nature 457(7229) (2009) 589-93.

[32] D. Sieiro-Mosti, M. De La Celle, M. Pele, C. Marcelle, A dynamic analysis of muscle fusion in the
chick embryo, Development 141(18) (2014) 3605-11.

[33] J. Melendez, D. Sieiro, D. Salgado, V. Morin, M.J. Dejardin, C. Zhou, A.C. Mullen, C. Marcelle,
TGFbeta signalling acts as a molecular brake of myoblast fusion, Nat Commun 12(1) (2021) 749.

[34] K. Goljanek-Whysall, D. Sweetman, M. Abu-Elmagd, E. Chapnik, T. Dalmay, E. Hornstein, A.
Munsterberg, MicroRNA regulation of the paired-box transcription factor Pax3 confers robustness to
developmental timing of myogenesis, Proceedings of the National Academy of Sciences of the United
States of America 108(29) (2011) 11936-41.

[35] K. Goljanek-Whysall, G.F. Mok, A. Fahad Alrefaei, N. Kennerley, G.N. Wheeler, A. Munsterberg,
myomiR-dependent switching of BAF60 variant incorporation into Brgl chromatin remodeling
complexes during embryo myogenesis, Development 141(17) (2014) 3378-87.

[36] G.F. Mok, E. Lozano-Velasco, E. Maniou, C. Viaut, S. Moxon, G. Wheeler, A. Munsterberg, miR-
133-mediated regulation of the Hedgehog pathway orchestrates embryo myogenesis, Development
145(12) (2018).

[37] C. Viaut, S. Weldon, A. Munsterberg, Fine-tuning of the PAX-SIX-EYA-DACH network by multiple
microRNAs controls embryo myogenesis, Dev Biol 469 (2021) 68-79.

[38] A.E. Brent, R. Schweitzer, C.J. Tabin, A somitic compartment of tendon progenitors, Cell 113(2)
(2003) 235-48.

[39] M. Scaal, Early development of the vertebral column, Semin Cell Dev Biol 49 (2016) 83-91.

15



[40] M. Kieny, A. Mauger, P. Sengel, Early regionalization of somitic mesoderm as studied by the
development of axial skeleton of the chick embryo, Dev Biol 28(1) (1972) 142-61.

[41] T. limura, N. Denans, O. Pourquie, Establishment of Hox vertebral identities in the embryonic spine
precursors, Curr Top Dev Biol 88 (2009) 201-34.

[42] G.F. Couly, P.M. Coltey, N.M. Le Douarin, The triple origin of skull in higher vertebrates: a study in
quail-chick chimeras, Development 117(2) (1993) 409-29.

[43] R. Huang, Q. Zhi, K. Patel, J. Wilting, B. Christ, Contribution of single somites to the skeleton and
muscles of the occipital and cervical regions in avian embryos, Anat Embryol (Berl) 202(5) (2000) 375-
83.

[44] G.C. Schoenwolf, Morphogenetic processes involved in the remodeling of the tail region of the
chick embryo, Anat Embryol (Berl) 162(2) (1981) 183-97.

[45] D.J. Rashid, K. Surya, L.M. Chiappe, N. Carroll, K.L. Garrett, B. Varghese, A. Bailleul, J.K. O'Connor,
S.C. Chapman, J.R. Horner, Avian tail ontogeny, pygostyle formation, and interpretation of juvenile
Mesozoic specimens, Sci Rep 8(1) (2018) 9014.

[46] D.J. Rashid, R. Bradley, A.M. Bailleul, K. Surya, H.N. Woodward, P. Wu, Y.B. Wu, D.B. Menke, S.G.
Minchey, B. Parrott, S.L. Bock, C. Merzdorf, E. Narotzky, N. Burke, J.R. Horner, S.C. Chapman, Distal
spinal nerve development and divergence of avian groups, Sci Rep 10(1) (2020) 6303.

[47] S. Nishimoto, C. Minguillon, S. Wood, M.P. Logan, A combination of activation and repression by
a colinear Hox code controls forelimb-restricted expression of Tbx5 and reveals Hox protein specificity,
PLoS Genet 10(3) (2014) e1004245.

