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Cell adhesion molecules such as cadherins alternate their expression throughout cranial neural crest (CNC) development,
yet our understanding of the role of these molecules during CNC migration remains incomplete. The “mesenchymal”
cadherin-11 is expressed in the CNC during migration yet prevents migration when overexpressed in the embryo,
suggesting that a defined level of cadherin-11–mediated cell adhesion is required for migration. Here we show that
members of the meltrin subfamily of ADAM metalloproteases cleave the extracellular domain of cadherin-11 during CNC
migration. We show that a fragment corresponding to the putative shed form of cadherin-11 retains biological activity by
promoting CNC migration in vivo, in a non-cell–autonomous manner. Additionally, cleavage of cadherin-11 does not
affect binding to �-catenin and downstream signaling events. We propose that ADAM cleavage of cadherin-11 promotes
migration by modifying its ability to support cell–cell adhesion while maintaining the membrane-bound pool of
�-catenin associated with the cadherin-11 cytoplasmic domain.

INTRODUCTION

The neural crest is a transient population of cells present in
all vertebrate embryos. Induced at the border between the
neural and nonneural ectoderm, these cells migrate from the
dorsal part of the embryo to more ventral locations where
they participate in the formation of muscle, cartilage, mela-
nocytes, and ganglia of the peripheral nervous system (PNS;
Dupin et al., 2006; Knight and Schilling, 2006; Sandell and
Trainor, 2006; Sauka-Spengler and Bronner-Fraser, 2006;
Harris and Erickson, 2007). Neural crest cells are separated
in two distinct populations depending on their position on
the anterior/posterior axis. The most anterior are called
cranial neural crest (CNC), responsible for the facial struc-
tures, whereas the posterior are the trunk neural crest
mostly contributing to the PNS and the melanocytes.

Neural crest cell migration requires tight control over cell
adhesion molecules such as integrins and cadherins. To
date, there have been four different Cadherin molecules
implicated in neural crest migration among the mouse,
chick, and Xenopus models (Akitaya and Bronner-Fraser,
1992; Kimura et al., 1995; Nakagawa and Takeichi, 1995;
Inoue et al., 1997; Hadeball et al., 1998; Vallin et al., 1998;
Borchers et al., 2001; Coles et al., 2007). These four molecules
can be divided into two groups in relation to their expres-
sion during migration. The first group consisting of N-cad-
herin and cadherin-6 (also Cad-6A) are both expressed at the
beginning of migration, and then their mRNA and protein
expression is quickly down-regulated (Akitaya and Bronner-
Fraser, 1992; Nakagawa and Takeichi, 1995). The second

group comprising cadherin-7 and -11 is continually expressed
throughout neural crest cell migration (Kimura et al., 1995;
Nakagawa and Takeichi, 1995; Hadeball et al., 1998; Vallin et al.,
1998). Not surprisingly, overexpression of any of these four
cell adhesion molecules in at least one of the above model
organisms blocks neural crest migration (Nakagawa and
Takeichi, 1995, 1998; Dufour et al., 1999; Borchers et al., 2001;
Coles et al., 2007; Shoval et al., 2007). However, it is likely
that there must be unique properties among these cad-
herins that make one group more conducive to cell mi-
gration than the other.

To further understand the role of cadherins in the neural
crest, we have examined the regulation of cadherin-11 dur-
ing CNC migration in Xenopus laevis. In the Xenopus embryo,
N-cadherin is replaced by cadherin-11 expression during
CNC migration. We suspected that a protease regulates
cadherin-11 levels during CNC migration as an extracellular
cleavage product of cadherin-11 had been previously de-
tected in tissue culture cells (Kawaguchi et al., 1999).

Among the proteases expressed in the embryo, a member
of the ADAM metalloprotease family was a likely candidate
for the regulation of cadherin-11 during this process. AD-
AMs and cadherins have previously been shown to interact
in various experimental systems. For example, ADAM15
and VE-cadherin colocalize to adherens junctions and in-
creasing the expression of VE-cadherin results in a corre-
sponding increase in ADAM15 (Ham et al., 2002). Addition-
ally, ADAM10 activity can modify cell adhesion via the
cleavage of both N- and E-cadherin (Maretzky et al., 2005).
ADAM10 was also found to play a role in the global down-
regulation of N-cadherin at the onset of trunk neural crest
migration in chick embryos (Shoval et al., 2007). Yet, al-
though ADAM10 is expressed dorsally in Xenopus, it is not
enriched in the CNC. On the other hand, another ADAM,
ADAM13, is specifically expressed in the Xenopus CNC
during migration. Moreover, the proteolytic activity of
ADAM13 was previously shown to play a vital role in the

This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08–05–0535)
on October 22, 2008.

Address correspondence to: Dominique Alfandari (alfandar@vasci.
umass.edu).

78 © 2008 by The American Society for Cell Biology



migration of this tissue (Alfandari et al., 2001). Our findings
show that cadherin-11 is cleaved during Xenopus CNC mi-
gration, and that ADAMs from the meltrin subfamily are
responsible for this event. We propose that cadherin-11
cleavage is unique when compared with that of other cad-
herins in the neural crest and provides further insight into
the differential roles of cadherins during morphogenesis.

MATERIALS AND METHODS

Eggs and Embryos
Eggs were obtained from X. laevis, fertilized, and cultured as described previ-
ously (Alfandari et al., 1997). Embryos were staged according to Nieuwkoop and
Faber (1967). UV irradiation and LiCl treatments were performed as described
(Pickard and Damjanovski, 2004).

Cell Culture
Cos cells were cultured in RPMI media complemented with Pen/Strep, l-glut,
sodium pyruvate, and FBS (10 U/ml, 2 mM; 0.11 mg/ml, 10%; Hyclone, South
Logan, UT). Transfections were performed using Fugene 6 reagent (Roche,
Basel, Switzerland) following the manufacturer’s instructions.

