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Simple Summary: We review the transcription factors and signaling molecules driving differentiation
of a subset of head muscles known as the branchiomeric muscles due to their origin in the pharyngeal
arches. We provide novel data on the distinct myogenic programs within these muscles and explore
how the cranial neural crest cell regulates branchiomeric muscle patterning and differentiation.

Abstract: Branchiomeric skeletal muscles are a subset of head muscles originating from skeletal muscle
progenitor cells in the mesodermal core of pharyngeal arches. These muscles are involved in facial
expression, mastication, and function of the larynx and pharynx. Branchiomeric muscles have been
the focus of many studies over the years due to their distinct developmental programs and common
origin with the heart muscle. A prerequisite for investigating these muscles’ properties and therapeutic
potential is understanding their genetic program and differentiation. In contrast to our understanding of
how branchiomeric muscles are formed, less is known about their differentiation. This review focuses on
the differentiation of branchiomeric muscles in mouse embryos. Furthermore, the relationship between
branchiomeric muscle progenitor and neural crest cells in the pharyngeal arches of chicken embryos is
also discussed. Additionally, we summarize recent studies into the genetic networks that distinguish
between first arch-derived muscles and other pharyngeal arch muscles.

Keywords: branchiomeric muscles; differentiation; mouse embryo; neural crest cells

1. Introduction

During vertebrate gastrulation, the embryo differentiates into three germ layers: the
endoderm, mesoderm, and ectoderm. Skeletal muscles predominately originate from the
embryonic middle germ layer, the mesoderm. Although the structure and repair of all skele-
tal muscles are the same, head muscles differ from trunk muscles in several respects [1-4].
Head muscle progenitor cells originate at distinct embryonic locations. Differences in their
gene regulatory networks and transcriptional mechanisms can also be noted [5-8]. The
most remarkable feature of the head muscles is that their progenitor cells contribute to
both types of striated muscles (skeletal and cardiac). In addition to these distinguishing
differences, it should also be mentioned that their connective tissue derives from a different
source than that of the trunk muscle. In this review, we have attempted to bring together
much of the recent research on branchiomeric muscle’s origin and genetic program. We
also intend to provide a critical overview of the relationship between neural crest cells and
pharyngeal mesoderm during the development of branchiomeric muscles. Currently, most
research on the differentiation of branchiomeric muscle is restricted to the avian model.
Furthermore, research concerning the differentiation of avian craniofacial muscles has
previously been reviewed [9,10]. Consequently, this review focuses on the differentiation of
mouse branchiomeric muscles. We also summarize our recent findings on the emergence
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of myosin heavy chain (MyHC) expression during branchiomeric muscle development and
the role of the ectomesenchyme neural crest cells in branchiomeric muscle development.

2. An Overview of the Early Trunk and Limb Muscle Development

The skeletal muscle of the trunk derives from the segmented paraxial mesoderm [11-14].
In response to secreted signals from surrounding tissues, the somites differentiate along the
dorsal-ventral axis into a dorsal and a ventral segment [15-17]. Moreover, the ventral part
undergoes an epithelial-to-mesenchymal transition (EMT) to form the sclerotome [12,13],
which subsequently develops into the axial cartilage and bone of the vertebrae and
ribs [12,16,18]. The dorsal segment of the somite retains its epithelial structure for longer
and is known as the dermomyotome [5,12]. The dermomyotome is the source of the dorsal
dermis, the skeletal muscles of the trunk and limbs, smooth muscle cells of blood vessels and
endothelial, and brown fat [5]. Later in development, a third region forms when cells from
the dorsomedial and ventrolateral lips of the dermomyotome delaminate and migrate to
form the myotome [15]. The epaxial component of the myotome, which contributes to deep
back muscles, develops from the dorsomedial lips of the dermomyotome. A similar pattern
of events induces the ventrolateral lips to form the hypaxial component, which is the source
of the ventrolateral body wall muscles and medial shoulder girdle muscles [12,16,19,20].
Cells from the ventrolateral dermomyotomal lips also undergo an EMT, delaminate, and
migrate as single cells over long distances using stereotypic routes [12,16,21-24]. Conse-
quently, these migrating progenitor cells generate the hypaxial muscles of the limbs, the
lateral shoulder girdle diaphragm, and the tongue [12,17,21].