[48] I. Delgado, G. Giovinazzo, S. Temino, Y. Gauthier, A. Balsalobre, J. Drouin, M. Torres, Control of
mouse limb initiation and antero-posterior patterning by Meis transcription factors, Nat Commun 12(1)
(2021) 3086.

[49] C. Moreau, P. Caldarelli, D. Rocancourt, J. Roussel, N. Denans, O. Pourquie, J. Gros, Timed Collinear
Activation of Hox Genes during Gastrulation Controls the Avian Forelimb Position, Curr Biol 29(1) (2019)
35-50 e4.

[50]J.J. Young, P. Grayson, C.J. Tabin, Developmental Biology: Hox Timing Determines Limb Placement,
Curr Biol 29(2) (2019) R52-R54.

[51] R. Krumlauf, Hox genes, clusters and collinearity, Int J Dev Biol 62(11-12) (2018) 659-663.

[52] J. Deschamps, D. Duboule, Embryonic timing, axial stem cells, chromatin dynamics, and the Hox
clock, Genes Dev 31(14) (2017) 1406-1416.

[53] A.). Durston, Some Questions and Answers About the Role of Hox Temporal Collinearity in
Vertebrate Axial Patterning, Front Cell Dev Biol 7 (2019) 257.

[54] F. Darbellay, C. Bochaton, L. Lopez-Delisle, B. Mascrez, P. Tschopp, S. Delpretti, J. Zakany, D.
Duboule, The constrained architecture of mammalian Hox gene clusters, Proc Natl Acad Sci U S A
116(27) (2019) 13424-13433.

[55] M. Bulajic, D. Srivastava, J.S. Dasen, H. Wichterle, S. Mahony, E.O. Mazzoni, Differential abilities
to engage inaccessible chromatin diversify vertebrate Hox binding patterns, Development 147(22)
(2020).

[56] A. Dard, J. Reboulet, Y. Jia, F. Bleicher, M. Duffraisse, J.M. Vanaker, C. Forcet, S. Merabet, Human
HOX Proteins Use Diverse and Context-Dependent Motifs to Interact with TALE Class Cofactors, Cell
Rep 22(11) (2018) 3058-3071.

[57] L. Bridoux, P. Zarrineh, J. Mallen, M. Phuycharoen, V. Latorre, F. Ladam, M. Losa, S.M. Baker, C.
Sagerstrom, K.A. Mace, M. Rattray, N. Bobola, HOX paralogs selectively convert binding of ubiquitous
transcription factors into tissue-specific patterns of enhancer activation, PLoS Genet 16(12) (2020)
e1009162.

[58] J.L. Nowicki, A.C. Burke, Hox genes and morphological identity: axial versus lateral patterning in
the vertebrate mesoderm, Development 127(19) (2000) 4265-75.

[59] M.J. McGrew, A. Sherman, S.G. Lillico, F.M. Ellard, P.A. Radcliffe, H.J. Gilhooley, K.A. Mitrophanous,
N. Cambray, V. Wilson, H. Sang, Localised axial progenitor cell populations in the avian tail bud are not
committed to a posterior Hox identity, Development 135(13) (2008) 2289-99.

16



[60] T. limura, O. Pourquie, Collinear activation of Hoxb genes during gastrulation is linked to
mesoderm cell ingression, Nature 442(7102) (2006) 568-71.

[61] F.J. Wymeersch, V. Wilson, A. Tsakiridis, Understanding axial progenitor biology in vivo and in vitro,
Development 148(4) (2021).

[62] F.J. Wymeersch, Y. Huang, G. Blin, N. Cambray, R. Wilkie, F.C. Wong, V. Wilson, Position-dependent
plasticity of distinct progenitor types in the primitive streak, Elife 5 (2016) e10042.

[63] C. Guillot, A. Michaut, B. Rabe, O. Pourquie, Dynamics of primitive streak regression controls the
fate of neuro-mesodermal progenitors in the chicken embryo, bioRxiv (2020).

[64] F.J. Wymeersch, S. Skylaki, Y. Huang, J.A. Watson, C. Economou, C. Marek-Johnston, S.R.
Tomlinson, V. Wilson, Transcriptionally dynamic progenitor populations organised around a stable
niche drive axial patterning, Development 146(1) (2019).

