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Abstract

Epithelial-to-mesenchymal transition (EMT) is a dynamic process that produces migratory cells
from epithelial precursors. However, EMT is not binary; rather it results in migratory cells which
adopt diverse strategies including collective and individual cell migration to arrive at target
destinations. Of the many embryonic cells that undergo EMT, the vertebrate neural crest is a
particularly good example which has provided valuable insight into these processes. Neural crest
cells from different species often adopt different migratory strategies with collective migration
predominating in anamniotes whereas individual cell migration is more prevalent in amniotes.
Here we will provide a perspective on recent work towards understanding the process of neural
crest EMT focusing on how these cells undergo collective and individual cell migration.
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Introduction

During development, dynamic cellular events are critical for appropriate organization of the
final animal body plan and reproducible differentiation of each organ system. Critical cell
types are often specified in locations distant from the final site of differentiation. In order to
overcome this challenge, many cells undergo an epithelial-to-mesenchymal transition (EMT)
to adopt a migratory program, allowing these cells to leave their site of origin and move to
their final destinations [1-5]. Migratory cells utilize diverse mechanisms to traverse their
environment by following chemical gradients (chemotaxis), adhesive gradients (haptotaxis),
and extracellular matrix stiffness (durotaxis)[6]. While EMT and migration are normal
events during embryogenesis, precocious EMT is often a hallmark of disease states, as
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exemplified by cancer metastasis [2,7]. While the general principles of EMT have long been
appreciated, recent technological advances have helped to uncover the heterogenous
mechanisms of migration and the spectrum of cell states ranging from epithelial to
mesenchymal cells [4,5,7,8].

The neural crest represents an archetypical cell type that undergoes EMT. This multipotent
population is unique to vertebrate embryos and contributes to diverse organ systems
including the peripheral and enteric nervous systems, the craniofacial skeleton, skin
pigment, and the cardiovascular system [3,9-12]. Neural crest cells are specified during
gastrulation at the border between neural and nonneural ectoderm (termed neural plate
border), and undergo EMT during neurulation to leave the neuroepithelium and migrate
extensively through the embryo (Figure 1a) [3,9]. Neural crest cells emerge from the neural
tube at nearly all levels along the anterior-posterior body axis, though their behavior differs
depending on their axial level of origin (Figure 1b)(reviewed in [9]). While many of the
molecular mechanisms controlling neural crest EMT are conserved between vertebrates,
interesting heterogeneities are apparent during their migratory phase. For example, neural
crest cells undergo individual cell migration in amniotes, while neural crest cells derived
from the same axial level in anamniotes migrate collectively, with more extensive
interactions with their neighbors (Figure 2) [13—16]. These events are of critical interest in
the neural crest field and are the subject of many recent comprehensive reviews (see [1-
3,9,17-21]). Here we will provide a brief perspective on some recent concepts and
outstanding questions in the field of neural crest EMT and migration.

Neural crest epithelial-to-mesenchymal transition

Prior to migration, neural crest cells undergo EMT during which premigratory cells release
epithelial adhesions and delaminate from the neuroepithelium as migratory cells. This
process is regulated by a conserved gene regulatory network, and triggered by instructive
cell signaling events [9]. Premigratory neural crest cells initiate expression of pro-EMT
transcription factors Snail/2 and Twist, along with neural crest specifier and promigratory
transcription factors such as FoxD3, Sip1/Zeb2, and Sox9/10 [9]. Together, these
transcription factors mediate a “cadherin switch” to downregulate epithelial cadherins and
Cadherin6B, and initiate expression of more mesenchymal cadherins [19]. Recent studies
have addressed how this switch is temporally regulated by cell signaling events and tissue-
mediated biophysical changes.

Whnt/B-catenin signaling plays multiple roles in regulating neural crest EMT. Wnt/p-catenin
directly feed into Snai2 expression [22], which directly suppresses E-cadherin and
Cadherin-6B expression [23,24]. Furthermore, Wnt/p-catenin signaling activates expression
of mesenchymal Cadherin-7 and Cadherin-11 [25]. Recent evidence in chick identifies the
secreted Wnt antagonist, Draxin, as a temporal rheostat that mediates the timing of EMT in
the chick cranial neural crest [26]. While Draxin is expressed by premigratory neural crest
cells, Draxin transcripts are quickly downregulated at the onset of EMT to allow for Wnt/p-
catenin signaling to initiate Snai2 expression, delamination, extracellular matrix (ECM)
remodeling, and migration [26,27]. In the trunk, the scaffold protein Dact1/2 mediates p-
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catenin subcellular localization to similarly control the timing of Wnt activity during EMT
[28].

