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Abstract
The modulation of cell adhesion is fundamental to the morphogenesis that accompanies proper
embryonic development. Cadherins are a large family of calcium-dependent cell adhesion molecules
whose spatial and temporal expression is critical to the formation of the neural crest, a unique,
multipotent cell type that contributes to the patterning of the vertebrate body plan. Neural crest cells
arise from the embryonic ectoderm through inductive interactions and reside in the dorsal aspect of
the neural tube. These cells under go an epithelial-to-mesenchymal transition and migrate to precise
destinations in the embryo, where they go on to differentiate into such diverse structures as
melanocytes, elements of the peripheral nervous system, and the craniofacial skeleton. Distinct
cadherins are expressed during the induction, migration and differentiation of the neural crest. With
the advent of genomic sequencing, assembly and annotation for various model organisms, it has
become possible to elucidate the molecular mechanisms underlying cadherin expression, and how
these cadherins function, during neural crest development. This review explores the known roles of
cadherins and details, where relevant, how different cadherins are regulated during the formation of
the neural crest.
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Cadherins
Structure

Cadherins are a large family of calcium-dependent, homophilic-binding cell adhesion
molecules that play critical roles in morphogenetic events underlying embryonic development,
including cell sorting, cell motility and signaling. These proteins typically span the plasma
membrane once, with an extracellular amino (N) terminus and an intracellular carboxy (C)
terminus. Structurally, cadherins consist of five extracellular (EC) domain repeats of
approximately 110 amino acids containing specific conserved motifs, such as DRE,
DXNDNAPXF and DXD, known as the cadherin repeat.1 The EC domains bind three calcium
ions and facilitate the formation of parallel or cis homodimers on the cell surface (reviewed in
refs 2-4),7 and the presence of calcium ions is critical to enhance the adhesive strength and for
cellular signaling.5 The intracellular portion of the cadherin molecule consists of a
juxtamembrane domain bound by p120 catenin, a src substrate whose binding to cadherins has
been shown to regulate cadherin adhesion and assist in cadherin clustering (reviewed in refs.
1 and 6). Following the juxtamembrane domain is a 30 amino acid binding domain for β-catenin
or plakoglobin. These proteins share 65% identity and consist of 12 armadillo repeats
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comprised of 42 amino acids that mediate binding to the cadherin C terminus. The plakoglobin
or β-catenin N terminus interacts directly with α-catenin, which in turn interacts directly with
actin, or associates with the actin binding proteins vinculin, talin, α-actinin and possibly
formin-1, thus creating a scaffold for an interaction with the actin cytoskeleton.7 Collectively,
the association of cadherins to these intracellular proteins results in the formation of the
adherens junction, located at the apical surface of polarized epithelial cells.

Regulation
The initial contacts made by cadherin-containing adherens junctions on neighboring cells
allows for the clustering and growth of the adherens junction in order to permit adherens
junction maintenance. It has been postulated that cis cadherin dimers that interact with one
another through EC1 and EC2 can subsequently interact with cadherins expressed on adjacent
cells in trans, particularly through an association with EC1, to make a “zipper-like” structure
that increases the overall strength of the adherens junction.8 In addition, these cell-cell
junctions are highly dynamic due to the internalization and recycling of cadherins, and
disassembly can also occur by attrition or large-scale proteolysis of adherens junction
components.1 Regulation of cadherins also occurs intracellularly via the catenins. α-catenin
and formin-1 have been shown to regulate actin polymerization at the adherens junction, and
similar to the “inside-out” signaling observed with integrins, cytoplasmic signals through the
catenins can regulate the dimerization state and/or cadherin clustering independent of their
binding to the cytoskeleton, thus resulting in changes in cadherin adhesion.7 Concomitantly,
interaction of catenins with the actin cytoskeleton promotes changes in cell shape and/or the
onset of cell motility through the production of forces that are transduced to the cadherin,
resulting in the establishment of cell polarity. Moreover, it has long been hypothesized that
p120 catenin plays an important role in modulating cadherin-based signaling, as
dephosphorylated p120 enhances adhesion and phosphorylated p120 promotes cadherin
instability.7,9 Specifically, experiments by Davis et al. (2003) and Xiao et al. (2007)
demonstrate that p120 catenin binding to cadherin inhibits cadherin degradation and thus
regulates the total level of cadherin found in the cell.10,11 p120 catenin is also a Rho GTP
dissociation inhibitor, and it has been shown to inhibit Rho GTPase and activate Rac1 and
Cdc42 GTPases.12-15 Rho GTPases, particularly RhoA, normally act to negatively regulate
cadherins, such as E-cadherin, and p120 catenin counteracts this effect by sequestering RhoA
in the cytoplasm.16,17 Conversely, Rac1 and Cdc42 co-localize to the membrane with
cadherins, and positively regulate E-cadherin.16-18

