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The Neural Crest cells are multipotent progenitor cells formed at the neural plate
border that differentiate and give rise to a wide range of cell types and organs.
Directional migration of NC cells and their correct positioning at target sites are
essential during embryonic development, and defects in these processes results
in congenital diseases. TheNCmigration begins with the epithelial-mesenchymal
transition and extracellular matrix remodeling. Themain cellular mechanisms that
sustain this migration include contact inhibition of locomotion, co-attraction,
chemotaxis and mechanical cues from the surrounding environment, all
regulated by proteins that orchestrate cell polarity and motility. In this review
we highlight the molecular mechanisms involved in neural crest cell migration
and polarity, focusing on the role of small GTPases, Heterotrimeric G proteins and
planar cell polarity complex. Here, we also discuss different congenital diseases
caused by altered NC cell migration.
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Introduction

Neural crest (NC) cells are multipotent progenitor cells vertebrate-specific (York and
McCauley, 2020). They are induced during neurulation, at the neural plate border. After
induction, NC cells differentiate into various cell types and tissues essential for vertebrate
development (Mayor and Theveneau, 2013).

NC cells originate from the ectoderm but can also differentiate into mesodermal cell
types. Traditionally, cell differentiation has been viewed as a gradual process of lineage
restriction, where the potential of cells diminishes as the embryo develops. In this classical
view, NC induction was considered a late embryonic event, closely tied to the formation of
the neural tube. However, in chicken was found that NC cell induction could begin during
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or before gastrula stage (Basch et al., 2006). Interestingly, studies in
Xenopus have revealed that key NC regulatory factors are expressed
as early as the blastula stage in the animal pole, promoting
pluripotency, suggesting that NC specification begins much
earlier in development (Buitrago-Delgado et al., 2015).
Additionally, a transient precursor population that expresses both
canonical pluripotency transcription factors and neuroepithelial
markers has been identified as giving rise to NC cells, supporting
the notion that these cells possess pluripotent characteristics (Zalc
et al., 2021). However, NC precursor cells exhibit a more restricted
differentiation potential compared to embryonic stem cells (Prasad
et al., 2020). Collectively, these findings suggest that NC
specification is not a late, isolated event but rather a process that
begins at the earliest stages of development and continues to be
refined as the embryo undergoes further organization and forms
structures such as the neural tube (Stuhlmiller and García-Castro,
2012; Schille and Schambony, 2017; Pla and Monsoro-Burq, 2018).

Major signaling factors, including the Bone Morphogenetic
Protein (BMP), Wingless-related Integration Site (WNT),
Fibroblast Growth Factor (FGF), Retinoic Acid (RA) and
NOTCH, induce the formation of NC cells by establishing the
neural plate and mesoderm. Initially, these cells are located at the
edge of the neural plate, and during neurulation, the borders of the
neural plate, known as neural folds, converge to form the neural
tube. Subsequently NC cells migrate through the process of
epithelial-mesenchymal transition (EMT) (Box1) to different
parts of the embryo (Sauka-Spengler and Bronner-Fraser, 2008;
Scholl and Kirby, 2009; Shih et al., 2017).

NC cells develop along the anteroposterior axis of the embryo
and are categorized into four subpopulations: cranial, vagal, trunk,
and sacral (Rothstein et al., 2018). While the dorsal neural tube
typically serves as the main source of NC cells, the specific
anteroposterior location along the neural tube from which NC
cells arise varies by subpopulation. Cranial NC cells originate
from the dorsal regions of the anterior neural tube (midbrain
and hindbrain), vagal NC cells come from the caudal hindbrain),
and trunk and sacral NC cells emerge more posteriorly, retaining a
dorsal origin but with distinct regional characteristics. These
distinctions highlight the significance of anteroposterior
positioning in the specification and migration pathways of NC
cells subpopulations. After migration, the NC cells differentiate
into a wide variety of cells giving rise to tissues and organs,
including the skeleton, glia, and melanocytes, among others
(Martik and Bronner, 2017).

The specificity of NC cell migration was first identified using a
quail-chick marker system. By creating chimeras between these two

BOX 1 Principal concepts of cell polarity and migration in neural
crest cells.

Cell polarity
Cell polarity refers to the asymmetric organization of cellular components,

enabling cells to perform directed functions such as migration. This polarity is
established and maintained through a network of interconnected positive
feedback loops involving Rho family GTPases, phosphoinositide 3-kinases
(PI3Ks), integrins, microtubules, and vesicular transport. Central to the
regulation of cell polarity are the GTPase Rac and Cdc42, which are active
at the front of migrating cells. These GTPases guide the formation of
lamellipodia by positioning the microtubule-organizing center (MTOC) and
Golgi apparatus toward the leading edge. The precise positioning of these
structures facilitates polarized migration by ensuring that necessary vesicles
and proteins are delivered to the leading edge, promoting forward protrusion
and efficient cell movement (Ridley et al., 2003).

Contact inhibition of locomotion (CIL)
CIL is a process in which cells, upon encountering one another, form a

transient contact, stop their movement, and then separate, redirecting their
migration away from the point of contact. This mechanism is essential during
embryonic development and cancer metastasis. In neural crest cells, CIL is
established during the epithelial-to-mesenchymal transition (EMT), marked
by a switch from E-cadherin to N-cadherin. This switch supports the
reorganization of cellular protrusions and the redistribution of forces,
allowing the cells to separate after contact. The small GTPase family plays
a vital role in regulating this contact and separation process, ultimately
ensuring effective directional migration via CIL (Scarpa and Mayor, 2016).

Epithelial mesenchymal transition (EMT)
EMT is a cellular process in which epithelial cells lose their defining

characteristics and acquire mesenchymal features. This transition is crucial
in various physiological and pathological contexts, including embryonic
development, wound healing, and cancer progression. During EMT, cells
undergo significant changes in their morphology, gene expression, and
behavior. This process involves the downregulation of epithelial markers
such as E-cadherin and the upregulation of mesenchymal markers such as

(Continued in next column)

BOX 1 (Continued) Principal concepts of cell polarity and migration in
neural crest cells.
N-cadherin. EMT is not a binary process but rather a spectrum of intermediate
states, often referred to as partial, incomplete, or hybrid EMT states, where cells
exhibit both epithelial and mesenchymal traits. These intermediate states are
associated with increased cellular plasticity, invasiveness, and resistance to
apoptosis, facilitating processes like tumor metastasis and therapy resistance
(Pastushenko and Blanpain, 2019).

Collective cell migration
Collective cell migration is a fundamental biological process in which

groups of cells move together in a coordinatedmanner. This mode of migration
is crucial during embryonic development, tissue repair, and cancer metastasis.
In this process, cells maintain stable or transient cell-cell adhesions, allowing
them to move as cohesive units. Epithelial cells typically exhibit leader cells that
form protrusions to guide follower, which maintain tight junctions. In contrast,
mesenchymal cells form transient adhesions that direct their collective
movement. The interaction with the extracellular matrix and the response
to environmental cues are vital for the directional migration of these cell
groups. Studies in various models, such as border cell migration in Drosophila,
tracheal branching, and neural crest cell migration, highlight the conserved
mechanisms of cell polarity, mechanical coupling, and chemotactic guidance
that drive efficient collective movement (Scarpa and Mayor, 2016).

Matrix stiffness
Matrix stiffness is a critical factor influencing general cell migration and

behavior. It refers to the rigidity of the extracellularmatrix (ECM), which can vary
from soft, as healthy tissues, to stiff, as in fibrotic or pathological conditions.
Increased matrix stiffness affects cellular processes by altering the mechanical
signals perceived by cells. Cells sense stiffness through mechanotransduction
pathways involving integrins and the actin cytoskeleton, leading to changes in cell
morphology, adhesion, and motility. Higher stiffness typically enhances cell
migration by promoting focal adhesion formation and cytoskeletal
reorganization, which are essential for generating the forces required for
movement. Understanding how cells respond to varying stiffness in their
microenvironment is crucial for elucidating the mechanisms underlying
wound healing, tissue development, and various diseases, highlighting the role
of mechanical cues in regulating cellular functions (Lopez-Cavestany et al., 2023).

Placodes: In the context of a review on Neural Crest Cells, “placodes” can
be defined as transient columnar epithelia with neurogenic potential that
develop in the ectoderm of the vertebrate head adjacent to the neural tube.
These structures are crucial for the formation of paired sensory organs and
cranial sensory ganglia, contributing to a wide variety of cell types, ranging
from lens fibers to sensory receptor cells and neurons. Placodes originate from
a common pre-placodal region, which is subsequently subdivided to generate
specific types of placodes, following induction mechanisms that appear to be
shared across all placodes (Graham and Begbie, 2000).
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bird species, researchers were able to track the migration of a specific
NC subpopulation and determine the tissues they eventually form
(Le Douarin, 1973).

The cranial NC, which emerges at the border of the neural plate
anterior to the 1st somite goes through a remarkable transformation
journey yielding diverse cell types such as the skeletal system and the
peripheral cranial nerves, ocular structures, smooth muscles, and
connective tissues of blood vessels. Additionally, cranial NC cells
contribute to the dermis of the head, most of the melanocytes
(excluding iris cells), and the meninges of the forebrain
(Johnston et al., 1979; Le Douarin and Kalcheim, 1999; Creuzet
et al., 2005; Noden and Trainor, 2005; Dupin et al., 2006; Mayor and
Theveneau, 2013; Duband et al., 2015).

Vagal NC cells are located among somite 1st to 7th, between the
cranial and trunk segments of the NC (Le Douarin and Teillet, 1974)
and give rise to the neurons and supportive cells of the enteric
nervous system along the entire digestive tract. They also form
cardiac and dorsal root ganglia, as well as ectomesenchyme
derivatives such as cartilage, connective tissue and bones (Nagy
and Goldstein, 2017; Ganz, 2018).

Cardiac NC is a subdivision of the vagal NC and are responsible
for the morphogenesis of the outflow region of the developing heart
and the smooth muscle lining of blood vessels, contributing to the
outflow valves (Schussler et al., 2021).

Trunk NC cells span from the 8th somite to the 28th somite and
differentiate into neurons, glial cells of the peripheral nervous system,
adrenal medulla, and the neurons and glial cells of the enteric nervous
system (Green et al., 2017). Finally, the sacral NC extends from the 28th
somite to the end of the embryo (Le Douarin and Kalcheim, 1999) and
contributes to the enteric nervous system, forming the ganglia that
innervate the hindgut. The sacral NC also migrates ventrally and
colonizes the gut after the vagal NC (Wiese et al., 2017).

Each NC subpopulation migrates to specific destinations, where
they contribute to forming a wide range of tissues and organs. This
migration process is highly regulated and relies on maintaining
proper cell polarity (Box 1), which is essential for their correct
integration and function. Early investigations of NC cells were
predominantly conducted on accessible amphibian and avian
embryos, with mouse genetics later providing complementary
insights. More recently, the zebrafish model has emerged as a
valuable tool, offering unique advantages for studying NC cell
dynamics (Rocha et al., 2020).

In this review, we focus on two essential subpopulations of the
NC: the cranial NC and the cardiac NC. These branches have been
instrumental in advancing our understanding of several diseases,
such as cancer metastasis, craniofacial anomalies, and congenital
heart defects. Research on cranial NC has shed light on the
mechanisms driving craniofacial development and its associated
disorders, while studies on cardiac NC have enhanced our
knowledge of heart development and related anomalies.

Cranial neural crest cell migration

The migration of cranial NC cells occurs after cells undergo to
EMT. In Xenopus cranial NC cells, which are often used as a model
for studying EMT in cancer, EMT takes place after induction at the
neurula stage. As we mention before, during this transition, NC cells

shift from an epithelial phenotype to a migratory mesenchymal state
(Kelleher et al., 2006; Theveneau and Mayor, 2012b; Barriga et al.,
2013). This process involves the loss of epithelial polarity, marked by
a switch from E-cadherin to N-cadherin, which facilitates the cells
migration into surrounding tissues (Kuriyama and Mayor, 2008;
Sauka-Spengler and Bronner-Fraser, 2008; Steventon and Mayor,
2012; Theveneau and Mayor, 2012b). Following EMT, cranial NC
cells migrate collectively via three distinct streams regulated by
ephrin signaling, creating spatially defined paths called
mandibular, hyoid and brachial (Kuriyama and Mayor, 2008;
Gammill and Roffers-Agarwal, 2010; Theveneau and Mayor,
2012b; Theveneau and Mayor, 2012a; Nieto, 2013).

During migration, cell-cell interactions guide collective movement
via mechanisms like contact inhibition of locomotion (CIL) and co-
attraction (CoA), both crucial for directional migration (Carmona-
Fontaine et al., 2008) (Box1). CIL reorients cells upon collision via Rho
GTPase signaling and non-canonical Wnt pathways, which are crucial
for maintaining migratory coherence (Carmona-Fontaine et al., 2008).
Conversely, CoA mediated by C3a peptide, promotes cohesion
counteracting dispersion (Carmona-Fontaine et al., 2011). NC cells
secrete the complement factor C3a and express its receptor, C3aR
(Carmona-Fontaine et al., 2011), resulting in high C3a concentrations
in areas with dense NC cell populations, enabling cells that have lost
contact with the group to migrate back along the chemotactic gradient.
This process, known as CoA, involves C3a signaling leading to
Rac1 activation, which polarizes the cells back toward the group
(Carmona-Fontaine et al., 2011). The balance between CIL and CoA
is critical for maintaining the collective nature of migration (Theveneau
et al., 2010;Woods et al., 2014). Inhibiting C3 or its receptor reduces cell
collectiveness, as CIL drives the cells apart, hindering their ability to
migrate efficiently towards a chemoattractant source (Carmona-
Fontaine et al., 2011; Woods et al., 2014).

Stromal cell-derived factor 1/CXC Chemokine Receptor 4 (Sdf1/
CXCR4) signaling further directs migration by enabling gradient
sensing, stabilizing protrusions and activating Rac-1 at leading edges
(Belmadani et al., 2005; Olesnicky Killian et al., 2009; Theveneau
et al., 2010) (Figure 1). Sdf1 is produced by placode cells (Box 1), an
epithelial tissue crucial for the formation of sensory organs. This
tissue employs a “chase and run” mechanism, wherein cranial NC
cells chase placode cells secreting Sdf1 via chemotaxis. Upon
contact, placode cells retreat, eliciting a heterotypical CIL
response in NC cells (Theveneau et al., 2013; Szabó and Mayor,
2015). Additionally, ephrins restrict cell entry into specific regions,
ensuring stream integrity (Smith et al., 1997; Helbling et al., 1998).

Cranial NC collective migration is regulated by both, the
molecular signals as we described above and mechanical cues
(Box 1) in their environment (Carmona-Fontaine et al., 2008;
Theveneau et al., 2010; Barriga et al., 2018). Together, these
intricate mechanisms, encompassing both mechanical and
molecular signals, coordinate the migration of cranial NC cells,
underscoring the complex interplay between these cues and cellular
responses crucial for embryonic development.

Cardiac neural crest cell migration

Cardiac NC cell developmental processes overlap with the
segmentation of rhombomeres (R1-R8) (Odelin et al., 2018). Due
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to differences in migration patterns, cardiac NC cells from R1-R4
take the name of pre-otic cardiac NC cells and from R6-R8 are called
post-otic cardiac NC cells (Taneyhill and Schiffmacher, 2017;
Piacentino et al., 2020).

Post-otic cardiac NC cells will migrate towards the pharyngeal
arches 3, 4 and 6. From these arches, a subset of cells continues their
migration into the heart, where they contribute to outflow tract
(OFT) septation or form the parasympathetic ganglia of the heart.
The cardiac NC cells migrate from the hindbrain in three “streams”:
cranial (first), medial (second) and caudal (third) (Trainor et al.,
2002). For a correct migration and differentiation, cardiac NC cells
secrete proteases, including matrix metalloproteases (MMP) (Cai
and Brauer, 2002; Komatsu et al., 2007; Arai et al., 2019). Studies
have demonstrated the essential role of certain proteases in
regulating cardiac NC cells migration and differentiation
(Komatsu et al., 2007; Wagner et al., 2010; Chen et al., 2015;

Arai et al., 2019). For instance, it has been found that the MMP
inhibitor, KB8301, decrease the migration of cardiac NC cells
(Wagner et al., 2010). Additionally, research on mice found that
depletion of ADAM19 protease results in defects in the ventricular
septum and heart valves (Komatsu et al., 2007). Additionally, using
Wnt1-Cre lineage to specifically deplete ADAM19 in NC cells, it was
found that ADAM19 is required for the proper cardiac NC cell fate
and to avoid abnormal cardiac chondrogenesis (Arai et al., 2019).

Several mechanisms govern the correct migration of cardiac NC
cells into their respective pharyngeal arches. One of these
mechanisms involves the T-box transcription factor Tbx1, which
regulates the Slit ligand and its receptor roundabout (ROBO)
expressed on cardiac NCs, allowing its migration and cardiac
OFT elongation (Calmont et al., 2009). Additionally, endothelin-
A receptors (Fritz et al., 2019), members of the TGFβ superfamily
(Scholl and Kirby, 2009) and subtypes α and β of platelet-derived

FIGURE 1
Cellular and Molecular mechanisms regulating Neural Crest (NC) cell migration and polarity. (A) Schematic representation of a group of collectively
migrating NC cells with polarized leader cells at the forefront. The in vivomigration routes are delineated by confinement boundaries expressing different
members of the ephrin/Eph family. A highlighted box indicates two of the leader cells in the group, expanded in (B, C). (B) Enlarged view of the leader cells
showing the antagonistic regulation of RhoA and Rac1. RhoA facilitates cellular retraction at the posterior edge, while Rac1 promotes protrusions at
the anterior edge. Rac1 activity is modulated by several pathways including Trio and Cdc42. The CXCR4/Sdf1 signaling pathway, originating from placodal
cells, guides themigratory trajectories of NC cells. Meanwhile, C3a signaling, released by theNC cells themselves, helpsmaintain their cohesion through a
mechanism of co-attraction by regulating Rac1 activity. Contact Inhibition of Locomotion (CIL) is driven by Rac1 inhibition at the cell-cell contacts. This
process is intricately regulated by the activation of Ric8A, which activates Gα proteins. Then Gα proteins activates Par3 that inhibits Trio at cell-cell
contacts, leading to a specific localized Rac1 inhibition and ensuring proper cell retraction. (C) Planar Cell Polarity (PCP) at the leading edge is regulated by
the WNT signaling pathway, which activates Frizzled receptors. This, in turn, activate Dishevelled (Dsh/Dvl) and PTK7, leading to the downstream
activation of RhoA. RhoA inhibits Trio and Rac1 to ensure proper cell polarity. Calponin-2 (Cnn2) at the leading edge induces protrusion formation
necessary for cell migration. This regulation is crucial for maintaining the balance between cell protrusion and retraction, enabling directed migration.
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growth factor (PDGF) are implicated in this process (Scholl and
Kirby, 2009; Dinsmore and Soriano, 2022).