DNA Constructs
The cloning of Xenopus ADAM9, 10, and 13 and the E/A mutants have been
previously described (Cai et al., 1998; Alfandari et al., 2001; Smith et al., 2002).
Monomeric red fluorescent protein (mRFP) in CS2 was a generous gift from
Dr. Jim Smith (Gurdon Institute, Cambridge, United Kingdom). ADAM19
was cloned by homologous PCR using sequences from mouse, chick, and
Xenopus tropicalis. 5� and 3� ends were obtained by RACE PCR using the
generacer kit (Invitrogen, Carlsbad, CA). All full-length ADAM were cloned
into the pCS2 vector for expression. The ADAM9-E/A construct was pro-
duced using the QuickChange Mutagenesis Kit (Stratagene, La Jolla, CA). The
Xenopus full-length cadherin-11 in pcDNA3 was a gift from Dr. Doris Wedlich
(Universität Ulm, Ulm, Germany) and was recloned into pCS2. The EC1-3
construct was made by introducing a myc- tag and stop codon between the
EC3 and EC4 sequences of cadherin-11. The �EC1-3 construct was made by
deletion using all around PCR with Pyrococcus furiosus DNA polymerase.
All constructs were sequenced and tested for expression using the appropri-
ate antibodies in both Cos-7 cells and embryos.

Morpholino Oligonucleotides
Morpholino oligonucleotides were directed against the 5� untranslated region
of ADAM9, 13, and 19 diluted in water at 5 mg/ml (Gene Tools, Philomath,
OR). Ten nanograms of morpholino (MO) was injected into each embryo at
the one-cell stage, or 1 ng was injected at the 16-cell stage. The MO sequences
directed against the ADAM9, 13, and 19 are listed in Table 1.

Cadherin-11 Antibody Production and Screening
A His-tagged fusion protein (pET 30 vector; Novagen, San Diego, CA) en-
coding 157 C-terminal amino acids of the cytoplasmic domain of cadherin-11
was purified using standard methods. Fusion protein, 100–300 �g, was com-
bined with Freund’s adjuvant and injected intraperitoneally into BALB/c
mice. Hybridoma fusion protocol was performed using standard methods
(Harlow and Lane, 1988). Hybridomas were screened by ELISA, Western blot,
immunofluorescence, and immunoprecipitation to test immunoreactivity to
endogenous cadherin-11 and minimal cross-reactivity to N- and C-cadherin.
The mAb 1B4 showed a very low affinity for overexpressed N-cadherin and
no detectable affinity for C-cadherin. The same fusion protein was used to
immunize rabbits from which specific immunoglobulin were purified by
affinity on the antigen according to Alfandari et al. (1997).

Antibodies
Rabbit 6615F affinity-purified polyclonal antibody (pAb) to ADAM13 is used
at a 0.1 mg/ml concentration in Western blot (Alfandari et al., 1997). The
rabbit �-catenin pAb (Abcam, Cambridge, MA) was used at a 1:2000 dilution.

Rabbit anti-ADAM9 was described earlier (Cai et al., 1998). Rabbit anti-
ADAM19 was produced against a fusion protein to the ADAM19 cytoplasmic
domain and affinity-purified before use. As loading controls, antibody to the
�1 integrin subunit (mAb 8C8) and PACSIN2 (mAb 3D8) were used
(Gawantka et al., 1994; Cousin et al., 2000). To perform Western blot after
immunoprecipitation, we biotinylated mAb 1B4 while bound to the antigen
using NHS-LC Biotin (Pierce, Rockford, IL). 9E10 mAB and �-mouse-FITC
(1:200) were used to detect EC1-3-mt via immunofluorescence. Photographs
were taken using a Zeiss Axiovert 200M inverted microscope (Thornwood,
NY) equipped with a Hamamatsu Orca camera (Bridgewater, NJ).

Microinjection Experiments
Transcription reactions and injections were performed as previously de-
scribed in (Cousin et al., 2000). The injection volume was determined by
capillary calibration of the injection needle. We injected 5 nl at the one- to
eight-cell stages and 2.5 nl at 16- or 32-cell stages.

Whole Mount In Situ Hybridization
Whole mount in situ hybridization was performed as previously described
(Harland, 1991). Diogoxigenin-rUTP–labeled transcripts were synthesized in
vitro from Xenopus Sox10 and Twist plasmids. Synthetic mRNA encoding
�-galactosidase was also included in the microinjections of embryos that were
analyzed via in situ hybridization. The x-gal reaction was performed as in
Smith and Harland (1991) to indicate the site of injection. Embryos that were
expressing �-galactosidase in the posterior region were excluded from our
statistical analysis. Images were recorded using a Nikon D50 camera on a
Nikon SMZ1500 dissecting scope (Melville, NY).

Protein Extraction and Analysis
For direct Western blot analysis of transfected Cos cells, each well of a six-well
plate was extracted with 200 �l of reducing Laemmli buffer, and 10% of the
extract was applied to a SDS-PAGE gel. Immunoprecipitation were carried
out exactly as described in Alfandari et al. (1995) using protein G beads
(Roche, Indianapolis, IN) and 10 �g of mAb-1B4. Western blot protocol was
followed as previously reported (Cousin et al., 2000). Embryo extraction and
analysis was performed similar to above but 1� Modified Barth’s Saline
(MBS) was used instead of 1� TBS in the extraction buffer and washes.
Extraction buffer, 20 �l, was used per embryo. Total embryo number for each
experiment is noted in the figure legends. Glycoproteins were purified from
total protein extract using concanavalin-A agarose beads (Vector Laborato-
ries, Burlingame, CA) as previously described (Alfandari et al., 1997).

Quantitative PCR Analysis
RNA from stage-21 embryos was purified using guanidine isothiocyanate as
described in Alfandari et al. (1995). Reverse transcription reactions were
performed as in Alfandari et al. (1997). Sequences for xActin, Sox8, xTwist,
cyclin-Dl, and c-myc probes are listed in the Table 2. Quantitative PCR (qPCR)
reactions and data generation were performed using CYBR Green Premix Ex
Taq (Takara, Kyoto, Japan) and the LightCycler system 1.5 (Roche). The
2(���CT) method was used for target quantification (Livak and Schmittgen,
2001), where actin was used to normalize for total cDNA quantities.