Cues to trigger EMT in the neural crest are not limited to classical signaling events, but also
include neural crest interactions with adjacent tissues and ECM. Neural crest cells secrete
proteases in order to degrade cadherin junctions, penetrate the basement membrane, and
leave the neuroepithelium [19]. Accordingly, matrix metalloproteinases MMP-2, MMP-9,
and MMP-14, and a disintegrin and metalloproteinases ADAM-10 and ADAM-19 function
is required for neural crest migration [29-32]. These proteases act to cleave cadherins (N-
cadherin, Cadherin-6B) and the ECM proteins fibronectin and laminin [30,32,33].
Interestingly, the ectodomain shed by Cadherin-6B cleavage acts to increase MMP-2 activity
and is sufficient to trigger precocious neural crest delamination [33].

While it is clear that neural crest cells modify their external environment, the biophysical
effect of neighboring tissues during EMT has only recently been uncovered. In Xenopus
embryos, convergent-extension movements of the head mesoderm during gastrulation are in
close juxtaposition with the premigratory neural crest [34]. This results in a stiffening of the
adjacent tissue as mesodermal cell density increases, and this stiffening is necessary and
sufficient to trigger neural crest delamination [34]. Inhibition of the integrin p1/vinculin/
talin complex in neural crest cells blocks their migration, similar to loss of tissue stiffening,
suggesting a mechanism by which neural crest cells sense their biophysical environment
[34]. In avian embryos, the presence of head mesoderm increases the directionality of neural
crest cells /n vitro, and mesoderm proliferation appears to precede neural crest invasion into
the branchial arches /n vivo [35]. While the molecular mechanism underlying these
interactions remains to be conclusively demonstrated, it is interesting question whether
mesoderm proliferation may similarly increase tissue stiffness as in Xenopus to facilitate
avian neural crest migration [34,35].

While these mechanisms, along with others, promote neural crest EMT, not all EMTSs result
in individual migrating cells. Rather, EMT represents a spectrum between epithelial and
mesenchymal cell states, with intermediate states, termed “partial EMT” between the two
[4,5,7,8]. With differing degrees of mesenchymalization comes different modes of
migration, including collective and individual cell migration (Figure 2) [18,36]. In the
following sections we will discuss how neural crest cells in amniotes adopt individual cell
modes of migration [15,16,37], while those in anamniotes prefer a more collective migration
strategy [13-15,38,39].

cell migration

After EMT, neural crest cells can migrate as individuals, as has been observed in the
hindbrain and trunk region of amniotes [15,16,37]. To date, most of our mechanistic
understanding of this phenomenon comes primarily from studies of cultured fibroblast cells.
A prerequisite for individual cell migration is the acquisition of front-to-back cell polarity, a
process by which a broad fan-shaped lamellipodium protrudes at the leading edge and a
rounded swollen cell body retracts at the trailing edge [40]. This cell polarization is
controlled by the distribution of small GTPases and cytoskeletal components [40]. Racl and
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Cdc42 are restricted to the anterior side to regulate actin assembly to pull the cell body;
meanwhile, RhoA, located on the cell posterior side, promotes the contractility of myosin to
push the cell body forward (Figure 3a) [40]. These two modules coordinate with each other
to drive the net forward displacement of the cell. Remarkably, this operating principle is
maintained by collectively migrating streams, but on a larger scale (Figure 3b), as will be
discussed in the following section. Additional cytoskeleton elements, microtubules, function
as tracks for polarized transportation of the small GTPases [41]. One immediate challenge
for the neural crest field is to test these proposed mechanisms in developing embryos.