[65] F. Koch, M. Scholze, L. Wittler, D. Schifferl, S. Sudheer, P. Grote, B. Timmermann, K. Macura, B.G.
Herrmann, Antagonistic Activities of Sox2 and Brachyury Control the Fate Choice of Neuro-
Mesodermal Progenitors, Dev Cell 42(5) (2017) 514-526 e7.

[66] C. Guibentif, J.A. Griffiths, I. Imaz-Rosshandler, S. Ghazanfar, J. Nichols, V. Wilson, B. Gottgens, J.C.
Marioni, Diverse Routes toward Early Somites in the Mouse Embryo, Dev Cell 56(1) (2021) 141-153 e6.
[67] M. Romanos, G. Allio, L. Combres, F. Medevielle, N. Escalas, C. Soula, B. Steventon, A. RTrescases,
B. Benazeraf, Cell-to-cell heterogeneity in Sox2 and Brachyury expression ratios guides progenitor
destiny by controlling their motility., bioRxiv (2021).

[68] M. Gouti, J. Delile, D. Stamataki, F.J. Wymeersch, Y. Huang, J. Kleinjung, V. Wilson, J. Briscoe, A
Gene Regulatory Network Balances Neural and Mesoderm Specification during Vertebrate Trunk
Development, Dev Cell 41(3) (2017) 243-261 e7.

[69] M. Mallo, D.M. Wellik, J. Deschamps, Hox genes and regional patterning of the vertebrate body
plan, Dev Biol 344(1) (2010) 7-15.

[70] N. Soshnikova, D. Duboule, Epigenetic temporal control of mouse Hox genes in vivo, Science
324(5932) (2009) 1320-3.

[71] G.F. Mok, L. Folkes, S.A. Weldon, E. Maniou, V. Martinez-Heredia, A.M. Godden, R.M. Williams, T.
Sauka-Spengler, G.N. Wheeler, S. Moxon, A.E. Minsterberg, Characterising open chromatin in chick
embryos identifies cis- regulatory elements important for paraxial mesoderm formation and axis
extension., Nature Communications (2021).

[72] M. Scaal, Development of the amniote ventrolateral body wall, Dev Dyn 250(1) (2021) 39-59.
[73] J.W. Chen, S. Zahid, M.H. Shilts, S.J. Weaver, R.M. Leskowitz, S. Habbsa, D. Aronowitz, K.P. Rokins,
Y. Chang, Z. Pinnella, L. Holloway, J.H. Mansfield, Hoxa-5 acts in segmented somites to regulate cervical
vertebral morphology, Mech Dev 130(4-5) (2013) 226-40.

[74]S.). Gaunt, Conservation in the Hox code during morphological evolution, Int J Dev Biol 38(3) (1994)
549-52.

[75] A.C. Burke, C.E. Nelson, B.A. Morgan, C. Tabin, Hox genes and the evolution of vertebrate axial
morphology, Development 121(2) (1995) 333-46.

[76] J.H. Mansfield, A. Abzhanov, Hox expression in the American alligator and evolution of
archosaurian axial patterning, J Exp Zool B Mol Dev Evol 314(8) (2010) 629-44.

[77] J.M. Woltering, F.J. Vonk, H. Muller, N. Bardine, I.L. Tuduce, M.A. de Bakker, W. Knochel, I.0. Sirbu,
A.J. Durston, M.K. Richardson, Axial patterning in snakes and caecilians: evidence for an alternative
interpretation of the Hox code, Dev Biol 332(1) (2009) 82-9.

[78] D.M. Wellik, M.R. Capecchi, Hox10 and Hox11l genes are required to globally pattern the
mammalian skeleton, Science 301(5631) (2003) 363-7.

[79] M. Carapuco, A. Novoa, N. Bobola, M. Mallo, Hox genes specify vertebral types in the presomitic
mesoderm, Genes Dev 19(18) (2005) 2116-21.

[80] T. Vinagre, N. Moncaut, M. Carapuco, A. Novoa, J. Bom, M. Mallo, Evidence for a myotomal
Hox/Myf cascade governing nonautonomous control of rib specification within global vertebral
domains, Dev Cell 18(4) (2010) 655-61.

