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Abstract

Vertebrate cranial mesoderm is a discrete developmental unit compared to the mesoderm below the developing neck. An
extraordinary feature of the cranial mesoderm is that it includes a common progenitor pool contributing to the chambered
heart and the craniofacial skeletal muscles. This striking developmental potential and the excitement it generated led to
advances in our understanding of cranial mesoderm developmental mechanism. Remarkably, recent findings have begun to
unravel the origin of its distinct developmental characteristics. Here, we take a detailed view of the ontogenetic trajectory
of cranial mesoderm and its regulatory network. Based on the emerging evidence, we propose that cranial and posterior
mesoderm diverge at the earliest step of the process that patterns the mesoderm germ layer along the anterior—posterior
body axis. Further, we discuss the latest evidence and their impact on our current understanding of the evolutionary origin
of cranial mesoderm. Overall, the review highlights the findings from contemporary research, which lays the foundation to
probe the molecular basis of unique developmental potential and evolutionary origin of cranial mesoderm.
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Introduction posterior mesoderm. Together, these studies have established
that cranial mesoderm is a discrete developmental unit.

Somites are the basis of the segmental body plan of verte- A further remarkable feature of vertebrate cranial meso-

brates. Starting from the developing neck to the tail tip, the
paraxial mesoderm, which runs parallel to the embryonic
body axis, segments to form somites. In contrast, mesoderm
in the developing cranium does not form somites (Fig. 1).
Adding to this conspicuous morphological difference, stud-
ies over the last 2 decades have revealed several fundamen-
tal differences between the cranial and the somite-forming
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derm is that it contains a common progenitor pool, which
gives rise to cardiomyocytes and skeletal muscles of the
head. Elaborate head skeletal musculature including jaw
muscles, facial and neck muscles are unique to vertebrates
and are considered key to the evolution of their predatory
lifestyle ([1]; see Box #1). Nevertheless, the cardiogenic/
myogenic common progenitor, referred to as the cardi-
opharyngeal field, is conserved in Ciona [2, 3], which
belongs to Urochordata—the likely sister group of crani-
ates, which includes hagfish and vertebrates [4]. Thus, the
cardiopharyngeal subset of cranial mesoderm appears to be
a discrete developmental unit shared at least by Olfactores
(a taxonomic clade within the Chordata that comprises uro-
chordates and craniates). Contemporary studies have begun
dissecting the developmental mechanism specifying the
common progenitor (see Box #2). This understanding is
beginning to shed light on the phylogenetic origin of cardi-
opharyngeal mesoderm and thus, on the evolution of cranial
mesoderm.

Research groups investigating early mesoderm develop-
ment in the 90s uncovered broad differences in the anterior
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Fig. 1 Schematic illustrating the Pr
origin and derivatives of cranial
mesoderm. Cartoons of mouse
embryos from mid-gastrula
stage showing cranial and D

somitic mesoderm progenitors
and their muscle derivatives.
Embryonic day E7 all mesoder-
mal progenitors emerge from
the posterior end, where the
primitive streak is formed. E7
and E7.5 cranial mesoderm
migrates to the anterior pole,
while somitogenic progenitors
develop on the posterior side.
E8.5 and E10.5 lateral plate

of cranial mesoderm forms

the heart and the paraxial
component spreads as a non-
segmented mesenchyme and
eventually patterns into streams
entering the pharyngeal arches.
This contrasts with posterior
paraxial mesoderm forming
somites. E73.5 the pharyngeal
mesodermal core contributes to
different cranial skeletal muscle
groups (in blue). Somite-derived
skeletal muscles are shown in
red. VE visceral endoderm, ExE
extra-embryonic ectoderm, Epi
epiblast, PS primitive streak
(marked in grey), H heart, PA
pharyngeal arches, A anterior, P
posterior, Pr proximal, D distal.
E7,7.5 (based on evidence from
[40]), E8.5 (based on evidence
from Mespl-cre/R26R; [153]),
E10.5 [129] and E13.5 [53]