RESULTS

Endogenous Cadherin-11 Is Cleaved In Vivo during CNC
Migration
Because a shed form of cadherin-11 had been observed in
tissue culture, we predicted that migrating CNC cells could

Table 1. MO sequences directed against ADAM9, 13, and 19

Target Morpholino sequence

xADAM13 GTCCCAGCCGACCCTCC
xADAM9 GGTGTCCCCTCATCTAC
xADAM19 GAGTCCTGTAGCTCCTT

Table 2. Sequences for xActin, Sox8, xTwist, cyclin-Dl, and c-myc
probes

Probe Sequence 5�

Cyclin D1 sense ATCCCACTGACCGCA
Cyclin D1 anti-sense TCTGATGAAGCGTTGT
c-myc sense ACTGAACGACAGCAT
c-myc anto-sense TGTGCGTCTTCCTCTT
xTwist sense GCCATGTCAGGGAGC
xTwist anti-sense GATTTGGCGAACCTA
Sox8 sense AAGGTCTCTGGTGGC
Sox8 anti-sense CACCGCCACATTTCA
Actin sense AACAGAGAAAAGATC
Actin anti-sense CAAAGTCAAGAGCAA
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regulate cadherin-11 surface levels by an extracellular cleav-
age event (Kawaguchi et al., 1999). To investigate this pos-
sibility, we produced a mAb directed against the cytoplas-
mic domain of cadherin-11 and studied its expression and
changes in molecular weight during CNC migration in X.
laevis embryos. The Western blot analysis in Figure 1A de-
picts the expression of endogenous cadherin-11 at the be-
ginning (stage 19) and during CNC migration (stages 21 and
23). In these embryos, the amount of total cadherin-11 in-
creases as the crest progresses through migration. Further-
more, we can detect the presence of a cadherin-11 cleavage
product of �75–80 kDa, which also increases during migra-
tion. This cleavage product corresponds in size to the cyto-
plasmic and transmembrane domains, as well as a portion of
the extracellular domain, and retains at least one glycosyla-
tion site because it can be purified on concanavalin A-beads.
Using the primary amino acid sequence and the putative
N-glycosylation sites, we estimate the cleavage site to be
between the EC3 and EC4 domain of the cadherin-11 protein
(Figure 1B). The timing and sizes of the cadherin-11 frag-
ments suggest that the homophylic binding site in the first
Cadherin domain (EC1) is removed during CNC migration,
thus decreasing cell–cell interactions.

Cadherin-11 Can Be Cleaved In Vitro by ADAM9 and 13
Our next objective was to find which protease is responsible
for cleaving Cadherin-11 during CNC migration. Because
ADAM10 was previously shown to cleave members of the
cadherin superfamily, we first investigated if cadherin-11
could also be processed by an ADAM. Cos-7 cells were
transfected with cadherin-11 and various ADAM constructs.
We selected ADAMs that have been previously shown to be
expressed in an overlapping pattern with cadherin-11,
namely ADAM9, 10, 13, and 19. Western blot analysis on the
cell extract revealed the presence of the 80-kDa cadherin-11
fragments in the ADAM9 and 13 cotransfected cells, but not
with their proteolytic inactive E/A mutants (Supplemental
Figure S1). This fragment was not present in the ADAM10
and 19 cotransfections.

Binding of Endogenous ADAM13 and Cadherin-11 Occurs
during CNC Migration and Corresponds to Cadherin-11
Cleavage
As described above, both ADAM9 and 13 were shown to
cleave cadherin-11 in tissue culture. However, we pursued
ADAM13 as the protease most likely responsible for cad-

herin-11 cleavage because of its highly specific expression in
the CNC and its previously established role in CNC migra-
tion (Alfandari et al., 2001). To further investigate if
ADAM13 is directly interacting with cadherin-11, we tested
the ability of the two proteins to coprecipitate. Indeed,
ADAM13 coprecipitates with cadherin-11 in extracts from
transfected Cos cells, as well as from embryos overexpress-
ing these two proteins (Supplemental Figure S2). Interest-
ingly, although overexpressed cadherin-11 binds to both the
pro and mature forms of ADAM13, endogenous cadherin-11
only coimmunoprecipitates the overexpressed mature
ADAM13, suggesting that cadherin-11 preferentially binds
with this form in embryos (Supplemental Figure S2).

To determine when the interaction between endogenous
ADAM13 and cadherin-11 occurs during early develop-
ment, we performed another coimmunoprecipitation exper-
iment using noninjected embryos at four different stages of
development (Figure 2). We used blastula (stage 7) embryos
as negative control because neither ADAM13 nor cad-
herin-11 is expressed at that stage. We also used gastrula
stage embryos (stage 10.5) because both proteins are ex-
pressed but the CNC has not yet been induced. Finally we
used neurula stage embryos (stage 19), where the CNC have
just begun migration and tailbud stage (stage 23), when the
CNC migration is nearly completed. The results show that
ADAM13 coprecipitates with cadherin-11 during the migra-
tion of CNC cells, but not at blastula or gastrula stages. In
addition, only the mature form of endogenous ADAM13 (M)
is bound to endogenous cadherin-11 (Figure 2A). At stage
23 a 50-kDa band also coprecipitate with cadherin-11. A
similar size band was previously described for ADAM13
(Alfandari et al., 1997) and could correspond to the protein
lacking both the pro and metalloprotease domain. Surpris-
ingly this form is not significantly enriched when ADAM13
is purified by affinity to concanavalin-A (Figure 2C). As
expected, the levels of the 80-kDa cadherin-11 cleavage frag-
ment increase as the CNC is migrating (Figure 2B). We find
that cadherin-11 cleavage is also occurring at gastrula stage,
whereas no detectable level of ADAM13 is associated, sug-
gesting that another ADAM, possibly ADAM9, may also
cleave cadherin-11 during gastrulation in vivo. Although the
mRNA for cadherin-11 is also expressed in the somites,
Western blotting experiments suggest that during CNC mi-
gration the vast majority of the protein is restricted to CNC

Figure 1. Cadherin-11 is cleaved in vivo during cranial neural crest
migration. (A) Wild-type embryos were extracted at stage 19, stage
21, and stage 23 representative of the different phases of CNC
migration (20 embryos/lane). Western blot analysis for Cad-11
shows an increase in full-length protein (120 kDa) as migration
proceeds, as well as the appearance of one 80-kDa cleavage product.
(B) Schematic representation of full-length Cad-11. The EC1 domain
contains a QAV homophilic binding motif consistent with type II
cadherins (Hadeball et al., 1998). The cleavage site (*) is determined
by calculating the relative molecular mass of the C-terminal frag-
ment taking into account the N-glycosylation sites. The cytoplasmic
region of Cad-11 can bind to �-catenin (Kawaguchi et al., 1999).

