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Abstract

Collective cell migration is a process whereby cells move while keeping contact with other cells.
The Xenopus Cranial Neural Crest (CNC) is a population of cells that emerge during early
embryogenesis and undergo extensive migration from the dorsal to ventral part of the embryo’s
head. These cells migrate collectively and require cadherin mediated cell-cell contact. In this
review, we will describe the key features of Xenopus CNC migration including the key molecules

driving their migration. We will also review the role of the various cadherins during Xenopus CNC

emergence and migration. Lastly, we will discuss the recent and seemingly controversial findings
showing that E-cadherin presence is essential for CNC migration.
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1. Introduction

Cell migration is wide spread in the animal kingdom. During embryogenesis, cell migration
is a critical part of morphogenesis (e.g. gastrulation, organogenesis), while in adults, cell
migration plays a key role in immune defense through chemotactic responses of leukocytes
and in tissue repair and regeneration. Surprisingly, many migrating cells start out as
epithelial cells. These are immobile, highly polarized cells with strong cell-cell adhesions
mediated by Adherens Junctions (/.¢. intercellular junctions that join the actin cytoskeleton
of each cell to the plasma membrane and form adhesive contacts between cells), and Tight
Junctions (7.e. intercellular junctions that result in close juxtaposition of plasma membranes
creating a permeability barrier). These adhesive properties, which result from interactions of
cell-cell attachment proteins belonging to the cadherin family, give epithelia mechanical
resilience and barrier function. Epithelial cells are ill equipped to perform cell migration,
which typically requires a decrease in cell-cell adhesion, an increase in cell-extracellular
matrix adhesions and activation of the actin-myosin based cytoskeleton (Ridley et al., 2003).
While epithelium can undergo collective cell migration during embryogenesis (Montell et
al., 2012), often the acquisition of cell motility is associated with an epithelium to
mesenchyme transition (EMT). This is achieved notably by modulating the expression and
activity of cadherins, which mediate intercellular junctions. A comprehensive review of all
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the cellular changes occurring during EMT has been published elsewhere (Nieto et al.,
2016). Note that the full conversion from epithelial to mesenchyme does not have to be
complete for cells to migrate and a couple of metastable states of EMT have now been
described where cells undergo efficient migration while maintaining strong cell-cell contact
(Nieto et al., 2016). The Xenopus laevis cranial neural crest (CNC) migrates in such a way
(Alfandari et al., 2003). The goal of this article is to review and revisit the role of some of
the cadherins (namely E-cadherin, N-cadherin and cadherin-11) during the migration of
Xenopus CNC.

2. Xenopus Cranial Neural Crest

During early development of vertebrate embryos, the neural crest cells (NC) emerge from
the sensory layer of the ectoderm, more specifically at the transition between the neural
(future central nervous system) and non-neural (epidermis) ectoderm (Fig. 1A). Once
induced, the CNC will stay stationary for a while, a phase called pre-migratory stage.
Starting at the late neurula stage, these cells enter their migratory stage and acquire motility.
The directionality of their migration depends on their antero/posterior origin: most cells will
migrate ventrally but some, like the ones originating from the nuchal area or caudal area
(called vagal and sacral crest), can also migrate antero/posteriorly. Once the cells reach their
destination, they will differential into a variety of cell types and tissue (Le Douarin, 1980).
The cranial neural crest (CNC) represents a subgroup of these cells that emerge at the most
anterior part of the neural tissue. These cells distinguish themselves from the other NC in at
least three ways. They are the first to emerge, segregating themselves from the
neuroectoderm and emigrating well before the end of neurulation (Fig. 1A). Secondly, they
undergo collective cell migration. Thirdly, they give rise to a wider array of derivatives than
any other NC types, some of them specific of the cranial lineage (endothelial cells,
chondrocytes and osteocytes of all of the viscerocranium and most of the neurocranium and
odontoblasts).

Wilhem His has discovered the neural crest in 1968 and their embryological origin and
derivatives have been extensively studied in chicken and amphibian for the better part of the
20th century (Horstadius, 1950; Le Douarin, 1980). The molecular underpinnings of NC
development have been investigated more recently using a wider array of model systems
including zebrafish and mouse. Xenopus laevis studies, while more recent, have made a
sizable contribution to the CNC field. The development of classical embryological
techniques (CNC grafts, explants and targeted injections), coupled to the well described
strengths of the Xenopus model system (e.g. in vitro fertilization, ex-utero development,
strong biochemical tools) and the emergence of better molecular biology tools were
instrumental in the rise of Xenopus as model system for the study of collective cell
migration in general and CNC migration in particular.

Many groups have surgically manipulated amphibian embryo to study the origin, migration
path and fate of the neural crest in both Xenopus (Macmillan, 1976; Sadaghiani and
Thiebaud, 1987) and Axolotl (Horstadius, 1950). They tracked the neural crest by using vital
dye (Horstadius, 1950), differentiation marker such as pigmentation (Macmillan, 1976) or
histological markers when interspecies grafts were performed (Sadaghiani and Thiebaud,
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1987). At the turn of the millennia, two groups set out to study the migration of CNC in live
Xenopus laevis embryos by combining the grafting techniques described by their
predecessor with the live lineage tracer GFP (Borchers et al., 2000; Carl et al., 1999). They
performed their grafts at early neurula stages (stage 14 to 16 respectively), allowing them to
fully exploit a key advantage of the Xenopus CNC; the ability to dissect an almost pure
population. Indeed, the Xenopus CNC can be distinguished morphologically from the rest of
ectodermal derivatives (neural plate, epidermal ectoderm) as soon as stage 14 (early neurula
stage) but does not migrate until the end of neurulation (stage 19) (Sadaghiani and Thiebaud,
1987) (Fig. 1A). This allows the isolation of a population of CNC free of any neural,
placodal, ectodermal or mesodermal contaminants hours before they migrate. The purity of
these explants has been ascertained by /n situ hybridization (Alfandari et al., 2003) and qRT-
PCR (Huang et al., 2016). Incidentally, these explants can also be performed at the post-
migratory stage (Huang et al., 2016) (H. Cousin, unpublished observations). Another
advantage of the Xenopus system is that the geometry of their embryos makes them
amenable to time-lapse imaging /n vivo. Other model system such as mouse and zebrafish
embryos has a pronounced ventral curvature and a relatively isometric distribution of their
tissues along the mediolateral and dorsoventral axis, making the visualization of the
migration of the entirety of CNC challenging. In the case of some model systems, like fish,
the localization of the yolk on the ventral side of the embryo further complicates
visualization of the late events of CNC migration and development. The Xenopus embryos
however, have flattened sides, giving an un-impeded view of the CNC migration from stage
20 onward.