[ Primitive streak

Somitogenic progenitors
¢’ Cranial mesoderm progenitors

and posterior mesoderm development. Loss of function of
early mesoderm T-box factors and components of FGF and
canonical Wnt signaling pathways selectively affect the
development of somitogenic mesoderm posterior to fore-
limb level. A broad anterior compartment including cranial
mesoderm is spared in these mutants, highlighting differ-
ences in the genetic program between anterior and poste-
rior mesoderm. Recent studies are unraveling the early
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steps underlying the formation of cranial mesoderm. These
studies begin to trace the divergent trajectory of cranial
mesoderm development vis-a-vis the program of posterior
somite-forming mesoderm. Here, we review the literature on
the developmental specificities of cranial mesoderm focus-
ing on its distinct trajectory and discuss the implications
of recent findings in addressing the evolutionary origin of
cranial mesoderm.
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Box 1: Anatomy and derivatives of cranial
mesoderm

Vertebrate cranial mesoderm is bilaterally adjacent to
the developing brain from the forebrain to hindbrain
level. Cranial mesoderm populates the core of branchial/
pharyngeal arches to give rise to the skeletal muscles
(Fig. 1)—of the jaw that aid prey capture and mastica-
tion, of the face, which allow facial expression, as well
as of the pharynx and larynx that help in swallowing,
breathing and vocal expression (reviewed in [5]. The
cucullaris group of neck muscles, which connects head
to the shoulder blade, as well as the striated muscle in the
anterior end of esophagus, are also of cranial mesoderm
origin [6-8]. Cardiomyocytes of the heart derive from
the lateral plate of cranial mesoderm. Endothelium of
blood vessels in head, as well as some of the posterior
skull bones also have cranial mesoderm origin [5, 9-15].
A subset of the extraocular muscles, which enable eye
movements, is thought to derive from cranial mesoderm,
while the rest from the prechordal mesoderm [12, 14,
16]. The prechordal mesoderm, although present in the
cranial region, does not appear to share a close cell line-
age relationship with cranial mesoderm [17].

Box 2: Spotlight on cranial mesoderm: cranial
muscles and cardiopharyngeal field

To a great extent, the developmental mechanisms of
cranial mesoderm were brought to focus by studies on
cranial skeletal muscle development. Early studies in the
field indicated that the craniofacial muscle development
is divergent from the somite-derived muscles of the trunk
and limbs. They showed that the signaling environment
driving the lineage progression of muscle progenitors is
different in cranial mesoderm and somites [18, 19]. Sub-
sequently, cranial mesoderm was shown to be a discrete
domain delineated from the rest of posterior mesoderm
by largely confined marker gene expression [20]. Fur-
thermore, the cell lineage contributing to and the genetic
program regulating the development of cranial muscles
were demonstrated to be distinct from that governing
somitic muscles [5, 21-27]. Remarkably, a recent single-
cell transcriptome study has also identified the myogenic
lineage from cranial mesoderm as a distinct developmen-
tal trajectory compared to somitic myogenic trajectories
[28]. These findings underscored a deeper divide in the
mesodermal subsets from which they derive. In paral-
lel, a growing body of evidence had begun unraveling
the deep ontogenetic link between the branchiomeric

(pharyngeal arch-derived) muscles and heart [8, 29-36].
These studies showed that a discrete developmental unit,
known as the cardiopharyngeal field (reviewed in [37]),
harbors the common progenitors of heart and cranial
muscles. Subsequent interest in the cardiopharyngeal
mesoderm, a major subset, began shedding light on the
development of cranial mesoderm as a whole.

Signals in primitive streak trigger
commitment to cranial mesoderm fate

At the onset of gastrulation in mouse embryos, pluripotent
epiblast cells converge towards the midline at the posterior
pole of the embryo and undergo epithelial to mesenchymal
transition to form the primitive streak (PS; [38, 39]. Both
the cranial and posterior mesoderm subtypes emerge from
PS (Fig. 1). The reporter tracing and grafting studies in
mouse had established that anterior primitive streak cells
of early to mid-gastrula stage embryos give rise to cranial
mesoderm [40]. In contrast, anterior PS at mid-late streak
stage contributes to posterior mesoderm derivatives [40].
While epiblast domains map to distinct fates [41, 42], there
is no evidence for fate priming in epiblast. Instead, as shown
by prospective labelling and tracing of PS cells as well as
by orthotopic grafting of labelled donor PS cells, the order
of ingression, i.e., the spatiotemporal domain of PS during
ingression influences the fate choice (Fig. 1; [40, 43]).