The active interactions between these intracellular components provide cells with the ability
to undergo random locomotion; however, to achieve directional migration, extrinsic cues are
required. In general, there are two classes of environmental guidance cues: chemotaxis and
cell-cell contact. During chemotaxis, cells migrate along a chemical gradient [42]. Exposure
to this ligand gradient creates minor differences of both receptor(s) and GTPases along the
major axis of cells. Through a positive-feedback mechanism, this small difference is further
amplified and maintained such that the asymmetrical localization of the two downstream
mechanical components, polymerized actin in the anterior and contractile myosin in the
posterior, is established (Figure 3a). By this means, cells advance by recycling protrusions in
the leading edge and retracting the trailing edge. Presently, chemical cues that may instruct
individual neural crest migration at the trunk level remain unknown. Novel sequencing
approaches and imaging techniques will pave the way to address this long-standing and
interesting question.

In addition to chemotaxis, individually migrating cells are heavily influenced by their
neighboring cells. While cell-cell contact plays a fundamental role in controlling the
streaming behavior of cell migration, it is equally important for individual cell migration.
Compared with chemotaxis, the role of cell-cell contact has been relatively well studied in
neural crest cells. Locomoting neural crest cells frequently collide with each other and
subsequently display different morphological changes and motility based on the region of
cell-cell contact. If the contact occurs between the lamellipodia, cells immediately repel
each other and disperse, a phenomenon called contact inhibition of cell locomotion [43]. On
the other hand, if it occurs between cell bodies, the cells tend to associate with each other,
changing their shapes from a stretched and polarized form into a rounder form (contact
attraction), and then either separate or move as a doublet [37]. In both scenarios, contacting
cells establish adhesion junctions and then disassemble them; however, junctions formed
during contact inhibition are less stable than those formed during contact attraction. This is
likely to result from the differential distribution of myosin and cadherins on the cell
membrane, which as a consequence, modulate stiffness and viscosity of the cells. If the
attraction force is larger than the repulsion force in a contacting events involving many cells,
the cells will move as a cohesive group. As a result, individual cell migration and collective
cell migration are interchangeable under some circumstances [44,45].

Collective migration

Collective cell migration is a migratory mode in which neural crest cells move together with
frequent physical contacts between neighboring cells. Studies in Xengpus and zebrafish

Curr Opin Cell Biol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Piacentino et al.

Page 5

embryos suggest this is the primary mechanism for neural crest migration in anamniotes (see
[17,21] for recent detailed reviews). Briefly, collectively migrating neural crest cells
integrate attractive and repulsive signaling events to maintain directionality and confinement
to discrete migratory streams [38,39,46,47], while N-cadherin-mediated cell junctions
mediate contact inhibition of locomotion to maintain cell spreading and tissue fluidity
(Figure 3b) [14,43,48]. Collectively migrating clusters in Xenopus and zebrafish display
“supracellular” behaviors. While leading cells show extensive activation of Racl to promote
filopodial and lamellipodial protrusions, the trailing cells do not activate Racl and extend
minimal filopodia [13]. The rear-most cells use RhoA to drive myosin light chain
phosphorylation and actomyosin contractile forces, propelling the migratory cluster forward
(Figure 3b) [13].

Directionality and confinement of collective neural crest cell migration is mediated by
attractive and repulsive chemokines and environmental signals (Figure 3b). While the
necessity of these individual cues has been demonstrated previously (reviewed in [17,21]),
recent studies have begun to address how migrating cells simultaneously integrate multiple
cues and further translate them into stereotypical cellular behaviors at both individual and
population levels. Comprehensive analysis of combinations of attractive Sdfl cues and
repulsive Sema3A cues indicate that these two signals provide reciprocal inputs into the
same cell, and together coordinate directional movements [47]. At the leading edge of a
migratory cluster, Sdf1 binding to its receptor CXCR4 activates Racl and subsequent
directional actin polymerization and cell-matrix adhesions [47]. Simultaneously, cells at the
trailing edge of the migrating cluster experience Semaphorin-mediated repulsive cues to
inhibit Racl activity, leading to de-adhesion from the matrix [47].

While chemotaxis in response to secreted ligands has been a primary focus in the neural
crest field, it is likely that migrating neural crest cells also respond to extracellular matrix
(ECM)-mediated migratory mechanisms including durotaxis and haptotaxis. ECM stiffness
clearly influences neural crest EMT [34], suggesting that durotaxis may also play an
important role in later neural crest migration. In parallel, neural crest cells are likely to use
haptotaxis to migrate in response to ECM adhesiveness. Further studies that combine
complex signaling events with three-dimensional ECM components are needed to address
how neural crest cells navigate their complex environments, and how these mechanisms vary
between species is of great interest.