Alfandari and colleagues developed the first in vitro CNC migration assays (Alfandari et al.,
2003). While explants have been developed in other species and particularly chicken
embryos, Xenopus offered many advantages over them. For example, as mentioned above,
the CNC explant can be obtained pure with no contaminant that may complicate data
analysis (e.g. the neural tube). The presence of yolk in the cells also frees the experimenters
from adding any growth factors that could introduce experimental bias. The morphological
analysis of these Xenopus CNC explant experiments yielded a few surprising findings.
Firstly, fibronectin is both necessary and sufficient for Xenopus CNC migration. While the
CNC express several fibronectin binding integrins, they only seem to use integrin a5p1 for
their migration (Alfandari et al., 2003). Secondly, the behavior of these CNC during their
migration /n vitrois unique, including the formation of segments in a tissue autonomous
manner (Fig. 2A). They also migrate in two clearly distinct phases. During the first phase of
migration, the CNC cells adopt a pseudoepithelial morphology and keep strong contact with
one another while migrating (Fig. 2A). This first phase lasts 4-5 h at 18 °C and was hamed
at the time, sheet migration. During the second phase, the cells adopt a more mesenchymal
morphology and undergo single cell migration (Fig. 2A). The sheet migration terminology
has been renamed “collective cell migration” by Dr. Roberto Mayor, a historical term coined
by cancer biologists used to described the migration pattern of metastatic cells. However,
this renaming may, in retrospect, be unfortunate as mesenchymal CNC cells still requires
extensive and transient cell-cell contacts with fellow CNC cells to migrate appropriately
(Theveneau et al., 2010). Nonetheless, for the sake of continuity, we will refer CNC cells in
their “sheet migration” phase as cell undergoing “collective migration”. The collective
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migration is also observed /7 vivo and this collectiveness proved to be essential for multiple
aspects of CNC migration (see below). One example from the original publication showed
that while intact CNC explants could not migrate on laminin, dissociated cells from the same
stage explant could, demonstrating the importance of intercellular contacts to restrict the
migration potential (Alfandari et al., 2003). The second phase of migration has yet to be
confirmed /n vivo but could be at the origin of the thorough invasion of cephalic tissues by
the CNC, which is essential for their proper differentiation. This collective migration was
met with skepticism at the time, as it seemed to be unique to the Xenopus CNC model.
However it was not the first time these observations were made in the neural crest
community and it has since been confirmed that avian cephalic NC keep short range contacts
with one another throughout their migration (Erickson, 1985; Kulesa and Fraser, 1998;
Teddy and Kulesa, 2004). The main difference is that the CNC of amniotes tend to migrate
in chains while those of Xenopus migrate in sheets. Even more interesting is that collective
migration is also observed in pathological types of cell migration including cancer
metastasis (Bidard et al., 2008; Christiansen and Rajasekaran, 2006; Friedl and Wolf, 2003).
In any case, the ability to study CNC migration both /in vitro and /n vivo has allowed
investigators to perform extensive investigations of the molecular mechanisms of CNC
migration, uncovering new roles for certain molecules such as ADAM metalloproteases and
refining the role of others such as N-cadherin and Sdf1 (Alfandari et al., 2010; Cousin et al.,
2011; Theveneau et al., 2010).

3. The neural crest as a model of physiological EMT and cell migration

Since 1999, CNC migration studies in the Xenopus model have greatly helped our
understanding of the molecular underpinnings of neural crest induction and migration and
many excellent reviews detail these discoveries (Scarpa et al., 2016; Simoes-Costa and
Bronner, 2015; Theveneau and Mayor, 2012). For migration to occur, CNC need to separate
from the neuroectodermal epithelium and then respond to various environmental cues to
migrate ventrally. Both events rely on the ability of CNC to undergo at least partial EMT,
which is achieved by changing the level of expression of various cadherins including E-
cadherin, N-cadherin and cadherin-11 (Borchers et al., 2001; Scarpa et al., 2015; Theveneau
et al., 2010). Then the cells respond to the chemoattractant Stromal-cell derived factor 1
Sdfl (aka CXCL12), which is secreted by the cranial placodes and to which the CNC
respond viatheir cognate receptor C-X-C Motif Chemokine Receptor 4 (CXCR4)
(Theveneau et al., 2010). The requirement of Sdf1l/CXCR4 for CNC migration appears also
critical in other species (Duband et al., 2016; Escot et al., 2013; Olesnicky Killian et al.,
2009; Rehimi et al., 2008; Yusuf et al., 2005). The response to Sdfl is optimal when the
CNC cells have physical contact with each other. CNC cells must stay together and while
this appears at first counter intuitive, it is a major driver of CNC migration. As the leader
cells (defined as the cells at front of the explant and therefore have a free edge) respond to
the Sdfl gradient, all CNC cells secrete the complement component 3a (C3a), which at this
stage is used as a chemoattractant. CNC cells express the receptor C3aR and therefore
respond to C3a by migrating toward one another (Carmona-Fontaine et al., 2011). This
system allows the cells to stay together which is essential for the Sdf1/CXCR4 to function
properly (Theveneau and Mayor, 2012). In order to keep cells moving once they contact one
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another, a system must be in place to reverse the effect of this C3a based mutual attraction.
The Contact Inhibition of Locomotion (CIL) fulfills this function and many more (Carmona-
Fontaine et al., 2008b).