Figure 2. Binding of endogenous ADAM13 and cadherin-11 occurs
during CNC migration and corresponds with cadherin-11 cleavage.
Wild-type embryos (50 embryos/stage) were extracted at stages 7,
10.5, 19, and 23. Embryo extracts were immunoprecipitated for
Cad-11 and detected by Western blot for ADAM13 (A) and Cad-11
(B). (C) Glycoproteins from five embryos were purified using Con-A
agarose, separated by SDS PAGE, and blotted using ADAM13 an-
tibodies. Both pro- (P) and mature (M) forms are detected.
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in the head of the embryo, and not in the trunk where the
somites are (Supplemental Figure S3).

Overexpression of ADAM9 or 13 But Not ADAM19
Rescues Migration of CNC Cells Blocked by the
Overexpression of Cadherin-11
Previous work has shown that overexpression of cad-
herin-11 results in the inhibition of CNC migration in Xeno-
pus embryos (Borchers et al., 2001). Our results indicate that
the cadherin-11 level is regulated by proteolytic cleavage
during CNC migration. Our hypothesis is that overexpres-
sion of cadherin-11 reaches protein levels that can no longer
be regulated by endogenous ADAM13. To investigate this
possibility, we tested whether the overexpression of
ADAM13 could rescue CNC migration in embryos overex-
pressing cadherin-11. Embryos were injected into one blas-
tomere at the two-cell stage with synthetic mRNA for cad-
herin-11 alone, or in combination with ADAM13 (Figure 3).
Synthetic mRNA for �-galactosidase was also included to
identify the injected side of the embryos. The noninjected
sides of these embryos serve as a stage-match control for
embryo development and were used in each case to quantify
the extent of migration. At stage 25 embryos were fixed and
processed for whole mount in situ hybridization using a mix
of RNA probes for Sox10 and Twist to label CNC. Sox10 was
used in combination with Twist because previous work had
shown that Twist could be down-regulated in CNC overex-
pressing cadherin-11 (Borchers et al., 2001). Our results con-
firm that overexpression of cadherin-11 severely disrupted
the CNC migration on the injected side (Figure 3A). In
contrast, expression of both cadherin-11 and ADAM13 was
able to rescue CNC migration in a large fraction of the
injected embryos (Figure 3, A and B; p � 0.05).

Because ADAM9 but not ADAM19 can cleave cadherin-11
in vitro, we analyzed their ability to rescue migration of
CNC cells overexpressing cadherin-11 by targeted injection
at the 16-cell stage. The cell targeted at the 16-cell stage is
defined as D1-2 and contributes to a large fraction of the
CNC cell population (Moody, 1987). To follow the ability of
CNC cells to migrate, the various mRNA were coinjected
with mRNA for RFP (Figure 3C). ADAM13 was used in this
assay as a positive control and the ADAM13-E/A mutant as
a negative control. These experiments showed that ADAM9
can rescue migration with the same efficiency as ADAM13,
whereas ADAM19 or the ADAM13-E/A do not (Figure 3D).
This experiment shows that the ability of ADAM to rescue
CNC migration blocked by an excess of cadherin-11 de-
pends on the presence of the active proteolytic site and is
specific of a subset of ADAM metalloproteases.

Inhibition of ADAM Activity Blocks Cadherin-11
Cleavage In Vivo
We have previously shown using a dominant negative ap-
proach that ADAM13 is critical for CNC migration in vivo
(Alfandari et al., 2001). To resolve the importance of cad-
herin-11 cleavage by ADAMs during CNC migration, we
further investigated the effect of blocking ADAM function
on this process. We first used a hydroxamate-based inhibitor
marimastat that inhibits a wide range of metalloprotease
function including ADAMs (Orth et al., 2004). Cos-7 cells
transfected with ADAM13 and cadherin-11 were treated
with various concentrations of marimastat. Western blot
analysis shows that marimastat inhibits ADAM13 cleavage
of cadherin-11 in a dose-dependent manner (Figure 4A).

We then investigated the effect marimastat treatment has
on CNC migration in vivo by injecting the inhibitor in the
pathway of the migrating cells. At stage 22 the CNC cells of

the embryo injected with the carrier solution containing 10%
DMSO (10 nl) migrated in the hyoid, branchial, and mandib-
ular segments (Figure 4B). In contrast, injection of the inhibitor
blocked CNC migration in vivo in a similar but more robust
manner as the ADAM13 DN (Figure 4B; Alfandari et al., 2001).
These results suggest that at least one metalloprotease
inhibited by marimastat, possibly ADAM13, is essential
for releasing cadherin-mediated cell– cell adhesion during
CNC migration.

To further investigate this hypothesis, we knocked down
individual ADAM metalloproteases via morpholino injec-
tion (Figure 4C). The embryos used in this study were in-
jected with MO oligonucleotides to ADAM9, 13, and 19 and
then were raised to tailbud stage (stage 24) before the anal-
ysis. The total proteins were then extracted and the glycop-
roteins purified by affinity to concanavalin-A. Western blot
using antibodies to each ADAM, cadherin-11, PACSIN2,
and the �1-integrin subunit were performed. The results
show that MOs directed against ADAM9, 13, and 19 de-
creased the translation of their corresponding proteins.
Western blot analysis also revealed that the level of un-
cleaved cadherin-11 at 120 kDa is increased by about two-
fold in embryos with each of the ADAM MO, suggesting
that ADAM9, 13, and 19 may all participate, directly or
indirectly, in the cleavage of cadherin-11 in vivo. As a con-
trol we tested the cadherin-11 mRNA level using real-time
qPCR and found no increase in expression of the gene
(Supplemental Figure S4), confirming that the increase in
cadherin-11 protein level is due to “stabilization” of the
protein and not increased gene expression. In support of this
hypothesis, injection of an ADAM9, 13, and 19 MO cocktail
significantly decreases the amount of cleaved cadherin-11 at
stage 21 (Figure 4D). Additionally, injection of the MO cock-
tail (3MO) also blocks CNC migration in vivo (Figure 4E).