3. An Overview of Early Branchiomeric Muscle Development

Although head muscles resemble limb and trunk muscles in myofiber architecture,
their developmental history is widely divergent [11]. Branchiomeric muscles and their
accompanying muscle stem cells develop from the cranial mesoderm (also known as
pharyngeal mesoderm), which includes both the cranial paraxial mesoderm and lateral
splanchnic mesoderm [1,25-28]. The pharyngeal mesoderm forms the mesodermal core
within the pharyngeal arches (also known as branchial arches), which are transitory struc-
tures in the vertebrate embryo that bulge ventrally in pairs from the pharynx [1,5]. Each
arch comprises a mesodermal core surrounded by neural crest cells, endoderm, and ecto-
derm, which tightly influence mesodermal cell development [26,29]. The mesodermal core
of the pharyngeal arches gives rise to the branchiomeric muscles and significant parts of
the heart [1,6,26,29-34]. The first and second pharyngeal arches give rise to masticatory
and facial expression muscles, and posterior pharyngeal arches give rise to non-somitic
neck muscles and esophagus striated muscles, respectively (Figure 1) [1,6,25,26,28,31,35].
Moreover, a recent mouse genetic lineage analysis revealed that pharyngeal mesoderm con-
tributes to the medial pharyngeal skeleton and branchiomeric muscle elements (connective
tissue) [36].
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Figure 1. Summary of the embryonic origins of the branchiomeric and trunk muscles. (A) The bran-
chiomeric muscle anlagen and second heart field progenitor cells originate from the cardiopharyngeal
mesoderm that colonizes the core of the pharyngeal arches. (B) The somitic mesoderm gives rise to
trunk and limb muscles. (C) The cardiopharyngeal mesoderm of arches 1-6 gives rise to cardiac mus-
cle. (D) The cardiopharyngeal mesoderm of the first pharyngeal arch gives rise to mastication muscles.
(E) The cardiopharyngeal mesoderm of the second pharyngeal arch gives rise to facial expression mus-
cles. The caudal cardiopharyngeal mesoderm gives rise to the striated muscles of the esophagus (F)
and non-somitic neck muscles (G). Retrieved from https://app.biorender.com/biorender-templates
(accessed on 7 July 2022).