CIL is a process whereby the migration of mesenchymal cells is affected by their interaction
with other cells (Abercrombie and Heaysman, 1953). This process affects the migration of
mesenchymal cells, whether they are involved in a pathological process, like cancer
metastasis, or a physiological process, like CNC migration. The molecular mechanisms
responsible for CIL vary from cell type and model system but they all depend on the cell-
cell contact signaling machinery. In Xenopus, CIL requires the activation of the Wnt-Planar
Cell Polarity (PCP) pathway. This activation requires N-cadherin and cadherin-11 and
modulates the activity of small GTPases RhoA and Racl at a specific location within cells
(Becker et al., 2013; Carmona-Fontaine et al., 2008a, 2008b; Matthews et al., 2008a, 2008b;
Theveneau et al., 2010; Theveneau and Mayor, 2013). RhoA activates the cell’s cytoskeleton
contraction, which is essential for retraction of the migratory cell’s trailing edge. Racl
mediates new actin polymerization at the cells leading edge and therefore keeps the cell
moving forward (Ridley and Hall, 1992; Ridley et al., 1992, 2003). The activation of Racl
and RhoA by the PCP pathway results in the separation of cells at their point of contact (/.e.
the trailing edge) and the development of a new leading edge at the opposite site ultimately
leading the cells to migrate in opposite directions. The self-attraction of neural crest
combined with the CIL is likely to account for the ability of CNC to migrate /in vitroin the
absence of chemoattractant. The transition from “sheet” migration to single cell migration
observed /n vitro could be the result of a loss of C3a responsiveness or the emergence of a
putative scattering factor (Fig. 2A and B, last panel). Alternatively, the single cell migration
could be the result of the down regulation of cadherins. In this regard, the inhibition of
metalloproteases by a broad range inhibitor (Marimastat) decreases the number of single
cells during the second phase of CNC migration /n vitro but has no effect on the initial phase
(McCusker et al., 2009). These metalloproteases are known to cleave various cell adhesion
molecules, including cadherins (Maretzky et al., 2005; McCusker et al., 2009; Najy et al.,
2008; Reiss et al., 2005; Uemura et al., 2006). Last but not least, many other extrinsic
contributors to CNC migration, such as chemorepellents, also contribute to the directed
migration and the proper homing of the CNC (Theveneau and Mayor, 2012). In summary,
two opposite intrinsic forces provide a balance that stimulates migration away from the CNC
mass (CIL) while maintaining cohesion between cells (co-attraction). Extrinsic factors
provide directional cues to this dynamic system to move the entire cell population
collectively.

4. Overview of cadherin function during CNC migration

Cadherins are members of a superfamily of single pass transmembrane proteins, originally
described to mediate homophilic calcium-dependent cell-cell adhesion (Sano et al., 1993;
Sotomayor et al., 2014). Members of this family contain a unique extracellular domain
composed of between 5 and 34 repeats of cadherin motifs (called EC domains), the majority
containing only 5 or 6 (Sotomayor et al., 2014). They are the primary molecules responsible
for the differential adhesion principle observed by Townes and Holtfreter (1955) and defined
by Steinberg (1963, 1964) which provides a simple yet elegant way to segregate cells into
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various tissues and organs based on quantitative differences in cell-cell adhesion (Gumbiner,
2005; Nelson, 2008; Stepniak et al., 2009). Other functions have been described since then
and many new members have been identified based on their molecular structure and
function. Based on the sequence of their cytoplasmic domain and function, cadherins are
classified into classical (type | or type 1), desmosomal (desmocolin and desmoglein),
protocadherins (alpha, beta and gamma) and unclassified (aka epsilon) (Sotomayor et al.,
2014).

4.1. The type | cadherins

The classical type | cadherins typically mediate homotypic cell-cell adhesion while
anchoring to the cytoskeleton by binding to catenins. N-cadherin and E-cadherin are
grouped in that category. As described above, N-Cadherin has to be expressed for CNC to
migrate. Conversely, E-Cadherin expression is downregulated at the beginning of CNC
migration. This downregulation has been observed in many EMT and migration events,
including cancer cell metastasis and mesoderm ingression during amniotes gastrulation
(Cano et al., 2000; Ciruna et al., 1997; Damjanov et al., 1986; Edelman et al., 1983). While
the downregulation of E-cadherin and the up-regulation of N-cadherin is often used as an
indicator of EMT, data are accumulating showing that this downregulation may not be
strictly required for the acquisition of cell motility, at least in some instances such as
mesoderm ingression or the metastasis of certain types of cancer (discussed below). New
findings by Huang and colleagues show that in CNC, E-cadherin protein function may in
fact be required for cell migration and we will discuss their results in the last section of this
review (Huang et al., 2016).