The Extracellular Cleavage Fragment Binds to Full-Length
Cadherin-11 Molecules and Promotes CNC Cell Migration
Thus far we have provided evidence that ADAM cleavage of
cadherin-11 produces a 80-kDa fragment that remains in the
plasma membrane. Consequently, it is likely that the extra-
cellular fragments containing the homophylic binding site
are released by the shedding events and may interfere with
cadherin-11 function in cell adhesion. To determine if the
extracellular fragment may participate in the migration, we
made a construct designed to mimic the cadherin-11 extra-
cellular cleavage fragment (EC1-3). To test whether the frag-
ment can bind to full-length cadherin-11, we applied the
media from EC1-3–transfected cells onto live Cos-7 cells
overexpressing either cadherin-11 or a cadherin-11 mutant
missing the homophilic binding site (�EC1-3). Immunoflu-
orescence detected the EC1-3 fragment only on cadherin-11–
transfected cells, suggesting that the extracellular cleavage
fragment can bind to full-length cadherin-11 (Figure 5A).
Because EC1-3 can bind to cells expressing full-length cad-
herin-11, we predicted that this fragment might also help
promote CNC cell migration. To further explore this hypoth-
esis we overexpressed both of these proteins with green
fluorescent protein (GFP) to follow CNC migration in vivo.
Although overexpression of cadherin-11 alone expectedly
blocks CNC migration, coexpression of EC1-3 rescues this
phenotype (Figure 5B, p � 0.05). This result suggests that the
cleavage fragment may compete with full-length cad-
herin-11 molecules for cell–cell adhesion and that CNC cells
require a defined ratio of cleaved to uncleaved cadherin-11
for migration.
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Figure 3. ADAM9 and 13 rescue CNC migration in cells overexpressing cadherin-11. (A) In situ hybridization was performed using a
combination of CNC markers xTwist and Sox10. Embryos were injected into one blastomere at the two-cell stage with synthetic mRNA for
either Cad-11 alone (top left) or in combination with ADAM13 (bottom left). The site of injection was determined by coinjecting mRNA for
�-galactosidase. The right panels correspond to the noninjected side of each embryo. Disruption of CNC migration was determined by
comparing the distance migrated on the injected side (left panels) versus the noninjected side (right panels) of the same embryo. (B)
Quantification of three independent rescue experiments. n � 30 for GFP-injected embryos, n � 79 for Cad-11–injected embryos, and n � 80
for Cad-11– and ADAM13-injected embryos. (C) Visualization of CNC cell migration in vivo using RFP as a lineage tracer. One dorsal animal
cell at the eight-cell stage was injected with mRNA encoding RFP and cadherin-11 to inhibit CNC migration. Synthetic RNA (0.25 ng)
encoding ADAM9, ADAM13, ADAM19, and ADAM13-E/A were each coinjected with cadherin-11 to determine their ability to rescue
migration. (D) Histograms representing the percentage of embryos in which the RFP-labeled cells migrated. Significance was determined by
students t test (p �0.05). The number of embryo analyzed was as follows: RFP � 51, Cad-11 � 61, Cad-11�ADAM9 � 67, Cad-
11�ADAM13 � 59, Cad-11�ADAM13-E/A � 70, and Cad-11�ADAM19 � 56.
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EC1-3 Rescues CNC Migration in Embryos with Reduced
ADAM13 Expression
To test if the EC1-3 fragment could promote migration in
CNC cells with reduced level of ADAM protein, we chose
two complementary approaches (Figures 6 and 7). The first
one consists of injecting the MO at the one-cell stage, to
produce embryos with reduced level of ADAMs and then

injecting either a lineage tracer alone or with the EC1-3
fragment at the 16-cell stage D1-2 (Figure 6). In that case we
can compare using in situ hybridization the position of CNC
cells that express the lineage tracer to the ones that do not.
The second approach is to inject the MO with the lineage
tracer at the 16-cell stage in D1-2 and follow the position of
the injected cells in live embryos, thus directly assessing the
capacity of the injected cells to migrate (Figure 7).

The first approach shows that the EC1-3 cadherin-11 frag-
ment can rescue CNC positioning in embryos with reduced
level of ADAM13 and 19 with the same efficiency as the
injection of an ADAM13 mRNA lacking the MO target se-

Figure 4. Reduction of ADAM function decreases cadherin-11
cleavage and CNC migration. (A) Cos-7 cells overexpressing Cad-11
and ADAM13 were treated with 0 �M, 1 �M, or 10 �M of mari-
mastat. Cad-11 cleavage was determined by Western blot analysis of
Cad-11 (top panel). ADAM13 levels were also detected by Western
blot (bottom panel). M, mature-form ADAM13; P, proform of
ADAM13. (B) Lateral view of tailbud stage embryos treated by
whole-mount in situ hybridization using slug to label neural crest
cells. Embryos at stage 17 were injected under the epidermis with 10
nl of 10% DMSO (left) or the same amount of 1 mM marimastat in
10% DMSO (right). At tailbud stage the CNC in control embryos
have migrated in the hyoid, branchial, and mandibular segments
(100%, n � 24). In contrast, 87.5% of the embryos injected with the
marimastat inhibitor have severe inhibition of CNC migration (n �
24). (C) Western blot analysis detecting ADAM and Cad-11 expres-
sion in control noninjected embryos (NI) or injected with mor-
pholinos directed against ADAM9 (MO9), ADAM13 (MO13), or
ADAM19 (MO19). Each lane represents the glycoproteins from five
embryos equivalent. PACSIN2 and the �1-integrin protein levels are
unaffected by MO injection. In contrast, the uncleaved cadherin-11
protein level is increased twofold with each MO. (D) ADAM9, 13,
and 19 protein expression was knocked down using a cocktail of all
three specific MO. Embryos were extracted at stage 15 (premigra-
tion) or at stage 21(mid-migration), and were immunoprecipitated
for Cad-11. Cad-11 was then detected by Western blot (20 embryos/
lane). At stage 21, the cadherin-11 cleavage fragments are reduced
in embryos injected with the 3MO. (E) In vivo migration analysis of
embryos injected at the 16-cell stage with mRNA encoding GFP
alone (0.5 ng/injection) or combined with 1 ng of the 3MO cocktail
(0.33 ng of each MO/injection). The CNC in GFP mRNA injected
embryos migrated in 21 of 21 embryos. The CNC in GFP mRNA
combined with 3MOs migrated in only eight of 33 embryos (24%).