4. Distinct Genetic Programs in Branchiomeric Muscles

Overall, the early stages of the myogenic progression can be followed by switching on
the basic helix-loop-helix myogenic regulatory factors MyoD, Myf5, myogenin (MyoG),
and MRF4 in all areas of the body [8] (Figure 2). In the trunk, Pax3 and Pax7 are expressed in
the somites as soon as they form [2,12]. Pax3 keeps myogenic precursor cells in a prolifera-
tive state, but contributes to the onset of myogenesis and thus is referred to as a premyogenic
gene [2]. In the somitic mesoderm, MyoD and Myf5 are expressed first, committing cells
to myogenesis, and are therefore known as myogenic determination factors [2,12]. While
trunk muscle progenitor cells require Pax3 expression for activating myogenic progression,
branchiomeric muscle progenitor cells are regulated by a Pax3-independent regulatory
network [8,25]. Branchiomeric muscles express a remarkably heterogeneous set of genes
in both the embryo and adult. Molecular and technical advances in the last 20 years have
provided comprehensive information about the genetic regulation of these muscles. Their
myoblasts are specified by Pitx2, Tbx1, Isletl, musculin, and Capsulin genes ([7,8,14,25,37]).
These genes also distinguish branchiomeric muscle satellite cells from satellite cells in the
trunk [37-39]. Tbx1, Pitx2, and MyoR have been shown to maintain myogenic progenitor
cells in an undifferentiated state, but are also required to initiate myogenesis similarly
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to Pax3 in the trunk [7,37,40-44]. Although all branchiomeric muscles share a common
embryonic origin, the upstream factors involved in each pharyngeal arch are varied. In the
mouse, Pitx2 is expressed in the mesodermal core of the first pharyngeal arch at E9.5. It
acts to assure the expression of pre-myogenic genes Tbx1, Capsulin, and Musculin in the
first arch-derived muscle, but not the second arch muscle [8]. Importantly, the first, but not
second, arch mesoderm of Pitx2-null embryos failed to activate these transcription factors
after E 9.5. Thus, Pitx2 is required to initiate the myogenic progression in the first arch
mesoderm, but not in other pharyngeal arches [8,14]. The onset of myogenic progression in
the second and most caudal pharyngeal arches is regulated by Tbx1, which regulates Myf5
and MyoD (Figure 2) [14,43]. In the absence of Tbx1, the caudal pharyngeal arches do not
form, resulting in the absence of muscles developed from most caudal arches, including
those of the larynx and esophagus [6,25,35]. Although Tbx1 is not required for the migra-
tion of the pharyngeal mesoderm into the first pharyngeal arch [43], it is required for the
correct patterning of muscles with pharyngeal-mesoderm-derived connective tissue [36].
Previously, we reported on a fate-mapping experiment based on EGFP-based cell labeling
and quail-chicken cell injection that found that chicken second pharyngeal arch progenitor
cells contributed to the heart muscle in vivo [33]. We also reported that the chemokine
receptor CXCR4 was required for the migration of pharyngeal mesoderm into the second
and most caudal pharyngeal arches, but not the first pharyngeal arch. Interestingly, we also
reported a reduction in muscles derived from the caudal pharyngeal arches (non-somitic
neck muscle) in CXCR4 mutants [27,28]. Taken together, these findings suggested that the
genetic programs promoting branchiomeric myogenesis in the various pharyngeal arches
are widely divergent.
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Figure 2. Summary of the distinct genetic program that governs myogenesis in the branchiomeric and

trunk muscles. (A,B) Model of the genetic networks involved in branchiomeric and trunk muscles.
The transcription factors Pitx2, Tbx1, Isletl, and MyoR set up the cardiopharyngeal mesoderm as a
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skeletal /heart-muscle-competent tissue. Pitx2 is required for the first pharyngeal arch muscle specifi-
cation by modulating pre-myogenic markers (Tbx1, Capsulin, and MyoR). These genes are required
for the activation of myogenic regulatory factors (MyoD and Myf5). The onset of Myf5 and MyoD
commits branchiomeric muscle specification. MyoD directly activates genes implicated in keeping
myoblasts in a proliferative state, whereas MyoG has antiproliferative activity through the activation
of genes that block cell proliferation, promoting cell cycle exit and entry into terminal differenti-
ation [45]. Pitx2 regulates the expression of Isletl, a second heart field marker. Tbx1 is required
for the specification of second and caudal pharyngeal muscles. Tbx1 also regulates the expression
of Isletl. Initiation of the myogenic program in the trunk and limb is regulated by Pax3, which
is not expressed in the cardiopharyngeal mesoderm. BMP4 signals promote cardiogenesis in the
head region and block skeletal muscle myogenesis in both the trunk and branchiomeric muscles.
Wnt signaling inhibits branchiomeric muscle formation and initiates myogenesis in the trunk re-
gion. Antagonists of BMP4 (Noggin and Cremlin) and Wnt (Frzb) signals block cardiogenesis and
induce the formation of branchiomeric muscle. PA, pharyngeal arch; ov, otic vesicle. Retrieved from
https:/ /app.biorender.com/biorender-templates (accessed on 7 July 2022).