While migrating clusters are directed through external signals, cell-cell interactions amongst
neural crest cells maintain tissue cohesiveness, fluidity, and polarity. Many of these
mechanisms are mediated by N-cadherin interactions (Figure 3b). N-cadherin junctions
between two migrating cells trigger contact inhibition of locomotion, which stimulates
RhoA activity at the junction site, and polarizes Racl activity away from the junction, thus
promoting neural crest cells to spread [14,43,49]. PDGF signaling, both as a chemoattractant
and activator of N-cadherin transcription, is necessary for contact inhibition of locomotion
during migration [50]. In addition, the gap junction protein Connexin 43 is expressed in
premigratory and migratory neural crest cells; however, migratory cells translate a truncated
isoform of Connexin 43 from an internal ribosomal entry site [51]. Surprisingly, this
Connexin 43 isoform complexed with basic transcription factor 3 enters the nucleus to
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directly activate N-cadherin transcription [51]. While these mechanisms maintain N-
cadherin expression, the strong adhesion property of N-cadherin interactions may decrease
tissue spreading; thus, contact inhibition of locomotion interactions must be transient.
Lysophosphatidic acid (LPA) signaling through the receptor LPAR2 acts to promote
internalization of N-cadherin from junction sites to facilitate deadhesion [48]. LPAR2
signaling is necessary to maintain tissue fluidity, and loss of LPAR2 increases tension across
the migrating cell cluster leading to failure to invade into confined streams [48]. Together,
these mechanisms help to regulate N-cadherin function to allow for successful collective
migration.

N-cadherin interactions between collectively migrating cells are also critical to control
collective chemotaxis, in which a migratory cluster remains polarized toward a
chemoattractant. While Sdf1/CXCR4 signaling potently attracts collectively migrating
neural crest cells, N-cadherin loss strongly diminishes the directionality of neural crest
migration [52]. These N-cadherin interactions act to suppress Racl activation and protrusion
formation within the migrating cluster, effectively polarizing directionality by promoting a
chemotactic response only at the free edge of the cell cluster [52].

Some recent studies have proposed a model in which migrating cell collectives adopt leader/
follower cell behavior. In this scenario, leader cells at the distal migratory front respond to
environmental cues to invade adjacent tissues while simultaneously attracting the trailing
follower cells [46,53,54]. Leader cells in the chick embryo respond to environmental cues
and display a distinct transcriptional signature from follower cells [53,54]. Consistent with
this, leaders express aquaporin 1, a transmembrane channel protein located on
lamellipodium, which promotes matrix metalloprotease activity and accordingly degrades
the ECM, thus permitting the whole stream to move forward [55]. Zebrafish trunk neural
crest cells display strict leader/follower commitment; when the leader cell is ablated, the
neural crest stream halts migration and awaits a new cell to delaminate from the
premigratory pool, overtake the follower cells, and resume migration as a new leader [15].
However, data from other organisms suggest that this is not a pan-vertebrate phenomenon. In
Xenopus, for example, rear contractions drive trailing cells forward within migratory
clusters, resulting in leader cell displacement toward the back and continuous exchange of
leaders and followers [13]. In chick and zebrafish, migrating cranial neural crest cells
frequently exchange positions and thus do not maintain a leader/follower identity [15,16].
Further single-cell analysis will be required to examine the transcriptional profile of leader/
follower cells in different contexts and to determine if these expression profiles are
autonomously committed or are nonautonomously maintained in leader cells.

Conclusions and Perspectives

Since its discovery over 150 years ago, defining the molecular and cellular principles of
neural crest EMT and migration is both fascinating and challenging to developmental
biologists. Recent work on the neural crest has supported the notion that EMT is not a strict
transition from epithelial to mesenchymal cell types, but rather that neural crest cells in
different species adopt migratory approaches with differing degrees of mesenchymalization
(Figure 2). Studies over the next few years are expected to provide additional insights that
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will further our understandings of EMT. The majority of functional studies have focused on
neural crest cells that migrate through well-defined streams such as the branchial arches or
segmented by somites in the trunk, yet many interesting questions remain. For example, how
is directionality maintained in less-confined environments such as for neural crest migrating
from the midbrain level?