4.2. The type Il cadherins

The type 1l cadherins are traditionally expressed in mesenchymal cells. They usually display
weaker homophilic binding properties. In chickens, Cadherin 6, 6B, 7 and 11 play an
important role during NC migration (Chalpe et al., 2010; Clay and Halloran, 2014; Coles et
al., 2007; Inoue et al., 1997; Nakagawa and Takeichi, 1995; Park and Gumbiner, 2010, 2012;
Simoes-Costa and Bronner, 2015) In Xenopus, cadherin-11 seems to be the main type Il
cadherin (Hadeball et al., 1998; Vallin et al., 1998). In Xenopus, cadherin-11 is quite
specifically expressed in the neural crest and is essential for CNC migration. Its function
requires both the intracellular and the extracellular domains. The cadherin-11 extracellular
domain is cleaved by the metalloproteases ADAM9 and 13 generating a fragment EC 1-3
containing the first 3 cadherin repeats, that is necessary for CNC migration (McCusker et al.,
2009). This fragment can only be detected at the onset of migration and the replacement of
endogenous cadherin-11 by an engineered uncleavable form of the protein does not support
CNC migration, demonstrating that cadherin-11 cleavage is essential for neural crest
migration (Abbruzzese et al., 2016; McCusker et al., 2009). Since the homophilic binding
domain of EC1-3 is dispensable for CNC migration, it is unlikely that EC1-3 acts as an
antagonist of homophilic interactions between CNC cells (Abbruzzese et al., 2016). It is
interesting to note that ADAM metalloproteases can also shed N- and E-cadherin
extracellular domains /n vitro (Najy et al., 2008; Reiss et al., 2005) and that these N-terminal
fragments also have biological properties such as activating Receptor Tyrosine Kinases
(Cifuentes-Diaz et al., 1994; Najy et al., 2008; Paradies and Grunwald, 1993). It is therefore
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possible that the cadherin-11 EC1-3 fragment may do the same. In addition, the depletion of
the extracellular domain of cadherin-11 or the overexpression of the EC1-3 fragment in
Xenopus leads to loss of CIL and directionality of the CNC (Abbruzzese et al., 2016; Becker
etal., 2013). The intracellular domain of cadherin-11 has also a crucial function for CNC
migration. It binds to the guanidine exchange factor (GEF) trio and modulates small Rho-
GTPases, which in turn, are essential for the formation of filopodia and lamelipodia during
cell migration (Kashef et al., 2009). Recently, cadherin-11 was shown to localize to nascent
focal adhesion and to interact with Syndecan-4 suggesting that this cadherin may regulate
cell ECM interaction in the neural crest (Langhe et al., 2016).

4.3. The protocadherins

Protocadherins are non-classical cadherins that contain 5 EC repeats or more in their
extracellular domain and lack a docking site for g-catenin in the cytoplasmic domain (Angst
et al., 2001; Sotomayor et al., 2014). Like many classical cadherins, protocadherins play a
role in the differential adhesion events during embryogenesis (Chen and Gumbiner, 2006).
While protocadherins are capable of homophilic adhesion, they are weak (Chen and
Gumbiner, 2006; Sotomayor et al., 2014). They can also mediate differential cell adhesion
by modulating classical cadherin based interactions (Chen and Gumbiner, 2006; Rangarajan
et al., 2006; Schneider et al., 2014). For example, AXPC (Axial protocadherin) and PAPC
(paraxial protocadherin) modulate C-cadherin activity during gastrulation to separate the
axial mesoderm (future notochord) from the paraxial mesoderm (future somites) (Kuroda et
al., 2002; Yamamoto et al., 1998). In the case of PAPC, it has been shown that it does so in a
Wnt11/Fz7 dependent manner (Kim et al., 1998; Kraft et al., 2012). In Xenopus CNC, only
PCNS and PAPC have been shown to have a function during their migration. PCNS
(Protocadherin expressed in Neural Crest and Somites) is the ho-molog of human PCDH 8.1
and as the name suggests, is expressed in the CNC (both premigratory and migratory) as
well as two pairs of somites undergoing or having recently undergone segmentation
(Rangarajan et al., 2006). The loss of PCNS in the CNC prevents their migration /n vivoand
in vitro. PAPC (paraxial protocadherin), the homolog of human PCDH 8.2, is also expressed
in the CNC but at levels barely detectable by /n situ hybridization (Schneider et al., 2014).
While its knock down does not affect CNC migration, its misexpression rescues the loss of
PCNS effect on CNC migration (Schneider et al., 2014). Considering that PCNS and PAPC
share 65% amino acid identity, this indicate that the PCNS domain involved in CNC
migration is also present in PAPC. Interestingly, while PAPC is able to mediate cell sorting
in animal cap ex-plants, PCNS cannot, indicating that PCNS function is unlikely to be
related to its ability to modulate homophilic cadherin interactions (Rangarajan et al., 2006).

5. E-cadherin versus N-cadherin: switch or change in function?

5.1. Dynamic cadherin expression during the various stages of NC development

For the neural crest to undergo migration, the NC needs to first separate themselves from the
neuroectoderm and ectoderm sensory layer (Fig. 2A). The molecular underpinnings of these
transitions have been extensively studied in the trunk neural crest cells. To achieve tissue

segregation, the NC decrease the expression of type | cadherins like N-cadherin and increase
the expression of type Il cadherins like cadherin-11, 6B) (Akitaya and Bronner-Fraser, 1992;
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Coles et al., 2007; Dady et al., 2012; Duband et al., 1988; Nakagawa and Takeichi, 1995;
Nieto et al., 2016; Taneyhill et al., 2007). To initiate NC migration, the cells need to undergo
either partial or complete EMT, which entails the down regulation of E-cadherin, and the
activation of the migration machinery. It is important to note that in the trunk, the neural
crest cells are part of the dorsal neural tube within an epithelium surrounded by a basement
membrane prior to their emigration. The change of expression in cadherins, called cadherin
switch, is pivotal in both instances (Duband et al., 1988; Nieto et al., 2016). However, in the
CNC, which are not part of the closing neural tube, persistent expression of E-cadherin has
been observed in pre-migratory and early migratory stages (Dady et al., 2012; Lee et al.,
2013). While these observations need to be further explored in other species, they suggest
that the CNC, at least in two animal species, may have slightly different mechanism to
achieve their migration. The discovery of a weak but physiologically relevant expression of
E-cadherin in Xenopus CNC leads credence to that line of thought.