The signaling environment of the early anterior PS, from
which cranial mesoderm emerges, has been reported to
prime the mesoderm progenitors for cranial fate (Fig. 2). The
anterior PS in the early mouse gastrula experiences BMP
and Nodal (TGFf-Smad2/3) signaling along with Wnt3 and
FGF. In contrast, anterior PS at late gastrula, which gives
rise to posterior mesoderm is marked primarily by Wnt3A
and FGF signaling [38, 39]. In fact, exposure to early ante-
rior PS cues, BMP and Activin A (a substitute for Nodal),
induces cardiac mesoderm from human pluripotent cells
in vitro [44-46]. Similarly, induction with canonical Wnt
(using GSK3p inhibitor) and FGF2, which represents the
late PS environment, drives somitic mesoderm differentia-
tion [46]. Recent demonstration of distinct gene expression
patterns along the anterior—posterior axis of PS in chick as
well as mouse gastrulae supports the commencement of fate
restriction in PS [47, 48]. Together, these studies demon-
strate that the discrete signaling environment of distinct spa-
tiotemporal PS domains initiate fate commitment allowing
segregation of cranial mesoderm and posterior somitogenic
mesoderm. Moreover, the spatiotemporal domains could be
narrowed down further for discrete subsets within cranial
mesoderm. Temporally controlled induction of cranial meso-
derm selective lineage tracer, Mesp]c’e, demonstrated that
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Fig.2 Signaling cues driving progressive specification of cranial and
posterior somitogenic mesoderm. Schematic highlighting the expres-
sion domains of key signaling cues influencing mesoderm pattern-
ing. Anatomical locations of cranial and somitic mesoderm and their

early PS contributes to the first heart field, which contributes
primarily to the left ventricle and the atria; mid-anterior PS
gives rise to the second heart field, which is the progenitor
of right ventricle and the outflow tract, as well as the myo-
genic pharyngeal mesoderm [31]. Furthermore, single-cell
analysis in mouse showed that fate restriction into first and
second heart field subsets occurs early during gastrulation
[31]. Moreover, the latest single-cell transcriptome data
from a time series covering key stages in mouse gastrulation
revealed dynamic nature of the PS cell regulatory state dur-
ing the course of development [49]. All this evidence point
to the initiation of fate restriction as mesoderm progenitors
ingress through the streak. However, the role of this early
step in driving cranial mesoderm identity is unclear. In fact,
the fate commitment in PS is yet to be characterized at the
molecular level. Nevertheless, the differentiation potential
of in vitro human PS-like progenitors into cardiomyocytes
is blunted upon exposure to late PS signaling cues, which
favors posterior fate [46]. This observation emphasizes the
significance of PS cues in cranial mesoderm trajectory.
Once generated at PS, cranial mesoderm progenitors
migrate (laterally in cylindrical mouse gastrulae; anteriorly
in disc-shaped chick gastrulae) to the anterior end of the
embryo. Live imaging of labelled mesoderm progenitors in
mouse embryos using light sheet microscopy reveals that the
lateral wings of mesoderm cells display filopodia projections
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progenitors at these temporal windows are indicated. A anterior, P
posterior, Pr proximal, D distal, ExE extra-embryonic ectoderm, Al
Allantois (marked by dotted line), VE visceral endoderm, PS primi-
tive streak (marked by dashed line)

[50]. Based on transcriptome analysis the report suggests a
role for guidance molecules such as netrin and ephrins in
the mechanism for cranial mesoderm migration to anterior
destination [50]. In contrast, posterior mesoderm continues
to develop at the posterior pole. It is possible that the fate
commitment occurring in PS may underlie this crucial dif-
ference in behavior. The mechanism by which cranial meso-
derm progenitors respond selectively to the guidance cues
for anterior migration is an open question.

In summary, the diversification of cranial mesoderm from
posterior mesoderm commences at PS. Subsequently, cra-
nial and posterior mesoderm develop further at anterior or
posterior pole of the embryo, respectively. Latest studies
have elucidated the role of distinct signaling environment
at the destination in the divergent trajectories of cranial and
posterior mesoderm.