Types of cadherins
Five main cadherin sub-groups have been described and are summarized in Figure 1 (reviewed
in refs. 1 and 7). The classical cadherins are those containing 5 EC domains and whose
intracellular domain binds p120, and β- and α-catenin in order to attach to the actin
cytoskeleton. Type I (E-cadherin, N-cadherin, P-cadherin, R-cadherin) and II (cadherin-5 and
beyond) classical cadherins differ from each other by the presence of the HAV tripeptide in
the type I EC1 domain.19 This domain is required for adhesion, and many function-blocking
antibodies map here. The desmosomal cadherins (desmogleins and desmocollins) that
comprise desmosomes interact homo- and heterotypically through their N termini, and bind
plakoglobin and desmoplakin through their C termini in order to associate with cytoskeletal
intermediate filaments in epithelial and cardiac muscle cells. Atypical cadherins, such as T-
cadherin and Ll-cadherin, interact homotypially but do not provide a link to the cytoskeleton
as they lack the necessary intracellular domain (T-cadherin is GPI-linked, while Ll-cadherin
has a short cytoplasmic tail). Found only in vertebrates, protocadherins (α-, β- and γ Pcdhs,
PAPC, AXPC) usually contain 6 to 7 EC repeats, and although they localize to sites of cell-
cell contact, they do not bind catenins but instead interact with kinases such as Fyn. Finally,
the cadherin-like or -related signaling proteins, such as FAT, Daschous, Flamingo (all of which
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contain 7 transmembrane domains), and Ret tyrosine kinase, share some homology with G
protein-coupled receptors, contain an unfixed number of EC cadherin repeats, do not interact
with catenins and the actin cytoskeleton, and have diverse roles in development, including cell
polarity, patterning and tumor suppression.

The Neural Crest
Neural crest cells are a transient population of migratory cells that arise from the dorsal neural
folds, a region of tissue localized to the border between the non-neural (future epidermis) and
neural ectoderm/plate (future central nervous system). During the process of neurulation, the
neural plate invaginates and neural folds elevate, forming the neural tube. Premigratory neural
crest cells (the precursors to migratory neural crest cells) reside in the dorsal neural folds and,
consequently, the dorsal region of the neural tube. These precursor cells are epithelial in
character and therefore possess apicobasal polarity, with apically localized adherens junctions
and a basal lamina.20-22

Depending upon the vertebrate species, migratory neural crest cells will form either prior to or
soon after the fusion of the neural folds.20 These migratory neural crest cells are generated by
an epithelial-to-mesenchymal transition (EMT), a process characterized by loss of cell-cell
contacts mediated by cell junctions, reorganization of the cytoskeleton, and the subsequent
acquisition of a motile phenotype (reviewed in refs. 19 and 23-25). Thus, migratory neural
crest cells are mesenchymal in character, as they express the intermediate filament vimentin
and possess a flattened morphology with filopodia and lamellipodia in order to facilitate
increased spreading.26-28 Importantly, EMTs occur during both normal (e.g., neural crest
migration) and aberrant (e.g., tumor cell metastasis) developmental processes that generate
motile mesenchymal cells.

After EMT, neural crest cells leave the dorsal neural tube and migrate along stereotypical
pathways in the head and trunk regions of the embryo. Cranial neural crest cells invade the
surrounding cranial mesenchyme and ultimately cease migration, coalesce, and form the
various cranial ganglia and craniofacial cartilages and bones. Migratory neural crest cells in
the trunk that follow the dorsoventral path will differentiate to form components of the
peripheral nervous system (dorsal root ganglia of the spinal cord, Schwann cells), while those
migrating dorsolaterally will become melanocytes.20