In Xenopus CNC, a complete description of the junction proteins during development is
lacking and therefore the exact status of the EMT prior to and during migration is not clear.
The collective behavior of CNC suggests that the EMT may be partial with the cells keeping
significant cell-cell adhesions for the first few hours of their migration. This behavior could
be correlated with a robust expression of the N-cadherin (Dady et al., 2012; Duband et al.,
1988; Lee et al., 2013; Nieto et al., 2016; Scarpa et al., 2015; Theveneau et al., 2010;
Theveneau and Mayor, 2013). In other species, the expression of N-cadherin in the NC has
also been observed (Duband et al., 1988; Monier-Gavelle and Duband, 1995; Piloto and
Schilling, 2010; Powell et al., 2015; Xu et al., 2001). The cadherin switch seen during EMT
events such as cancer metastasis, can be described to happen in either two ways. The first is
the “swap” of expression between two cadherins (e.g. E-cadherin off and N-cadherin on).
The second the “turning on” of the expression of one (or more) cadherin necessary for cell
motility (e.g. N cadherin and cadherin-11 need to be expressed in CNC) (Wheelock et al.,
2008). The neural crest studies done so far, performed in majority on trunk neural crest
inferred that the “swap” between E and N-cadherin is employed to initiate their migration.
However, the data recently accumulated on the CNC in chick, mouse and now Xenopus
seems to indicate that a remnant of E-cadherin is still present in these CNC and may have a
physiological role to play during their migration (Dady et al., 2012; Huang et al., 2016; Lee
etal., 2013). It implies that the cadherin switch in that case fit with the model of a rheostat.

The initiation of the cadherin switch usually happens through the expression of transcription
factors. Slug (Snaill) and Snail (Snail2) negatively regulate the expression of type |
cadherins in both the Neural Crest and cancer cells (Chaffer et al., 2016; Simoes-Costa and
Bronner, 2015). During embryo development, these transcription factors are expressed
strongly and specifically in the neural crest across the phylum (Nieto et al., 2016). In
addition to the transcriptional regulation, other factors have been shown to contribute to the
cadherin switch including, proteolytic cleavage, increased turn-over of E and N-cadherin as
well as a change in surface localization of N-cadherin in the premigratory and migratory
CNC (Nieto et al., 2016; Wheelock et al., 2008).
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5.2. N-cadherin presence is essential for CNC migration

N-cadherin has been implicated in different aspects of NC migration. In Xenopus, it plays at
least 2 critical roles. First, it mediates the CIL between CNC cells, which is, as we have seen
above, one of the main engines behind their migration (Theveneau et al., 2010). Second, it
mediates the repulsion between CNC cells and placodes, which plays a critical role during
CNC migration (Theveneau et al., 2013). As mentioned above, cranial placodal ectoderm is
the source of the chemoattactant Sdf1. However, these placodes are localized close to the
neural tube at the onset of CNC migration, which begs the question of how the CNC are able
to migrate past the placodes toward the ventral-most part of the embryo. Theveneau and
colleagues elegantly addressed the issue when they uncovered the “chase and run” behavior
between the placodes and the CNC (Theveneau et al., 2010). Once the CNC reach the
placodes, they form transitory homophilic N-cadherin based adhesions, resulting in Racl
inhibition in these cells and therefore leading to CIL. In response to CIL, some of the
placodes move ventrally, away from the CNC (the “run” part of the process). As they move,
so does the Sdf1 source, attracting the CNC to the placode once more (the “chase” part of
the process). This system is truly ingenious as it allows the CNC, attracted by the placodes,
to migrate ventrally and the placodes to be pushed toward their final destination. It is
important to notice that as the epibranchial placodes still express E-cadherin, these cells stay
together while achieving a collective migration on their own. It is possible that, thanks to
CIL, the emigrating CNC may even be responsible for the elongated form of some of these
placodes such as the epibranchials (Fig. 1B). These events imply dynamic subcellular locali-
zation of N-cadherin and the molecular underpinings of this dynamic are currently under
investigation (Hardy et al., 2011; Powell et al., 2015).

5.3. E-cadherin downregulation is essential for CNC migration

The importance of E-cadherin down regulation at the onset of CNC migration has been
documented in many model systems but it has been recently revisited in Xenopus (Scarpa et
al., 2015). Xenopus CNC CIL is drastically increased at the onset of the migratory stage,
which correlates with the loss of E-cadherin expression and the re-expression the N-
cadherin. Overexpression of E-cadherin is sufficient to block the emergence of CIL behavior
in migratory stage CNC and prevent their migration. If dissociated, single CNC cell can
migrate, indicating that the basal cell machinery for migration is intact. The CNC migration
defects were observed upon overexpression of E-cadherin but not N-cadherin. Lastly, the
effect of E-cadherin misexpression depends exclusively on the p120-catenin docking site
present in the cytoplasmic domain. Migration of E-cadherin overexpressing CNC could be
rescued by decreasing p120 catenin expression. Importantly, decreasing p120 catenin did not
affect E-cadherin and N-cadherin levels in the cells. The authors concluded that the presence
of E-cadherin in CNC explants controls the localization of active racl in a p120 catenin
dependent manner that ultimately results in the inhibition of protrusions formed at the free
edge of pre-migratory CNC. This mechanism would be used to prevent precautious
migration of CNC until E-cadherin level drop below a threshold. In support of this model,
reducing E-cadherin levels by morpholino knock down induced early CNC migration and
CIL.
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5.4. E-cadherin plays a role during CNC migration

Scarpa and colleagues were the first to report the effect of E-cadherin loss on CNC. The
reduction of E-cadherin in pre-migratory neural crest cells resulted in a polarity reversal
with protrusion pointing toward the cell free space, as expected for migratory CNC cells
subject to CIL. Consistent with this apparent precocious activation of CIL, they also
observed an inhibition of CNC cell intermixing, another property of migratory CNC.
Interestingly, the authors have performed the loss of function experiments using multiple
techniques, including a function-blocking antibody that prevents E-cadherin homophilic
binding (Choi and Gumbiner, 1989). While most of their work focuses on the role of the
intracellular domain, this particular experiment suggests that the extracellular domain of E-
cadherin may also have a function during CNC development. This is consistent with the idea
that E-cadherin might aid CNC migration. While these results are consistent with a key role
of E-Cadherin in pre-migratory CNC cells, they do not address a potential role of E-cadherin
during CNC migration. Unfortunately, Scarpa and colleague did not investigate or report the
loss of function experiments in migratory stage CNC /n vitro or in vivo. This is
understandable as the authors did not expect to have any expression of E-cadherin in
migrating CNC and were therefore using the gain of function approach in the migrating
CNC stages. Huang and colleagues have furthered the investigation of E-cadherin role
during CNC migration (Huang et al., 2016).