Anterior cues instruct cranial mesoderm
identity

The fate commitment of progenitors during ingression
through PS is reversible, as evidenced by their plasticity
[51]. Moreover, epiblast cells, prior to ingression through
PS, when heterotopically grafted in the anterior region
adopt cardiac fate [52]. This indicates that although the
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fate commitment occurs at PS, this step is not necessary for
acquiring cardiac mesoderm fate. The grafting experiments
also indicate that the signal(s) in the anterior destination
is sufficient to drive cardiac mesoderm specification. This
idea is supported by the fact that the genes that drive cranial
mesoderm regulatory network and used widely to mark the
subtype, such as Tbx1, Nkx2.5 and Isl1, are turned on only
at the anterior destination [20, 53].

The anterior pole is established by inhibiting Wnt and
Nodal signaling pathways [54-59], which would otherwise
induce posterior fate by triggering PS formation [60-64]. In
the early mouse gastrula, symmetry breaking occurs with
the polarized expression of Nodal and its antagonists. Nodal
expression is progressively restricted from throughout the
epiblast to the presumptive posterior of embryo [38, 65];
Fig. 2). Similarly, expression of Wnt ligands are restricted
to posterior pole [58, 66-72] (Fig. 2). Simultaneously, the
anterior signaling center expressing antagonists of Nodal and
Wht such as Leftyl, Cerl and Dkkl1 [54-58, 73]) establish
the anterior pole of the embryo [60-64] (Fig. 2). While these
cues act to set up anterior—posterior axis coincident with the
initiation of gastrulation, they persist till later, when the cra-
nial mesoderm progenitors arrive at the anterior pole [53].
In fact, Wnt inhibition is known to be an instructive cue for
cardiac differentiation [45, 74—78]. Furthermore, attempts to
generate cardiomyocytes in vitro showed that inhibition of
canonical Wnt signal in the mesoderm derived from pluripo-
tent stem cells promoted cardiac fate [44—46, 79]. In the same
vein, Wnt inhibition is key for skeletal muscle fate induction
in the pharyngeal arches [19]. This is in contrast with myo-
genesis in somites, which is promoted by Wnt signal [80-84].
While these reports underscored the role of anterior cues in
the differentiation of cranial mesoderm derivatives, the role
of inhibitory anterior cues, including Nodal antagonism,
in cranial mesoderm specification remained unaddressed.
Recently, we showed that Wnt and Nodal inhibition commit
PS-like early mesoderm cells derived from mouse as well
as human embryonic stem cells into cranial mesoderm-like
cells ([53]; Fig. 2). Moreover, countering Wnt inhibition
by forced activation of canonical Wnt signal in the entire
embryo ex vivo appears to blunt cranial mesoderm fate acqui-
sition [53]. Taking this evidence from the literature together,
we could conclude that the earliest cues for fate commitment
in PS prime the cranial mesoderm fate, while the ‘instructive’
anterior inhibitory cues seal the fate.

Distinct specification network governs
divergent cranial mesoderm trajectory?

Wnt/B-catenin signal regulates a genetic network, involv-
ing FGF pathway and mesoderm T-box factors T (brachy-
ury) and Tbx6, which controls the development of posterior

Wnt/B-Catenin

/' \

Posterior mesoderm

Cranial mesoderm

Whnt-i
Nodal-i

Fig.3 Divergent regulatory network governing cranial and posterior
somitogenic mesoderm. Wnt/p-catenin signal is central for the gen-
eration of all mesoderm. The regulatory network of somite-forming
posterior mesoderm is well studied. Recent studies reveal key com-
ponents of the cranial mesoderm program; however, the network is
unclear. Wnt-i Wnt inhibition, Nodal-i Nodal inhibition