Cadherin Expression during Neural Crest Development
Dynamic spatial and temporal cadherin expression is found throughout embryonic
development. Interestingly, the formation of the neural crest provides an excellent paradigm
to study changes in cadherin expression and their function. Premigratory neural crest cells
initially reside in the dorsal neural tube as adherent epithelial cells, sharing multiple contacts
with their neighbors. However, these cells eventually detach themselves from the
neuroepithelium during the process of EMT to migrate away to their final destinations. During
their induction, migration and subsequent differentiation, neural crest cells express various
cadherins at different developmental times, and it has been hypothesized that the distinct
repertoire of cadherins expressed by the neural crest during its ontogeny plays a crucial role
in segregating these cells from other cells in the neural tube, as well as allowing for specific
sub-populations of neural crest cells to interact with one another during migration and
subsequently after cessation during the differentiation process.9 See Figure 2 for an overview
of cadherin expression during chick neural crest development.
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N-cadherin
Induction—In mouse and chick embryos, initially epithelial cadherin (E-cadherin) or L-
CAM, respectively, is expressed throughout the ectoderm.29,30 During neurulation in these
vertebrates, as the neural plate invaginates to form the neural tube, E-cadherin expression is
initially maintained by the non-neural ectoderm but is later downregulated in the neural plate
and replaced by neural cadherin or A-CAM (N-cadherin) expression in this region.19,31
Importantly, N-cadherin expression is absent in the non-neural ectoderm. These authors
hypothesize that this “switch” in cadherin expression is important to keep ectodermal and non-
ectodermal cell types separate during neural plate invagination. Furthermore, N-cadherin
protein is observed throughout the neural tube, particularly distributed apically and laterally,
but is reduced in the dorsal-most region.21

EMT/migration—Recent progress has been made towards understanding the molecular
regulation of N-cadherin during neural crest EMT/migration. Using trunk neural crest
development in 15–18 somite stage chick embryos as a model, Shoval et al. (2007) revealed
that neural crest emigration relies upon the downregulation of N-cadherin through the
coordinated action of BMP signaling and proteolytic processing of the cell surface N-cadherin
protein.32 N-cadherin transcripts are present throughout the dorsal neural tube in the chicken
trunk, irrespective of the axial level, whereas N-cadherin protein is distributed in an increasing
rostrocaudal gradient, similar to the distribution of the BMP inhibitor noggin. Overexpression
of N-cadherin in this region inhibits neural crest emigration in vivo, and similar results are
found in in vitro explant cultures of dorsal neural tubes. Conversely, overexpression of different
N-cadherin mutants, such as those containing a deletion of the β-catenin binding domain or
the extracellular domain, do not alter neural crest emigration, but instead affect the morphology
of the neuroepithelium suggesting that these domains are important for potentially modulating
adhesion and cell polarity.

These recent results are consistent with previous studies on the effects of N-cadherin
overexpression in the chicken embryo. In earlier work in the chick trunk, overexpression of
full-length N-cadherin was performed using adenoviral vectors, resulting in a reduction in
overall neural crest cell migration (including the loss of melanoblast emigration), accompanied
by an accumulation of neural crest cells along the neural tube midline, and occasionally the
localization of cells in the lumen of the neural tube.21 Under these experimental conditions,
those neural crest cells that emigrate normally successfully differentiate into their appropriate
derivatives, except for a small decrease in the number of dorsal root ganglia cells. However,
adenoviral-mediated overexpression of a construct containing a deletion of the N-cadherin
extracellular domain did not have adverse effects on neural crest migration; i.e., it did not act
as a dominant negative. Furthermore, overexpression of a catenin binding domain mutant of
N-cadherin had variable effects, with some neural crest cells remaining in the neural tube and
others migrating normally. Interestingly, those cells entering the lumen of the neural tube
expressed markers of melanocytes (e.g., Mitf), suggesting that neural crest cell differentiation
is not affected. These authors hypothesize that perhaps cadherins work to directly modulate
cell adhesion properties rather than affect cell motility, and that downregulation of cadherins
is necessary to facilitate migration. Furthermore, they postulate that the presence of neural crest
cells in the neural tube lumen may be due to the disruption of apicobasal polarity exhibited in
the neural tubes of embryos overexpressing N-cadherin, implying a role for apicobasal polarity
in mediating the direction of neural crest cell migration. Importantly, however, this study could
only distinguish effects on the neural crest cell population migrating dorsolaterally. Briefly,
the presence and accumulation of N-cadherin protein takes several hours after introduction of
the adenoviral N-cadherin transgene construct into the dorsal neural tube due to the fact that
the transgene must be introduced into the cell (infected), and properly transcribed and translated
using cellular machinery. As dorsoventrally migrating neural crest cells leave the dorsal neural
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tube earlier than dorsolaterally migrating neural crest cells (the presumptive pigment cells),
the only effects apparent on neural crest development will be observed in the population of
neural crest cells still remaining in the neural tube (the dorsolaterally migrating population).
In order to address effects on dorsoventrally migrating neural crest cells, the construct would
need to be introduced into the embryo at an earlier time point.