At first glance, Huang and colleagues’ results seem at odds with the concept that E-cadherin
needs to be turned off in order for cells to achieve EMT and migrate. These authors showed
that the transcription of E-cadherin (and many other type | cadherins) is actually increased /n
vivo throughout CNC migration and that the E-cadherin protein is present in migrating CNC
cell at least at stage 25. Using morpholinos, they showed that E-cadherin knock down
inhibits CNC migration and that this inhibition can only be rescued by the expression of a
morpholino-resistant E-cadherin. No other cadherin tested was able to rescue the defect
strongly arguing for the specificity of the phenotype (XB-cadherin, N-cadherin and
cadherin-11). Rescue experiments performed with mutant forms of E-cadherin showed that
the cytoplasmic domain was dispensable. However, the extracellular domain and more
particularly the homophilic binding site is essential suggesting that E-cadherin homophilic
adhesion is required for CNC migration. /n vitro, CNC lacking E-cadherin display a rounded
morphology, and had a decreased protrusion activity.

Some of these findings conflict with previous observations. Huang and colleagues were the
first to report a clear and dramatic increase of E-cadherin transcripts in the CNC during their
migration using purified isolated CNC (E-cadherin transcript number per cell goes from 4.2
to 16.7) (Huang et al., 2016). However, the presence of E-cadherin protein in the CNC
seems to conflict directly with a previous report (Theveneau et al., 2013). Both groups
performed immunofluorescence on stage 25 embryos sections using two different but well
characterized monoclonal antibodies raised against the extracellular domain. The resolution
of this apparent conflict came from the work of Scarpa et al. (2015). Immunofluorescence
performed on CNC explants at both pre-migratory and migratory stages showed that while
there is a clear reduction of E-cadherin between premigratory and migratory stages, E-
cadherin can still be detected at the migratory stage. While there is admittedly very little E-
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cadherin present, the profound effect of E-cadherin knockdown reported by Huang and
colleagues coupled to all of the controls they performed suggest that this small amount of E-
cadherin has an important role during CNC migration. Immunoprecipitation from labeled
cell surface CNC or western blot of isolated CNC explants will have to be done to confirm
the presence of E-cadherin at the cell surface as well as the presence of potential cleavage
fragments. Using the E-cadherin function-blocking antibody during CNC migration would
also confirm the loss of function finding. It would also be interesting to see if the amount of
E-cadherin found in the CNC correlates or not with the increase of E-cadherin transcripts
and if not, investigate the turnover of E-cadherin at the surface of the CNC. If it does not, it
would mean that these transcripts accumulating in the CNC are actually not translated at the
time of their migration and would open up another line of investigation as to why CNC
would accumulate these untranslated transcripts.

The strongest case for the presence and function of E-cadherin during CNC migration comes
from the loss of function experiments performed by the Kashef group (Huang et al., 2016).
This line of evidence is well controlled, including the rescue of the defects by the re-
expression of physiological levels of E-cadherin. They also showed that the knock down did
not affect the expression of cadherin-11, XB cadherin or even more importantly N-cadherin.
E-cadherin knock down does not appear to affect neural crest specification as the expression
of neural crest markers AP2, c-Myc and Twist remain unchanged. This indicates that the
effect of E-cadherin loss is truly specific to E-cadherin and involves translation of these
mMRNAs. The presence or lack of E-cadherin in the CNC at the time of their migration in
other species is poorly described. The reduction of E-cadherin expression in chicken heads
at the time of CNC has been reported (Rogers et al., 2013) but the head is hardly a pure
population of neural crest. More recently, a comprehensive and systematic analysis of E- and
N-cadherin expression in chicken embryo that revealed that cranial neural crest expressed E-
cadherin protein throughout delamination and at least the initial stages of migration (Dady et
al., 2012). This proved to be true of mouse CNC as well (Lee et al., 2013). To our
knowledge, nobody has shown whether E-cadherin altogether disappears in CNC in other
species. There is however a consensus that E-cadherin needs to be downregulated in order
for the CNC to form and migrate, an observation that was confirmed by the gain of function
experiments (Schafer et al., 2014). The findings by Huang and colleagues suggest that, while
downregulation is important for the Neural Crest development, the presence of some E-
cadherin is required for CNC migration. The presence of E-cadherin protein in mouse and
chick CNC at premigratory and early migratory stages suggest that this role of E-cadherin is
conserved, at least in the tetrapod lineage. Whether the critical evolutionary conserved role
of E-cadherin is to maintain the pre-migratory status or to actually promote CNC migration
or both remains to be determined.

Another discrepancy that can be noticed between the Scarpa and Huang manuscripts is the
behavior of CNC cells lacking E-cadherin /n vitro. Huang and colleagues reported that E-
cadherin knock down cells display cell blebbing and a decrease in protrusive activity /in
vitro. Looking closely at the movies, the cell blebbing appears to correlate with a decreased
cell adhesion on the substrate, which would correlate well with the decrease in cell
protrusion the author reported. On the other hand, the experiment performed by Scarpa and
colleagues at pre-migratory stages shows no gross defect in cell spreading and the authors do
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not report any defects other than the reversal of the protrusive activity mentioned earlier. The
migration of CNC /n vitrois sensitive to multiple factors including the stage of the embryos
at the time of the dissection, the quality of the substrate and the temperature at which the
migration is performed. It is our observation that when the explants are dissected early, they
sometime partially heal and attach to the substrates less efficiently. Of course one of the key
aspects is the concentration of coated fibronectin and to a lesser extent the stiffness of the
substrate. We originally described a range of acceptable FN coating concentrations on non-
tissue culture treated plastic dishes (Alfandari et al., 2003). The lower concentration (1 to 5
pg/ml) tends to lead to more variability while 10 to 20 pg/ml is optimum. To obtain the same
coating concentration on glass, we have had to use up to 50 pug FN/ml with variable results
or alternatively coat gelatin first (1 mg/ml) so that the fi-bronectin (10 to 20 ug/ml) binds
efficiently to the gelatin coat. Based on the methods of both papers, a low coating
concentration by Huang and colleagues may have helped them visualize a subtle difference
in adhesion that may have been absent at higher FN concentrations (Scarpa et al., 2015).
Lastly, the temperature at which the explants are incubated can affect the migration. While
Xenopus CNC can migrate in a wide range of temperature (15 °C to 20 °C), higher
temperatures (above 18 °C) tend to amplify subtle defect in CNC migration and could
account for the difference in phenotype between the 2 studies. The possibility of morpholino
usage discrepancy between the two groups is remote as both groups used the same
morpholino (Nandadasa et al., 2009).