somitogenic mesoderm. Loss of Wnt3a function results in
suppression of T induction and causes complete loss of
somitogenic mesoderm below the forelimb level [8§5-87].
T is a key mesoderm specification factor and 7T null mouse
embryos phenocopy Wnt3a mutation [88]. Similarly, null
mutants of Thx6, which acts downstream of 7' [89, 90], as
well as those of FGFRI and double null for FGF4/8 also
manifest loss of posterior somitogenic mesoderm [91, 92].
Moreover, T and FGF pathway positively feedback on Wnt/
B-catenin signaling [87, 91] indicating that sustained Wnt
signal and its downstream network are required for posterior
somite-forming mesoderm [87, 91, 93]. In fact, recent stud-
ies show that sustained Wnt/pB-catenin and FGF signals are
crucial for the induction and maintenance of the stem cells/
progenitors of the posterior mesoderm [46, 93-96]. These
progenitors are referred to as neuromesoderm progenitors
as they contribute to somites as well as to the spinal cord
below neck [93, 97-101]. This dual potential of these Wnt/
FGF-dependent progenitors is underscored by the dramatic
phenotype of ectopic spinal cords forming at the expense of
somites in the mutants of Wnt3a, FGFRI, T and Thx6 [87,
92, 102]. Based on this evidence, the emerging idea is that
the necessity of Wnt3a/FGF/T/Tbx6 axis is specific to the
neuromesoderm-derived posterior mesoderm. Remarkably,
a broad anterior mesodermal compartment including cra-
nial mesoderm, occipital and cervical somites are spared in
these mutants. We had shown that while the mutant somites
display patterning defects, cranial mesoderm development

@ Springer



1938

B.Vyas et al.

is unperturbed in T and Thx6 mutants [53]. While the find-
ing that Wnt inhibition specifies cranial mesoderm fits with
and complements our understanding of posterior network
from these studies, the genetic network governing cranial
mesoderm remains poorly defined (Fig. 3).

Although, heart morphogenesis is affected in 7 and Thx6
mouse mutants, resulting from left-right patterning defect
[103-105], the cardiac lineage specification progresses and
heart develops in these mutants. Moreover, our work dem-
onstrated that the development and patterning of cranial
skeletal musculature in the pharyngeal arches is unaffected
in T and Thx6 mutants ([53]; Fig. 3). Therefore, T and Tbx6
are dispensable for cranial mesoderm development. Thus,
cranial mesoderm development appears to be governed by
a regulatory program distinct from Wnt3a/FGF/T/Tbx6
network. Though dispensable for the program conferring
cranial mesoderm identity, a redundant role for T/Tbx6 in
specifying mesodermal fate of PS cells destined to the cra-
nial domain cannot be ruled out.

While inhibition of Wnt is central to cranial mesoderm
specification, initially, Wnt signal is required at the streak for
the emergence of progenitors of cranial mesoderm. Whereas
mutation in Wnt3a specifically ablates posterior somitogenic
mesoderm [85], loss of Wnt3 in mice abrogates PS formation
and hence, no mesoderm is generated [106]. Do Wnt3 and
Wnt3A have different downstream effects? The difference
in mutant phenotypes could simply be explained by the tim-
ing of their expression; Wnt3 is induced first concomitant
to PS induction, while Wnt3a is induced at a later stage,
when posterior mesoderm progenitors emerge from PS [39].
However, cascade downstream of Wnt3 appears dissimilar
to that of Wnt3a since Lefl:Tcfl double knockout pheno-
copies Wnt3a but not Wnt3 mutation [106, 107]. Whether
differences between Wnt3 and Wnt3a pathways already
prime the divergent trajectories of cranial and posterior
mesoderm remains to be addressed. This further highlights
the mechanism driving specifically the cranial mesoderm
progenitors towards the anterior pole. The mechanism is not
yet understood and probing the function of genes selectively
expressed in the lineage will help uncover it.