Figure 5. The Cad-11 extracellular cleavage fragment binds to full-
length cadherin-11 and promotes CNC cell migration. (A) EC1-3
binding experiment performed in cell culture. Conditioned media
from EC1-3-mt–transfected cells was incubated with live cells trans-
fected with full-length Cad-11 (left) or an extracellular truncated
form (�EC1-3, right). After 20 min, the cells were washed, fixed, and
processed for immunofluorescence using mAb 9E10 (myc). The
green fluorescence represent EC1-3-mt bound to cells, whereas
DAPI was used to stain all cell nuclei. Bars represent the average
number of cells positive for EC1-3 that were counted in 19 frames.
We found no fluorescence associated with cells expressing the cad-
herin-11 lacking the EC1-3 domain. (B) Lateral view of embryos (St
26) that were injected in one CNC precursor cell at the 16-cell stage
with synthetic mRNA for GFP alone, GFP (top left) and Cad-11 (top
right), or GFP, Cad-11 and EC1-3 (bottom). GFP mRNA, 0.5 ng, 1 ng
of Cad-11 mRNA, and 1 ng of EC1-3 mRNA was used. The extent of
CNC migration was determined by GFP fluorescence, and results
from three independent experiments are plotted. Bars represent the
percentage of embryos in which CNC migration was observed. The
total number of embryos counted was GFP alone (n � 40),
GFP�Cad-11 (n � 75), or GFP�Cad-11�EC1-3 (n � 82). *Statisti-
cally significant at p � 0.05.
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quence (R13; Figure 6). Using the second approach, we find
that combination of MO oligonucleotides to ADAM9, 13,
and 19 can all decrease CNC migration in vivo (Figure 7).
The most efficient inhibition was found using all three MOs
(66% inhibition). CNC migration in all MO combinations
containing the ADAM13 MO was rescued by the expression
of the EC1-3 domain of cadherin-11. However, this fragment
had no effect on CNC inhibited by the ADAM9 and 19 MO
combination. These results suggest that meltrin ADAMs
may all participate in CNC migration or may compensate for
each other in vivo. Because the cadherin-11 extracellular
domain could only rescue migration in embryos that had
decreased ADAM13 (MO13 � 9, MO13 � 19 or all 3MO), but
not in embryos lacking both ADAM9 and 19, it is likely that
ADAM13 is the principal ADAM responsible for cad-
herin-11 cleavage during CNC migration.

EC1-3 Promotes Migration in a Non-Cell-Autonomous
Manner
The studies described in Figures 5, 6, and 7 show that EC1-3
can rescue CNC migration when coexpressed in cells that
are either overexpressing full-length cadherin-11 or have
knocked down ADAM expression through the use of MOs.
To determine if this rescue is cell-autonomous or not, we
injected embryos at the 32-cell stage with the EC-1–3 and
GFP mRNAs in the a2 cell while we injected the ADAM MO
cocktail with RFP mRNA in b2. Both a2 and b2 contribute to
the CNC. The result show that expression of the EC1-3

domain rescued CNC migration of RFP expressing cells
lacking ADAM proteins, whereas GFP alone did not, dem-
onstrating that the cadherin-11 extracellular domain can act
in a non-cell-autonomous manner.

Surprisingly, the RFP we expressed in the cells with
knocked-down ADAM expression (to visualize CNC migra-
tion in vivo) remained stable throughout the later stages of
CNC cell differentiation (stages 45–47). This unexpected
feature made it possible to analyze if the rescued ADAM KD
cells also differentiated into the craniofacial structures (Fig-
ure 8, D and E). Indeed, embryos that were mosaic for
EC1-3 and ADAM knockdown (KD) cells had a tendency
to have more ADAM KD cells in the developing facial
cartilages and muscles than those embryos not expressing
EC1-3 (Figure 8E). These results show that EC1-3 can
rescue migration noncell autonomously and suggest that
ADAM KD cells rescued by EC1-3 retain the ability to
differentiate into craniofacial structures.

Cadherin-11 Cleavage Does Not Affect Canonical Wnt
Signaling In Vivo
Cadherin-11, like many other cadherin proteins, can bind to
�-catenin via its cytoplasmic domain. Cleavage of N-cad-
herin by ADAM10 decreases its ability to bind �-catenin,
increasing the cytoplasmic pools, and resulting in the stim-
ulation of Wnt downstream markers c-myc, cyclin-D1, and
c-jun in tissue culture (Reiss et al., 2005). Furthermore, over-
expression of cadherin-11 in Xenopus decreased the expres-
sion of Twist, a CNC marker that is also downstream of
canonical Wnt signaling. This effect is caused by cadherin-

Figure 6. The cadherin-11 extracellular cleavage fragment rescues
CNC migration in embryos with reduced ADAM13 expression. (A)
Schematic representation of the experimental method. Embryos
were injected at the one-cell stage with MO13 and MO19 (5 ng each)
and then again at the 16-cell stage, with a lineage tracer and mRNA
encoding the various constructs, in D1.2 to target CNC. In this case
we are testing the ability of the mRNA to rescue CNC migration. (B)
In situ hybridization using Twist and Sox10 to label the CNC. The
left panels represent the control side where migration was inhibited
by the MO. The right panels represent the experimental side injected
either with �-Gal or the EC1-3 mRNA. The black lines represent the
extent of migration of the most posterior segment. After injection of
the EC1-3 migration is rescued. (C) Quantification of three individ-
ual experiments described above (2MO is MO13 � 19). The total
number of embryos for each injection set was n � 77 (2MO � �-gal),
n � 96 (2MO � �-gal � EC1-3), n � 82 (2MO � �-gal � R13), n �
66 (2MO � �-gal � C11), and n � 91 (noninjected � �-gal � EC1-3).

Figure 7. Combinations of MO to the different meltrins result in a
reduction of CNC migration. (A) Embryos were injected at the
16-cell stage in D1-2 with the MO (0.33 ng each) and GFP as a
lineage tracer to test their ability to prevent CNC migration. (B)
Lateral views of representative embryos at tailbud stage. Migration
was determined by the presence of GFP-labeled cells in the CNC
pathways as evident in the GFP control. (C) Histogram representing
the percentage of migration in embryos injected with the various
MO (0.5 ng of each A9, A13, and A19) with or without the EC1-3
mRNA.
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11–sequestering �-catenin at the cell surface, because coex-
pression of �-catenin rescues Twist expression (Borchers
et al., 2001). In light of these findings, we considered two
possible ways ADAM processing of cadherin-11 could affect
�-catenin. Either cleavage of cadherin-11 destabilizes its in-
teraction with �-catenin, increasing the cytoplasmic pool
and possibly promoting nuclear signaling, or ADAM cleav-
age of cadherin-11 only affects its adhesive properties and
not its ability to bind �-catenin. To test how cadherin-11
cleavage affects its interaction with �-catenin, we overex-
pressed cadherin-11 in embryos either alone or with
ADAM13. Cadherin-11 was then immunoprecipitated and

the association with �-catenin was tested by Western blot
(Supplemental Figure S5A). Here, the level of associated
�-catenin was not affected by the coexpression of ADAM13,
suggesting that the 80-kDa fragment is still capable of bind-
ing to �-catenin. This was further confirmed by coimmuno-
precipitation experiments using a truncated form of cad-
herin-11 lacking the EC1-3 domains expressed in Cos cells
(Supplemental Figure S5B). This truncated form associated
with the endogenous �-catenin with efficiency similar to that
of the wild-type cadherin-11. Finally, we performed real-
time qPCR analysis on the expression of canonical Wnt
target genes xTwist, cyclin-D1, and c-myc using cDNA from