One needs to be careful when interpreting experiments where cadherin levels are
manipulated. The manipulation of cadherin levels can have important repercussions on the
biogenesis of other cadherins and on the activity of the Wnt signaling pathway. Both have
important repercussions in the context of CNC development. The overexpression of classical
cadherin has been shown to affect the pool of available B-catenin and therefore affect
canonical Wnt signaling pathway (Koehler et al., 2013). While the Wnt/g-catenin pathway is
critical for the specification of the neural crest (Simoes-Costa and Bronner, 2015). More
recently, it has been reported that the Wnt/p-catenin signaling pathway need to be carefully
regulated during CNC migration in frogs (Maj et al., 2016). Cadherin-11 overexpression
reduces the pool of B-catenin available for Wnt signaling pathway. This was demonstrated
by rescuing the expression of key markers as well as CNC migration by overexpressing -
catenin (Borchers et al., 2001). For the E-cadherin study, Q-PCR and /n situ hybridization
showed that there is no change in AP2 and cMyc expression in morphant embryos (Huang et
al., 2016). While these tests have not been performed in the case of gain of function
experiments, the isolated CNC cells appeared to migrate properly /n vitro, arguing against an
overall defect in CNC specification (Scarpa et al., 2015). Similarly, changing the expression
of one cadherin has been reported to affect the expression of another (Rogers et al., 2013)
although not always (Coles et al., 2007). Considering that N-cadherin expression is essential
for CNC migration and that the misregulation of one cadherin can alter the expression of
others, Scarpa and colleagues have evaluated the expression of N-cadherin in embryos
overexpressing E-cadherin by western blot (Scarpa et al., 2015). The quantification of their
blot shows a small but detectable decrease in N-cadherin. A careful statistical analysis of the
quantification they performed should determine whether or not this decrease is in fact
statistically significant and if it is, whether is it enough to contribute to the lack of CNC
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migration. However, the inability of N-cadherin to rescue the E-cadherin knock down
suggests that the observed phenotype is not due to a decrease in N-cadherin.

6. Is E-cadherin presence and requirement during CNC migration so
surprising?

The role of E-cadherin in CNC migration is counter-intuitive for two reasons. First because
the classical model of EMT based on the trunk neural crest cell emigration from the neural
tube requires a downregulation of E-cadherin. Second, because E-cadherin is a critical
component of the adherens junction, a structure that maintains stability of epithelium and
keep cells anchored to one another. Our questions should be, are there other evidence of
EMT in which E-cadherin is maintained? And is there evidence of E-cadherin actively
participating in cellular migrations?

The report of E-cadherin expression in a tissue undergoing EMT is not the first one. In
cancer, many tumors have been shown to downregulate E-cadherin and upregulate N-
cadherin at the onset of metastasis. This switch is directly correlated to their ability to
metastasize and is used as a prognosis indicator (Halbleib and Nelson, 2006; Islam et al.,
1996; Johnson et al., 2004; Shimazui et al., 1996). However there are a few instances of
tumors such as breast and ovarian tumors that does not downregulate E-cadherin or even
upregulate it (Halbleib and Nelson, 2006; Kleer et al., 2001; Kowalski et al., 2003; Nieman
et al., 1999; Orlichenko et al., 2010; Wheelock et al., 2008). During embryo-genesis, similar
observations have been made. During fruit fly gastrulation, and more particularly the
mesoderm invagination, the overall level of E-cadherin is similar between the ectoderm and
the mesoderm (Schafer et al., 2014). This suggests that the presence of E-cadherin in the
tissue is not detrimental for gastrulation. While these results indicate that E-cadherin
presence is not detrimental to cell movements, other results shows that E-cadherin is actually
necessary for these movements. For example, E-cadherin is critical for epiboly during
zebrafish gastrulation, (Babb and Marrs, 2004; Kane et al., 2005; Shimizu et al., 2005). This
E-cadherin mediates cell intercalations of the blastomeres during epiboly (Bruce, 2016).
Interestingly, E-cadherin activity is tightly regulated by various factors. The transcription
factor Oct4/Pou5f1 regulates the endosomal trafficking of E-cadherin and the dynamic re-
localization of E-cadherin throughout epiboly processes is critical for gastrulation (Song et
al., 2013). Interestingly, EGF signaling also affects E-cadherin mediated cell movements,
presumably by modulating p120 catenin (Song et al., 2013). E-cadherin has also been shown
to be essential for other collective cell migrations. During drosophila oogenenesis, a group
of cells called border cells migrate collectively from one end of the egg chamber toward the
oocyte through many layers of nurse cells (Montell et al., 2012). The inhibition of E-
cadherin in these cells leads to severe migration defects. The authors showed that cluster
cells achieve this migration by forming homotypic E-cadherin based adhesions with the
nurse cells (Cai et al., 2014). In light of these data, it would be interesting to investigate
whether CNC could also use the E-cadherin-based homophilic interactions between the
CNC and surrounding tissues (e.g. ectoderm).
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In summary, CNC cells need to down regulate their E-cadherin expression in order to initiate
directed migration. The negative effect of E-cadherin on CNC EMT resides within its
cytoplasmic domain and particularly its ability to bind p120 catenin, a master regulator of
cell-cell adhesion and motility (Kourtidis et al., 2013). However, in Xenopus at least, CNC
need to maintain some E-cadherin expression in order for the cells to migrate properly, and
that function relies on the extracellular domain and in particular the residues responsible for
homophilic cell interaction. As shown for cadherin-11, it would be interesting to determine
if the separation of the two domain function (intracellular vsextracellular) could involve
proteolytic cleavage and could explain the difficulty to detect the intact E-cadherin in CNC
using either extracellular or intracellular antibodies.