Early studies revealed that expression of a number of
regulatory genes uniquely mark the cranial mesoderm
domain [20]. A recent single-cell study has also discov-
ered a number of genes preferentially expressed in pharyn-
geal mesoderm [49]. However, the function of these genes
in cranial mesoderm network remains to be investigated.
In this context, there has been a significant breakthrough
recently. Homeobox transcription factors, Cdx2 and Nanog,
repress each other and have opposing functions in the choice
between posterior versus cranial mesoderm [46]. Notably,
Cdx2-Nanog module provides a mechanistic link between
Wnt pathway and the network, which governs the differen-
tial specification of mesoderm along anterior—posterior axis.
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Activating posterior mesoderm network is only one aspect
of the function of canonical Wnt pathway, which has an evo-
lutionarily conserved function in establishing the posterior
identity [108—110]. Wnt induces caudal homeobox factors,
Cdx [111-115], which, in turn, promote the expression of
posterior Hox genes [116—118]. Similar to Wnt, Cdx is cen-
tral to establish posterior identity [101, 118, 119]. Notably,
in addition to promoting the posterior fate, Cdx appears to
actively repress the cranial fate. This is revealed by the fact
that the combined loss-of-function of paralogous Cdx fac-
tors reduces the strength of Wnt inhibitory cues required
to induce cardiac differentiation in vitro [45]. This set of
evidence indicates that the suppression of Wnt—Cdx module
could be crucial for cranial mesoderm formation (Fig. 3). In
this context, the demonstration that Nanog transcriptionally
represses Cdx2 and functions to promote cardiac differen-
tiation [46] reveals a key role in cranial mesoderm. Thus, it
appears that Nanog may work in concert with Wnt inhibitory
cues to specify cranial mesoderm.

In addition to Nanog, two other developmental genes,
Eomes and Mesp1, are implicated in the commitment of PS
progenitors to cranial mesoderm fate. Both show preferential
expression in the spatiotemporal domain of PS that generates
cranial mesoderm [120, 121]. Mesp1 (paradoxically named
Mesoderm posteriorl), a bHLH factor, is also expressed
selectively in anterior mesoderm [122, 123]. Mespl mutation
affects heart morphogenesis [122]; however, cranial meso-
derm appears unaffected. The possible redundancy with the
paralog Mesp?2 in cranial mesoderm has not been addressed
since double knockout mouse embryos fail to generate any
mesoderm [124]. Nonetheless, forced expression of Mespl
programs cranial mesoderm differentiation in pluripotent
stem cells [125]. Remarkably, MespB, the ortholog in Ciona
intestinalis marks the progenitor cells, which give rise to the
entire cardiopharyngeal lineage [3, 126]. Eomes, a T-box
factor, is induced at the start of gastrulation and its expres-
sion is downregulated in PS around the time of posterior
somite formation [120]. Lineage tracing experiments sup-
port its preferential expression in the anterior mesodermal
compartment [127]. Compound mutants heterozygous for
Nodal and Eomes, wherein Eomes is specifically targeted in
epiblast, cause severe anterior truncations with no effect on
posterior structures [128]. Cranial mesoderm development
has not been assessed in these mutants. However, analysis of
Eomes null embryonic stem cells reveals that they lack car-
diomyogenic potential [127]. Moreover, Mespl expression
is diminished during mesoderm differentiation in Eomes
mutant cells [127]. This evidence implies a central role
for Eomes—Mespl in cranial mesoderm ([122, 127, 129];
Fig. 3). At this juncture, addressing the connections among
Whnt inhibition, Nanog—Cdx module, Eomes and Mesp1 will
provide mechanistic insight into the regulatory network gov-
erning cranial mesoderm.
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As the progenitors of cranial mesoderm emigrate away
from the streak and come under the influence of the ante-
rior signaling center, Eomes and Mespl are downregulated
[120, 121]. The acquisition of cranial mesoderm identity
is marked by the expression of a different set of regulatory
genes: Tbx1, a T-box factor, homeobox factors Nkx2.5
and Pitx2, as well as Isll, a LIM-homeodomain factor are
induced after the arrival of the population at the anterior end
(reviewed in [20, 37]). These factors form the core network
driving lineage progression in cranial mesoderm and their
roles are reviewed in detail elsewhere [27]. The mechanistic
link between Wnt inhibition—Nanog—Eomes—Mesp1 and this
core cranial mesoderm network is a major gap and address-
ing it is critical for a comprehensive understanding of the
cranial mesoderm regulatory program.

Interaction with cranial neural crest sustains
divergent trajectory of cranial mesoderm

Skeletal muscle is a single-cell type in functional terms,
irrespective of somite or cranial mesoderm origin. In both
cases, Myod family of bHLH factors including Myf5 and
Myod form the gateway into myogenesis. However, cranial
mesoderm never induces Pax3 during myogenesis [130], a
paired box factor critical for myogenesis from somites [23].
Thus, cranial mesoderm appears to follow a distinct trajec-
tory till the induction of muscle differentiation. Moreover,
when placed in the somitic environment, cranial mesoderm
fails to follow its distinct trajectory [18, 130]. This under-
scores differences in the signaling environment governing
cranial mesoderm and somitic lineage progression.