Previous research has shown that trunk neural crest cell delamination in the chicken occurs via
a BMP4-mediated mechanism during the G1-S transition of the cell cycle.33 Interestingly, N-
cadherin overexpression reduces DNA synthesis and cyclin D1 expression, providing insight
as to why emigration is impaired under these conditions.32 The requisite loss of N-cadherin
protein from the membrane of emigrating neural crest cells occurs due to the activity of BMP4,
as treatment with BMP4 causes an increase in the number of migratory neural crest cells and
the loss of N-cadherin protein from the membrane.32 The mechanism by which membrane-
associated N-cadherin protein is removed has been well-documented in other systems and relies
upon the proteolytic cleavage of N-cadherin.34,35 Initially, the type I transmembrane protein
ADAM10 (A Disintegrin And Metalloproteinase) cleaves the extracellular domain of N-
cadherin, leaving behind a 40 kDa membrane-bound C terminal fragment (CTF1). CTF1 then
serves as a substrate for PS1-dependent γ-secretase cleavage to produce a 35 kDa intracellular
peptide (CTF2). CTF2 subsequently interacts with the transcription factor CBP (CREB binding
protein) and promotes its degradation, thus inhibiting the expression of CREB response genes.
35 ADAM10 is expressed in the dorsal neural tube and in emigrating avian neural crest cells
obtained from in vitro explants,36 and ADAM10 colocalizes with N-cadherin in the mouse
neural tube at Embryonic day (E) 9.5.34 As such, treatment of neural explants with an inhibitor
of ADAM10 (GI254203X), in the presence or absence of BMP4, leads to an inhibition of neural
crest emigration, with N-cadherin protein accumulating on the cell surface. Moreover,
overexpression of CTF2 results in the translocation of CTF2 to the nucleus of migrating neural
crest cells, an increase in cyclin D1 expression and an increase in neural crest emigration. Thus,
downregulation of N-cadherin through proteolytic processing is a critical step in avian neural
crest emigration in the trunk.32

In vitro studies performed using quail explants reveal that constitutively phosphorylated N-
cadherin protein is located on migratory neural crest cells at the tip of cell processes, but is
absent from regions of cell-cell contact.37 These studies demonstrate that cell surface-localized
N-cadherin protein is not associated with the cytoskeleton in migratory neural crest cells as
evidenced by the presence of only a small fraction of Triton X-insoluble N-cadherin protein.
Furthermore, these authors show that N-cadherin protein becomes unstable upon the
inactivation of a broad spectrum of protein kinases. Specifically, the addition of protein kinase
inhibitors that block serine/threonine kinases, protein kinase C, and tyrosine kinases results in
the restoration of N-cadherin-mediated cell-cell adhesion in migratory neural crest cell cultures
in vitro. These researchers conclude that kinase inhibitors are potentially indirectly modulating
N-cadherin activity by affecting other cytoplasmic components in the cell (actin, catenins),
leading to an increase in cell-cell adhesion observed on migrating neural crest cells. This
conclusion is substantiated by the observation that the total level of N-cadherin phosphorylation
does not change in the presence or absence of the different kinase inhibitors.

Although these data differ somewhat with the in vivo data described above, it is known that
an N-cadherin function-blocking antibody disrupts avian cranial neural crest cell migratory
pathways, with ectopic aggregates of cells found adjacent to the neural tube.38 The discrepancy
between the in vitro and in vivo studies described above might be due to the fact that the N-
cadherin protein has a relatively long half-life, allowing protein to exist on the surface of
migratory neural crest cells concomitant with the loss of mRNA expression. Alternatively, the
in vitro culture system may not fully recapitulate the in vivo setting, as there may be a loss of
negative regulation of N-cadherin in the in vitro system.
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Mice deficient for N-cadherin in the post-otic neural crest migratory pathway show
perturbations in neural crest cell motility.39 Normally, N-cadherin protein is present on the
surface of cardiac neural crest cells, clustering in a punctate pattern along cell processes, and
co-localizes with the gap junction protein connexin43. Loss of N-cadherin leads to a decrease
in dye-coupling, both in vitro and in vivo, reflecting an alteration in gap junction
communication among migrating neural crest cells. Furthermore, migratory neural crest cells
in the N-cadherin knock-out mouse exhibit an increase in speed and persistence of movement,
but a decrease in the directionality of cell motility. Thus, N-cadherin appears to control various
aspects of neural crest cell movement, a function that is independent of its interaction with
connexin43 and potential modulation of gap junctions.39