Furthermore, FGF8 drives the migration of cardiac NC cells
from the third migration stream. Numerous studies have
underscored the pivotal role of FGF8 in ensuring the survival
and proper migration of cardiac NC cells, specifically to
pharyngeal arches 3, 4, and 6 (Sato et al., 2011). FGF8 is also
crucial for the development of structures derived from the
embryonic mesoderm and endoderm (Itoh et al., 2016). This
growth factor not only facilitates the migration but also supports
the differentiation and integration of cardiac NC cells into the
developing cardiovascular system, highlighting its essential
function in embryonic development.

It was found that three streams of cardiac NC cells migrate
separated by two regions, rhombomere 3 and 5. Apoptosis of
premigratory NC cells of rhombomere 3 and 5 is important for
defining the separation and migration of NC cells, as they avoid
mesenchymal irruption of the mentioned rhombomeres (Graham
et al., 1993; Graham et al., 1993; Adams et al., 1996; Kulesa and
Fraser, 1998; 2000; Ellies et al., 2002). BMP4 andMSX-2 appear to be
involved in this process by inducing apoptosis (Graham et al., 1993;
Graham et al., 1994).

The directionality of cardiac NC cells migration, similar to
cranial NC cells, is partially regulated by guidance cues from
certain protein families, such as semaphorins and ephrins, which
have the ability to attract or repel cells depending on the membrane
receptor. The NC cells express the semaphorin receptors neuropilin-
1 and 2 and the coreceptor Plexin- D1 and Plexin-A2. This set of
receptors allows the NC cells to react to different types of
semaphorins and is crucial in the separation of the aortic root
and pulmonary trunk during truncus arteriosus mediated by NC
cells (Brown et al., 2001; Gitler et al., 2004; Toyofuku et al., 2008;
Kodo et al., 2017; Yamagishi, 2021).

In this way, Semaphorins 3A, 3F and 6, are expressed in the
lateral pharyngeal mesenchyme and in the dorsal neural tube and
repel NC cells through their interaction with Plexin-A2 and
neuropilin receptors (Eickholt et al., 1999; Osborne et al., 2005;
Toyofuku et al., 2008; Yamagishi, 2021). This repulsion drives NC
cells to the OFT that expresses Semaphorin 3C and attract NC cells
through PlexinD1/Neuropilin1 receptors. As a result of the
differential tissue expression of semaphorin members, the NC
cells migrate along the dorsal region and pharyngeal arches until
they reach the OFT, the final destination, where they differentiate
into endocardial and smooth muscle cells (Zhang et al., 2021).

Semaphorin 3C is regulated by the transcription factors Foxc1/
C2, which promote its expression in the OFT, and by Tbx1 and
FGF8, which inhibit its ectopic expression in the pharyngeal arches
(Kodo et al., 2017).

The mechanism used by Semaphorin 3A to repel NC cells
depends on the inhibition of Rac1, RhoA, or Cdc42 activity,
reducing cell protrusion and affecting cell migration (Bajanca
et al., 2019). On the other hand, Piezo1, a mechanosensitive
channel, is necessary for Rac1 inhibition. In the absence of
Piezo1, Semaphorin 3A inhibition alone is insufficient to prevent
NC cell migration (Canales Coutiño and Mayor, 2021).

In addition to the semaphorin family members, the guidance
molecules belonging to the ephrin family play also a dual role in cell
migration by binding to tyrosine kinase receptors, which in turn

reduce the activity of cadherins responsible for cell adhesion
(Cayuso et al., 2015). The ephrin receptors can either induce
heterotypic tension or repulsion, while E-cadherins neutralize
homotypic tension (Fagotto et al., 2014; Rohani et al., 2014;
Canty et al., 2017). This intricate balance of tension dynamics
influences the separation of the cardiac NC cells during
development. By regulating the tension levels between different
cell types and within cell populations, the ephrin family and their
receptors facilitate the migration of cardiac NC cells towards target
locations, such as the pharyngeal arches, ensuring proper embryonic
development (Batlle and Wilkinson, 2012; Fagotto et al., 2014;
Rohani et al., 2014; Cayuso et al., 2015; Canty et al., 2017;
Fagotto, 2020).

Once the cardiac NC cells reach the pharyngeal arch they
differentiate into smooth muscle and a subset of these cells
cluster into the OFT, which undergo ECM remodeling to form
the base of the aorta and pulmonary artery (Eisenberg and
Markwald, 1995; Plein et al., 2015). Moreover, cardiac NC cells
give rise to the formation of endocardial cushions that coalesce to
form the pulmonary aortic septum (Bergwerff et al., 1998; Waldo
et al., 1998).

Cell polarity stands out as a fundamental determinant of cell
migration, enabling cells to adeptly sense environmental cues,
interpret signals, and execute directed movement crucial for
developmental processes, tissue regeneration, and other vital
biological functions (Rauzi et al., 2008; Weber et al., 2012; Roca-
Cusachs et al., 2013; Shindo and Wallingford, 2014).

In the subsequent section of this review, we will delve into the
intricate molecular mechanisms that orchestrate cell polarity,
particularly focusing on its role during the migration of NC cells.

Cell polarity during neural crest
cell migration

The establishment and maintenance of cell polarity is essential
to ensure the directional movement and effective response to
environmental cues. During cranial NC cell migration, cell
polarity plays a crucial role in orchestrating the dynamic process
of EMT and subsequent migration into adjacent tissue. Key
mechanisms governing collective cranial NC cell migration, as we
mention above, include CIL, CoA, and chemotaxis, all of which are
regulated by localized activity of small GTPases.

Actin filaments and microtubules serve as central regulators of
cell shape and motility, crucial for the formation of cell protrusions
at the leading edge and adhesion to the extracellular matrix (ECM)
during migration (Le Clainche and Carlier, 2008; Etienne-
Manneville, 2014). The coordination between these cytoskeletal
elements is mediated by small GTPases of the Rho family (Rac1,
Cdc42, and RhoA), which govern processes like cell polarity, actin
polymerization, and actomyosin contractility through
spatiotemporal activation mechanisms (Rodriguez et al., 2003;
Lawson and Ridley, 2018). During Xenopus cranial NC cells
migration ex vivo, these GTPases exhibit distinct spatial activities:
Rac1 is highly active at the front, while RhoA predominates at the
rear, crucial for directional movement (Carmona-Fontaine et al.,
2008; Matthews et al., 2008; Clay and Halloran, 2010; Theveneau
et al., 2010; Leal et al., 2018).
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Activation of Rac1 is crucial for initiating lamellipodia and
membrane ruffles by triggering downstream proteins like WAVE
and Arp2/3, which facilitate actin polymerization at the cell
leading edge (Parri and Chiarugi, 2010). Conversely, Rho
signaling pathway activates ROCK (Rho-associated serine/
threonine kinase), which in turn phosphorylates the myosin
regulatory light chain, thereby regulating stress fiber formation
and controlling cell contraction and focal adhesion assembly (Parri
and Chiarugi, 2010; Spiering and Hodgson, 2011). Notably, these
GTPases—Rac1, Cdc42, and RhoA—reciprocally regulate each
other activity; for instance, Cdc42 activation stimulates
Rac1 while inhibiting RhoA, and vice versa, thereby
coordinating cytoskeletal dynamics and cellular responses
(Spiering and Hodgson, 2011). This spatial regulation of small
GTPases provides a robust readout for studying cell polarity
during migration. Moreover, Par3 in Xenopus negatively
modulates Rac1 at cell-cell contacts by inhibiting the Rac-GEF
Trio, thereby influencing microtubule dynamics and contributing
to CIL during cranial NCmigration (Moore et al., 2013) (Figure 1).

This polarization of GTPase activity is regulated by CIL, where
cell-cell contact inhibits protrusions in trailing cells, ensuring
directional migration of NC cells (Mayor and Carmona-Fontaine,
2010; Stramer et al., 2013). This process involves RhoA activation
and Rac inhibition at cell contacts, promoting retraction and
polarization necessary for collective migration (Carmona-
Fontaine et al., 2008; Matthews et al., 2008; Theveneau et al.,
2010). Despite the tendency for cell dispersion under contact
inhibition conditions, NC cells are held together by negative
signals and chemoattractants, facilitating their cohesive
directional migration (Carmona-Fontaine et al., 2011).

Additionally, it was demonstrated that cranial NC cells in
chicken embryos migrate by progressively refining the polarity of
their protrusions. This strategy sacrifices CIL to efficiently explore
their environment and maintain precise migration despite the noisy
guidance signals present around them. This mechanism of searching
and selecting productive protrusions contrasts with previous
models, such as those observed in Xenopus, where cells within
the migratory stream lack polarity and protrusions (Genuth
et al., 2018).

On the other hand, during migration it was demonstrated that
chicken cranial NC cells release extracellular vesicles, including
exosomes and migrasomes, which are critical for their migration.
Inhibiting exosome release resulted in less polarized and more
rounded cells, leading to loss of directional migration and
reduced speed. These findings highlight the importance of
vesicle-mediated communication in collective cell polarity and
migration, offering key insights into polarity mechanisms in
cranial NC cells (Gustafson et al., 2022).

An additional mechanism that involves cell polarity was found
in mice knockout (KO) for Connexin 43 (Cx43), a gap junction
protein. NC cells and epicardial cells express Cx43, and Cx43 KO
mice shown an abnormal coronary artery patterning and outflow
obstruction, suggesting a problem in NC cells migration (Lo et al.,
1997; Li et al., 2002;Walker et al., 2005; Clauss et al., 2006). Posterior
studies using embryonic fibroblasts from Cx43 KO mice found that
Cx43 deficiency leads to cell polarity defects characterized by the
failure of the Golgi apparatus and microtubules orientation in the
direction of wound closure (Francis et al., 2011).

Heterotrimeric G protein controlling cell
polarity during neural crest cell migration

Recent studies highlight the role of heterotrimeric G proteins in
controlling cell migration across various developmental contexts.
Members of the Gα subunit family, including Gα12/13, Gαi/o, Gαq/
11, and Gαs, are implicated in orchestrating signaling cascades that
promote actin cytoskeleton reorganization via regulation of small
GTPases (Nobes and Hall, 1995; Kjøller and Hall, 1999; Sah et al.,
2000; Rohde and Heisenberg, 2007; Cotton and Claing, 2009). These
G proteins initiate signaling upon ligand binding to their receptors,
which act as guanine nucleotide exchange factors (GEFs), catalyzing
the exchange of GDP for GTP on Gα subunits to activate
downstream effectors (Gilman, 1987). Notably, Ric-8 acts as a
GEF-independent regulator that accelerates this nucleotide
exchange, thereby maintaining Gα subunits in an active signaling
state (Klattenhoff et al., 2003; Siderovski andWillard, 2005; Hinrichs
et al., 2012).

In the context of polarity, research in Caenorhabditis elegans
embryos and Drosophila neuroblasts has demonstrated that Gαi and
Gαo subunits from the heterotrimeric G protein, are key regulators
of apicobasal polarity, functioning independently of receptors
(Bellaiche and Gotta, 2005; Siderovski and Willard, 2005). This
polarity is crucial for processes such as asymmetric cell division and
tissue formation, and its disruption is implicated in diseases like
cancer (Hirose et al., 2006; Feigin and Muthuswamy, 2009;
Knoblich, 2010). During asymmetric cell division, Gαi engages in
a non-canonical pathway that controls mitotic spindle orientation
by influencing microtubule behavior. Studies involving C. elegans
embryos,Drosophila neuroblasts, and sensory organ precursors have
shown that proper spindle orientation is essential for generating
daughter cells with different sizes and functions (di Pietro et al.,
2016). Specifically, in C. elegans, a complex involving the Gαi
subunit contributes to spindle positioning by creating an
imbalance in cortical forces (Grill et al., 2001). This conserved
complex, comprising Gαi, LGN, dynein/dynactin, and NuMA, is
crucial for correctly aligning the spindle (Kiyomitsu, 2019; Poon
et al., 2019).

InDrosophila neuroblasts, the Par3/αPKC/Par-6 complex, along
with Gαi and Pins, establishes apicobasal polarity during the initial
asymmetric division (di Pietro et al., 2016). In mammals, the
interaction between Gαi, LGN, and NuMA with astral
microtubules is essential for proper spindle alignment (Du and
Macara, 2004; Woodard et al., 2010). Additionally, Gβγ has a role in
spindle asymmetry in Drosophila, though its interaction with Gαi/
Pins requires further elucidation (Fuse et al., 2003). Gαi isoforms
and their regulatory partners have also been identified at
centrosomes, influencing various polarity processes, including
apicobasal polarity through interaction with proteins like vesicle-
associated protein (GIV), a GEF for Gαi (Sasaki et al., 2015). This
coordinated regulation of Gαi signaling underscores its importance
in asymmetric cell division, crucial for development, tissue
regeneration, and disease progression, such as in cancer. The
chaperone Ric-8, a conserved cytosolic GEF initially identified in
C. elegans and Drosophila is necessary for forming the Gα/GPR-1/
2 complex and ensuring correct localization of Gα and related
proteins, which are critical for asymmetric spindle orientation
during asymmetric cell division (Miller and Rand, 2000; Afshar

Frontiers in Cell and Developmental Biology frontiersin.org06

Salinas et al. 10.3389/fcell.2024.1457506

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1457506


et al., 2004; Afshar et al., 2005; Couwenbergs et al., 2004; David et al.,
2005; Hampoelz et al., 2005).

In Drosophila neuroblasts and sensory organ precursor cells,
Ric-8 is essential for accurate spindle orientation, asymmetric
localization of cell-fate determinants, and regulating daughter cell
size. Ric-8 also plays a key role in gastrulation, a process that
depends on receptor-mediated G-protein signaling. Notably, in
the absence of Ric-8, G-protein subunits, including Gαi, Gαo,
Gβ, and likely Gγ, are unable to localize to the cell cortex. This
finding suggests that Ric-8 may function not only as a GEF but also
as a facilitator of Gα activity by promoting the assembly of
heterotrimeric G-proteins (Matsuzaki, 2005).

In Xenopus, Ric-8A is prominently expressed during cranial NC
formation and migration, including derivative tissues like
craniofacial arches (Maldonado-Agurto et al., 2011). Additionally,
Ric-8A is essential for orchestrating proper migration bymodulating
cell adhesion and chemotaxis through its dual functions as a GEF
and chaperone for the subunit Gα13 (Fuentealba et al., 2013; Toro-
Tapia et al., 2018). As we mention above, studies have demonstrated
that Ric-8A interacts with Gα subunits to localize proteins like LGN,
Numa, and dynein at the cell cortex, crucial for spindle positioning
during division in mammals (Woodard et al., 2010). An
investigation utilizing GTPase-based probes in live cranial NC
cells demonstrate that Ric-8A levels critically regulate the
localization of active Rac1 and RhoA during migration (Leal
et al., 2018).

In migrating cranial NC cells, Ric-8A depletion leads to aberrant
localization of aPKC and Par3, disrupting Rac1 inhibition at cell-cell
contacts and impairing cell response to CIL (Moore et al., 2013; Leal
et al., 2018). Furthermore, as we mention above Ric-8A modulates
Rac1 and RhoA active localization, affecting cytoskeletal dynamics
and cell morphology essential for directional migration (Leal et al.,
2018; Toro-Tapia et al., 2018; Toro-Tapia et al., 2017). These
findings propose that Ric-8A governs cranial NC cell polarity via
heterotrimeric G-protein signaling pathways, highlighting its critical
role in regulating cell adhesion and chemotaxis during migration
(Fuentealba et al., 2013; Toro-Tapia et al., 2018; Toro-Tapia et al.,
2017). Future investigations should focus on identifying specific Gα
subunits and GPCRs involved in this intricate signaling cascade.

The loss of apico-basal polarity is essential
for neural crest migration

After their induction and specification, NC cells initially exhibit
an epithelial phenotype, characterized by strong apico-basal
polarity, where they are tightly connected through cell junctions
like E-cadherin and occludin (Kandel et al., 2000). This polarity is a
key feature of epithelial cells, which are stable, organized in sheets,
and supported by a basal lamina.

The transition of NC cells from an epithelial to a mesenchymal
state, known as EMT, involves a loss of apico-basal polarity and the
acquisition of front-rear polarity. This change is marked by the
downregulation of epithelial junction proteins and the upregulation
of mesenchymal markers, leading to reduced cell-cell adhesions and
increased motility (Hay, 1995; Vandewalle et al., 2005).

BMP signaling, along with transcription factors such as Snail,
Slug and Twist, play crucial roles in this process by repressing

epithelial markers like E-cadherin, thereby disrupting cell junctions
and promoting the mesenchymal phenotype (Kang and Massagué,
2004; Taneyhill et al., 2007; Rogers et al., 2013). This reorganization
allows the NC cells to detach from the neural tube and become
migratory (Theveneau et al., 2010). In addition to its roles in
induction and delamination, BMP signaling activates the
transcriptional repressor Sip1 in NC cells, promoting EMT (Kang
and Massagué, 2004; van Grunsven et al., 2007; Thiery et al., 2009;
Kerosuo and Bronner-Fraser, 2012; Rogers et al., 2013). Sip1 targets
genes that regulate epithelial cell-cell junctions, notably suppressing
E-cadherin expression, which is crucial for normal NC cell
migration (Vandewalle et al., 2005; van Grunsven et al., 2007;
Rogers et al., 2013). Delamination may also require a brief
inhibition of WNT signaling (Rabadán et al., 2016).

A critical aspect of EMT in the NC is the “cadherin switch,”
where the cells transition from expressing E-cadherin to N-cadherin,
which is essential for their migration (Dady et al., 2012; Rogers et al.,
2013). In NC cells during migration, cadherins, such as cadherin-7
and cadherin-11, are also expressed (Hadeball et al., 1998; Nakagawa
et al., 2001; Cheung et al., 2005), while residual levels of E-cadherin
persist (Barriga et al., 2013). Contrariwise, in trunk NC cells, the
“cadherin switch” continues as they transition to cadherin-6 and
cadherin-7, further promoting migration (Nakagawa and Takeichi,
1995; Park and Gumbiner, 2012). Throughout EMT, NC cells
undergo significant changes in their cellular architecture, driven
by alterations in cytoskeletal organization and cell junction
dynamics. These changes are essential for the cells transition
from a stationary, epithelial state to a mobile, mesenchymal one,
facilitating their migration during development (Thiery et al., 2009;
Nieto and Cano, 2012).

After discussing how heterotrimeric G proteins control cell
polarity during NC migration, it becomes crucial to address
another foundational aspect of NC migration: the loss of apico-
basal polarity. This loss is essential for enabling the EMT that
transforms NC cells from a stationary, polarized state to a
migratory, mesenchymal phenotype. However, while the
breakdown of apico-basal polarity allows for individual cell
motility, effective NC migration also depends on coordinated
collective movement (Nieto and Cano, 2012). This brings us to
the role of Planar Cell Polarity (PCP) signaling, which regulates the
interactions between cells within the migrating NC population. By
modulating these cell-cell interactions, PCP signaling ensures that
the directional migration of NC cells remains organized and
coherent (Theveneau et al., 2010), highlighting the complex
interplay between different polarity mechanisms during
NC migration.