Neural crest plays a significant role in posterior paraxial
mesoderm; a fleeting kiss and run by migratory neural crest
activates Myf5 via notch signaling to bootstrap myogenesis
in the dorsomedial compartment of somites [131]. The inter-
action of head neural crest with cranial mesoderm is not only
critical, it is also extensive and lasting [17]. The connective
tissues associated with the head musculature derived from
cranial mesoderm are of cranial neural crest origin [7, 14,
15, 17, 132, 133]. In contrast, the connective tissue associ-
ated with posterior somite-derived muscles is of mesodermal
origin [132]. Thus, the neighboring tissue types that make
up the signaling environment of cranial mesoderm during
downstream differentiation are distinct.

Whnt inhibition is a leitmotif in cranial mesoderm devel-
opment. Akin to early requirement in specification of cranial
mesoderm, the initiation of myogenesis in mesodermal core
of arches also requires Wnt inhibition. Neural crest cells that
surround the core secrete antagonists of Wnt pathway [19].
In fact, cranial neural crest is required for the development of
cranial mesoderm occupying the core of pharyngeal arches
[134]. Thus, since its birth at the primitive streak till its

differentiation, at least into skeletal muscle, the trajectory
of cranial mesoderm development is divergent from that of
posterior somitogenic mesoderm. The divergent trajectory
underlies the distinct regulatory cascade driving commit-
ment and differentiation of head muscles (reviewed in [5,
135]).

Cranial mesoderm: a phylogenetically
distinct ontogenetic unit

Gans and Northcutt proposed an influential hypothesis that
the vertebrate head is a de novo addition to the ancestral
chordate body plan since it is made primarily of evolutionar-
ily new cell types, the neural crest and neurogenic placodes.
They also proposed that the cranial mesoderm enabled a key
innovation during vertebrate evolution—pharyngeal mus-
culature [1]. Initially involved in efficient respiratory gas
exchange, the pharyngeal muscles eventually gave rise to the
jaw musculature. This enabled the transition from passive
filter feeding, characteristic of invertebrate chordates, to an
active predatory lifestyle seen among vertebrates [1, 37].
Furthermore, the chambered heart, another cranial meso-
derm derivative, allowed increased growth and metabolism
and thus, contributed to the success of vertebrates [1, 37].
Therefore, cranial mesoderm is central in vertebrate evolu-
tion and hence, the origin of cranial mesoderm is a signifi-
cant question.

Whether the non-segmented cranial mesoderm is a novel
embryonic tissue similar to neural crest'* and placodes*
[5, 136, 137] or emerged from anterior somites of chor-
date ancestor that secondarily lost their segmentation [138,
139] is hotly disputed. Settling this dispute has far reaching
implications to resolve a long-standing controversy; whether
the vertebrate head is a new non-segmental addition to the
basic segmental chordate body plan or it is only a modifica-
tion that arose by selective loss of anterior segmentation
[136-138].

The segmentalist view of vertebrate head comes from the
body plan of amphioxus, in which mesoderm forms somites
along the entire length of the anterior—posterior axis. As a
basal chordate, amphioxus serves as a proxy for the chordate
ancestor. There is growing evidence, based on the develop-
mental program, that the anterior somites of amphioxus are
homologous to vertebrate somites [139, 140]. However, the
ventral/visceral part of the somites expresses cardiac pro-
genitor marker Csx, an ortholog of vertebrate Nkx2.5 as well