Differentiation—At the end of dorsoventral migration, N-cadherin is upregulated in
aggregating neural crest cells just prior to their differentiation into the dorsal root ganglia
(DRG) and sympathetic ganglia.8,40 Following dorsolateral migration, dermal melanocytes
express N-cadherin, facilitating contacts with fibroblasts in the skin dermis.8 After ganglion
formation, N-cadherin is detected on (1) the apical surface of the neural tube, (2) the basolateral
surface of the floorplate, (3) neuronal cells localized ventrally and laterally with in the neural
tube, (4) fibrous axonal processes, and (5) ventral root and sympathetic ganglia.40 In adult
organisms, N-cadherin is observed in neural tissue, the retina, endothelial cells, fibroblasts,
osteoblasts and myocytes.8

As N-cadherin is also expressed in other differentiating tissues, such as in the segmental plate
and somites,31 the N-cadherin knock-out mouse dies at day 10 of gestation.41 These embryos
undergo abnormal heart morphogenesis, resulting in an enlarged heart bulge, and present an
undulating neural tube phenotype in which the neural tube still closes normally but is columnar
in nature, most likely due to the presence and redundancy with other cadherins. Targeted
deletion of N-cadherin from the neural crest in the mouse using a Wnt1-Cre system results in
embryonic lethality with cardiovascular defects at E13.42 In wild-type embryos, an increase
in N-cadherin expression is observed as neural crest cells elongate and condense to form the
cardiac outflow tract. In mutant embryos, neural crest cells migrate and home to the cardiac
outflow tract niche normally, but cells do not undergo normal morphogenesis associated with
remodeling of the cardiac outflow tract, leading to persistent truncus arteriosus and
aorticopulmonary septum formation. A thinned ventricular myocardium is also observed in
these animals. Finally, recent work by Kasemeier-Kulesa et al. (2008) demonstrates the
importance of N-cadherin in regulating the aggregation of neural crest cells into discrete
sympathetic ganglia. Using intravital time-lapse confocal microscopy in the chicken embryo,
these authors demonstrated that, upon arrival of neural crest cells to the sympathetic ganglia
target site, neural crest cells distribute themselves in an anterior-to-posterior direction, and later
coalesce and differentiate into ganglia. Interestingly, the levels of N-cadherin must be tightly
controlled, as both excess and reduced N-cadherin disrupt the formation of the sympathetic
ganglia, presumably due to the aberrant migratory behavior imparted upon the neural crest
cells.43

Cadherin-6B
Induction—Studies in the chicken embryo have shown that neural fold cells, the precursors
to the neural crest, express N-cadherin and another cadherin, cadherin-6B.22 Upon formation
of the neural tube, the dorsal-most region contains the premigratory neural crest cells, and these
cells express low and high levels of N-cadherin and cadherin-6B, respectively (reviewed in
ref. 19). However, N-cadherin expression persists at high levels in the remaining cells of the
neural tube, whereas cadherin-6B expression is much weaker. Cadherin-6B expression is first
observed in the chick at stage 6 in the neural folds and persists during neural tube formation,
and cadherin-6B protein is distributed on the luminal (apical) side of dorsal neural tube cells.
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21,22 The respective localization of cadherin-6B and N-cadherin to dorsal neural tube cells
and other neural tube cells, is suggestive of a possible mechanism by which distinct functional
populations of neural tube cells are segregated during development.22

EMT/migration—Cadherin-6B transcripts and protein are absent from migratory and
differentiating neural crest cells in the chicken embryo, implicating it in the formation and
maintenance of the premigratory neural crest cell domain in the dorsal neural tube.21,22,44
The molecular mechanism by which cadherin-6B transcripts are downregulated prior to neural
crest cell emigration has recently been elucidated for the chicken embryo. In both the
premigratory neural crest region of the chick midbrain and trunk, relatively non-overlapping
expression patterns are observed for the transcriptional repressor protein Snail2 and
cadherin-6B transcripts.44 Using a combination of morpholino-mediated knock-down of
Snail2 and quantitative PCR (QPCR), the authors showed that cadherin-6B transcripts are de-
repressed upon depletion of Snail2. To demonstrate that cadherin-6B is a direct target of Snail2
repression, genomic sequence analysis of the cadherin-6B putative regulatory region was
performed, revealing the presence of 3 pairs of clustered E boxes (putative Snail2 binding sites)
of the sequence CAGGTA. The in vivo functionality of these E boxes was shown using
chromatin immunoprecipitation coupled with QPCR in the chicken premigratory midbrain and
trunk regions, revealing that Snail2 preferentially associates with different E boxes in the
cadherin-6B regulatory region. These in vivo results were also corroborated in vitro by
performing luciferase experiments and electrophoretic mobility shift assays. In addition,
morpholino-mediated knock-down of Snail2 suppresses neural crest cell migration, and this
effect can be alleviated upon the combined knock-down of both Snail2 and cadherin-6B,
resulting in an increase in neural crest cell emigration from explants of dorsal neural fold tissue.
Notably, this paper was the first to identify a cadherin as a direct, in vivo target for Snail2
during neural crest cell emigration.44