Planar cell polarity during neural
crest migration

Although PCP signaling has been primarily studied in other
cellular contexts, evidence suggests that cell polarity in cranial NC
cells is also regulated by WNT/PCP signaling pathway, which is
essential for the directed migration of these cells. This pathway
regulates cell orientation within the tissue plane and coordinates
their collective movement, crucial for their dispersion throughout
the embryo (Theveneau et al., 2010).
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Disruption of this pathway has been shown to inhibit the
migration of both cranial and trunk NC cells, demonstrating its
importance in the process (De Calisto et al., 2005; Carmona-
Fontaine et al., 2008; Shnitsar and Borchers, 2008).

The WNT signaling pathway orchestrates a wide range of
biological processes throughout development and adulthood
(Clevers and Nusse, 2012). This pathway operates through two
main branches: the canonical and non-canonical WNT pathways,
both of which involve WNT ligands binding to receptor complexes
on the cell membrane. In the canonical signaling pathway, the
absence of WNT ligands, β-catenin is phosphorylated by GSK3β
and targeted for degradation. Conversely, activation of the canonical
pathway inhibits GSK3β, stabilizing β-catenin, allowing it to
translocate into the nucleus where it interacts with LEF/TCF
transcription factors to regulate gene expression, often leading to
cell differentiation (Aberle et al., 1997; Angers and Moon, 2009).
Recent studies have identified a novel mechanism within canonical
WNT signaling, known asWnt-STOP (Wnt-induced stabilization of
proteins), which functions independently of β-catenin and does not
require new protein synthesis (Albrecht et al., 2021). In this
pathway, WNT signaling rapidly sequesters glycogen synthase
kinase 3 (GSK3) into multivesicular bodies (MVBs) and
lysosomes, preventing it from phosphorylating target proteins
and thereby protecting them from ubiquitination and
degradation. This process, mediated by the endosomal sorting
complexes required for transport (ESCRT) machinery, stabilizes a
significant portion of cellular proteins, including key regulators of
cell growth and metabolism. Unlike traditional WNT signaling that
relies on β-catenin, the Wnt-STOP mechanism promotes rapid
cellular responses such as increased lysosomal activity,
macropinocytosis, and anabolic metabolism, supporting cell
proliferation and survival (Taelman et al., 2010; Dobrowolski and
De Robertis, 2012; Vinyoles et al., 2014).

On the other hand, the non-canonical WNT pathways act also
independently of β-catenin and include pathways regulating
intracellular calcium levels and small G-proteins such as Rho/
Rac, which control PCP through remodeling of the actin
cytoskeleton. PCP signaling, characterized extensively in
Drosophila, involves protein sets like Flamingo (known as
Cadherin EGF LAG seven-pass-G type receptor Celsr or Fmi),
Van Gogh-like (Vangl), Prickle (Pk), Frizzled (Fz), Dishevelled
(Dsh/Dvl), Dishevelled-associated activator of morphogenesis
(Daam), which establish subcellular asymmetry through
interactions at cell boundaries. These mechanisms generate
planar polarity crucial for diverse processes in vertebrates,
including axis elongation, neural tube closure, and directional cell
migration (Axelrod, 2009; Vladar et al., 2009; Bayly and Axelrod,
2011; Gray et al., 2011; Wallingford, 2012) (Figure 1).

PCP signaling, orchestrates cell orientation within epithelial
tissues through asymmetric distribution of PCP proteins like
Dsh/Dvl and Fz (Shindo and Wallingford, 2014). Initially studied
in insect wing and cuticle development, PCP proteins influence
diverse vertebrate structures such as mammalian hair follicles and
vertebrate hair cells, where they govern the orientation of stereocilia
and basal bodies (Lawson and Ridley, 2018). Beyond structural
orientation, PCP signaling regulates critical cellular processes like
convergent extension during gastrulation and neural tube closure by
modulating actin cytoskeleton asymmetry through Rho GTPases

like Rac and RhoA (Axelrod and McNeill, 2002; Vladar et al., 2009;
Tissir and Goffinet, 2010; Wallingford, 2012).

NC cells migrate in organized streams where the leading cells
exhibit the most directional persistence and active protrusions. PCP
signaling ensures that only the leading edge of these cells is allowed
to extend protrusions, while other cell surfaces are restrained,
thereby coordinating group movement (Carmona-Fontaine et al.,
2008; Theveneau et al., 2010). When this signaling is disrupted, NC
cells lose their coordinated movement and instead produce
protrusions randomly, resulting in inefficient migration
(Carmona-Fontaine et al., 2008).

Recent studies demonstrate that PCP elements localize at cell
contacts during NC migration, where they inhibit Rac and activate
RhoA upon cell collision, crucial for cell repulsion (Carmona-
Fontaine et al., 2008; Clay and Halloran, 2010; Theveneau et al.,
2010) (Figure 1). Proteins like PTK7 and WNT11 facilitate Dsh/
Dvl recruitment to cell membranes during this process,
underscoring their role as essential regulators of PCP signaling
in NC migration across diverse vertebrate species (Carmona-
Fontaine et al., 2008; Shnitsar and Borchers, 2008; Theveneau
et al., 2013). Interestingly, while these components exhibit specific
localization patterns in NC cells, their distribution can vary in
other cell types, suggesting that certain PCP mechanisms might be
conserved across different cellular contexts (Luga et al., 2012;
Kaucká et al., 2015; Zhang et al., 2016). However, less is known
about the roles of other PCP elements, such as Vangl, Pk, and
Celsr, in the context of NC cell migration, particularly in
mammals, where NC migration appears less clearly dependent
on PCP signaling (Sasselli et al., 2013; Pryor et al., 2014). While NC
migration appears unaffected in both constitutive Vangl2 mutants
and conditional mutants where Vangl2 is deleted throughout the
NC lineage (Pryor et al., 2014), Celsr3 and Fzd3 are essential for
proper gut innervation by NC-derived enteric neurons, indicating
these genes have a more refined role in NC development (Sasselli
et al., 2013). PCP mutations can lead to severe neural tube defects
(NTDs) such as craniorachischisis (Murdoch et al., 2003),
demonstrating its importance in neural tube morphogenesis.
However, its role in the NC itself, especially in mammals, may
not be as critical as in the neural tube, indicating that more
research is needed to fully understand its functions across
different neural crest populations.

Moreover, downstream effectors like calponin-2 (Cnn2) further
link PCP-mediated RhoA and Rac regulation to actin dynamics,
critical for proper NC migration and tissue formation. Cnn2 is
involved in the dynamic organization of the actin cytoskeleton in
migratory NC cells. Cnn2 is inhibited downstream of non-canonical
WNT signaling and polarized in the leading edge. Cnn2 polarization
in the leading edge leads the formation of directed protrusions in
explants and is required for directed migration of NC cells in vivo
(Ulmer et al., 2013) (Figure 1).

Additionally, Dsh/Dvl2 mutants exhibit neural tube and
cardiovascular defects, including double outlet right ventricle
(DORV), transposition of the great arteries (TGA), and persistent
truncus arteriosus (PTA), associated with abnormalities during OFT
septation. Since the NC cells marker Pitx2 was barely detected in the
OFT of Dsh/Dvl2 mutants, it is suggested that the cardiovascular
defects are due to altered cardiac NC cell migration (Hamblet
et al., 2002).
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Thus, PCP signaling conservation in regulating directional
migration underscores its fundamental role in NC development
across different vertebrate organisms (Carmona-Fontaine et al.,
2008; Matthews et al., 2008; Banerjee et al., 2011; Rios et al.,
2011; Theveneau et al., 2013).

It has been demonstrated that Prickle1a and Prickle1b proteins,
components of the PCP signaling pathway, are essential for the
proper polarization and migration of cranial NC cells in zebrafish.
Mutations in either or both genes result in aberrant polarization
along the antero-posterior axis of the embryo, instead of the normal
lateral orientation, thereby affecting the direction and efficiency of
cell migration. This shift in polarity axis alters the migration
direction, which is intriguing as other PCP-deficient conditions
simply lose polarity and motility. The Prickle1-deficient
condition also exhibited abnormal levels of cadherins and
prolonged blebbing. These findings underscore the importance of
Prickle1 in regulating cell polarity, emphasizing that correct
polarization is crucial for coordinated cell migration during
embryonic development (Ahsan et al., 2019).

Interestingly, it was described that mutants with a Prickle1-
missense allele, named Beetlejuice (Bj) shown defects in cell polarity
and migration causing congenital heart defect, including short OFT
phenotype, skeletal and craniofacial anomalies (Liu et al., 2014;
Gibbs et al., 2016).

PCP proteins accumulate at cell contact regions, but whether
they display asymmetric distribution between colliding cells is not
fully understood. While asymmetry in PCP proteins is well-
documented in various organisms, its role in NC cell migration
requires further investigation. Key elements like Fz and PTK7 recruit
Dsh/Dvl to these regions, yet the precise mechanisms linking
localized Dsh/Dvl distribution to Rho activity regulation remain
unclear (Carmona-Fontaine et al., 2008; Shnitsar and Borchers,
2008; Theveneau et al., 2013).

In addition, PCP signaling is influenced by external factors like
diffusible signals (e.g., Sdf1/Cxcl12) and physical interactions
between non-adjacent NC cells, by long range filopodia
structures (Teddy and Kulesa, 2004; Theveneau et al., 2010).
These findings suggest that the significance of PCP signaling in
NC migration may differ between species, reflecting the complexity
and variability of the mechanisms involved.

In summary, while PCP signaling is a key player in many
developmental processes, its role in NC cells seems to be limited
or context-dependent, with more robust evidence in lower
vertebrates compared to mammals.

Surrounding context stiffness affect cell
polarity and migration

ECM can be classified into two types: 1. the basement
membrane, which consists of a dense network of core proteins
such as laminin, collagen IV, nidogen, perlecan (Hspg2), and agrin,
and 2. the interstitial matrix, which is a varied combination of elastin
(Eln), fibronectin (Fn1), collagens, and proteoglycans such as
Aggrecan (Acan) and Versican (Vcan) (Frantz et al., 2010). The
proportion of these proteins will determine the final stiffness of the
ECM (Theocharis et al., 2016) (Box1). Specific ECM composition
and remodeling are controlled by a group of proteins, including

MMPs, adamalysins (ADAMs/ADAMTSs), and hyaluronidases,
which regulate the ECM degradation (Bonnans et al., 2014).

The ECM diversity is created by spatiotemporal regulation of the
ECM production, modification, and degradation processes
(Bonnans et al., 2014). The interaction between cells and the
ECM is crucial during embryogenesis (Hynes and Naba, 2012)
and it plays a pivotal role during NC cell migration (Perris and
Perissinotto, 2000). For instance, genes encoding proteases that
regulate ECM homeostasis and ECM proteins are expressed in
migrating cells of both Drosophila and chicken (Bae et al., 2017).
This suggests that it is a highly conserved mechanism facilitating cell
migration, which can be extrapolated to the context of NC cell
migration in vertebrates (York and McCauley, 2020).

Initially, to facilitate the EMT, NC cells degrade the basal
extracellular matrix (ECM) at the dorsal neural tube (NT) before
producing their own ECM (Perris, 1997; Perris and Perissinotto,
2000). The ECM provides critical signals that regulate NC cell
migration, including permissive, non-permissive, and inhibitory
components (Perris, 1997; Perris and Perissinotto, 2000).

Permissive signals, such as Fn1, laminins, and collagen I,
promote strong cell adhesion and motility by interacting with
integrin receptors on NC cells, facilitating cytoskeletal
rearrangements and promoting migration (Duband, 2010; Szabó
and Mayor, 2018). Non-permissive signals, such as certain collagen
types and chondroitin sulfate proteoglycans, can provide weaker
adhesion and modulate migration speed, often by restricting
integrin activation (Szabó and Mayor, 2018). Inhibitory signals,
largely proteoglycans like Vcan, can block NC migration by
preventing integrin-mediated signaling, thus maintaining NC
cells in a non-migratory state (Landolt et al., 1995; Henderson
et al., 1997). These diverse ECM signals provide temporal and
spatial regulation of NC migration during development. These
ECM molecules, with their diverse permissive, non-permissive,
and inhibitory properties, are crucial in guiding NC cell
migration. In the context of zebrafish trunk NC cells, this
complex interaction with the ECM becomes particularly evident.
As these cells migrate along specific routes after delaminating from
the neural tube, ECM proteins such as Fn1, laminin, and different
type of collagens are essential for creating an environment that
either facilitates or restricts cell movement (Banerjee et al., 2013).

Trunk NC cells in zebrafish migrate along specific routes after
delaminating from the neural tube, transitioning from a sheet-like
migration pattern to distinct cell streams as they reach the somite
regions (Erickson, 1985). While somite-derived signals like Ephrin/
Eph receptor and WNT signaling are known to regulate NC cell
migration (Krull et al., 1997; Banerjee et al., 2011), the specific roles
of ECM molecules in vivo are less understood. Fn1, laminin, and
collagens are ECM proteins implicated in NCmigration, with recent
evidence suggesting that the enzyme lysyl hydroxylase 3 modulates
trunk NC cell migration by post-translationally modifying non-
fibrillar collagen, particularly Collagen 18A1 (Banerjee et al., 2013).
Knockdown of collagen18a1 in zebrafish embryos leads to defects in
NC cell migration, indicating that Collagen 18A1, possibly through
interactions mediated by integrins or signaling domains, creates
regions that are permissive or non-permissive for cell migration
(Schneider and Granato, 2006; Myllylä et al., 2007). Additionally,
MMP17b, expressed within NC cells, also plays a role in migration,
potentially by cleaving ECM components or releasing guidance cues

Frontiers in Cell and Developmental Biology frontiersin.org09

Salinas et al. 10.3389/fcell.2024.1457506

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1457506


from the ECM (Leigh et al., 2013). These findings suggest that both
ECM structure and its dynamic remodeling are critical for guiding
the migration of trunk NC cells in zebrafish.

The ECM also mediates mechanical forces. Tissue stiffening
occurs non-uniformly due to changes in cell density, cell adhesions,
ECM composition, and matrix adhesion (Rozario and
DeSimone, 2010).

Recent studies highlight the significance of tissue mechanics
during cell migration process, demonstrating that stiffening of the
head mesoderm under the cranial NC cells triggers EMT and
initiates collective migration (Kerosuo and Bronner-Fraser, 2012;
Gilmour et al., 2017). Mechanosensing via integrin/vinculin/talin
complexes allows NC to detect and respond to these changes in
substrate stiffness (Gilmour et al., 2017). Moreover, convergent
extension during gastrulation increases mesodermal cell density
and stiffness, correlating with the onset of NC cell migration
(Gilmour et al., 2017). These findings suggest a mechanical

coordination between gastrulation and NC migration, bridging
seemingly unrelated developmental processes through changes in
tissue mechanics (Gilmour et al., 2017). Additionally, heterochronic
tissue graft experiments demonstrate that environmental factors
influence the timing of NC migration, implicating external cues in
this migratory behavior (Theveneau et al., 2010). While Fn1, a major
component of the NC ECM, remains unchanged during early
developmental stages, in vivo measurements using atomic force
microscopy reveal a gradual increase in mesodermal stiffness
coinciding with NC migratory onset (Zhou et al., 2009; Koser
et al., 2016). This stiffening of the mesoderm is strongly
correlated with NC collective cell migration, suggesting that
mechanical cues play a pivotal role in triggering and regulating
this process in vivo (Koser et al., 2016) (Figure 2).

Mechanical cues play a crucial role in controlling the polarity of
NC cells during migration. One of the primary mechanisms involves
the asymmetric stiffening of cortical actomyosin networks, mediated

FIGURE 2
Neural Crest (NC) cell Migration in response to mechanical cues. (A) NC cells exhibiting collective migration in response to durotactic signals,
characterized by a gradient of extracellular matrix (ECM) stiffness due to ECM composition, and cell density in the mesodermal tissue. This process
involves integrin-mediated signaling and focal adhesion formation, leading to Rac1 activation and subsequently, actin polymerization and protrusion
formation at the leading edge, while RhoA activation inhibit protrusion formation via Contact Inhibition of Locomotion (CIL). The mechanical
properties of the ECM andmesodermal stiffness play crucial roles in guiding the directionalmigration of NC cells. (B) At low cell density, NC cells switch to
an amoeboid-like migration, characterized by less dependence on focal adhesions and integrin signaling. Instead, this mode relies on the flexibility of the
cell cortex and actomyosin contractility, allowing cells to move through the ECM with increased plasticity and adaptability. Amoeboid migration is
facilitated by changes in cell shape and rapid, transient protrusions, enabling efficient navigation through variable ECM environments.
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by Rho GTPases and myosin II, which helps establish front-rear
polarity in migrating cells (Vitorino and Meyer, 2008; Fischer et al.,
2009). During collective migration, leader cells exhibit large, directed
protrusions, which are essential for guiding the cluster. These cells
are distinguished by their dynamic cytoskeleton and enhanced
responsiveness to extracellular signals (Vitorino and Meyer,
2008). Additionally, the polarized remodeling of the ECM by
these cells helps create paths for migration. For instance, cells
degrade ECM components and lay down basement membrane
components to facilitate movement (Smola et al., 1998; Schmidt
et al., 2007). Cell polarity is also influenced by differential expression
of ECM-binding proteins, such as integrins. Leader cells often
express higher levels of integrins, which promote stronger
attachment to the ECM and help define the direction of
migration (Farooqui and Fenteany, 2005; Vitorino and Meyer,
2008) (Figure 2). Ex vivo experiments show that NC cells form
large focal adhesions on stiff fibronectin-coated surfaces, contrasting
with more amoeboid-like behavior observed in softer in vivo
environments (~120 Pa stiffness in Xenopus embryos) (Barriga
et al., 2018) (Figure 2). This competition between focal adhesions
and the cell cortex for actomyosin machinery recruitment influences
cell movement adaptability. Surprisingly, similarities exist between
single-cell amoeboid “swimmer” migration and contractility-driven
collective migration models, suggesting NC cells may exhibit more
amoeboid-like behavior than previously thought, especially under
softer in vivo conditions (Carragher et al., 2006; Liu et al., 2015)
(Figure 2). In vivo, NC migration responds to mesodermal stiffening
through integrin-mediated complexes involving vinculin and talin,
influencing protrusion dynamics and collective migration model
(Carmona-Fontaine et al., 2008; Barriga et al., 2018). Various
mechanisms such as rear actomyosin contraction, confinement,
CIL, protrusions, and mechanical cues from the mesoderm
collectively orchestrate efficient migration (Theveneau et al.,
2010; Carmona-Fontaine et al., 2011; Scarpa et al., 2015; Roycroft
and Mayor, 2016).

CIL further ensures proper cell polarity. Upon contact, cells
collapse their protrusions at the site of contact, repolarize, and
extend new protrusions away from the contact site. This process
involves various cell-cell adhesion molecules, including
cadherins and ephrins, and leads to the activation of small
GTPases such as RhoA, Rac1, and Cdc42. RhoA is activated at
contact sites, while Rac1 and Cdc42 are inhibited at these sites but
activated elsewhere, promoting new protrusion formation and
cell polarization (Astin et al., 2010; Mayor and Carmona-
Fontaine, 2010).