5. The Relationship between Branchiomeric Muscle Progenitors and Neural Crest
Cells in Chicken Embryos

In vertebrates, the development of musculoskeletal systems requires an interdepen-
dent programming event. The morphogenesis of branchiomeric muscles necessitates tight
integration with their surrounding connective tissue progenitor cells (cranial neural crest
cells) [46—49]. The neural crest cells are a transient and multipotent progenitor cell popula-
tion that emerges from the dorsal neural tube during early development [50,51]. Following
induction, neural crest cells delaminate and migrate into the periphery to many sites at
which they stop and differentiate into a broad range of cell types based on their axial level
of origin [51-53]. They can be divided into four major subpopulations: cranial, cardiac,
vagal, and trunk [54]. In the head region, neural crest cells can be grouped into cranial and
cardiac neural crest cells [27,28,54]. Cardiac neural crest cells originating from the level
of the hindbrain transit through the posterior pharyngeal arches before entering the heart
and forming the aorticopulmonary septum [55,56]. Defect components that are involved in
induction, delamination, and migration of the cranial neural crest can affect craniofacial
development [57]. Cranial neural crest cells can differentiate into mesenchymal cell types
canonically associated with the mesoderm lineage (bone, cartilage, and smooth muscle), in
addition to cell types typically derived from the ectodermal layer (neurons and glia) [58].

The development of the cranial neural crest can be traced using a range of molecu-
lar markers [50]. In the chicken, the Sox10E2 enhancer is one of the earliest-acting neu-
ral crest cis-regulatory elements. It is critical for the onset of Sox10 expression in the
newly formed cranial neural crest, but not the trunk and vagal neural crest [59]. As a
non-ectomesenchymal neural crest cell marker, Sox10 is a key transcription factor involved
in the early specification of multiple neural crest lineages (melanocytes, glia, and autonomic
neurons) [59]. Sox10 expression is maintained in the migrating cranial neural crest cells that
lie between the hindbrain and the pharyngeal arches (Figure 3A,B). These dorsally located
neural crest cells contribute to the neurons and glia of the cranial ganglia (Figure 3A) [50].
At a later stage, the Sox10-expressing cells invade the mesenchyme of the second pharyn-
geal arch (Figure 3B). The transcription factor activating protein-2 alpha (Ap2«) is also
expressed early in neural crest development and is implicated in face morphogenesis [60];
however, its expression also extends into the non-neural ectoderm [61]. The functions of
Sox10 and Ap2o have been studied in chicken and mouse embryos [27,28,50,59,60,62-65].
The cranial neural crest cells that invade the pharyngeal arches (Figure 4) and give rise to
the ectomesenchymal derivatives (cranial skeleton, cartilage, and connective tissue) of the
head and neck [6,50,51,53,60,66] do not express Sox10, but rather express Ap2« [50]. These
ectomesenchymal derivatives, which form part of many structures, including the jaws, are
thought to be a key element at the center of vertebrate evolution and diversity [67]. The hu-
man natural killer-1 (HNK1) carbohydrate epitope is expressed in the neural crest cells and
is involved in cell migration [52,68,69]. Considering neural crest morphology and migration
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details, HNKT1 is often a better marker than Sox10 [52]. Thus, HNK1, Sox10, and Ap2«
permit analysis of the respective location of neural crest cells in the pharyngeal arches [60].
Previously, using double in situ hybridization analysis of whole mount chicken embryos,
we reported that Sox10 and Ap2« expression can be used to analyze the respective location
of neural crest cells in the pharyngeal arches [27]. More recently, we have revealed that
non-ectomesenchymal neural crest cell invasion of the second pharyngeal arch is delayed
compared with that of the first pharyngeal arch in chicken embryos (Figure 4B) [70]. We
also observed HNKI1-positive nerve fibers invading the mesodermal core of the pharyngeal
arches (Figure 3E,F). Cranial neural crest cells play an essential role in branchiomeric muscle
differentiation and subsequent spatial organization [46]. Furthermore, it has been reported
that neural crest cells regulate myogenesis in the head region by specifically influencing
the rate of cell proliferation and differentiation [47].
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Figure 3. The emergence of the non-ectomesenchymal neural crest in the pharyngeal arches. (A,B) Analysis
of Sox10 expression in developing chicken embryos using whole-mount in situ hybridization. Lateral
views of the left side of chicken embryo stage HH20 and HH23. Sox10 was detected in the otic
vesicle, facial ganglion, trigeminal ganglion, and first pharyngeal arch (blue arrow). Sox10 was first
detected in the second pharyngeal arch at stage HH23 (facial nerve, black arrow). (C,D) Analysis of
Myf5 expression using whole-mount in situ hybridization. (E) Frontal and sagittal (F) sections of a
chicken embryo at the level of the second pharyngeal arch were hybridized with the MyoD probe,
followed by immunostaining using an HNK1 antibody. Myf5 (white arrows) and MyoD (black arrow)
mark the mesodermal core of the pharyngeal arches. In (EF), cranial nerves in the first and second
pharyngeal arches are revealed by HNKI staining (red arrows). PA1, first pharyngeal arch; PA2,
second pharyngeal arch; ov, otic vesicle; V, trigeminal ganglion; VII, facial ganglion.
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Figure 4. Ap2« marks ectomesenchymal neural crest cells in the first and second pharyngeal arches.
(A,B) Analysis of Ap2« expression using whole-mount in situ hybridization. Lateral views of stages
HH21-22 and HH23-24. (A’,B") Adjacent vibratome frontal sections of the chicken embryos in (A,B)
at the level of first and second pharyngeal arches. (C,D) Immunostaining for Desmin on the same
frontal sections as in (A’,B’) after whole-mount in situ hybridization. The mesodermal core was
visualized with Desmin antibody (black arrows). (E) The frontal section shows double whole-mount
in situ hybridization for MyoD (blue) and Ap2« (red). Note that Ap2« marks the ectomesnchymal
neural crest (red arrows) and MyoD marks the mesodermal core of the pharyngeal arches (black
arrows). PA1, first pharyngeal arch; PA2, second pharyngeal arch; ov, otic vesicle.
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6. Branchiomeric Muscles Are Heterogeneous in Terms of the Onset of Their
Myogenic Differentiation