Importantly, cadherin-6B plays a pivotal, temporal role in regulating avian neural crest cell
emigration.45 Depletion of cadherin-6B from the chick premigratory midbrain region results
in premature neural crest cell emigration, as demonstrated by in situ hybridization and
immunohistochemical staining for a battery of neural crest molecular markers. This precocious
migration phenotype results in a statistically significant increase in Sox10- and Snail2-positive
migratory neural crest cells upon cadherin-6B knockdown. Moreover, in vitro explant cultures
of dorsal neural folds following depletion of cadherin-6B reveal an increase in the number of
emigrating/migrating neural crest cells compared to control. The migratory neural crest cells
in these cultures are bona fide mesenchymal cells, as they have re-arranged their actin
cytoskeleton and are positive for the intermediate filament protein vimentin. Conversely,
overexpression of cadherin-6B in the premigratory chick midbrain leads to a disruption in
neural crest cell emigration/migration, with cells aggregating adjacent to the neural tube and/
or failing to exit the dorsal neural tube proper. In some instances, migratory neural crest cells
enter the neural tube lumen, reminiscent of the phenotype observed upon overexpression of
N-cadherin and cadherin-7.21 This misdirected migration phenotype could perhaps be due to
the loss of apicobasal polarity in the neuroepithelium, as cadherin-6B protein is expressed
throughout the dorsoventral axis of the neural tube on both the apical and lateral surfaces of
the neuroepithelium, pointing to the potential importance of neuroepithelium polarity in
directing neural crest cell migration. Interestingly, in vitro explant cultures of dorsal neural
folds following overexpression of cadherin-6B revealed no alterations in neural crest cell
migration, implying that these cells are indeed still motile in vitro but are perhaps unable to
migrate properly in vivo because of their interaction with molecules in the extracellular matrix
and/or their increased adhesive state. In summary, the regulatory relationship between
cadherin-6B and the Snail2 is critical for proper spatio-temporal control of neural crest cell
emigration in the avian embryo.
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Cadherin-7
EMT/migration—The role of cadherin-7 in neural crest cell migration has been studied
primarily in the context of avian embryos, as mouse cadherin-7 was initially identified in the
embryonic eye46 and is not detected during embryogenesis.47 Cadherin-7 transcripts are
initially found in stage 10 chicken embryos in the dorsal midbrain in a sub-population of
migratory neural crest cells (less than 50%).22 Expression perdures throughout neural crest
cell migration, particularly with hindbrain neural crest cells populating the trigeminal ganglion,
and albeit weaker, in cells surrounding various cranial nerves. At stage 15 in chick embryonic
development, cadherin-7-positive neural crest cells are observed migrating between the neural
tube and dermamyotome, as well as in regions lateral to the neural tube. These cells will
eventually populate the proximal dorsal and ventral roots. However, no cadherin-7-positive
neural crest cells are observed migrating dorsolaterally between the ectoderm and the somite,
and only a subset of migratory neural crest cells are double-positive for the migratory neural
crest cell marker HNK1 and cadherin-7 transcripts or protein, particularly melanocyte
precursor cells.21 Interestingly, cadherin-7 protein can be detected in the neural tube on newly
emigrating neural crest cells, overlapping with cadherin-6B and N-cadherin proteins.
Overexpression of cadherin-7 in the chick trunk also results in a similar phenotype to that seen
upon overexpression of N-cadherin, with neural crest cells invading the neural tube lumen and
clustering adjacent to the neural tube.21

Differentiation—Migratory neural crest cells that are cadherin-7-positive are hypothesized
to be fate-restricted to become Schwann cells, as evidenced by their presence in a “ring”
structure around the nerve. Cadherin-7 expression is also observed in the neural tube, at the
junction of the alar and basal plates, and other trunk-derived tissues.21

Cadherin-6
The expression pattern of cadherin-6 in the mouse can be simplistically described as a
combination of the expression patterns observed for chick cadherin-6B (premigratory neural
crest) and cadherin-7 (migratory neural crest) (reviewed in refs. 19 and 48). However, mouse
cadherin-6 exhibits a unique metameric expression in the hindbrain, a pattern not observed in
the chicken embryo.48 Cadherin-6 is expressed in the neural folds and by migratory neural
crest cells, and is later observed briefly in the forming cranial ganglia and persists in some
peripheral nerves (Schwann cells) but is absent from others (in the central portions of the dorsal
root ganglia and sympathetic ganglia after differentiation).48