Thus, mechanical cues, through actomyosin network dynamics,
ECM remodeling, integrin expression, and CIL, critically control the
polarity of NC cells, ensuring efficient and directed migration.

Congenital diseases produced by defects in
neural crest migration and differentiation

The regulation of NC cell migration, proliferation, and
differentiation is tightly controlled by multiple signaling
pathways, and disruptions in these pathways can result in
neurocristopathies—developmental disorders arising from defects
in NC cells. As we mention in the previous section, signaling

pathways such as RA, BMP, TGF-β, NOTCH, WNT, and Sonic
Hedgehog (SHH) play critical roles in NC development by
establishing cell polarity, influencing cytoskeletal dynamics, and
directing cell migration, essential for proper tissue formation.
Disruptions in these pathways can cause neurocristopathies by
altering the polarity and migration of NC cells (Sauka-Spengler
and Bronner-Fraser, 2008; Scholl and Kirby, 2009; Mayor and
Theveneau, 2014; Shih et al., 2017).

The BMP/TGF-β signaling pathway plays a critical role in
regulating bone differentiation, and mutations in genes associated
with this pathway are linked to bone and cartilage developmental
disorders. For example, abnormal BMP signaling in NC cells can
result in the formation of ectopic cartilage in cranial sutures, leading
to their premature fusion (Ueharu et al., 2023).

The effects of NOTCH signaling and its ligand JAG1 are
associated with congenital disorders like Alagille syndrome,
which is characterized by cardiac, biliary, and skeletal
abnormalities (Penton et al., 2012). In cranial NC cells,
depletion of Jag1 leads to a smaller maxilla, abnormal vascular
branching, reduced cell proliferation and decreased extracellular
matrix production, highlighting the essential role of Jag1 in
craniofacial development, vascular formation, and tissue
growth (Humphreys et al., 2012). Furthermore, the
JAG1 through NOTCH1 non-canonical pathway activates
osteoblast-specific gene expression in cranial NC cells,
promoting osteoblast differentiation and facilitating bone
mineralization (Kamalakar et al., 2021).

NC cells migration to the anterior part of the sclerotome, allow
the migration and location of these cells at different levels of the gut
(O’Leary and Wilkinson, 1999). Then NC cells differentiate into
Auerbach’s and Meissner’s ganglia to form the enteric nervous
system. The absence of these enteric ganglion cells produces the
congenital disease known as Hirschsprung’s or congenital
aganglionosis (Howard and Garrett, 1970; Furness, 2012).

Another example is Bardet–Biedl syndrome (BBS), where
patients exhibit craniofacial defects and Hirschsprung’s
disease, among other symptoms. In zebrafish, it has been
demonstrated that the genes whose mutations cause this
syndrome—BBS4, BBS6, and BBS8—are required for proper
NC migration, which could be explained by an aberrant SHH
signaling (Tobin et al., 2008).

Cleft lip with or without cleft palate (CLP) malformation also
results from aberrant NC cell migration. In this case, the
combination of loss of function of CDH1/E-cadherin and a
proinflammatory environment, which leads to hypermethylation
of CDH1/E-cadherin, causes defects in NC cells migration (Alvizi
et al., 2023).

Other conditions derived from aberration in NC cell
migration and differentiation is the Retinoic Acid Syndrome
(RAS), which show developmental abnormalities of the
mandible (micrognathia) and palate (cleft palate), facial nerve
palsy, absent or deficient thymus and parathyroid glands (Sulik
et al., 1988; Johnston and Bronsky, 1995; Morriss-Kay and
Wardt, 1999). Additionally, it was found that the absence of
RA signaling pathway results in the loss of FGF8 and SHH
signaling causing cell apoptosis and inhibition of cell
proliferation. Cell apoptosis mediated by p53, as well as
FGF8 and SHH signaling, leads to a deficiency in cranial NC
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cells resulting in cranioskeletal hypoplasia observed in patients
with Treacher Collins Syndrome (Trainor, 2010). These suggest
that exist a critical period during the NC cells migration and
differentiation that dependents on RA signaling for proper
embryo development (Johnston and Bronsky, 1995; Laue et al.,
2011; Rhinn and Dollé, 2012).

In addition, defects in the NC cells migration can lead to
alterations in cardiac development, particularly affecting the
formation of the OFT and aortic arch (AA). These defects can
cause congenital heart diseases such as persistent truncus arteriosus,
resulting from incomplete OFT formation, and tetralogy of Fallot,
resulting fromOFTmisrotation (Maeda et al., 2006). Developmental
anomalies of the AA system arise from regression of parts of the
pharyngeal arch arteries. For example, interrupted AA type B results
from regression of the left pharyngeal arch artery, while aberrant
right subclavian artery results from the regression of the right fourth
pharyngeal arch (Yamagishi, 2021).

Furthermore, mutations in different signaling pathways
involved in cardiac NC cell migration can lead to defects in
pharyngeal arch arteries. For instance, mutations in TGF-β and
BMP signaling pathways, which interact with Smad proteins can
cause such defects (Molin et al., 2004; Nie et al., 2008). Additionally,
mutations in the MAML gene under the Pax3 promoter block
NOTCH signaling, which inhibits the differentiation of smooth
muscle in the pharyngeal arch arteries and results in the failure of
cardiac NC cells migration and differentiation into smooth muscle
(Huang et al., 2008; Varadkar et al., 2008; Manderfield et al., 2012).

Krox20, a transcription factor plays a crucial role in hindbrain
patterning and morphogenesis, by binding to specific DNA
sequences in the 5′ flanking regions of genes such as Hox2,
Hoxb2, Hoxb3, and Eph4 (Lemaire et al., 1988; Nardelli et al.,
1991). This binding directly controls the expression of these genes.
Targeted mutations of Krox20 in mouse embryos result in perinatal
death, abnormal fusion of trigeminal ganglia with facial and
vestibular ganglia, and hyperplastic aortic valve formation,
leading to bicuspid aortic valves (Schneider-Maunoury et al.,
1993; Swiatek and Gridley, 1993; Odelin et al., 2018).
Additionally, multiple alterations or deletions of Hox genes such
as Hoxa3 andHoxad3, cause abnormalities in cartilage and laryngeal
muscles, leading to DiGeorge syndrome, as well as hypoplasia and
the absence of the thymus and parathyroid glands (Chisaka and
Capecchi, 1991; Condie and Capecchi, 1994; Manley and
Capecchi, 1995).

The cellular and molecular mechanisms governing NC cell
behavior play a crucial role in the formation of the peripheral
nervous system, as well as the connective, bone, cartilage, and
muscle tissues of the embryo. Disruptions or aberrations in these
mechanisms can lead to a range of congenital diseases, as discussed
in this section. However, the precise interactions between signals
required for proper embryonic development are still not fully
understood.

Conclusion and perspectives

The migration and differentiation of NC cells are highly
regulated processes involving a complex interplay of molecular
and mechanical signals. The intricate balance between molecular

signals and mechanical forces that regulates NC cell behavior
underscores the complexity and precision required for their
proper migration (Sauka-Spengler and Bronner-Fraser, 2008).
These processes are not only essential for proper organogenesis
but also provide a fascinating model for understanding how
migrating cells interpret and respond to a multitude of signals.
Establishing and maintaining correct cell polarity is essential for
directional migration and the response to environmental cues. As
mentioned in this review, key regulators of this process include small
GTPases such as Rac1, Cdc42, and RhoA (Rodriguez et al., 2003;
Lawson and Ridley, 2018) and the PCP complex, which arrange cell
protrusions and contractility, guaranteeing effective migration
(Theveneau and Mayor, 2010). The interplay between these
GTPases, along with actin filaments and microtubules, governs
the structural and motility aspects of NC cells. Heterotrimeric G
proteins and Ric-8A also play essential roles in modulating cell
adhesion, chemotaxis, and polarity during NC cell migration. Ric-
8A regulates the localization of active Rac1 and RhoA, connecting
G-protein signaling to cytoskeletal dynamics and cell shape
(Fuentealba et al., 2013; Toro-Tapia et al., 2018; Leal et al., 2018).
Another factor influencing NC cell migration is the ECM
composition and stiffness (Bonnans et al., 2014). Stiffening of the
mesodermal environment triggers EMT and collective migration.
Mechanical cues, such as tissue stiffness, guide NC cells through
integrin-mediated signaling complexes, enabling their response to
environmental changes (Carmona-Fontaine et al., 2008; Barriga
et al., 2018). Defects in NC cell polarity during migration and
differentiation result in several congenital disorders, such as
neurocristopathies and cardiovascular anomalies, highlighting the
importance of understanding these mechanisms (Maeda et al., 2006;
Alexander et al., 2009; Barber and Rastegar, 2010). In summary, the
migration of NC cells is a multifaceted process regulated by a
network of signaling pathways, cytoskeletal dynamics, and ECM
interactions. Further research is needed to elucidate the specific
molecular interactions between the signaling pathways involved in
NC cell migration and polarity and ECM homeostasis. Additionally,
the EMT is a process that is also crucial in cancer metastasis. EMT
enables cancer cells to acquire migratory and invasive properties like
NC cells (Gundamaraju et al., 2022), highlighting parallels in the
mechanisms of cell migration across different contexts.

Understanding these processes will provide insights into the
developmental origins of neurocristopathies and contribute to the
development of new therapeutic strategies for related congenital
diseases and other pathologies resulted by similar defect like cancer.

Author contributions

ES: Writing–original draft. FR-R: Writing–original draft. JL:
Writing–original draft. TC: Writing–review and editing. MT:
Writing–original draft, Writing–review and editing. CA:
Writing–original draft, Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work

Frontiers in Cell and Developmental Biology frontiersin.org12

Salinas et al. 10.3389/fcell.2024.1457506

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1457506


was supported by the grant Fondecyt de Iniciación 11240544 from
the Agencia Nacional de Investigacion y Desarrollo (ANID) (CA),
and grant from Vicerrectoria de Investigacion UdeC (VRID)
2022000483INV (MT), Faculty of Biological Sciences UdeC FCB-
I-2022-03 (MT), USS-FIN-24-APCS-34.

Acknowledgments

We also acknowledge the Agencia Nacional de Investigacion y
Desarrollo (ANID) for supporting the graduate studies of JIL.
Finally, we would like to thank researchers worldwide who have
contributed to understanding the mechanisms driving neural crest
cell migration.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Aberle, H., Bauer, A., Stappert, J., Kispert, A., and Kemler, R. (1997). beta-catenin is a
target for the ubiquitin-proteasome pathway. EMBO J. 16, 3797–3804. doi:10.1093/
emboj/16.13.3797

Adams, R. H., Betz, H., and Püschel, A. W. (1996). A novel class of murine
semaphorins with homology to thrombospondin is differentially expressed during
early embryogenesis. Mech. Dev. 57, 33–45. doi:10.1016/0925-4773(96)00525-4

Afshar, K., Willard, F. S., Colombo, K., Johnston, C. A., McCudden, C. R., Siderovski,
D. P., et al. (2004). RIC-8 is required for GPR-1/2-dependent Galpha function during
asymmetric division of C. elegans embryos. Cell 119, 219–230. doi:10.1016/j.cell.2004.
09.026

Afshar, K., Willard, F. S., Colombo, K., Siderovski, D. P., and Gönczy, P. (2005).
Cortical localization of the Galpha protein GPA-16 requires RIC-8 function during C.
elegans asymmetric cell division. Development 132, 4449–4459. doi:10.1242/dev.02039

Ahsan, K., Singh, N., Rocha, M., Huang, C., and Prince, V. E. (2019). Prickle1 is
required for EMT and migration of zebrafish cranial neural crest. Dev. Biol. 448, 16–35.
doi:10.1016/j.ydbio.2019.01.018

Albrecht, L. V., Tejeda-Muñoz, N., and De Robertis, E. M. (2021). Cell biology of
canonical wnt signaling. Annu. Rev. Cell Dev. Biol. 37, 369–389. doi:10.1146/annurev-
cellbio-120319-023657

Alexander, T., Nolte, C., and Krumlauf, R. (2009). Hox genes and segmentation of the
hindbrain and axial skeleton. Annu. Rev. Cell Dev. Biol. 25, 431–456. doi:10.1146/
annurev.cellbio.042308.113423

Alvizi, L., Nani, D., Brito, L. A., Kobayashi, G. S., Passos-Bueno, M. R., and Mayor, R.
(2023). Neural crest E-cadherin loss drives cleft lip/palate by epigenetic modulation via
pro-inflammatory gene–environment interaction.Nat. Commun. 14, 2868. doi:10.1038/
s41467-023-38526-1

Angers, S., and Moon, R. T. (2009). Proximal events in Wnt signal transduction. Nat.
Rev. Mol. Cell Biol. 10, 468–477. doi:10.1038/nrm2717

Arai, H. N., Sato, F., Yamamoto, T., Woltjen, K., Kiyonari, H., Yoshimoto, Y., et al.
(2019). Metalloprotease-dependent attenuation of BMP signaling restricts cardiac
neural crest cell fate. Cell Rep. 29, 603–616. doi:10.1016/j.celrep.2019.09.019

Astin, J. W., Batson, J., Kadir, S., Charlet, J., Persad, R. A., Gillatt, D., et al. (2010).
Competition amongst Eph receptors regulates contact inhibition of locomotion and
invasiveness in prostate cancer cells. Nat. Cell Biol. 12, 1194–1204. doi:10.1038/ncb2122

Axelrod, J. D. (2009). Progress and challenges in understanding planar cell polarity
signaling. Semin. Cell Dev. Biol. 20, 964–971. doi:10.1016/j.semcdb.2009.08.001

Axelrod, J. D., and McNeill, H. (2002). Coupling planar cell polarity signaling to
morphogenesis. ScientificWorldJournal 2, 434–454. doi:10.1100/tsw.2002.105

Bae, Y. K., Macabenta, F., Curtis, H. L., and Stathopoulos, A. (2017). Comparative
analysis of gene expression profiles for several migrating cell types identifies cell
migration regulators. Mech. Dev. 148, 40–55. doi:10.1016/j.mod.2017.04.004

Bajanca, F., Gouignard, N., Colle, C., Parsons, M., Mayor, R., and Theveneau, E.
(2019). In vivo topology converts competition for cell-matrix adhesion into directional
migration. Nat. Commun. 10, 1518. doi:10.1038/s41467-019-09548-5

Banerjee, S., Gordon, L., Donn, T. M., Berti, C., Moens, C. B., Burden, S. J., et al.
(2011). A novel role for MuSK and non-canonical wnt signaling during segmental
neural crest cell migration. Development 138, 3287–3296. doi:10.1242/dev.067306

Banerjee, S., Isaacman-Beck, J., Schneider, V. A., and Granato, M. (2013). A novel role
for Lh3 dependent ECM modifications during neural crest cell migration in zebrafish.
PLoS One 8, e54609. doi:10.1371/journal.pone.0054609

Barber, B. A., and Rastegar, M. (2010). Epigenetic control of Hox genes during
neurogenesis, development, and disease. Ann. Anat. 192 (5), 261–274. doi:10.1016/j.
aanat.2010.07.009

Barriga, E. H., Franze, K., Charras, G., and Mayor, R. (2018). Tissue stiffening
coordinates morphogenesis by triggering collective cell migration in vivo. Nature 554,
523–527. doi:10.1038/nature25742

Barriga, E. H., Maxwell, P. H., Reyes, A. E., and Mayor, R. (2013). The hypoxia factor
Hif-1α controls neural crest chemotaxis and epithelial to mesenchymal transition. J. Cell
Biol. 201, 759–776. doi:10.1083/jcb.201212100

Basch, M. L., Bronner-Fraser, M., and García-Castro, M. I. (2006). Specification of the
neural crest occurs during gastrulation and requires Pax7. Nature 441, 218–222. doi:10.
1038/nature04684

Batlle, E., andWilkinson, D. G. (2012). Molecular mechanisms of cell segregation and
boundary formation in development and tumorigenesis. Cold Spring Harb. Perspect.
Biol. 4, a008227. doi:10.1101/cshperspect.a008227

Bayly, R., and Axelrod, J. D. (2011). Pointing in the right direction: new developments
in the field of planar cell polarity. Nat. Rev. Genet. 12, 385–391. doi:10.1038/nrg2956

Bellaiche, Y., and Gotta, M. (2005). Heterotrimeric G proteins and regulation of size
asymmetry during cell division. Curr. Opin. Cell Biol. 17, 658–663. doi:10.1016/j.ceb.
2005.10.002

Belmadani, A., Tran, P. B., Ren, D., Assimacopoulos, S., Grove, E. A., and Miller, R. J.
(2005). The chemokine stromal cell-derived factor-1 regulates the migration of sensory
neuron progenitors. J. Neurosci. 25, 3995–4003. doi:10.1523/JNEUROSCI.4631-04.2005

Bergwerff, M., Verberne, M. E., DeRuiter, M. C., Poelmann, R. E., and Gittenberger-
de-Groot, A. C. (1998). Neural crest cell contribution to the developing circulatory
system. Circ. Res. 82, 221–231. doi:10.1161/01.RES.82.2.221

Bonnans, C., Chou, J., and Werb, Z. (2014). Remodelling the extracellular matrix in
development and disease. Nat. Rev. Mol. Cell Biol. 15, 786–801. doi:10.1038/nrm3904

Brown, C. B., Feiner, L., Lu, M. M., Li, J., Ma, X., Webber, A. L., et al. (2001). PlexinA2
and semaphorin signaling during cardiac neural crest development. Development 128
(16), 3071–3080. doi:10.1242/dev.128.16.3071

Buitrago-Delgado, E., Nordin, K., Rao, A., Geary, L., and LaBonne, C. (2015).
Neurodevelopment. Shared regulatory programs suggest retention of blastula-stage
potential in neural crest cells. Sci. (1979) 348, 1332–1335. doi:10.1126/science.aaa3655

Cai, D. H., and Brauer, P. R. (2002). Synthetic matrix metalloproteinase inhibitor
decreases early cardiac neural crest migration in chicken embryos. Dev. Dyn. 224,
441–449. doi:10.1002/dvdy.10129

Calmont, A., Ivins, S., Van Bueren, K. L., Papangeli, I., Kyriakopoulou, V., Andrews,
W. D., et al. (2009). Tbx1 controls cardiac neural crest cell migration during arch artery
development by regulating Gbx2 expression in thepharyngeal ectoderm. Development
136, 3173–3183. doi:10.1242/dev.028902

Canales Coutiño, B., and Mayor, R. (2021). The mechanosensitive channel
Piezo1 cooperates with semaphorins to control neural crest migration. Development
148, dev200001. doi:10.1242/dev.200001

Canty, L., Zarour, E., Kashkooli, L., François, P., and Fagotto, F. (2017). Sorting at
embryonic boundaries requires high heterotypic interfacial tension. Nat. Commun. 8,
157. doi:10.1038/s41467-017-00146-x

Carmona-Fontaine, C., Matthews, H. K., Kuriyama, S., Moreno, M., Dunn, G. A.,
Parsons, M., et al. (2008). Contact inhibition of locomotion in vivo controls neural crest
directional migration. Nature 456, 957–961. doi:10.1038/nature07441