17



[81] I. Guerreiro, A. Nunes, J.M. Woltering, A. Casaca, A. Novoa, T. Vinagre, M.E. Hunter, D. Duboule,
M. Mallo, Role of a polymorphism in a Hox/Pax-responsive enhancer in the evolution of the vertebrate
spine, Proc Natl Acad Sci U S A 110(26) (2013) 10682-6.

[82] K.M. Pineault, J.Y. Song, K.M. Kozloff, D. Lucas, D.M. Wellik, Hox11 expressing regional skeletal
stem cells are progenitors for osteoblasts, chondrocytes and adipocytes throughout life, Nat Commun
10(1) (2019) 3168.

[83] D.R. Rux, J.Y. Song, I.T. Swinehart, K.M. Pineault, A.J. Schlientz, K.G. Trulik, S.A. Goldstein, K.M.
Kozloff, D. Lucas, D.M. Wellik, Regionally Restricted Hox Function in Adult Bone Marrow Multipotent
Mesenchymal Stem/Stromal Cells, Dev Cell 39(6) (2016) 653-666.

[84] J.Y. Song, K.M. Pineault, J.M. Dones, R.T. Raines, D.M. Wellik, Hox genes maintain critical roles in
the adult skeleton, Proc Natl Acad Sci US A 117(13) (2020) 7296-7304.

[85] R. Aires, A. Dias, M. Mallo, Deconstructing the molecular mechanisms shaping the vertebrate body
plan, Curr Opin Cell Biol 55 (2018) 81-86.

[86] E.T. Shifley, K.M. Vanhorn, A. Perez-Balaguer, J.D. Franklin, M. Weinstein, S.E. Cole, Oscillatory
lunatic fringe activity is crucial for segmentation of the anterior but not posterior skeleton,
Development 135(5) (2008) 899-908.

[87] A. Maschner, S. Kruck, M. Draga, F. Prols, M. Scaal, Developmental dynamics of occipital and
cervical somites, J Anat 229(5) (2016) 601-609.

[88] M. Draga, K. Heim, R. Batke, M. Wegele, F. Prols, M. Scaal, Somite development in the avian tail, J
Anat 235(4) (2019) 716-724.

[89] D. Henrique, E. Abranches, L. Verrier, K.G. Storey, Neuromesodermal progenitors and the making
of the spinal cord, Development 142(17) (2015) 2864-75.

[90] S. Amin, R. Neijts, S. Simmini, C. van Rooijen, S.C. Tan, L. Kester, A. van Oudenaarden, M.P.
Creyghton, J. Deschamps, Cdx and T Brachyury Co-activate Growth Signaling in the Embryonic Axial
Progenitor Niche, Cell Rep 17(12) (2016) 3165-3177.

[91]T. Young, J.E. Rowland, C. van de Ven, M. Bialecka, A. Novoa, M. Carapuco, J. van Nes, W. de Graaff,
I. Duluc, J.N. Freund, F. Beck, M. Mallo, J. Deschamps, Cdx and Hox genes differentially regulate
posterior axial growth in mammalian embryos, Dev Cell 17(4) (2009) 516-26.

[92] S. Takada, K.L. Stark, M.J. Shea, G. Vassileva, J.A. McMahon, A.P. McMahon, Wnt-3a regulates
somite and tailbud formation in the mouse embryo, Genes Dev 8(2) (1994) 174-89.

[93] L.E. Alvares, F.R. Schubert, C. Thorpe, R.C. Mootoosamy, L. Cheng, G. Parkyn, A. Lumsden, S.
Dietrich, Intrinsic, Hox-dependent cues determine the fate of skeletal muscle precursors, Dev Cell 5(3)
(2003) 379-90.

[94] B. DeVeale, I. Brokhman, P. Mohseni, T. Babak, C. Yoon, A. Lin, K. Onishi, A. Tomilin, L. Pevny, P.W.
Zandstra, A. Nagy, D. van der Kooy, Oct4 is required ~E7.5 for proliferation in the primitive streak, PLoS
Genet 9(11) (2013) e1003957.

[95] R. Aires, A.D. Jurberg, F. Leal, A. Novoa, M.J. Cohn, M. Mallo, Oct4 Is a Key Regulator of Vertebrate
Trunk Length Diversity, Dev Cell 38(3) (2016) 262-74.