Muscle cell differentiation can be defined as a unidirectional process that progresses
through a series of lineage-restraint events, with cellular multipotential being gradually
reduced as embryonic development proceeds [58]. Cells undertaking myogenic differentia-
tion switch on the expression of myogenic regulatory factor genes Myf5 and MyoD [10,11].
Once these genes are expressed, myogenic differentiation is thought to occur similarly
in the head and trunk [2]. Myf5 and MyoD are expressed first and promote myoblast
differentiation [2,14]. These transcription factors are important for activating genes that
encode structural and contractile proteins that form the muscle fibers [71,72]. Thus, MyoD
and Myf5 trigger the expression of genes for terminal differentiation [45,72,73].

In somites, activation of Myf5 and MyoD occurs first in the epaxial myotome, later in
the hypaxial myotome, and lastly in migrating progenitor cells that enter limb buds [10].
Signals from the notochord and neural tube specifically are thought to promote the forma-
tion of the epaxial muscle anlagen, which remains near the axial midline tissues to form
the intrinsic back muscles [11,74]. BMP signals have been reported to block myogenesis in
both the trunk and head regions [11,49,75-78]. Notably, BMP inhibitors such as Noggin
and Gremlin (Figure 2), as well as Wnt inhibitor signals (Frzb) secreted by both cranial
neural crest cells and other tissues, were shown to induce myogenesis in branchiomeric
muscles [11,48,49]. Terminal myogenic differentiation is marked by Myogenin (MyoG)
expression [2,8], which promotes the differentiation of myoblasts into myotubes (contractile
cells) [2,8,11,79]. Shortly after formation, the primary myotubes begin to express several
myosin heavy chain (MyHC) genes. According to muscle type and developmental phase,
each MyHC gene shows a specific pattern of expression [80]. Seven MyHC isoforms are or-
ganized in a cluster on syntenic regions of mouse chromosome 11 [81]. Five MyHC isoforms
(MyHC-Ila, MyHC-IIx, MyHC-IIb, MyHC-slow, and MyHC-extraocular) are expressed in
a mosaic pattern during adult life [72,80]. Only two MyHC isoforms (MyHC-embryonic
and MyHC-perinatal) are transiently expressed during embryonic, fetal, and neonatal de-
velopment [80]. These developmental MyHC isoforms disappear shortly after birth when
adult MyHC isoforms become prevalent. However, developmental MyHC isoforms are
re-expressed during muscle regeneration [82]. Therefore, the presence of these isoforms in
the pathologic skeletal muscle indicates muscle fiber regeneration [82].