Frontiers in Cell and Developmental Biology frontiersin.org13

Salinas et al. 10.3389/fcell.2024.1457506

https://doi.org/10.1093/emboj/16.13.3797
https://doi.org/10.1093/emboj/16.13.3797
https://doi.org/10.1016/0925-4773(96)00525-4
https://doi.org/10.1016/j.cell.2004.09.026
https://doi.org/10.1016/j.cell.2004.09.026
https://doi.org/10.1242/dev.02039
https://doi.org/10.1016/j.ydbio.2019.01.018
https://doi.org/10.1146/annurev-cellbio-120319-023657
https://doi.org/10.1146/annurev-cellbio-120319-023657
https://doi.org/10.1146/annurev.cellbio.042308.113423
https://doi.org/10.1146/annurev.cellbio.042308.113423
https://doi.org/10.1038/s41467-023-38526-1
https://doi.org/10.1038/s41467-023-38526-1
https://doi.org/10.1038/nrm2717
https://doi.org/10.1016/j.celrep.2019.09.019
https://doi.org/10.1038/ncb2122
https://doi.org/10.1016/j.semcdb.2009.08.001
https://doi.org/10.1100/tsw.2002.105
https://doi.org/10.1016/j.mod.2017.04.004
https://doi.org/10.1038/s41467-019-09548-5
https://doi.org/10.1242/dev.067306
https://doi.org/10.1371/journal.pone.0054609
https://doi.org/10.1016/j.aanat.2010.07.009
https://doi.org/10.1016/j.aanat.2010.07.009
https://doi.org/10.1038/nature25742
https://doi.org/10.1083/jcb.201212100
https://doi.org/10.1038/nature04684
https://doi.org/10.1038/nature04684
https://doi.org/10.1101/cshperspect.a008227
https://doi.org/10.1038/nrg2956
https://doi.org/10.1016/j.ceb.2005.10.002
https://doi.org/10.1016/j.ceb.2005.10.002
https://doi.org/10.1523/JNEUROSCI.4631-04.2005
https://doi.org/10.1161/01.RES.82.2.221
https://doi.org/10.1038/nrm3904
https://doi.org/10.1242/dev.128.16.3071
https://doi.org/10.1126/science.aaa3655
https://doi.org/10.1002/dvdy.10129
https://doi.org/10.1242/dev.028902
https://doi.org/10.1242/dev.200001
https://doi.org/10.1038/s41467-017-00146-x
https://doi.org/10.1038/nature07441
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1457506


Carmona-Fontaine, C., Theveneau, E., Tzekou, A., Tada, M., Woods, M., Page, K. M.,
et al. (2011). Complement fragment C3a controls mutual cell attraction during
collective cell migration. Dev. Cell 21, 1026–1037. doi:10.1016/j.devcel.2011.10.012

Carragher, N. O., Walker, S. M., Carragher, L. A. S., Harris, F., Sawyer, T. K., Brunton,
V. G., et al. (2006). Calpain 2 and Src dependence distinguishes mesenchymal and
amoeboid modes of tumour cell invasion: a link to integrin function. Oncogene 25,
5726–5740. doi:10.1038/sj.onc.1209582

Cayuso, J., Xu, Q., and Wilkinson, D. G. (2015). Mechanisms of boundary formation
by Eph receptor and ephrin signaling.Dev. Biol. 401, 122–131. doi:10.1016/j.ydbio.2014.
11.013

Chen, D., Wang, X., Liang, D., Gordon, J., Mittal, A., Manley, N., et al. (2015).
Fibronectin signals through integrin α5β1 to regulate cardiovascular development in a
cell type-specific manner. Dev. Biol. 407, 195–210. doi:10.1016/j.ydbio.2015.09.016

Cheung, M., Chaboissier, M.-C., Mynett, A., Hirst, E., Schedl, A., and Briscoe, J.
(2005). The transcriptional control of trunk neural crest induction, survival, and
delamination. Dev. Cell 8, 179–192. doi:10.1016/j.devcel.2004.12.010

Chisaka, O., and Capecchi, M. R. (1991). Regionally restricted developmental defects
resulting from targeted disruption of the mouse homeobox gene hox-1.5. Nature 350,
473–479. doi:10.1038/350473a0

Clauss, S. B., Walker, D. L., Kirby, M. L., Schimel, D., and Lo, C.W. (2006). Patterning
of coronary arteries in wildtype and connexin43 knockout mice. Dev. Dyn. 235,
2786–2794. doi:10.1002/dvdy.20887

Clay, M. R., and Halloran, M. C. (2010). Control of neural crest cell behavior and
migration: insights from live imaging. Cell Adh Migr. 4, 586–594. doi:10.4161/cam.4.4.
12902

Clevers, H., and Nusse, R. (2012). Wnt/β-catenin signaling and disease. Cell 149,
1192–1205. doi:10.1016/j.cell.2012.05.012

Condie, B. G., and Capecchi, M. R. (1994). Mice with targeted disruptions in the
paralogous genes hoxa-3 and hoxd-3 reveal synergistic interactions. Nature 370,
304–307. doi:10.1038/370304a0

Cotton, M., and Claing, A. (2009). G protein-coupled receptors stimulation and the
control of cell migration. Cell Signal 21, 1045–1053. doi:10.1016/j.cellsig.2009.02.008

Couwenbergs, C., Spilker, A. C., and Gotta, M. (2004). Control of embryonic spindle
positioning and Galpha activity by C. elegans RIC-8. Curr. Biol. 14, 1871–1876. doi:10.
1016/j.cub.2004.09.059

Creuzet, S., Vincent, C., and Couly, G. (2005). Neural crest derivatives in ocular and
periocular structures. Int. J. Dev. Biol. 49, 161–171. doi:10.1387/ijdb.041937sc

Dady, A., Blavet, C., and Duband, J. (2012). Timing and kinetics of E- to N-cadherin
switch during neurulation in the avian embryo. Dev. Dyn. 241, 1333–1349. doi:10.1002/
dvdy.23813

David, N. B., Martin, C. A., Segalen, M., Rosenfeld, F., Schweisguth, F., and Bellaïche,
Y. (2005). Drosophila Ric-8 regulates Galphai cortical localization to promote Galphai-
dependent planar orientation of the mitotic spindle during asymmetric cell division.
Nat. Cell Biol. 7, 1083–1090. doi:10.1038/ncb1319

De Calisto, J., Araya, C., Marchant, L., Riaz, C. F., and Mayor, R. (2005). Essential role
of non-canonical Wnt signalling in neural crest migration. Development 132,
2587–2597. doi:10.1242/dev.01857

Dinsmore, C. J., and Soriano, P. (2022). Differential regulation of cranial and cardiac
neural crest by Serum Response Factor and its cofactors. Elife 11, e75106. doi:10.7554/
eLife.75106

di Pietro, F., Echard, A., and Morin, X. (2016). Regulation of mitotic spindle
orientation: an integrated view. EMBO Rep. 17, 1106–1130. doi:10.15252/embr.
201642292

Dobrowolski, R., and De Robertis, E. M. (2012). Endocytic control of growth factor
signalling: multivesicular bodies as signalling organelles. Nat. Rev. Mol. Cell Biol. 13,
53–60. doi:10.1038/nrm3244

Du, Q., and Macara, I. G. (2004). Mammalian Pins is a conformational switch that
links NuMA to heterotrimeric G proteins. Cell 119, 503–516. doi:10.1016/j.cell.2004.
10.028

Duband, J.-L. (2010). Diversity in the molecular and cellular strategies of epithelium-
to-mesenchyme transitions: insights from the neural crest. Cell Adh Migr. 4, 458–482.
doi:10.4161/cam.4.3.12501

Duband, J. L., Dady, A., and Fleury, V. (2015). “Resolving time and space constraints
during neural crest formation and delamination,” in Current topics in developmental
biology (Academic Press Inc.), 27–67. doi:10.1016/bs.ctdb.2014.11.002

Dupin, E., Creuzet, S., and Le Douarin, N. M. (2006). The contribution of the neural
crest to the vertebrate body. Adv. Exp. Med. Biol. 589, 96–119. doi:10.1007/978-0-387-
46954-6_6

Eickholt, B. J., Mackenzie, S. L., Graham, A., Walsh, F. S., and Doherty, P. (1999).
Evidence for collapsin-1 functioning in the control of neural crest migration in both
trunk and hindbrain regions. Development 126, 2181–2189. doi:10.1242/dev.126.10.
2181

Eisenberg, L. M., andMarkwald, R. R. (1995). Molecular regulation of atrioventricular
valvuloseptal morphogenesis. Circ. Res. 77, 1–6. doi:10.1161/01.RES.77.1.1

Ellies, D. L., Tucker, A. S., and Lumsden, A. (2002). Apoptosis of premigratory neural
crest cells in rhombomeres 3 and 5: consequences for patterning of the branchial region.
Dev. Biol. 251, 118–128. doi:10.1006/dbio.2002.0815

Erickson, C. A. (1985). Control of neural crest cell dispersion in the trunk of the avian
embryo. Dev. Biol. 111 (1), 138–157. doi:10.1016/0012-1606(85)90442-7

Etienne-Manneville, S. (2014). Neighborly relations during collective migration. Curr.
Opin. Cell Biol. 30, 51–59. doi:10.1016/j.ceb.2014.06.004

Fagotto, F. (2020). Tissue segregation in the early vertebrate embryo. Semin. Cell Dev.
Biol. 107, 130–146. doi:10.1016/j.semcdb.2020.05.020

Fagotto, F., Winklbauer, R., and Rohani, N. (2014). Ephrin-Eph signaling in
embryonic tissue separation. Cell Adh Migr. 8, 308–326. doi:10.4161/19336918.2014.
970028

Farooqui, R., and Fenteany, G. (2005). Multiple rows of cells behind an epithelial
wound edge extend cryptic lamellipodia to collectively drive cell-sheet movement. J. Cell
Sci. 118, 51–63. doi:10.1242/jcs.01577

Feigin, M. E., and Muthuswamy, S. K. (2009). Polarity proteins regulate mammalian
cell–cell junctions and cancer pathogenesis. Curr. Opin. Cell Biol. 21, 694–700. doi:10.
1016/j.ceb.2009.07.003

Fischer, R. S., Gardel, M., Ma, X., Adelstein, R. S., and Waterman, C. M. (2009). Local
cortical tension by myosin II guides 3D endothelial cell branching. Curr. Biol. 19,
260–265. doi:10.1016/j.cub.2008.12.045

Francis, R., Xu, X., Park, H., Wei, C.-J., Chang, S., Chatterjee, B., et al. (2011).
Connexin43 modulates cell polarity and directional cell migration by regulating
microtubule dynamics. PLoS One 6, e26379. doi:10.1371/journal.pone.0026379

Frantz, C., Stewart, K. M., and Weaver, V. M. (2010). The extracellular matrix at a
glance. J. Cell Sci. 123, 4195–4200. doi:10.1242/jcs.023820

Fritz, K. R., Zhang, Y., and Ruest, L. B. (2019). Cdc42 activation by endothelin
regulates neural crest cell migration in the cardiac outflow tract.Dev. Dyn. 248, 795–812.
doi:10.1002/dvdy.75

Fuentealba, J., Toro-Tapia, G., Arriagada, C., Riquelme, L., Beyer, A., Henriquez, J. P.,
et al. (2013). Ric-8A, a guanine nucleotide exchange factor for heterotrimeric G
proteins, is critical for cranial neural crest cell migration. Dev. Biol. 378, 74–82.
doi:10.1016/j.ydbio.2013.04.005

Furness, J. B. (2012). The enteric nervous system and neurogastroenterology. Nat.
Rev. Gastroenterol. Hepatol. 9, 286–294. doi:10.1038/nrgastro.2012.32

Fuse, N., Hisata, K., Katzen, A. L., and Matsuzaki, F. (2003). Heterotrimeric G
proteins regulate daughter cell size asymmetry in Drosophila neuroblast divisions. Curr.
Biol. 13, 947–954. doi:10.1016/S0960-9822(03)00334-8

Gammill, L. S., and Roffers-Agarwal, J. (2010). Division of labor during trunk neural
crest development. Dev. Biol. 344, 555–565. doi:10.1016/j.ydbio.2010.04.009

Ganz, J. (2018). Gut feelings: studying enteric nervous system development, function,
and disease in the zebrafish model system. Dev. Dyn. 247, 268–278. doi:10.1002/dvdy.
24597

Genuth, M. A., Allen, C. D. C., Mikawa, T., and Weiner, O. D. (2018). Chick cranial
neural crest cells use progressive polarity refinement, not contact inhibition of
locomotion, to guide their migration. Dev. Biol. 444, S252–S261. doi:10.1016/j.ydbio.
2018.02.016

Gibbs, B. C., Damerla, R. R., Vladar, E. K., Chatterjee, B., Wan, Y., Liu, X., et al. (2016).
Prickle1 mutation causes planar cell polarity and directional cell migration defects
associated with cardiac outflow tract anomalies and other structural birth defects. Biol.
Open 5, 323–335. doi:10.1242/bio.015750

Gilman, A. G. (1987). G proteins: transducers of receptor-generated signals. Annu.
Rev. Biochem. 56, 615–649. doi:10.1146/annurev.bi.56.070187.003151

Gilmour, D., Rembold, M., and Leptin, M. (2017). From morphogen to
morphogenesis and back. Nature 541, 311–320. doi:10.1038/nature21348

Gitler, A. D., Lu, M. M., and Epstein, J. A. (2004). PlexinD1 and semaphorin signaling
are required in endothelial cells for cardiovascular development. Dev. Cell. 7 (1),
107–116. doi:10.1016/j.devcel.2004.06.002

Graham, A., and Begbie, J. (2000). Neurogenic placodes: a common front. Trends
Neurosci. 23, 313–316. doi:10.1016/S0166-2236(00)01606-4

Graham, A., Francis-West, P., Brickell, P., and Lumsden, A. (1994). The signalling
molecule BMP4 mediates apoptosis in the rhombencephalic neural crest. Nature 372,
684–686. doi:10.1038/372684a0

Graham, A., Heyman, I., and Lumsden, A. (1993). Even-numbered rhombomeres
control the apoptotic elimination of neural crest cells from odd-numbered
rhombomeres in the chick hindbrain. Development 119, 233–245. doi:10.1242/dev.
119.1.233

Gray, R. S., Roszko, I., and Solnica-Krezel, L. (2011). Planar cell polarity: coordinating
morphogenetic cell behaviors with embryonic polarity. Dev. Cell 21, 120–133. doi:10.
1016/j.devcel.2011.06.011

Green, S. A., Uy, B. R., and Bronner, M. E. (2017). Ancient evolutionary origin of
vertebrate enteric neurons from trunk-derived neural crest. Nature 544, 88–91. doi:10.
1038/nature21679

Frontiers in Cell and Developmental Biology frontiersin.org14

Salinas et al. 10.3389/fcell.2024.1457506

https://doi.org/10.1016/j.devcel.2011.10.012
https://doi.org/10.1038/sj.onc.1209582
https://doi.org/10.1016/j.ydbio.2014.11.013
https://doi.org/10.1016/j.ydbio.2014.11.013
https://doi.org/10.1016/j.ydbio.2015.09.016
https://doi.org/10.1016/j.devcel.2004.12.010
https://doi.org/10.1038/350473a0
https://doi.org/10.1002/dvdy.20887
https://doi.org/10.4161/cam.4.4.12902
https://doi.org/10.4161/cam.4.4.12902
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1038/370304a0
https://doi.org/10.1016/j.cellsig.2009.02.008
https://doi.org/10.1016/j.cub.2004.09.059
https://doi.org/10.1016/j.cub.2004.09.059
https://doi.org/10.1387/ijdb.041937sc
https://doi.org/10.1002/dvdy.23813
https://doi.org/10.1002/dvdy.23813
https://doi.org/10.1038/ncb1319
https://doi.org/10.1242/dev.01857
https://doi.org/10.7554/eLife.75106
https://doi.org/10.7554/eLife.75106
https://doi.org/10.15252/embr.201642292
https://doi.org/10.15252/embr.201642292
https://doi.org/10.1038/nrm3244
https://doi.org/10.1016/j.cell.2004.10.028
https://doi.org/10.1016/j.cell.2004.10.028
https://doi.org/10.4161/cam.4.3.12501
https://doi.org/10.1016/bs.ctdb.2014.11.002
https://doi.org/10.1007/978-0-387-46954-6_6
https://doi.org/10.1007/978-0-387-46954-6_6
https://doi.org/10.1242/dev.126.10.2181
https://doi.org/10.1242/dev.126.10.2181
https://doi.org/10.1161/01.RES.77.1.1
https://doi.org/10.1006/dbio.2002.0815
https://doi.org/10.1016/0012-1606(85)90442-7
https://doi.org/10.1016/j.ceb.2014.06.004
https://doi.org/10.1016/j.semcdb.2020.05.020
https://doi.org/10.4161/19336918.2014.970028
https://doi.org/10.4161/19336918.2014.970028
https://doi.org/10.1242/jcs.01577
https://doi.org/10.1016/j.ceb.2009.07.003
https://doi.org/10.1016/j.ceb.2009.07.003
https://doi.org/10.1016/j.cub.2008.12.045
https://doi.org/10.1371/journal.pone.0026379
https://doi.org/10.1242/jcs.023820
https://doi.org/10.1002/dvdy.75
https://doi.org/10.1016/j.ydbio.2013.04.005
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.1016/S0960-9822(03)00334-8
https://doi.org/10.1016/j.ydbio.2010.04.009
https://doi.org/10.1002/dvdy.24597
https://doi.org/10.1002/dvdy.24597
https://doi.org/10.1016/j.ydbio.2018.02.016
https://doi.org/10.1016/j.ydbio.2018.02.016
https://doi.org/10.1242/bio.015750
https://doi.org/10.1146/annurev.bi.56.070187.003151
https://doi.org/10.1038/nature21348
https://doi.org/10.1016/j.devcel.2004.06.002
https://doi.org/10.1016/S0166-2236(00)01606-4
https://doi.org/10.1038/372684a0
https://doi.org/10.1242/dev.119.1.233
https://doi.org/10.1242/dev.119.1.233
https://doi.org/10.1016/j.devcel.2011.06.011
https://doi.org/10.1016/j.devcel.2011.06.011
https://doi.org/10.1038/nature21679
https://doi.org/10.1038/nature21679
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1457506


Grill, S. W., Gönczy, P., Stelzer, E. H. K., and Hyman, A. A. (2001). Polarity controls
forces governing asymmetric spindle positioning in the Caenorhabditis elegans embryo.
Nature 409, 630–633. doi:10.1038/35054572

Gundamaraju, R., Lu, W., Paul, M. K., Jha, N. K., Gupta, P. K., Ojha, S., et al. (2022).
Autophagy and EMT in cancer and metastasis: who controls whom? Biochim. Biophys.
Acta Mol. Basis Dis. 1868, 166431. doi:10.1016/j.bbadis.2022.166431

Gustafson, C. M., Roffers-Agarwal, J., and Gammill, L. S. (2022). Chick cranial neural
crest cells release extracellular vesicles that are critical for their migration. J. Cell Sci. 135,
jcs260272. doi:10.1242/jcs.260272

Hadeball, B., Borchers, A., andWedlich, D. (1998). Xenopus cadherin-11 (Xcadherin-
11) expression requires the Wg/Wnt signal. Mech. Dev. 72, 101–113. doi:10.1016/
S0925-4773(98)00022-7

Hamblet, N. S., Lijam, N., Ruiz-Lozano, P., Wang, J., Yang, Y., Luo, Z., et al. (2002).
Dishevelled 2 is essential for cardiac outflow tract development, somite segmentation
and neural tube closure. Development 129, 5827–5838. doi:10.1242/dev.00164

Hampoelz, B., Hoeller, O., Bowman, S. K., Dunican, D., and Knoblich, J. A. (2005).
Drosophila Ric-8 is essential for plasma-membrane localization of heterotrimeric G
proteins. Nat. Cell Biol. 7, 1099–1105. doi:10.1038/ncb1318

Hay, E. D. (1995). An overview of epithelio-mesenchymal transformation. Cells
Tissues Organs 154, 8–20. doi:10.1159/000147748

Helbling, P. M., Tran, C. T., and Brändli, A. W. (1998). Requirement for EphA
receptor signaling in the segregation of Xenopus third and fourth arch neural crest cells.
Mech. Dev. 78, 63–79. doi:10.1016/S0925-4773(98)00148-8

Henderson, D. J., Ybot-Gonzalez, P., and Copp, A. J. (1997). Over-expression of the
chondroitin sulphate proteoglycan versican is associated with defective neural crest
migration in the Pax3 mutant mouse (splotch). Mech. Dev. 69, 39–51. doi:10.1016/
S0925-4773(97)00151-2

Hinrichs, M. V., Torrejón, M., Montecino, M., and Olate, J. (2012). Ric-8: different
cellular roles for a heterotrimeric G-protein GEF. J. Cell Biochem. 113, 2797–2805.
doi:10.1002/jcb.24162

Hirose, T., Karasawa, M., Sugitani, Y., Fujisawa, M., Akimoto, K., Ohno, S., et al.
(2006). PAR3 is essential for cyst-mediated epicardial development by establishing
apical cortical domains. Development 133, 1389–1398. doi:10.1242/dev.02294

Howard, E. R., and Garrett, J. R. (1970). Histochemistry and electron microscopy of
rectum and colon in Hirschsprung’s disease. Proc. R. Soc. Med. 63 (12), 1264–1266.