[96] A.C. McPherron, A.M. Lawler, S.J. Lee, Regulation of anterior/posterior patterning of the axial
skeleton by growth/differentiation factor 11, Nat Genet 22(3) (1999) 260-4.

[97] A.D. Jurberg, R. Aires, |. Varela-Lasheras, A. Novoa, M. Mallo, Switching axial progenitors from
producing trunk to tail tissues in vertebrate embryos, Dev Cell 25(5) (2013) 451-62.

[98] A. Dias, A. Lozovska, F.J. Wymeersch, A. Novoa, A. Binagui-Casas, D. Sobral, G.G. Martins, V. Wilson,
M. Mallo, A Tgfbr1/Snail-dependent developmental module at the core of vertebrate axial elongation,
Elife 9 (2020).

[99] D.A. Robinton, J. Chal, E. Lummertz da Rocha, A. Han, A.V. Yermalovich, M. Oginuma, T.M.
Schlaeger, P. Sousa, A. Rodriguez, A. Urbach, O. Pourquie, G.Q. Daley, The Lin28/let-7 Pathway
Regulates the Mammalian Caudal Body Axis Elongation Program, Dev Cell 48(3) (2019) 396-405 e3.
[100] R. Aires, L. de Lemos, A. Novoa, A.D. Jurberg, B. Mascrez, D. Duboule, M. Mallo, Tail Bud
Progenitor Activity Relies on a Network Comprising Gdf11, Lin28, and Hox13 Genes, Dev Cell 48(3)
(2019) 383-395 e8.

18



[101] N. Denans, T. limura, O. Pourquie, Hox genes control vertebrate body elongation by collinear
Wnt repression, Elife 4 (2015).

[102] T. Young, J. Deschamps, Hox, Cdx, and anteroposterior patterning in the mouse embryo, Curr
Top Dev Biol 88 (2009) 235-55.

[103] B. Steventon, A. Martinez Arias, Evo-engineering and the cellular and molecular origins of the
vertebrate spinal cord, Dev Biol 432(1) (2017) 3-13.

[104] N. Moris, A. Martinez Arias, B. Steventon, Experimental embryology of gastrulation: pluripotent
stem cells as a new model system, Curr Opin Genet Dev 64 (2020) 78-83.

[105] A.K. Hadjantonakis, E.D. Siggia, M. Simunovic, In vitro modeling of early mammalian
embryogenesis, Curr Opin Biomed Eng 13 (2020) 134-143.

[106] J.V. Veenvliet, B.G. Herrmann, Modeling mammalian trunk development in a dish, Dev Biol 474
(2021) 5-15.

[107] M. Diaz-Cuadros, O. Pourquie, In vitro systems: A new window to the segmentation clock, Dev
Growth Differ 63(2) (2021) 140-153.

[108] E.A. Rosado-Olivieri, A.H. Brivanlou, Gastruloids Gain Muscle: Somite Formation in Embryo-Like
Structures, Cell Stem Cell 26(4) (2020) 467-468.

[109] V. Mouilleau, C. Vaslin, R. Robert, S. Gribaudo, N. Nicolas, M. Jarrige, A. Terray, L. Lesueur, M.W.
Mathis, G. Croft, M. Daynac, V. Rouiller-Fabre, H. Wichterle, V. Ribes, C. Martinat, S. Nedelec, Dynamic
extrinsic pacing of the HOX clock in human axial progenitors controls motor neuron subtype
specification, Development 148(6) (2021).

[110] S.C. van den Brink, P. Baillie-Johnson, T. Balayo, A.K. Hadjantonakis, S. Nowotschin, D.A. Turner,
A. Martinez Arias, Symmetry breaking, germ layer specification and axial organisation in aggregates of
mouse embryonic stem cells, Development 141(22) (2014) 4231-42.

[111] D.A. Turner, M. Girgin, L. Alonso-Crisostomo, V. Trivedi, P. Baillie-Johnson, C.R. Glodowski, P.C.
Hayward, J. Collignon, C. Gustavsen, P. Serup, B. Steventon, P.L. M, A.M. Arias, Anteroposterior polarity
and elongation in the absence of extra-embryonic tissues and of spatially localised signalling in
gastruloids: mammalian embryonic organoids, Development 144(21) (2017) 3894-3906.