Cadherin-11
Induction—Low levels of mouse cadherin-11 are observed initially in the forming mouse
neural plate. However, expression is noted in the cells comprising the cranial dorsal neural
folds, both prior to and after neural tube closure, as well as in the trunk dorsal midline.49
Xenopus cadherin-11 is also found in the anterior neural folds of the embryo.50

EMT/migration—Newly emigrating neural crest cells in the frog express cadherin-11,51 as
do more mature migratory neural crest cells, particularly the mandibular crest that migrates
around the eye, as well as crest cells entering the hyoid and branchial arches.50 Xenopus trunk
neural crest cells that populate the dorsal neural fin are also positive for cadherin-11.50
Moreover, overexpression of full-length or a β-catenin binding domain mutant of Xenopus
cadherin-11 in grafted cranial neural crest cells abolishes cell migration to the branchial arches,
with differentiated cells piling up next to the forming brain, but does not affect the neural crest
induction process.51 Interestingly, grafts of cells overexpressing a mutant between EC1 and
EC2 of cadherin-11 migrate earlier (up to 18 hrs post-transplantation), possibly due to the loss
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of adhesion with neighboring cells.51 Thus, the degree of Xenopus cadherin-11-mediated
adhesion must be tightly monitored during the migration process.

Differentiation—Xenopus cadherin-11 expression persists during differentiation,50 and
mouse cadherin-11 is localized to multiple mesenchymal derivatives, including the cranial
mesenchyme and branchial arches, but is absent from the cranial and dorsal root ganglia.49

Cadherin-19
EMT/migration—Rat cadherin-19 is homologous to human cadherin-19, and it shows the
highest homology to chick, human and mouse cadherin-7.52 Cadherin-19 is expressed in
migrating cranial neural crest cells in the face and first pharyngeal arch, as well as in
ventromedially migrating trunk neural crest cells. Its expression is also coincident with other
molecular markers of migratory neural crest, such as Sox10 and AP-2.52

Differentiation—A subpopulation of post-migratory neural crest cells in the rat retains
cadherin-19 expression during the formation of the cranial, dorsal root, and sympathetic
ganglia.52 Post-migratory trunk neural crest cells differentiating into Schwann cell precursors
along the spinal nerve express cadherin-19, while cells contributing to the base of both the
dorsal and ventral roots no longer express cadherin-19. Interestingly, rat cadherin-19 appears
to have usurped the function normally provided by cadherin-7 in other organisms, such as the
chick, as rat cadherin-7 is not expressed in Schwann cell precursors.52

Cadherin-20
Induction—Although mouse cadherin-20 is initially observed in cells at the anterior neural
plate and newly forming cephalic folds, and later in the cephalic neuroectoderm, it is not
expressed in the cranial neural crest-forming region.47

EMT/migration—Early emigrating neural crest cells in the mouse express cadherin-20.47
These cells migrate along the dorsolateral pathway, indicating that they are putative melanocyte
precursors.

Differentiation—Mosaic expression of mouse cadherin-20 is seen in the vestibulo-cochlear
and geniculate cranial ganglia, the latter of which is a neural crest derivative.47

PCNS
EMT/migration—PCNS, or ProtoCadherin in Neural crest and Somites, is initially expressed
in Xenopus in the cranial neural crest and the somites at the neurula stage, followed by
expression in the mandibular, branchial and hyoid arches at the tailbud stage.53 In vivo,
overexpression of PCNS leads to a failure of gastrulation, whereas knock-down of PCNS using
a morpholino results in craniofacial skeleton defects posterior to the mandible, including the
loss of hyoid and branchial arch derivatives, due to the inability of neural crest cells to properly
migrate to these regions of the embryo.53 Interestingly, neural crest induction still occurs
normally in these PCNS-knock-down embryos. In vitro depletion of PCNS results in the
rounding up of neural crest cells during EMT, followed by a loss of adhesion and migratory
ability on fibronectin. As such, the morphology of the cells no longer appears to be
mesenchymal.53