Huang, J., Cheng, L., Li, J., Chen, M., Zhou, D., Min, M. L., et al. (2008). Myocardin
regulates expression of contractile genes in smooth muscle cells and is required for
closure of the ductus arteriosus in mice. J. Clin. Investigation 118, 515–525. doi:10.1172/
JCI33304

Humphreys, R., Zheng, W., Prince, L. S., Qu, X., Brown, C., Loomes, K., et al. (2012).
Cranial neural crest ablation of Jagged1 recapitulates the craniofacial phenotype of
Alagille syndrome patients. Hum. Mol. Genet. 21, 1374–1383. doi:10.1093/hmg/ddr575

Hynes, R. O., and Naba, A. (2012). Overview of the matrisome--an inventory of
extracellular matrix constituents and functions. Cold Spring Harb. Perspect. Biol. 4,
a004903. doi:10.1101/cshperspect.a004903

Itoh, N., Ohta, H., Nakayama, Y., and Konishi, M. (2016). Roles of FGF signals in
heart development, health, and disease. Front. Cell Dev. Biol. 4, 110. doi:10.3389/fcell.
2016.00110

Johnston, M. C., and Bronsky, P. T. (1995). Prenatal craniofacial development: new
insights on normal and abnormal mechanisms. Crit. Rev. Oral Biol. and Med. 6, 25–79.
doi:10.1177/10454411950060010301

Johnston, M. C., Noden, D. M., Hazelton, R. D., Coulombre, J. L., and Coulombre, A.
J. (1979). Origins of avian ocular and periocular tissues. Exp. Eye Res. 29, 27–43. doi:10.
1016/0014-4835(79)90164-7

Kamalakar, A., McKinney, J. M., Salinas Duron, D., Amanso, A. M., Ballestas, S. A.,
Drissi, H., et al. (2021). JAGGED1 stimulates cranial neural crest cell osteoblast
commitment pathways and bone regeneration independent of canonical NOTCH
signaling. Bone 143, 115657. doi:10.1016/j.bone.2020.115657

Kandel, E. R., Schwartz, J. H., Jessell, T. M., Siegelbaum, S., Hudspeth, A. J., andMack,
S. (2000). Principles of neural science. New York: McGraw-Hill.

Kang, Y., and Massagué, J. (2004). Epithelial-mesenchymal transitions: twist in
development and metastasis. Cell 118, 277–279. doi:10.1016/j.cell.2004.07.011

Kaucká, M., Petersen, J., Janovská, P., Radaszkiewicz, T., Smyčková, L., Daulat, A. M.,
et al. (2015). Asymmetry of VANGL2 in migrating lymphocytes as a tool to monitor
activity of the mammalian WNT/planar cell polarity pathway. Cell Commun. Signal. 13,
2. doi:10.1186/s12964-014-0079-1

Kelleher, F., Fennelly, D., and Rafferty, M. (2006). Common critical pathways in
embryogenesis and cancer. Acta Oncol. Madr. 45, 375–388. doi:10.1080/
02841860600602946

Kerosuo, L., and Bronner-Fraser, M. (2012). What is bad in cancer is good in the
embryo: importance of EMT in neural crest development. Semin. Cell Dev. Biol. 23,
320–332. doi:10.1016/j.semcdb.2012.03.010

Kiyomitsu, T. (2019). The cortical force-generating machinery: how cortical spindle-
pulling forces are generated. Curr. Opin. Cell Biol. 60, 1–8. doi:10.1016/j.ceb.2019.03.001

Kjøller, L., and Hall, A. (1999). Signaling to rho GTPases. Exp. Cell Res. 253, 166–179.
doi:10.1006/excr.1999.4674

Klattenhoff, C., Montecino, M., Soto, X., Guzmán, L., Romo, X., De Los Angeles
García, M., et al. (2003). Human brain synembryn interacts with Gsalpha and Gqalpha
and is translocated to the plasma membrane in response to isoproterenol and carbachol.
J. Cell Physiol. 195, 151–157. doi:10.1002/jcp.10300

Knoblich, J. A. (2010). Asymmetric cell division: recent developments and their
implications for tumour biology. Nat. Rev. Mol. Cell Biol. 11, 849–860. doi:10.1038/
nrm3010

Kodo, K., Shibata, S., Miyagawa-Tomita, S., Ong, S.-G., Takahashi, H., Kume, T., et al.
(2017). Regulation of Sema3c and the interaction between cardiac neural crest and
second heart field during outflow tract development. Sci. Rep. 7, 6771. doi:10.1038/
s41598-017-06964-9

Komatsu, K., Wakatsuki, S., Yamada, S., Yamamura, K., Miyazaki, J. ichi, and Sehara-
Fujisawa, A. (2007). Meltrin beta expressed in cardiac neural crest cells is required for
ventricular septum formation of the heart. Dev. Biol. 303, 82–92. doi:10.1016/j.ydbio.
2006.10.037

Koser, D. E., Thompson, A. J., Foster, S. K., Dwivedy, A., Pillai, E. K., Sheridan, G. K.,
et al. (2016). Mechanosensing is critical for axon growth in the developing brain. Nat.
Neurosci. 19, 1592–1598. doi:10.1038/nn.4394

Krull, C. E., Lansford, R., Gale, N. W., Collazo, A., Marcelle, C., Yancopoulos, G. D.,
et al. (1997). Interactions of Eph-related receptors and ligands confer rostrocaudal
pattern to trunk neural crest migration. Curr. Biol. 7, 571–580. doi:10.1016/S0960-
9822(06)00256-9

Kulesa, P. M., and Fraser, S. E. (1998). Neural crest cell dynamics revealed by time-
lapse video microscopy of whole embryo chick explant cultures.Dev. Biol. 204, 327–344.
doi:10.1006/dbio.1998.9082

Kulesa, P. M., and Fraser, S. E. (2000). In ovo time-lapse analysis of chick hindbrain
neural crest cell migration shows cell interactions during migration to the branchial
arches. Development 127, 1161–1172. doi:10.1242/dev.127.6.1161

Kuriyama, S., and Mayor, R. (2008). Molecular analysis of neural crest migration.
Philosophical Trans. R. Soc. B Biol. Sci. 363, 1349–1362. doi:10.1098/rstb.2007.2252

Landolt, R. M., Vaughan, L., Winterhalter, K. H., and Zimmermann, D. R. (1995).
Versican is selectively expressed in embryonic tissues that act as barriers to neural crest
cell migration and axon outgrowth. Development 121, 2303–2312. doi:10.1242/dev.121.
8.2303

Laue, K., Pogoda, H. M., Daniel, P. B., Van Haeringen, A., Alanay, Y., Von Ameln, S.,
et al. (2011). Craniosynostosis and multiple skeletal anomalies in humans and zebrafish
result from a defect in the localized degradation of retinoic acid. Am. J. Hum. Genet. 89,
595–606. doi:10.1016/j.ajhg.2011.09.015

Lawson, C. D., and Ridley, A. J. (2018). Rho GTPase signaling complexes in cell
migration and invasion. J. Cell Biol. 217, 447–457. doi:10.1083/jcb.201612069

Leal, J. I., Villaseca, S., Beyer, A., Toro-Tapia, G., and Torrejón, M. (2018). Ric-8A, a
GEF for heterotrimeric G-proteins, controls cranial neural crest cell polarity during
migration. Mech. Dev. 154, 170–178. doi:10.1016/j.mod.2018.07.004

Le Clainche, C., and Carlier, M.-F. (2008). Regulation of actin assembly associated
with protrusion and adhesion in cell migration. Physiol. Rev. 88, 489–513. doi:10.1152/
physrev.00021.2007

Le Douarin, N. (1973). A biological cell labeling technique and its use in expermental
embryology. Dev. Biol. 30, 217–222. doi:10.1016/0012-1606(73)90061-4

Le Douarin, N., and Kalcheim, C. (1999). The neural crest. Cambridge University
Press. doi:10.1017/CBO9780511897948

Le Douarin, N. M., and Teillet, M.-A. M. (1974). Experimental analysis of the
migration and differentiation of neuroblasts of the autonomic nervous system and
of neurectodermal mesenchymal derivatives, using a biological cell marking technique.
Dev. Biol. 41, 162–184. doi:10.1016/0012-1606(74)90291-7

Leigh, N. R., Schupp, M.-O., Li, K., Padmanabhan, V., Gastonguay, A., Wang, L., et al.
(2013). Mmp17b is essential for proper neural crest cell migration in vivo. PLoS One 8,
e76484. doi:10.1371/journal.pone.0076484

Lemaire, P., Revelant, O., Bravo, R., and Charnay, P. (1988). Two mouse genes
encoding potential transcription factors with identical DNA-binding domains are
activated by growth factors in cultured cells. Proc. Natl. Acad. Sci. 85, 4691–4695.
doi:10.1073/pnas.85.13.4691

Li, W. E. I., Waldo, K., Linask, K. L., Chen, T., Wessels, A., Parmacek, M. S., et al.
(2002). An essential role for connexin43 gap junctions in mouse coronary artery
development. Development 129, 2031–2042. doi:10.1242/dev.129.8.2031

Liu, C., Lin, C., Gao, C., May-Simera, H., Swaroop, A., and Li, T. (2014). Null and
hypomorph Prickle1 alleles in mice phenocopy human Robinow syndrome and
disrupt signaling downstream of Wnt5a. Biol. Open 3, 861–870. doi:10.1242/bio.
20148375

Liu, Y. J., Le Berre, M., Lautenschlaeger, F., Maiuri, P., Callan-Jones, A., Heuzé, M.,
et al. (2015). Confinement and low adhesion induce fast amoeboid migration of slow
mesenchymal cells. Cell 160, 659–672. doi:10.1016/j.cell.2015.01.007

Lo, C. W., Cohen, M. F., Huang, G.-Y., Lazatin, B. O., Patel, N., Sullivan, R., et al.
(1997). Cx43 gap junction gene expression and gap junctional communication in mouse

Frontiers in Cell and Developmental Biology frontiersin.org15

Salinas et al. 10.3389/fcell.2024.1457506

https://doi.org/10.1038/35054572
https://doi.org/10.1016/j.bbadis.2022.166431
https://doi.org/10.1242/jcs.260272
https://doi.org/10.1016/S0925-4773(98)00022-7
https://doi.org/10.1016/S0925-4773(98)00022-7
https://doi.org/10.1242/dev.00164
https://doi.org/10.1038/ncb1318
https://doi.org/10.1159/000147748
https://doi.org/10.1016/S0925-4773(98)00148-8
https://doi.org/10.1016/S0925-4773(97)00151-2
https://doi.org/10.1016/S0925-4773(97)00151-2
https://doi.org/10.1002/jcb.24162
https://doi.org/10.1242/dev.02294
https://doi.org/10.1172/JCI33304
https://doi.org/10.1172/JCI33304
https://doi.org/10.1093/hmg/ddr575
https://doi.org/10.1101/cshperspect.a004903
https://doi.org/10.3389/fcell.2016.00110
https://doi.org/10.3389/fcell.2016.00110
https://doi.org/10.1177/10454411950060010301
https://doi.org/10.1016/0014-4835(79)90164-7
https://doi.org/10.1016/0014-4835(79)90164-7
https://doi.org/10.1016/j.bone.2020.115657
https://doi.org/10.1016/j.cell.2004.07.011
https://doi.org/10.1186/s12964-014-0079-1
https://doi.org/10.1080/02841860600602946
https://doi.org/10.1080/02841860600602946
https://doi.org/10.1016/j.semcdb.2012.03.010
https://doi.org/10.1016/j.ceb.2019.03.001
https://doi.org/10.1006/excr.1999.4674
https://doi.org/10.1002/jcp.10300
https://doi.org/10.1038/nrm3010
https://doi.org/10.1038/nrm3010
https://doi.org/10.1038/s41598-017-06964-9
https://doi.org/10.1038/s41598-017-06964-9
https://doi.org/10.1016/j.ydbio.2006.10.037
https://doi.org/10.1016/j.ydbio.2006.10.037
https://doi.org/10.1038/nn.4394
https://doi.org/10.1016/S0960-9822(06)00256-9
https://doi.org/10.1016/S0960-9822(06)00256-9
https://doi.org/10.1006/dbio.1998.9082
https://doi.org/10.1242/dev.127.6.1161
https://doi.org/10.1098/rstb.2007.2252
https://doi.org/10.1242/dev.121.8.2303
https://doi.org/10.1242/dev.121.8.2303
https://doi.org/10.1016/j.ajhg.2011.09.015
https://doi.org/10.1083/jcb.201612069
https://doi.org/10.1016/j.mod.2018.07.004
https://doi.org/10.1152/physrev.00021.2007
https://doi.org/10.1152/physrev.00021.2007
https://doi.org/10.1016/0012-1606(73)90061-4
https://doi.org/10.1017/CBO9780511897948
https://doi.org/10.1016/0012-1606(74)90291-7
https://doi.org/10.1371/journal.pone.0076484
https://doi.org/10.1073/pnas.85.13.4691
https://doi.org/10.1242/dev.129.8.2031
https://doi.org/10.1242/bio.20148375
https://doi.org/10.1242/bio.20148375
https://doi.org/10.1016/j.cell.2015.01.007
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1457506


neural crest cells. Dev. Genet. 20, 119–132. doi:10.1002/(SICI)1520-6408(1997)20:
2<119::AID-DVG5>3.0.CO;2-A
Lopez-Cavestany, M., Hahn, S. B., Hope, J. M., Reckhorn, N. T., Greenlee, J. D.,

Schwager, S. C., et al. (2023). Matrix stiffness induces epithelial-to-mesenchymal
transition via Piezo1-regulated calcium flux in prostate cancer cells. iScience 26,
106275. doi:10.1016/j.isci.2023.106275

Luga, V., Zhang, L., Viloria-Petit, A. M., Ogunjimi, A. A., Inanlou, M. R., Chiu, E.,
et al. (2012). Exosomes mediate stromal mobilization of autocrine wnt-PCP signaling in
breast cancer cell migration. Cell 151, 1542–1556. doi:10.1016/j.cell.2012.11.024

Maeda, J., Yamagishi, H., McAnally, J., Yamagishi, C., and Srivastava, D. (2006).
Tbx1 is regulated by forkhead proteins in the secondary heart field. Dev. Dyn. 235,
701–710. doi:10.1002/dvdy.20686

Maldonado-Agurto, R., Toro, G., Fuentealba, J., Arriagada, C., Campos, T., Albistur,
M., et al. (2011). Cloning and spatiotemporal expression of RIC-8 in Xenopus
embryogenesis. Gene Expr. Patterns 11, 401–408. doi:10.1016/j.gep.2011.06.001

Manderfield, L. J., High, F. A., Engleka, K. A., Liu, F., Li, L., Rentschler, S., et al. (2012).
Notch activation of Jagged1 contributes to the assembly of the arterial wall. Circulation
125, 314–323. doi:10.1161/CIRCULATIONAHA.111.047159

Manley, N. R., and Capecchi, M. R. (1995). The role of Hoxa-3 in mouse thymus and
thyroid development. Development 121, 1989–2003. doi:10.1242/dev.121.7.1989

Martik, M. L., and Bronner, M. E. (2017). Regulatory logic underlying diversification
of the neural crest. Trends Genet. 33, 715–727. doi:10.1016/j.tig.2017.07.015

Matsuzaki, F. (2005). Drosophila G-protein signalling: intricate roles for Ric-8? Nat.
Cell Biol. 7, 1047–1049. doi:10.1038/ncb1105-1047

Matthews, H. K., Marchant, L., Carmona-Fontaine, C., Kuriyama, S., Larraín, J., Holt,
M. R., et al. (2008). Directional migration of neural crest cells in vivo is regulated by
Syndecan-4/Rac1 and non-canonical Wnt signaling/RhoA. Development 135,
1771–1780. doi:10.1242/dev.017350

Mayor, R., and Carmona-Fontaine, C. (2010). Keeping in touch with contact
inhibition of locomotion. Trends Cell Biol. 20, 319–328. doi:10.1016/j.tcb.2010.03.005

Mayor, R., and Theveneau, E. (2013). The neural crest. Development 140, 2247–2251.
doi:10.1242/dev.091751

Mayor, R., and Theveneau, E. (2014). The role of the non-canonical Wnt-planar cell
polarity pathway in neural crest migration. Biochem. J. 457, 19–26. doi:10.1042/
BJ20131182

Miller, K. G., and Rand, J. B. (2000). A role for RIC-8 (synembryn) and Goa-1 (goα) in
regulating a subset of centrosome movements during early embryogenesis in
Caenorhabditis elegans. Genetics 156, 1649–1660. doi:10.1093/genetics/156.4.1649