Figure 8. The cadherin-11 extracellular fragment (EC1-3) is not cell-autonomous. (A) Schematic representation of the experimental design.
The EC1-3 mRNA was coinjected with GFP mRNA at the 32-cell stage in the a2 cell. The 3MO cocktail (0.5 ng ADAM9, 13 and 19) was injected
with RFP mRNA in the b2 cell of the same embryo (all mRNA were at 0.25 ng). Embryos were grown to stage 26 before imaging the GFP
and RFP fluorescence (B). The percentage of embryos with migrating CNC cells expressing RFP was then counted and is presented in C.
Asterisks indicate statistical significance as determined by Student’s t test (p � 0.05). (D) Late stage (stages 45–47) analysis of RFP localization
in differentiated facial structures in the dual injected embryos from above. Embryos were scored for having strong, little, or trace to no
expression in the developing facial cartilage. (E) Histogram representing scoring data from late stage embryo analysis.
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stage-21 embryos injected with the same mRNA combina-
tion as described above (Supplemental Figure S5C). Coex-
pression of ADAM13 with cadherin-11 did not stimulate the
expression of any of the markers. Cumulatively, these re-
sults indicate that cadherin-11 cleavage by ADAM13 does
not affect Wnt signaling through �-catenin.

DISCUSSION

The Differential Role of Cadherins in the Neural Crest
One objective of the studies described in this manuscript
was to further understand the role of cadherins during
neural crest migration. Among the different model organ-
isms, both cadherin-11 and -7 are expressed in neural crest
cells throughout migration (Kimura et al., 1995; Nakagawa
and Takeichi, 1995; Hadeball et al., 1998; Nakagawa and
Takeichi, 1998; Vallin et al., 1998). N-Cadherin and cadherin-6B
are also expressed in neural crest cells but are down-regu-
lated shortly after the onset of migration (Akitaya and Bron-
ner-Fraser, 1992; Nakagawa and Takeichi, 1995; Inoue et al.,
1997). Although N-cadherin and cadherin-6 are expressed at
the beginning of migration, it is speculated that they may
have an inhibitory function in this process (Coles et al., 2007;
Shoval et al., 2007). This hypothesis is supported by the
observation that down regulating cadherin-6B in the chick
neural crest results in premature migration of these cells
(Coles et al., 2007).

One intriguing question is how these cadherins may either
promote (Cad-7 and -11) or prevent (N-Cad and Cad-6B) cell
migration since they all share similar domain organization,
intracellular binding partners, and the ability to support
cell–cell adhesion. Of course each cadherin family member
has unique adhesive properties such as homophilic binding
tendencies and exclusive dissociation constants that may
make one more useful to migrating cells than the other
(Bayas et al., 2006; Patel et al., 2006). However, we suspect
that their adhesive properties are more strongly influenced
by regulatory proteins during the process of migration. In
line with this premise we have shown that cadherin-11 is
continuously regulated by ADAM13 via an extracellular
cleavage event during CNC migration in Xenopus. Similarly,
cadherin-7 was shown to have a rapid turnover rate in
migrating neural crest cells when compared with N-cad-
herin (Dufour et al., 1999). This turnover is likely due to
proteolysis as shown in cell culture experiments, but the
enzyme responsible for this proteolysis remains to be iden-
tified (Kawano et al., 2002). Thus, the pairing of selected
ADAM metalloproteases with cadherins may provide
them with unique properties such as promoting cellular
migration.

Promigratory Function of the Cleaved Extracellular
Domain
We have also discovered that the cleavage of cadherin-11
produces a fragment that has promigratory activity in vivo.
This extracellular fragment can rescue CNC migration when
there is an overabundance of full-length cadherin-11, either
via overexpression of cadherin-11 mRNA or by blocking the
cleavage of endogenous cadherin-11 through MOs directed
against ADAMs (Figures 5–7). This cleavage fragment can
also rescue the migration of ADAM KD CNC cells via a
non-cell–autonomous mechanism (Figure 8). Our results
show that the fragment can bind to full-length cadherin-11
molecules (Figure 5), suggesting that in vivo it could act as
a competitor and prevent cadherin-11–mediated interactions
among cells (Figure 9). Some invasive cancers may use a

similar mechanism to promote cell migration via the expres-
sion of an alternatively spliced cadherin-11 product. This
variant encodes a secreted form of cadherin-11 and has been

Figure 9. Why cleave cadherin-11? (A) Cadherin-11 (red) is ex-
pressed at the surface of CNC throughout their migration and is
associated with ADAM13 (blue). Cleavage of cadherin-11 could
promote CNC cell migration via three possible molecular mecha-
nisms. (1) Removal of the cadherin-11 extracellular adhesive (HAV)
sequence prevents its ability to bind to full-length cadherin-11 mol-
ecules on neighboring cells. (2) The extracellular cleavage fragment
retains the adhesive domain and could act as a competitive inhibitor
by binding to full-length cadherin-11 and preventing its interaction
with other full-length cadherin-11 molecules. (3) The extracellular
cleavage fragment may also interact with unknown receptors and
activate promigratory signaling cascade. We have also shown that
the cleaved cadherin-11 fragment that remains in the plasma mem-
brane can still interact with cytoplasmic protein such as �-catenin
and possibly p120 maintaining cytoskeletal organization and con-
trolling �-catenin signaling. (B) The decrease in cell adhesion may
increase the fluidity of the CNC tissue allowing for the migration of
a cohesive sheet of cells during the first phase of CNC migration.
Further decrease of cell adhesion would promote the separation of
CNC and the migration of single cells during phase 2.
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found in aggressive cancer cell lines (Pishvaian et al., 1999;
Feltes et al., 2002). Although competition with cadherin-11 is
a likely hypothesis another possibility is that the cleaved
cadherin-11 extracellular fragments may bind to an unre-
lated protein acting as a receptor similar to what has been
shown for the L1 adhesion molecule (Figure 9). In the case
of L1, the cleaved domain binds to the �V�5 integrins and
stimulate haptotactic migration (Mechtersheimer et al.,
2001).