! #Studies in Ciona suggest that evolutionary precursors of neural
crest and placode were already present in the ancestors of olfactores
[3, 154, 155]. These reports provide reason to refine the idea of nov-
elty of the embryonic cell types.
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as Hand and Tbx4/5 [141, 142]. Significantly, progenitors
from the ventral somites generate the myocardial progenitors
of the pulsatile vessels in amphioxus, which are considered a
‘decentralized heart’ [141, 142]. Since somites extend till the
anterior end and ventral aspect of somites are cardiogenic-
like, it has been proposed recently that vertebrate cranial
mesoderm emerged from the visceral component of anterior
somites of the chordate ancestor [139]. The hypothesis is
that the dorsal parts of the anterior somites were lost and
the visceral component lost segmentation and expanded dor-
sally evolving into cranial mesoderm; the expansion into
non-visceral territory created the condition for acquiring
novel developmental potential characteristic of cranial meso-
derm. In other words, the non-segmented vertebrate cranial
mesoderm with novel potential arose from a segmented
ancestral state [139]. This proposal is a significant advance;
however, further efforts are needed to investigate the pres-
ence of tissue homologous to vertebrate cranial mesoderm
in amphioxus. At this juncture, addressing the mechanisms
diversifying cranial mesoderm from somitogenic mesoderm
will provide the framework to systematically address cranial
mesoderm origin. This, in turn, will aid inquiries into ver-
tebrate head evolution.

The extraordinary potential of cranial mesoderm pertains
to the bipotential nature of the cardiopharyngeal field to
make both cardiomyocytes and skeletal muscles. The close
cell lineage kinship in the ontogeny between these two cell
types is remarkable. The split of smooth muscle and striated
skeletal muscle cell types appear to have occurred at the base
of bilateria [143, 144]. Cardiomyocytes are hypothesized to
have evolved from smooth muscle since the core transcrip-
tional factors of cardiogenic network such as Nkx2.5 and
GATA4 are paralogs of those that specify smooth muscle
(Nkx3.2 and GATAG6), while the core myogenic network
of skeletal muscle consisting of Myod family is distinct.
The striation-related gene set is thought to have been acti-
vated later during the course of cardiomyocyte evolution
[143, 144]. Thus, cardiomyocytes and skeletal myocytes
are fundamentally divergent cell types. In this context, the
close lineage relationship between these cell types in cra-
nial mesoderm is intriguing, as it indicates that the bipo-
tent mesoderm may have emerged either from an ancestral
cardiogenic mesoderm or myogenic mesoderm. The former
would imply that cranial skeletal muscles have an origin
independent of somite-derived muscles, from an ancestral
cardiogenic progenitor pool. Analysis of cardiogenic fields
deeper in phylogeny will shed light on these fundamental
questions.

The role of Wnt signal and Wnt inhibitory cues in the
developmental divergence between cranial and posterior
mesoderm raises the possibility of a deep phylogenetic
divergence. As outlined above, Wnt signaling and its
effectors T and Cdx drive posterior mesoderm formation.

@ Springer

Remarkably, Wnt/T and Wnt/Cdx modules [145-149] are
deeply conserved. In contrast, emerging evidence show that
cranial mesoderm is T independent and is induced by Wnt
inhibition, and suppression of Cdx factors. This dichotomy
is significant in the light of the emerging theory that Wnt/p-
catenin signal and its inhibition are deeply conserved cues
for symmetry breaking and establishing embryonic pos-
terior and anterior pole identities, respectively [108-110,
150-152]. This prompts the speculation that divergent
mesodermal programs based on opposing Wnt cues could
also have deeper origin in phylogeny. In other words, the
divergent nature of anterior mesoderm is possibly ancient
and fundamental.

Perspectives

Efforts in the last decade by a number of groups have yielded
insight into the biology of cranial mesoderm and the evi-
dence generated has established that it represents a discrete
mesodermal subtype. However, several important questions
remain to be addressed: (1) the mechanism guiding cranial
mesoderm progenitors from primitive streak to the anterior
destination, (2) the global genetic program linking the ante-
rior signaling cues and the key regulatory transcription fac-
tors in a detailed network and (3) the identity of embryonic
tissue homologous to vertebrate cranial mesoderm in the
chordate ancestor. Renewed efforts through classical devel-
opmental biology studies to tease apart the regulatory net-
work of cranial mesoderm, single-cell transcriptome studies
to elucidate developmental trajectories of mesoderm progeni-
tors in early gastrula and evolutionary developmental biology
approaches tracing the origin of cranial mesoderm will help
address these open questions and further illuminate the devel-
opment and evolution of this important embryonic cell type.
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