The expression pattern of MyHC in the chicken embryo has previously been de-
scribed [9,10]. In the chicken embryo, the primary myotubes in the head region turn on
MyHC at stage HH32 [10]. Little is known about the emergence of the MyHC genes during
the development of branchiomeric muscles in the mouse embryo. Therefore, an important
open question in the field regards when MyHC expression emerges in branchiomeric
muscle anlagen. We have recently addressed this question in mouse embryos by analyzing
the onset of its expression in the branchiomeric muscles [70]. MyHC was first detected at
embryonic day 10.5 (Figure 5A), and its peak expression occurred around embryonic day
13.5 (Figure 5D). Interestingly, muscle cells that originated from the mesodermal core of the
first arch expressed MyHC rapidly and formed mastication muscles (Figure 5A). In contrast,
myogenic cells, which originated from the second pharyngeal arch and formed caudal pha-
ryngeal arches, delayed MyHC expression by approximately two days (Figure 5C). These
delays were in accordance with the late invasion of Sox10-positive neural crest cells that
populated the chicken’s second pharyngeal arch. These cells formed the sensory ganglia of
the seventh cranial nerve that innervates myogenic cells in the mesodermal core (Figure 3B).
It has been well documented that skeletal muscle growth during embryogenesis requires
a fine balance between proliferation and differentiation [75]. It was proposed that Wnt
and BMP signals play a role in the delayed differentiation of branchiomeric progenitor
cells within regulatory circuits involving pre-myogenic specification factors such as Pitx2,
Tbx1, and MyoR. Thus, these signals control the balance between myogenic progenitor cell
proliferation and differentiation in the head [11]. It was recently reported that developmen-
tal MyHC isoforms persist throughout adult stages in the first pharyngeal arch-derived
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(mastication) muscles [82], but are absent in the second and most caudal arch-derived
muscles. These findings supported the fact that the divergence between the myogenic
programs of the first and second arch-derived muscle not only exists during development,
but also maintains their respective embryonic regulatory signatures during adult life.

snim

Figure 5. The emergence of myosin heavy chain during the development of the mouse branchiomeric
muscle. (A-D) Analysis of myosin heavy chain (MyHC) expression using whole-mount in situ
hybridization. Lateral views of E10.5, E11.5, E12.5, and E13.5 mouse embryos. The MyHC transcripts
emerged in the first arch-derived muscle anlagen (white arrow in (A)) before the second and caudal
brachial-derived muscle anlagen. Note: a-trap, acromiotrapezius; au, auricularis; bu; buccinator; fr,
frontalis; ma, masseter; PA1, first pharyngeal arch; PA2, second pharyngeal arch; qu, quadratus labii;
snm, somitic neck muscle; s-trap, spinotrapezius; te, temporalis, zy, zygomaticus.

7. Conclusions

Here, we reviewed a new level of divergence within branchiomeric muscles. This
diversity seems to be reflected by a tight relationship between the branchiomeric muscle
progenitors and cranial neural crest cells. The degree to which branchiomeric muscle
differentiation is regulated by signals secreted by cranial neural crest cells is a subject
that requires further in-depth analysis. Furthermore, the cardiopharyngeal mesoderm
delivers adult skeletal muscle stem cells that maintain some of their respective embryonic
regulatory signatures. These diverse novel genetic programs of branchiomeric muscles may
bring new insights into congenital disorders, which often affect only subsets of skeletal
muscles. Further research in this area will provide critical information for characterizing
the properties of the cardiopharyngeal mesoderm, and might be redirected toward the
therapeutic potential for muscular diseases.
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