Molin, D. G. M., Poelmann, R. E., DeRuiter, M. C., Azhar, M., Doetschman, T., and
Gittenberger-de Groot, A. C. (2004). Transforming growth factor beta-SMAD2
signaling regulates aortic arch innervation and development. Circ. Res. 95,
1109–1117. doi:10.1161/01.RES.0000150047.16909.ab

Moore, R., Theveneau, E., Pozzi, S., Alexandre, P., Richardson, J., Merks, A., et al.
(2013). Par3 controls neural crest migration by promoting microtubule catastrophe
during contact inhibition of locomotion. Dev. (Cambridge) 140, 4763–4775. doi:10.
1242/dev.098509

Morriss-Kay, G. M., andWardt, S. J. (1999). Retinoids and mammalian development.
Int. Rev. Cytol. 188, 73–131. doi:10.1016/S0074-7696(08)61566-1

Murdoch, J. N., Henderson, D. J., Doudney, K., Gaston-Massuet, C., Phillips, H. M.,
Paternotte, C., et al. (2003). Disruption of scribble (Scrb1) causes severe neural tube
defects in the circletail mouse. Hum. Mol. Genet. 12, 87–98. doi:10.1093/hmg/ddg014

Myllylä, R., Wang, C., Heikkinen, J., Juffer, A., Lampela, O., Risteli, M., et al. (2007).
Expanding the lysyl hydroxylase toolbox: new insights into the localization and activities
of lysyl hydroxylase 3 (LH3). J. Cell Physiol. 212, 323–329. doi:10.1002/jcp.21036

Nagy, N., and Goldstein, A. M. (2017). Enteric nervous system development: a crest
cell’s journey from neural tube to colon. Semin. Cell Dev. Biol. 66, 94–106. doi:10.1016/j.
semcdb.2017.01.006

Nakagawa, M., Fukata, M., Yamaga, M., Itoh, N., and Kaibuchi, K. (2001).
Recruitment and activation of Rac1 by the formation of E-cadherin-mediated cell-
cell adhesion sites. J. Cell Sci. 114, 1829–1838. doi:10.1242/jcs.114.10.1829

Nakagawa, S., and Takeichi, M. (1995). Neural crest cell-cell adhesion controlled by
sequential and subpopulationspecific expression of novel cadherins. Development 121,
1321–1332. doi:10.1242/dev.121.5.1321

Nardelli, J., Gibson, T. J., Vesque, C., and Charnay, P. (1991). Base sequence
discrimination by zinc-finger DNA-binding domains. Nature 349, 175–178. doi:10.
1038/349175a0

Nie, X., Deng, C. xia, Wang, Q., and Jiao, K. (2008). Disruption of Smad4 in neural
crest cells leads to mid-gestation death with pharyngeal arch, craniofacial and cardiac
defects. Dev. Biol. 316, 417–430. doi:10.1016/j.ydbio.2008.02.006

Nieto, M. A. (2013). Epithelial plasticity: a common theme in embryonic and cancer
cells. Science 1979, 1234850. doi:10.1126/science.1234850

Nieto, M. A., and Cano, A. (2012). The epithelial–mesenchymal transition under
control: global programs to regulate epithelial plasticity. Semin. Cancer Biol. 22,
361–368. doi:10.1016/j.semcancer.2012.05.003

Nobes, C. D., and Hall, A. (1995). Rho, Rac, and Cdc42 GTPases regulate the assembly
of multimolecular focal complexes associated with actin stress fibers, lamellipodia, and
filopodia. Cell 81, 53–62. doi:10.1016/0092-8674(95)90370-4

Noden, D. M., and Trainor, P. A. (2005). Relations and interactions between cranial
mesoderm and neural crest populations. J. Anat. 207, 575–601. doi:10.1111/j.1469-7580.
2005.00473.x

Odelin, G., Faure, E., Coulpier, F., Di Bonito, M., Bajolle, F., Studer, M., et al. (2018).
Krox20 defines a subpopulation of cardiac neural crest cells contributing to arterial
valves and bicuspid aortic valve. Dev. (Cambridge) 145, dev151944. doi:10.1242/dev.
151944

O’Leary, D. D., and Wilkinson, D. G. (1999). Eph receptors and ephrins in neural
development. Curr. Opin. Neurobiol. 9, 65–73. doi:10.1016/S0959-4388(99)80008-7

Olesnicky Killian, E. C., Birkholz, D. A., and Artinger, K. B. (2009). A role for
chemokine signaling in neural crest cell migration and craniofacial development. Dev.
Biol. 333, 161–172. doi:10.1016/j.ydbio.2009.06.031

Osborne, N. J., Begbie, J., Chilton, J. K., Schmidt, H., and Eickholt, B. J. (2005).
Semaphorin/neuropilin signaling influences the positioning of migratory neural crest
cells within the hindbrain region of the chick. Dev. Dyn. 232, 939–949. doi:10.1002/
dvdy.20258

Park, K.-S., and Gumbiner, B. M. (2012). Cadherin-6B stimulates an epithelial
mesenchymal transition and the delamination of cells from the neural ectoderm via
LIMK/cofilin mediated non-canonical BMP receptor signaling. Dev. Biol. 366, 232–243.
doi:10.1016/j.ydbio.2012.04.005

Parri, M., and Chiarugi, P. (2010). Rac and Rho GTPases in cancer cell motility
control. Cell Commun. Signal. 8, 23. doi:10.1186/1478-811X-8-23

Pastushenko, I., and Blanpain, C. (2019). EMT transition states during tumor
progression and metastasis. Trends Cell Biol. 29, 212–226. doi:10.1016/j.tcb.2018.12.001

Penton, A. L., Leonard, L. D., and Spinner, N. B. (2012). Notch signaling in human
development and disease. Semin. Cell Dev. Biol. 23, 450–457. doi:10.1016/j.semcdb.
2012.01.010

Perris, R. (1997). The extracellular matrix in neural crest-cell migration. Trends
Neurosci. 20, 23–31. doi:10.1016/S0166-2236(96)10063-1

Perris, R., and Perissinotto, D. (2000). Role of the extracellular matrix during neural
crest cell migration. Mech. Dev. 95, 3–21. doi:10.1016/S0925-4773(00)00365-8

Piacentino, M. L., Li, Y., and Bronner, M. E. (2020). Epithelial-to-mesenchymal
transition and different migration strategies as viewed from the neural crest. Curr. Opin.
Cell Biol. 66, 43–50. doi:10.1016/j.ceb.2020.05.001

Pla, P., and Monsoro-Burq, A. H. (2018). The neural border: induction, specification
and maturation of the territory that generates neural crest cells. Dev. Biol. 444, S36-
S46–S46. doi:10.1016/j.ydbio.2018.05.018

Plein, A., Fantin, A., and Ruhrberg, C. (2015). “Neural crest cells in cardiovascular
development,” in Current topics in developmental biology (Academic Press Inc.),
183–200. doi:10.1016/bs.ctdb.2014.11.006

Poon, J., Fries, A., Wessel, G. M., and Yajima, M. (2019). Evolutionary modification of
AGS protein contributes to formation of micromeres in sea urchins. Nat. Commun. 10,
3779. doi:10.1038/s41467-019-11560-8

Prasad, M. S., Charney, R. M., Patel, L. J., and García-Castro, M. I. (2020). Distinct
molecular profile and restricted stem cell potential defines the prospective human
cranial neural crest from embryonic stem cell state. Stem Cell Res. 49, 102086. doi:10.
1016/j.scr.2020.102086

Pryor, S. E., Massa, V., Savery, D., Andre, P., Yang, Y., Greene, N. D. E., et al.
(2014). Vangl-dependent planar cell polarity signalling is not required for neural
crest migration in mammals. Development 141, 3153–3158. doi:10.1242/dev.
111427

Rabadán, M. A., Herrera, A., Fanlo, L., Usieto, S., Carmona-Fontaine, C., Barriga, E.
H., et al. (2016). Delamination of neural crest cells requires transient and reversible Wnt
inhibition mediated by DACT1/2. Development 143, 2194–2205. doi:10.1242/dev.
134981

Rauzi, M., Verant, P., Lecuit, T., and Lenne, P. F. (2008). Nature and anisotropy of
cortical forces orienting Drosophila tissue morphogenesis.Nat. Cell Biol. 10, 1401–1410.
doi:10.1038/ncb1798

Rhinn, M., and Dollé, P. (2012). Retinoic acid signalling during development.
Development 139, 843–858. doi:10.1242/dev.065938

Ridley, A. J., Schwartz, M. A., Burridge, K., Firtel, R. A., Ginsberg, M. H., Borisy, G.,
et al. (2003). Cell migration: integrating signals from front to back. Sci. (1979) 302,
1704–1709. doi:10.1126/science.1092053

Rios, A. C., Serralbo, O., Salgado, D., and Marcelle, C. (2011). Neural crest regulates
myogenesis through the transient activation of NOTCH. Nature 473, 532–535. doi:10.
1038/nature09970

Roca-Cusachs, P., Sunyer, R., and Trepat, X. (2013). Mechanical guidance of cell
migration: lessons from chemotaxis. Curr. Opin. Cell Biol. 25, 543–549. doi:10.1016/j.
ceb.2013.04.010

Rocha, M., Singh, N., Ahsan, K., Beiriger, A., and Prince, V. E. (2020). Neural crest
development: insights from the zebrafish. Dev. Dyn. 249, 88–111. doi:10.1002/dvdy.122

Frontiers in Cell and Developmental Biology frontiersin.org16

Salinas et al. 10.3389/fcell.2024.1457506

https://doi.org/10.1002/(SICI)1520-6408(1997)20:2<119::AID-DVG5>3.0.CO;2-A
https://doi.org/10.1002/(SICI)1520-6408(1997)20:2<119::AID-DVG5>3.0.CO;2-A
https://doi.org/10.1016/j.isci.2023.106275
https://doi.org/10.1016/j.cell.2012.11.024
https://doi.org/10.1002/dvdy.20686
https://doi.org/10.1016/j.gep.2011.06.001
https://doi.org/10.1161/CIRCULATIONAHA.111.047159
https://doi.org/10.1242/dev.121.7.1989
https://doi.org/10.1016/j.tig.2017.07.015
https://doi.org/10.1038/ncb1105-1047
https://doi.org/10.1242/dev.017350
https://doi.org/10.1016/j.tcb.2010.03.005
https://doi.org/10.1242/dev.091751
https://doi.org/10.1042/BJ20131182
https://doi.org/10.1042/BJ20131182
https://doi.org/10.1093/genetics/156.4.1649
https://doi.org/10.1161/01.RES.0000150047.16909.ab
https://doi.org/10.1242/dev.098509
https://doi.org/10.1242/dev.098509
https://doi.org/10.1016/S0074-7696(08)61566-1
https://doi.org/10.1093/hmg/ddg014
https://doi.org/10.1002/jcp.21036
https://doi.org/10.1016/j.semcdb.2017.01.006
https://doi.org/10.1016/j.semcdb.2017.01.006
https://doi.org/10.1242/jcs.114.10.1829
https://doi.org/10.1242/dev.121.5.1321
https://doi.org/10.1038/349175a0
https://doi.org/10.1038/349175a0
https://doi.org/10.1016/j.ydbio.2008.02.006
https://doi.org/10.1126/science.1234850
https://doi.org/10.1016/j.semcancer.2012.05.003
https://doi.org/10.1016/0092-8674(95)90370-4
https://doi.org/10.1111/j.1469-7580.2005.00473.x
https://doi.org/10.1111/j.1469-7580.2005.00473.x
https://doi.org/10.1242/dev.151944
https://doi.org/10.1242/dev.151944
https://doi.org/10.1016/S0959-4388(99)80008-7
https://doi.org/10.1016/j.ydbio.2009.06.031
https://doi.org/10.1002/dvdy.20258
https://doi.org/10.1002/dvdy.20258
https://doi.org/10.1016/j.ydbio.2012.04.005
https://doi.org/10.1186/1478-811X-8-23
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1016/j.semcdb.2012.01.010
https://doi.org/10.1016/j.semcdb.2012.01.010
https://doi.org/10.1016/S0166-2236(96)10063-1
https://doi.org/10.1016/S0925-4773(00)00365-8
https://doi.org/10.1016/j.ceb.2020.05.001
https://doi.org/10.1016/j.ydbio.2018.05.018
https://doi.org/10.1016/bs.ctdb.2014.11.006
https://doi.org/10.1038/s41467-019-11560-8
https://doi.org/10.1016/j.scr.2020.102086
https://doi.org/10.1016/j.scr.2020.102086
https://doi.org/10.1242/dev.111427
https://doi.org/10.1242/dev.111427
https://doi.org/10.1242/dev.134981
https://doi.org/10.1242/dev.134981
https://doi.org/10.1038/ncb1798
https://doi.org/10.1242/dev.065938
https://doi.org/10.1126/science.1092053
https://doi.org/10.1038/nature09970
https://doi.org/10.1038/nature09970
https://doi.org/10.1016/j.ceb.2013.04.010
https://doi.org/10.1016/j.ceb.2013.04.010
https://doi.org/10.1002/dvdy.122
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1457506


Rodriguez, O. C., Schaefer, A. W., Mandato, C. A., Forscher, P., Bement, W. M.,
and Waterman-Storer, C. M. (2003). Conserved microtubule–actin interactions in
cell movement and morphogenesis. Nat. Cell Biol. 5, 599–609. doi:10.1038/
ncb0703-599

Rogers, C. D., Saxena, A., and Bronner, M. E. (2013). Sip1 mediates an E-cadherin-to-
N-cadherin switch during cranial neural crest EMT. J. Cell Biol. 203, 835–847. doi:10.
1083/jcb.201305050

Rohani, N., Parmeggiani, A., Winklbauer, R., and Fagotto, F. (2014). Variable
combinations of specific ephrin ligand/eph receptor pairs control embryonic tissue
separation. PLoS Biol. 12, e1001955. doi:10.1371/journal.pbio.1001955

Rohde, L. A., and Heisenberg, C. P. (2007). Zebrafish gastrulation: cell movements,
signals, and mechanisms. Int. Rev. Cytol. 261, 159–192. doi:10.1016/S0074-7696(07)
61004-3

Rothstein, M., Bhattacharya, D., and Simoes-Costa, M. (2018). The molecular basis of
neural crest axial identity. Dev. Biol. 444, S170-S180–S180. doi:10.1016/j.ydbio.2018.
07.026

Roycroft, A., and Mayor, R. (2016). Molecular basis of contact inhibition of
locomotion. Cell. Mol. Life Sci. 73, 1119–1130. doi:10.1007/s00018-015-2090-0

Rozario, T., and DeSimone, D. W. (2010). The extracellular matrix in development
and morphogenesis: a dynamic view. Dev. Biol. 341, 126–140. doi:10.1016/j.ydbio.2009.
10.026

Sah, V. P., Seasholtz, T. M., Sagi, S. A., and Brown, J. H. (2000). The role of rho in G
protein-coupled receptor signal transduction. Annu. Rev. Pharmacol. Toxicol. 40,
459–489. doi:10.1146/annurev.pharmtox.40.1.459

Sasaki, K., Kakuwa, T., Akimoto, K., Koga, H., and Ohno, S. (2015). Regulation of
epithelial cell polarity by PAR-3 depends on Girdin transcription and
Girdin–Gαi3 signaling. J. Cell Sci. 128, 2244–2258. doi:10.1242/jcs.160879

Sasselli, V., Boesmans, W., Vanden Berghe, P., Tissir, F., Goffinet, A. M., and Pachnis,
V. (2013). Planar cell polarity genes control the connectivity of enteric neurons. J. Clin.
Investigation 123, 1763–1772. doi:10.1172/JCI66759

Sato, A., Scholl, A. M., Kuhn, E. B., Stadt, H. A., Decker, J. R., Pegram, K., et al. (2011).
FGF8 signaling is chemotactic for cardiac neural crest cells.Dev. Biol. 354, 18–30. doi:10.
1016/j.ydbio.2011.03.010

Sauka-Spengler, T., and Bronner-Fraser, M. (2008). A gene regulatory network
orchestrates neural crest formation. Nat. Rev. Mol. Cell Biol. 9, 557–568. doi:10.
1038/nrm2428

Scarpa, E., andMayor, R. (2016). Collective cell migration in development. J. Cell Biol.
212, 143–155. doi:10.1083/jcb.201508047

Scarpa, E., Szabó, A., Bibonne, A., Theveneau, E., Parsons, M., and Mayor, R. (2015).
Cadherin switch during EMT in neural crest cells leads to contact inhibition of
locomotion via repolarization of forces. Dev. Cell 34, 421–434. doi:10.1016/j.devcel.
2015.06.012

Schille, C., and Schambony, A. (2017). Signaling pathways and tissue interactions in
neural plate border formation. Neurogenesis 4, e1292783. doi:10.1080/23262133.2017.
1292783

Schmidt, M., Paes, K., De Mazière, A., Smyczek, T., Yang, S., Gray, A., et al. (2007).
EGFL7 regulates the collective migration of endothelial cells by restricting their spatial
distribution. Development 134, 2913–2923. doi:10.1242/dev.002576

Schneider, V. A., and Granato, M. (2006). The myotomal diwanka (lh3)
glycosyltransferase and type XVIII collagen are critical for motor growth cone
migration. Neuron 50, 683–695. doi:10.1016/j.neuron.2006.04.024

Schneider-Maunoury, S., Topilko, P., Seitanidou, T., Levi, G., Cohen-Tannoudji, M.,
Pournin, S., et al. (1993). Disruption of Krox-20 results in alteration of rhombomeres
3 and 5 in the developing hindbrain. Cell 75, 1199–1214. doi:10.1016/0092-8674(93)
90329-O

Scholl, A.M., and Kirby, M. L. (2009). Signals controlling neural crest contributions to
the heart. Inc. WIREs Syst. Biol. Med. 1, 220–227. doi:10.1002/wsbm.8

Schussler, O., Gharibeh, L., Mootoosamy, P., Murith, N., Tien, V., Rougemont, A. L.,
et al. (2021). Cardiac neural crest cells: their rhombomeric specification, migration, and
association with heart and great vessel anomalies. Cell Mol. Neurobiol. 41, 403–429.
doi:10.1007/s10571-020-00863-w

Shih, H. Y., Hsu, S. Y., Ouyang, P., Lin, S. J., Chou, T. Y., Chiang, M. C., et al. (2017).
Bmp5 regulates neural crest cell survival and proliferation via two different signaling
pathways. Stem Cells 35, 1003–1014. doi:10.1002/stem.2533

Shindo, A., and Wallingford, J. B. (2014). PCP and septins compartmentalize cortical
actomyosin to direct collective cell movement. Sci. (1979) 343, 649–652. doi:10.1126/
science.1243126

Shnitsar, I., and Borchers, A. (2008). PTK7 recruits dsh to regulate neural crest
migration. Development 135, 4015–4024. doi:10.1242/dev.023556

Siderovski, D. P., and Willard, F. S. (2005). The GAPs, GEFs, and GDIs of
heterotrimeric G-protein alpha subunits. Int. J. Biol. Sci. 1, 51–66. doi:10.7150/ijbs.1.51

Smith, A., Robinson, V., Patel, K., and Wilkinson, D. G. (1997). The EphA4 and
EphB1 receptor tyrosine kinases and ephrin-B2 ligand regulate targeted migration of
branchial neural crest cells. Curr. Biol. 7, 561–570. doi:10.1016/S0960-9822(06)00255-7