7. What role might the E-cadherin remnant have on CNC migration?

E-cadherin could affect CNC migration in different ways. It could complex or otherwise
interact with other transmembrane proteins and modulate signaling pathways necessary for
CNC migration. This behavior has been described for other cadherins such as N-cadherin
interacting with the FGF receptor (Cavallaro and Christofori, 2004; Williams et al., 2001).
Another possibility is that the E-cadherin ectodomain is cleaved by a metalloprotease such
as an ADAM (Maretzky et al., 2005; Najy et al., 2008; Reiss et al., 2005) to produce
independent N- and C-terminal fragments (NTF and CTF) with distinct functions. The
resulting extracellular domain fragment (NTF) could participate in loosening cell-cell
contact by competing with cadherin mediated homophilic adhesion (Wheelock et al., 1987).
While E-cadherin cleavage has yet to be demonstrated in Xenopus CNC, the E-cadherin
homophilic binding domain requirement for CNC migration seem consistent with that
interpretation (Huang et al., 2016). However, cadherin extracellular fragments are also
capable of interfering with signaling pathways. In CNC, cadherin-11 is cleaved by ADAM13
and the released EC1-3 is required for CNC migration (McCusker et al., 2009). Since the
EC1-3 activity does not rely on the homophilic binding site, it is unlikely to play a role by
competing with cadherin mediated cell-cell adhesion (Abbruzzese et al., 2016). Instead, it
may be required to activate a de-fined signaling pathway necessary for CNC migration
(Methavan et al., in preparation). Similarly, the N-cadherin NTF has been shown to activate
the FGFR-AKkt-PI3K pathway while a E-cadherin NTF has been shown to activate the EGF
signaling pathway (Her2 and Her3), resulting in increased cell migration in vitro (Brouxhon
et al., 2014; Kohutek et al., 2009; Lyon et al., 2009; Najy et al., 2008). Cadherin cytoplasmic
domain cleavage by gamma secretase has been reported for both E and N cadherin /n vitro
(Marambaud et al., 2002; Marambaud et al., 2003; Uemura et al., 2006). If it were shown to
happen for E-cadherin in the context of CNC, it would provide an elegant way to remove
any lingering negative impact of E-Cadherin cytoplasmic domain on CNC migration and
possibly protect B-catenin from degradation during the transit toward the nucleus. Recently,
the cleaved CTF of cadherin-6B was shown to associate with B-catenin, translocate into the
nucleus and regulate the expression of multiple genes associated with EMT in Chick neural
crest (Schiffmacher et al., 2016).

In conclusion, the current view of the cadherin switch is more complex than the turn off/on
mechanism used currently. The recent literature points out that E-cadherin has various roles
during the CNC formation and migration. In premigratory CNC, E-cadherin is likely
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necessary to keep the CNC together and, by inhibiting CIL though its cytoplasmic domain
could prevent them from migrating too early. At the onset of migration, the CNC activate
CIL by upregulating N-cadherin and down regulating E-Cadherin. However, CNC cells need
to keep a certain amount of E-cadherin expressed for their migration to occur properly. This
function depends in the extracellular domain in general, and the homotypic-binding domain
in particular.
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Fig. 1.

Org}gin and migration of the cranial neural crest cells in Xenopus laevis. (A) Schematics
representing transverse sections though the prospective otic placode (Ot) of Xenopus
embryos at the various stages of development (Nieuwkoop and Faber, 1967). Dorsal is up.
The placodal ectoderm and neural crest prospective tissue emerge from the sensory layer of
the ectoderm and are anatomically visible as soon as stage 14 (early neurulation). At stage
19 (late neurula stage) the cranial neural crest starts migrating ventrally (Sadaghiani and
Thiebaud, 1987). (B) Schematic showing the relative positioning of CNC and the cranial
placodes (Sadaghiani and Thiebaud, 1987; Schlosser, 2006). During the early neurula stage
(stage 15) both placodal (blue) and CNC (pink) primordium appose one another. Starting
with the early tailbud stage (stage 21), these territories are segmented into various subgroups
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that reflect their future differentiation. The placodal ectoderm secretes Sdf1, which attracts
CNC. Once the CNC reaches a placode, CIL takes place and the placode migrates away (/..
ventrally). Once the placodes and CNC are separated, the Sdf1-based chemoattraction
reasserts itself. This “chase and run” contributes to the proper migration of the each of the
CNC segments while the placodes lying in the path of the CNC (e.g. Epibranchial placodes)
reach their proper dorsoventral location and are shaped into narrow strips of tissues. Ot:
Placode; NT, neural tube; n: notochord; psm: presomitic mesoderm, so: somites; LPM:
lateral plate mesoderm, CG: cement gland; Op: optic vesicle.
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Fig. 2.
Migration of CNC cells /n7 vitroand /n vivo. GFP expressing CNC are explanted at stage 15

and either grown on a substrate of fibronectin in a saline media (A) or grafted into a wild
type embryo (B) (anterior left, dorsal top). The migration of the CNC is followed by time-
lapse photography (3 minute intervals, 10 h of total migration) and still pictures from these
movies were extracted at regular time points throughout the movies. The migration of CNC
in vitro (A\) recapitulates the migration of the CNC observed /n vivo (B) including the
formation of segments (mandibular, hyoid, branchial), and the collective migration which is
observed in the first 3 frames and the single cell migration which is observed in the last
frame. Note that the explant in A was cut purposely large to demonstrate the formation of
segments and therefore contains some neural tissue contaminant (NT). m: mandibular; h:
hyoid segment b: branchial segments (b, b1, b2); CG: cement gland.
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