Neural crest cell migration in the zebrafish trunk shows clear leader-follower cell behaviors,
suggesting that these identities are committed at the time of delamination [15]. As a leader
cell is ablated, the trailers pause and wait for a new leader cell to delaminate and overtake
the migratory stream in order to direct continued migration [15]. How do neural crest cells in
this migratory chain communicate? One possibility is that functional gap junctions mediate
intercellular communication of chemical signals across the stream, such that a leader cell
passes information down the stream to the premigratory neural crest pool [51,56,57]. If so,
ablation of the leader cell may disrupt this communication, signaling the delamination of a
new leader cell. Alternatively, this intercellular communication could be maintained by a
balance between tension forces and adhesion forces. The combination of mechanical sensors
and fluorescence lifetime imaging will provide a solution to test this possibility.

Since neural crest cells are conserved across vertebrates, they represent an excellent model
to ask how different modes of migration may have evolved. Many of the cues and gene
networks controlling EMT are highly conserved, but it will be fascinating to uncover if there
are unique contributors to EMT that promote collective migration in anamniotes and
individual cell migration in amniotes. Is it possible to drive amniote-like EMT and migration
in anamniotes, and vice versa? Finally, what were the evolutionary pressures that dictated
the adoption of individual or collective cell migration modules in these species? These
questions and more will help guide the future of EMT research in the neural crest field.
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Figure 1. Neural crest development and axial levels of origin.
(a) Neural crest cells are induced during gastrulation in the neural plate border between the

neural plate and the nonneural ectoderm. During neurulation, the neural crest becomes
specified and the neural folds reposition the neural crest to the dorsal midline. Following
neural tube closure, premigratory neural crest cells undergo an epithelial-to-mesenchymal
transition and delaminate from the neural tube to migrate throughout the embryo. (b) Neural
crest cells arise from nearly all axial levels in the vertebrate embryo, and are categorized into
four broad groups (cranial, vagal, trunk, and sacral) based on their level of origin along the
anterior-posterior axis.
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Figure 2. Neural crest epithelial-to-mesenchymal transition produces migratory cells of varying
degrees of mesenchymalization.

(a) Representative images (top panels) and schematics (bottom panels) displaying neural
crest cells at varying degrees of epithelial-to-mesenchymal transition. Premigratory neural
crest cells reside in the neuroepithelium exhibit highly epithelial characteristics including
tight cell adhesions, as demonstrated by cadherin6B expression in chick cranial neural crest
(left). Collective migration of neural crest cells occurs when there is a partial downregulation
of epithelial, and upregulation of mesenchymal, characteristics. The resulting migratory cells
traverse their environment as tight clusters or in chains with extensive cell-cell contacts, as
illustrated by migrating zebrafish trunk neural crest (center). In contrast, individually
migrating neural crest cells are more completely mesenchymalized and move through their
migratory paths as free cells with more infrequent and transient interactions with one
another, as is evident in the trunk of chick embryos (right). (b) Epithelial-to-mesenchymal
transition is best considered as a spectrum of cell states ranging from epithelial to
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mesenchymal, rather than a binary switch between the two. Listed are a selection of
common gene signatures expressed in more epithelial (left) and more mesenchymal (right)
neural crest cells.
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Figure 3. Individually and collectively migrating neural crest cells utilize many of the same
cellular mechanisms for migration.

(a) Individually migrating neural crest cells undergo chemotaxis to maintain directional
movement. Binding of the chemokine to its receptors on the cell surface polarize the activity
of the small GTPases Racl, Cdc42, and RhoA. At the leading edge, Rac1/Cdc42 activation
promotes actin polymerization to extend lamellipodia and filopodia, allowing for new
adhesions with the neighboring environment. RhoA activity is restricted to the trailing edge
where it controls myosin phosphorylation and actomyosin contractions, propelling the cell
forward. Infrequent N-cadherin interactions between individually migrating cells further
shape their directionality. (b) In collectively migrating neural crest cells, chemotaxis
similarly promotes leading edge Rac1/Cdc42 activation and actin polymerization in the
leading cells. Trailing cells, however, activate RhoA to mediate supracellular contractions to
move the migratory cluster forward. Simultaneously, frequent N-cadherin interactions
maintain cluster spreading and fluidity through contact inhibition of locomation.
Collectively migrating cells are tightly confined by adjacent repulsive cues which aid to
maintain cohesiveness of the migratory tissue.
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