Smola, H., Stark, H.-J., Thiekötter, G., Mirancea, N., Krieg, T., and Fusenig, N. E.
(1998). Dynamics of basement membrane formation by keratinocyte–fibroblast
interactions in organotypic skin culture. Exp. Cell Res. 239, 399–410. doi:10.1006/
excr.1997.3910

Spiering, D., and Hodgson, L. (2011). Dynamics of the rho-family small GTPases
in actin regulation and motility. Cell Adh Migr. 5, 170–180. doi:10.4161/cam.5.2.
14403

Steventon, B., and Mayor, R. (2012). Early neural crest induction requires an initial
inhibition of Wnt signals. Dev. Biol. 365, 196–207. doi:10.1016/j.ydbio.2012.02.029

Stramer, B. M., Dunn, G. A., Davis, J. R., and Mayor, R. (2013). Rediscovering contact
inhibition in the embryo. J. Microsc. 251, 206–211. doi:10.1111/jmi.12045

Stuhlmiller, T. J., and García-Castro, M. I. (2012). Current perspectives of the
signaling pathways directing neural crest induction. Cell. Mol. Life Sci. 69,
3715–3737. doi:10.1007/s00018-012-0991-8

Sulik, K. K., Cook, C. S., and Webster, W. S. (1988). Teratogens and craniofacial
malformations: relationships to cell death. Development 103, 213–231. doi:10.1242/dev.
103.Supplement.213

Swiatek, P. J., and Gridley, T. (1993). Perinatal lethality and defects in hindbrain
development in mice homozygous for a targeted mutation of the zinc finger gene
Krox20. Genes Dev. 7, 2071–2084. doi:10.1101/gad.7.11.2071

Szabó, A., and Mayor, R. (2015). Cell traction in collective cell migration and
morphogenesis: the chase and run mechanism. Cell Adh Migr. 9, 380–383. doi:10.
1080/19336918.2015.1019997

Szabó, A., and Mayor, R. (2018). Mechanisms of neural crest migration. Annu. Rev.
Genet. 52, 43–63. doi:10.1146/annurev-genet-120417-031559

Taelman, V. F., Dobrowolski, R., Plouhinec, J.-L., Fuentealba, L. C., Vorwald, P. P.,
Gumper, I., et al. (2010). Wnt signaling requires sequestration of glycogen synthase
kinase 3 inside multivesicular endosomes. Cell 143, 1136–1148. doi:10.1016/j.cell.2010.
11.034

Taneyhill, L. A., Coles, E. G., and Bronner-Fraser, M. (2007). Snail2 directly represses
cadherin6B during epithelial-to-mesenchymal transitions of the neural crest.
Development 134, 1481–1490. doi:10.1242/dev.02834

Taneyhill, L. A., and Schiffmacher, A. T. (2017). Should I stay or should I go?
Cadherin function and regulation in the neural crest. Genesis 55. doi:10.1002/dvg.
23028

Teddy, J. M., and Kulesa, P. M. (2004). In vivo evidence for short- and long-range cell
communication in cranial neural crest cells. Development 131, 6141–6151. doi:10.1242/
dev.01534

Theocharis, A. D., Skandalis, S. S., Gialeli, C., and Karamanos, N. K. (2016).
Extracellular matrix structure. Adv. Drug Deliv. Rev. 97, 4–27. doi:10.1016/j.addr.
2015.11.001

Theveneau, E., and Mayor, R. (2010). Integrating chemotaxis and contact-inhibition
during collective cell migration: small GTPases at work. Small GTPases 1 (2), 113–117.
doi:10.4161/sgtp.1.2.13673

Theveneau, E., Marchant, L., Kuriyama, S., Gull, M., Moepps, B., Parsons, M., et al.
(2010). Collective chemotaxis requires contact-dependent cell polarity. Dev. Cell 19,
39–53. doi:10.1016/j.devcel.2010.06.012

Theveneau, E., and Mayor, R. (2012a). Cadherins in collective cell migration of
mesenchymal cells. Curr. Opin. Cell Biol. 24, 677–684. doi:10.1016/j.ceb.2012.08.002

Theveneau, E., andMayor, R. (2012b). Neural crest delamination andmigration: from
epithelium-to-mesenchyme transition to collective cell migration.Dev. Biol. 366, 34–54.
doi:10.1016/j.ydbio.2011.12.041

Theveneau, E., Steventon, B., Scarpa, E., Garcia, S., Trepat, X., Streit, A., et al. (2013).
Chase-and-run between adjacent cell populations promotes directional collective
migration. Nat. Cell Biol. 15, 763–772. doi:10.1038/ncb2772

Thiery, J. P., Acloque, H., Huang, R. Y. J., and Nieto, M. A. (2009). Epithelial-
mesenchymal transitions in development and disease. Cell 139, 871–890. doi:10.1016/j.
cell.2009.11.007

Tissir, F., and Goffinet, A. M. (2010). Planar cell polarity signaling in neural
development. Curr. Opin. Neurobiol. 20, 572–577. doi:10.1016/j.conb.2010.05.006

Tobin, J. L., Di Franco, M., Eichers, E., May-Simera, H., Garcia, M., Yan, J., et al.
(2008). Inhibition of neural crest migration underlies craniofacial dysmorphology and
Hirschsprung’s disease in Bardet–Biedl syndrome. Proc. Natl. Acad. Sci. 105,
6714–6719. doi:10.1073/pnas.0707057105

Toro-Tapia, G., Villaseca, S., Beyer, A., Roycroft, A., Marcellini, S., Mayor, R., et al.
(2018). The Ric-8A/Gα13/FAK signalling cascade controls focal adhesion formation
during neural crest cell migration in Xenopus. Development 145, dev164269. doi:10.
1242/dev.164269

Toro-Tapia, G., Villaseca, S., Leal, J. I., Beyer, A., Fuentealba, J., and Torrejón, M.
(2017). Xenopus as a model organism to study heterotrimeric G-protein pathway
during collective cell migration of neural crest. Genesis 55. doi:10.1002/dvg.23008

Toyofuku, T., Yoshida, J., Sugimoto, T., Yamamoto, M., Makino, N., Takamatsu, H.,
et al. (2008). Repulsive and attractive semaphorins cooperate to direct the navigation of
cardiac neural crest cells. Dev. Biol. 321, 251–262. doi:10.1016/j.ydbio.2008.06.028

Frontiers in Cell and Developmental Biology frontiersin.org17

Salinas et al. 10.3389/fcell.2024.1457506

https://doi.org/10.1038/ncb0703-599
https://doi.org/10.1038/ncb0703-599
https://doi.org/10.1083/jcb.201305050
https://doi.org/10.1083/jcb.201305050
https://doi.org/10.1371/journal.pbio.1001955
https://doi.org/10.1016/S0074-7696(07)61004-3
https://doi.org/10.1016/S0074-7696(07)61004-3
https://doi.org/10.1016/j.ydbio.2018.07.026
https://doi.org/10.1016/j.ydbio.2018.07.026
https://doi.org/10.1007/s00018-015-2090-0
https://doi.org/10.1016/j.ydbio.2009.10.026
https://doi.org/10.1016/j.ydbio.2009.10.026
https://doi.org/10.1146/annurev.pharmtox.40.1.459
https://doi.org/10.1242/jcs.160879
https://doi.org/10.1172/JCI66759
https://doi.org/10.1016/j.ydbio.2011.03.010
https://doi.org/10.1016/j.ydbio.2011.03.010
https://doi.org/10.1038/nrm2428
https://doi.org/10.1038/nrm2428
https://doi.org/10.1083/jcb.201508047
https://doi.org/10.1016/j.devcel.2015.06.012
https://doi.org/10.1016/j.devcel.2015.06.012
https://doi.org/10.1080/23262133.2017.1292783
https://doi.org/10.1080/23262133.2017.1292783
https://doi.org/10.1242/dev.002576
https://doi.org/10.1016/j.neuron.2006.04.024
https://doi.org/10.1016/0092-8674(93)90329-O
https://doi.org/10.1016/0092-8674(93)90329-O
https://doi.org/10.1002/wsbm.8
https://doi.org/10.1007/s10571-020-00863-w
https://doi.org/10.1002/stem.2533
https://doi.org/10.1126/science.1243126
https://doi.org/10.1126/science.1243126
https://doi.org/10.1242/dev.023556
https://doi.org/10.7150/ijbs.1.51
https://doi.org/10.1016/S0960-9822(06)00255-7
https://doi.org/10.1006/excr.1997.3910
https://doi.org/10.1006/excr.1997.3910
https://doi.org/10.4161/cam.5.2.14403
https://doi.org/10.4161/cam.5.2.14403
https://doi.org/10.1016/j.ydbio.2012.02.029
https://doi.org/10.1111/jmi.12045
https://doi.org/10.1007/s00018-012-0991-8
https://doi.org/10.1242/dev.103.Supplement.213
https://doi.org/10.1242/dev.103.Supplement.213
https://doi.org/10.1101/gad.7.11.2071
https://doi.org/10.1080/19336918.2015.1019997
https://doi.org/10.1080/19336918.2015.1019997
https://doi.org/10.1146/annurev-genet-120417-031559
https://doi.org/10.1016/j.cell.2010.11.034
https://doi.org/10.1016/j.cell.2010.11.034
https://doi.org/10.1242/dev.02834
https://doi.org/10.1002/dvg.23028
https://doi.org/10.1002/dvg.23028
https://doi.org/10.1242/dev.01534
https://doi.org/10.1242/dev.01534
https://doi.org/10.1016/j.addr.2015.11.001
https://doi.org/10.1016/j.addr.2015.11.001
https://doi.org/10.4161/sgtp.1.2.13673
https://doi.org/10.1016/j.devcel.2010.06.012
https://doi.org/10.1016/j.ceb.2012.08.002
https://doi.org/10.1016/j.ydbio.2011.12.041
https://doi.org/10.1038/ncb2772
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1016/j.conb.2010.05.006
https://doi.org/10.1073/pnas.0707057105
https://doi.org/10.1242/dev.164269
https://doi.org/10.1242/dev.164269
https://doi.org/10.1002/dvg.23008
https://doi.org/10.1016/j.ydbio.2008.06.028
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1457506


Trainor, P. A. (2010). Craniofacial birth defects: the role of neural crest cells in the
etiology and pathogenesis of Treacher Collins syndrome and the potential for
prevention. Am. J. Med. Genet. A 152 (A), 2984–2994. doi:10.1002/ajmg.a.33454

Trainor, P. A., Ariza-McNaughton, L., and Krumlauf, R. (2002). Role of the isthmus
and FGFs in resolving the paradox of neural crest plasticity and prepatterning. Sci.
(1979) 295, 1288–1291. doi:10.1126/science.1064540

Ueharu, H., Pan, H., Liu, X., Ishii, M., Pongetti, J., Kulkarni, A. K., et al. (2023).
Augmentation of BMP signaling in cranial neural crest cells leads to premature cranial
sutures fusion through endochondral ossification in mice. JBMR Plus 7, e10716. doi:10.
1002/jbm4.10716

Ulmer, B., Hagenlocher, C., Schmalholz, S., Kurz, S., Schweickert, A., Kohl, A.,
et al. (2013). Calponin 2 acts as an effector of noncanonical wnt-mediated cell
polarization during neural crest cell migration. Cell Rep. 3, 615–621. doi:10.1016/j.
celrep.2013.02.015

Vandewalle, C., Comijn, J., De Craene, B., Vermassen, P., Bruyneel, E.,
Andersen, H., et al. (2005). SIP1/ZEB2 induces EMT by repressing genes of
different epithelial cell-cell junctions. Nucleic Acids Res. 33, 6566–6578. doi:10.
1093/nar/gki965

van Grunsven, L. A., Taelman, V., Michiels, C., Verstappen, G., Souopgui, J., Nichane,
M., et al. (2007). XSip1 neuralizing activity involves the co-repressor CtBP and occurs
through BMP dependent and independent mechanisms. Dev. Biol. 306, 34–49. doi:10.
1016/j.ydbio.2007.02.045

Varadkar, P., Kraman, M., Despres, D., Ma, G., Lozier, J., and McCright, B. (2008).
Notch2 is required for the proliferation of cardiac neural crest-derived smooth muscle
cells. Dev. Dyn. 237, 1144–1152. doi:10.1002/dvdy.21502

Vinyoles, M., Del Valle-Pérez, B., Curto, J., Viñas-Castells, R., Alba-Castellón, L.,
García de Herreros, A., et al. (2014). Multivesicular GSK3 sequestration upon wnt
signaling is controlled by p120-catenin/cadherin interaction with LRP5/6. Mol. Cell 53,
444–457. doi:10.1016/j.molcel.2013.12.010

Vitorino, P., and Meyer, T. (2008). Modular control of endothelial sheet migration.
Genes Dev. 22, 3268–3281. doi:10.1101/gad.1725808

Vladar, E. K., Antic, D., and Axelrod, J. D. (2009). Planar cell polarity signaling: the
developing cell’s compass. Cold Spring Harb. Perspect. Biol. 1, a002964. doi:10.1101/
cshperspect.a002964

Wagner, G., Peradziryi, H., Wehner, P., and Borchers, A. (2010). PlexinA1 interacts
with PTK7 and is required for neural crest migration. Biochem. Biophys. Res. Commun.
402, 402–407. doi:10.1016/j.bbrc.2010.10.044

Waldo, K., Miyagawa-Tomita, S., Kumiski, D., and Kirby, M. L. (1998). Cardiac
neural crest cells provide new insight into septation of the cardiac outflow tract: aortic
sac to ventricular septal closure. Dev. Biol. 196, 129–144. doi:10.1006/dbio.1998.8860

Walker, D. L., Vacha, S. J., Kirby, M. L., and Lo, C. W. (2005). Connexin43 deficiency causes
dysregulation of coronary vasculogenesis.Dev. Biol. 284, 479–498. doi:10.1016/j.ydbio.2005.06.004

Wallingford, J. B. (2012). Planar cell polarity and the developmental control of cell
behavior in vertebrate embryos. Annu. Rev. Cell Dev. Biol. 28, 627–653. doi:10.1146/
annurev-cellbio-092910-154208

Weber, G. F., Bjerke, M. A., and DeSimone, D. W. (2012). A mechanoresponsive
cadherin-keratin complex directs polarized protrusive behavior and collective cell
migration. Dev. Cell 22, 104–115. doi:10.1016/j.devcel.2011.10.013

Wiese, C. B., Deal, K. K., Ireland, S. J., Cantrell, V. A., and Southard-Smith, E. M.
(2017). Migration pathways of sacral neural crest during development of lower
urogenital tract innervation. Dev. Biol. 429, 356–369. doi:10.1016/j.ydbio.2017.04.011

Woodard, G. E., Huang, N.-N., Cho, H., Miki, T., Tall, G. G., and Kehrl, J. H. (2010).
Ric-8A and Gi alpha recruit LGN, NuMA, and dynein to the cell cortex to help orient
the mitotic spindle. Mol. Cell Biol. 30, 3519–3530. doi:10.1128/mcb.00394-10

Woods, M. L., Carmona-Fontaine, C., Barnes, C. P., Couzin, I. D., Mayor, R., and
Page, K. M. (2014). Directional collective cell migration emerges as a property of cell
interactions. PLoS One 9, e104969. doi:10.1371/journal.pone.0104969

Yamagishi, H. (2021). Cardiac neural crest. Cold Spring Harb. Perspect. Biol. 13,
a036715–a036718. doi:10.1101/cshperspect.a036715

York, J. R., andMcCauley, D.W. (2020). The origin and evolution of vertebrate neural
crest cells. Open Biol. 10, 190285. doi:10.1098/rsob.190285

Zalc, A., Sinha, R., Gulati, G. S., Wesche, D. J., Daszczuk, P., Swigut, T., et al. (2021).
Reactivation of the pluripotency program precedes formation of the cranial neural crest.
Science 1979, eabb4776. doi:10.1126/science.abb4776

Zhang, L., Luga, V., Armitage, S. K., Musiol, M., Won, A., Yip, C. M., et al. (2016). A
lateral signalling pathway coordinates shape volatility during cell migration. Nat.
Commun. 7, 11714. doi:10.1038/ncomms11714

Zhang, Y., Zhang, Y., Jia, D., Yang, H., Cheng, M., Zhu, W., et al. (2021). Insights into
the regulatory role of Plexin D1 signalling in cardiovascular development and diseases.
J. Cell Mol. Med. 25, 4183–4194. doi:10.1111/jcmm.16509

Zhou, J., Kim, H. Y., and Davidson, L. A. (2009). Actomyosin stiffens the vertebrate
embryo during crucial stages of elongation and neural tube closure. Development 136,
677–688. doi:10.1242/dev.026211

Frontiers in Cell and Developmental Biology frontiersin.org18

Salinas et al. 10.3389/fcell.2024.1457506

https://doi.org/10.1002/ajmg.a.33454
https://doi.org/10.1126/science.1064540
https://doi.org/10.1002/jbm4.10716
https://doi.org/10.1002/jbm4.10716
https://doi.org/10.1016/j.celrep.2013.02.015
https://doi.org/10.1016/j.celrep.2013.02.015
https://doi.org/10.1093/nar/gki965
https://doi.org/10.1093/nar/gki965
https://doi.org/10.1016/j.ydbio.2007.02.045
https://doi.org/10.1016/j.ydbio.2007.02.045
https://doi.org/10.1002/dvdy.21502
https://doi.org/10.1016/j.molcel.2013.12.010
https://doi.org/10.1101/gad.1725808
https://doi.org/10.1101/cshperspect.a002964
https://doi.org/10.1101/cshperspect.a002964
https://doi.org/10.1016/j.bbrc.2010.10.044
https://doi.org/10.1006/dbio.1998.8860
https://doi.org/10.1016/j.ydbio.2005.06.004
https://doi.org/10.1146/annurev-cellbio-092910-154208
https://doi.org/10.1146/annurev-cellbio-092910-154208
https://doi.org/10.1016/j.devcel.2011.10.013
https://doi.org/10.1016/j.ydbio.2017.04.011
https://doi.org/10.1128/mcb.00394-10
https://doi.org/10.1371/journal.pone.0104969
https://doi.org/10.1101/cshperspect.a036715
https://doi.org/10.1098/rsob.190285
https://doi.org/10.1126/science.abb4776
https://doi.org/10.1038/ncomms11714
https://doi.org/10.1111/jcmm.16509
https://doi.org/10.1242/dev.026211
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1457506

	Polarity and migration of cranial and cardiac neural crest cells: underlying molecular mechanisms and disease implications
	Introduction
	Cranial neural crest cell migration
	Cardiac neural crest cell migration
	Cell polarity during neural crest cell migration
	Heterotrimeric G protein controlling cell polarity during neural crest cell migration
	The loss of apico-basal polarity is essential for neural crest migration
	Planar cell polarity during neural crest migration
	Surrounding context stiffness affect cell polarity and migration
	Congenital diseases produced by defects in neural crest migration and differentiation

	Conclusion and perspectives
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