Conclusion
Much progress has been made recently in understanding the role of Cadherin family members
during neural crest development. During the process of neurulation, downregulation of E-
cadherin in the neural plate occurs, accompanied by the upregulation of N-cadherin, which
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separates the non-neural from the neural ectoderm. As the neural plate invaginates and pinches
off to form the neural tube in the avian embryo, premigratory neural crest cells localized to the
dorsal most region of the neural tube express an additional cadherin, cadherin-6B, whereas in
the mouse and frog, these cells express cadherin-11 and cadherin-6 (mouse only). Neural crest
cells subsequently delaminate from the dorsal neural tube and embark on their migratory
pathways. During this process in the avian embryo, they cease to express N-cadherin and
cadherin-6B and instead upregulate cadherin-7. In the mouse, delaminating and migratory
neural crest cells maintain cadherin-6 expression and also induce expression of cadherin-20,
while rat migratory neural crest cells express cadherin-19. In the frog, migratory neural crest
cells express cadherin-11 and PCNS. Upon differentiation, neural crest cells in the avian
embryo express cadherin-7 and re-express N-cadherin, mouse and rat neural crest cells
maintain expression of cadherin-6, -20, and cadherin-19, respectively, and frog neural crest
cells express cadherin-11. Thus, the regulated expression of these various cadherins ensures
that induction, migration and differentiation of the neural crest occur normally in order to build
a functioning embryo.

However, continuing studies aimed at exploring the expression, regulation and function of
existing and potentially novel cadherins are necessary to enhance our understanding of how
this class of adhesion molecules contributes to the ontogeny of the neural crest. Genomic
screening in different organisms, coupled with phylogenetic analyses, will facilitate the
identification of orthologs of existing cadherins, as well as potentially novel cadherins, that
are involved in various aspects of neural crest development, and will further delineate the level
of functional conservation among these genes. The variations currently observed in cadherin
deployment during embryogenesis in different species may prove challenging to researchers
studying cadherins, yet this knowledge will ultimately advance our understanding of the
functional evolution of the cadherin gene family as a whole.

Of equal importance for the cadherin field will be the deciphering of the upstream regulatory
pathways that coordinate cadherin gene expression during the formation of the neural crest,
and the availability of genomic sequence for multiple organisms will assist in this effort.
Cadherin expression (in general) will undoubtedly be regulated directly or indirectly through
conventional growth factor signaling pathways (BMPs, Wnts), as well as through the activity
of transcriptional regulators and/or chromatin remodeling factors. Post-transcriptional
regulation of cadherins may also play an important role during neural crest development, as
has recently been shown for N-cadherin. Thus, regulation of the cadherin protein level and/or
activity in a premigratory and/or migratory neural crest cell may prove to be crucial for proper
neural crest formation. In studying cadherin protein dynamics, it will be necessary to develop
microscopy techniques to observe cadherin regulation in real-time. Applications of these
methods to various organisms will also permit the identification of relevant cadherin binding
partners important in neural crest development. Importantly, elucidating how and when
different cadherins are expressed, and discovering cadherin interacting proteins during the
formation of the neural crest, will contribute to our overall knowledge of the molecular basis
of neural crest formation, and will potentially shed light on the mechanisms underlying human
disorders, diseases and syndromes that occur upon aberrant neural crest development.
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Figure 1.
Domain structure of various cadherin sub-groups. Five cadherin sub-groups can be described
in the Cadherin family of cell adhesion molecules. All cadherins possess the ability to bind
calcium ions and contain a variable number of common extracellular (EC) domains. Most
cadherin sub-groups are defined as single-pass transmembrane proteins possessing one
intracellular domain capable of binding different proteins (catenins, kinases), with the
exception of the atypical cadherins that are membrance-anchored. Cadherin-like (or -related)
proteins, however, span the plasma membrane multiple times and share homology with G
protein-coupled receptors.
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Figure 2.
Cadherin expression during the formation of the neural crest in the avian embryo. Prior to
neurulation, E-cadherin (yellow) is expressed throughout the developing embryonic ectoderm.
The neural plate is later defined by the acquisition of N-cadherin (blue) and the loss of E-
cadherin, which is still maintained in the non-neural ectoderm or future epidermis. During
neurulation, N-cadherin expression persists in the invaginating neural plate, while cadherin-6B
(green) comes on in the neural folds of the embryo, delineating the future premigratory neural
crest cell domain in the dorsal neural tube. Cadherin-6B and N-cadherin are downregulated as
neural crest cells undergo EMT, and migratory neural crest cells instead express cadherin-7
(red) as they migrate along stereotypical pathways to their final destinations. During neural
crest cell differentiation, N-cadherin expression is detected in the dorsal root ganglia (DRG).

Taneyhill Page 15

Cell Adh Migr. Author manuscript; available in PMC 2009 April 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Pink cells along the dorsolateral pathway in the bottom panel of the figure indicate migratory
neural crest cells expressing multiple cadherins. Structural derivatives of the dorsolateral and
dorsoventral pathways are indicated in boxes.
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