[112] L. Beccari, N. Moris, M. Girgin, D.A. Turner, P. Baillie-Johnson, A.C. Cossy, M.P. Lutolf, D. Duboule,
A.M. Arias, Multi-axial self-organization properties of mouse embryonic stem cells into gastruloids,
Nature 562(7726) (2018) 272-276.

[113] S.C. van den Brink, A. Alemany, V. van Batenburg, N. Moris, M. Blotenburg, J. Vivie, P. Baillie-
Johnson, J. Nichols, K.F. Sonnen, A. Martinez Arias, A. van Oudenaarden, Single-cell and spatial
transcriptomics reveal somitogenesis in gastruloids, Nature 582(7812) (2020) 405-409.

[114] N. Moris, K. Anlas, S.C. van den Brink, A. Alemany, J. Schroder, S. Ghimire, T. Balayo, A. van
Oudenaarden, A. Martinez Arias, An in vitro model of early anteroposterior organization during human
development, Nature 582(7812) (2020) 410-415.

[115] J.V. Veenvliet, A. Bolondi, H. Kretzmer, L. Haut, M. Scholze-Wittler, D. Schifferl, F. Koch, L.
Guignard, A.S. Kumar, M. Pustet, S. Heimann, R. Buschow, L. Wittler, B. Timmermann, A. Meissner, B.G.
Herrmann, Mouse embryonic stem cells self-organize into trunk-like structures with neural tube and
somites, Science 370(6522) (2020).

[116] C. Budjan, S. Liu, A. Ranga, S. Gayen, O. Pourquie, S. Hormoz, Paraxial mesoderm organoids model
development of human somites, bioRxiv (2021).

[117] J.M. Faustino Martins, C. Fischer, A. Urzi, R. Vidal, S. Kunz, P.L. Ruffault, L. Kabuss, I. Hube, E.
Gazzerro, C. Birchmeier, S. Spuler, S. Sauer, M. Gouti, Self-Organizing 3D Human Trunk Neuromuscular
Organoids, Cell Stem Cell 26(2) (2020) 172-186 e6.

[118] J. Chal, Z. Al Tanoury, M. Oginuma, P. Moncuquet, B. Gobert, A. Miyanari, O. Tassy, G. Guevara,
A. Hubaud, A. Bera, O. Sumara, J.M. Garnier, L. Kennedy, M. Knockaert, B. Gayraud-Morel, S. Tajbakhsh,
O. Pourquie, Recapitulating early development of mouse musculoskeletal precursors of the paraxial
mesoderm in vitro, Development 145(6) (2018).

[119] T. Nakajima, M. Shibata, M. Nishio, S. Nagata, C. Alev, H. Sakurai, J. Toguchida, M. Ikeya, Modeling
human somite development and fibrodysplasia ossificans progressiva with induced pluripotent stem
cells, Development 145(16) (2018).

19



Figure legend

Figure 1: Correspondence of Hox paralogues with vertebral formulae of mouse and chick embryos
and primary/secondary body formation. (A) Schematic of the genomic organization of the four Hox
clusters (a-d). Hox gene combinatorial expression controls vertebral identity along the anteroposterior
axis. Paralogue genes are colour-coded based on their contribution to axial domains (light blue =
occipital; dark blue = cervical; dark pink = thoracic; purple = lumbar; brown = sacral; light pink = caudal).
Boxes placed perpendicularly depict paralogous relationships within the Hox clusters. (B) Schematic
representation of the vertebral formula of the mouse compared to the chicken. The somite-derived
vertebrae are aligned and subdivided into colour-coded domains corresponding to axial domains,
which correlate with specific Hox paralogue expression (A). (C) Schematic of primary and secondary
body formation and the mechanisms for each. The colour-coded gradient corresponds to the vertebral
axial formula in (B) and with specific Hox paralogue expression in (A). The occipital, cervical, thoracic
and lumbar domains represent the primary body, whereas the sacral and caudal domains represent

the secondary body. PS, primitive streak; NMP, neuromesodermal progenitor.
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