Although the extracellular cleavage fragment of other cad-
herin molecules has also been shown to retain biological
activity, it appears that no generalizations about their func-
tion can be made. For example, although the extracellular
fragment of E-cadherin was shown to decrease cell–cell
adhesion in vitro, the extracellular fragment of N-cadherin
promotes neural cell–cell adhesion in chick embryos
(Paradies and Grunwald, 1993; Noe et al., 2001). Thus, the
expression of specific cadherins along with the generation of
their cleavage fragments seems to play an active role in medi-
ating a specific cellular response, such as cell migration.

Which Meltrin Cleaves Cadherin-11 during CNC
Migration?
Meltrin family members ADAM9, 13, and 19 are all ex-
pressed in CNC cells during migration. Because all three of
these proteins are active proteases, they could all potentially
cleave cadherin-11 during this process. However, our stud-
ies in vitro reveal that ADAM9 and 13 can cleave cadherin-
11, whereas ADAM19 cannot (Supplemental Figure S1). Ad-
ditionally, both ADAM9 and 13, but not ADAM19, are
capable of rescuing the migration of CNC expressing an
excess of cadherin-11 in vivo (Figure 3, C and D). Yet,
resolving which meltrin predominantly cleaves cadherin-11
during CNC migration was complicated by the ability of the
ADAMs to compensate for each other’s function. We have
shown further evidence of the compensation among the
meltrins in vivo by detecting an increase in ADAM9 expres-
sion when either ADAM13 or 19 expression is knocked
down via MO injection (Figure 4C). To prevent the effects of
compensation in our experiments, we used combinations of
MOs to knock down at least two meltrins at one time. We
have shown that injection of a combination of any two
ADAM MOs blocks CNC migration in about half of the
embryos screened (Figure 7). This phenotype can be rescued
by the expression of the cadherin-11 extracellular domain
when ADAM13 MO is included in the injection. However,
the cadherin-11 extracellular domain does not rescue em-
bryos with double MO knockdown of ADAM9 and
ADAM19. This distinction suggests that ADAM13 is the
main enzyme responsible for cadherin-11 cleavage during
CNC migration.

On the other hand, the above observation does not explain
why MOs for ADAM9 and 19 can also block CNC migration.
In this regard, we observed a decrease in ADAM13 expres-
sion in both ADAM9 and ADAM19 MO injected embryos
(Figure 4C), suggesting that there is cross-talk among these
meltrins. Thus the CNC migration phenotype (Figure 7), and
the increase in uncleaved cadherin-11 levels (Figure 4C) in
ADAM9 and 19 knocked down embryos could be at least
partially attributed to this secondary effect on the ADAM13
protein level. Additionally, loss of either ADAM9 or 19 may
affect CNC induction. For example, conditional knockout
of ADAM19 in the mouse neural crest does not prevent
migration, but interferes with the specification of cardiac
neural crest cells and the proper morphogenesis of the
heart (Komatsu et al., 2007). We have also observed that
ADAM19 KD interferes with CNC specification in Xenopus,

(Neuner and Alfandari, unpublished results), and this
could contribute to the partial inhibition of CNC migra-
tion observed here.

We propose that ADAM13 is responsible for the cleavage
of cadherin-11 during CNC migration and that other mel-
trins, such as ADAM9 can compensate for this function
when ADAM13 protein expression decreases. Our results
also suggest that another protein cleaved by the meltrins
may be important in the specification and/or migration of
the CNC.

ADAM10 Cleavage of N-cadherin versus ADAM13
Cleavage of Cadherin-11 in the Neural Crest
Although ADAM10 cleavage of N-cadherin was shown to
play an important role in trunk neural crest delamination in
chick, there are fundamental differences with the ADAM13
cleavage of cadherin-11 in the Xenopus CNC (Shoval et al.,
2007). First, as described previously, cleavage of cadherin-11
occurs continuously during migration, whereas cleavage of
N-cadherin is part of the global down-regulation of this
protein required at the onset of migration (Akitaya and
Bronner-Fraser, 1992; Shoval et al., 2007). Second, in the
avian neural crest, cleavage of N-cadherin releases �-catenin
that relocalizes to the nucleus to activate the transcription
of promigratory genes such as cyclin-D1 (Shoval et al.,
2007). Cyclin-D1 in addition to its role in controlling cell
division also controls cell motility by inhibiting ROCK
(Rho-associated protein kinase) signaling and TSP-1 ex-
pression (Li et al., 2006). Conversely, we have shown that
cleavage of cadherin-11 does not affect its interaction with
�-catenin.

Although �-catenin signaling appears to be important for
the initial delamination of the neural crest, it seems to play
a different role during neural crest cell migration (de Melker
et al., 2004; Shoval et al., 2007). Some signaling through
�-catenin is important for the expression of neural crest
markers, such as Twist, during migration (Borchers et al.,
2001). However, conditional knock out of �-catenin in
mouse embryos showed that �-catenin signaling is not re-
quired for neural crest cell migration (Brault et al., 2001). In
fact, exogenous stimulation of �-catenin via LiCl treatment
will stop the migration of avian neural crest ex vivo (de
Melker et al., 2004). It is possible that cadherin-11 helps to
control the “intensity” of �-catenin signaling by sequester-
ing a pool of this molecule at the cell membrane during CNC
migration. On the other hand, it has been suggested that
signaling through �-catenin is involved in the differentiation of
neural crest cells once they reach their target locations (Hari
et al., 2002; Paratore et al., 2002). Because neural crest differen-
tiation occurs mostly after migration ceases, cadherin-11’s in-
teraction with �-catenin at the cell membrane may also play a
role in the maintenance of an undifferentiated state while the
cells are still moving.

In summary, we propose that the differential role of cad-
herins in the neural crest is in part mediated by ADAM
cleavage. Here we show that ADAM regulates cadherin-11
throughout CNC migration. The continuous cleavage of cad-
herin-11 could promote migration by removing its adhesive
domain, and by producing an extracellular fragment that
retains biological activity. The decrease in cell adhesion
could be important to increase the fluidity of the CNC tissue
as well as promote the dispersion into single cells during the
second phase of CNC migration (Figure 9).
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