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Cell migration is critical for proper development of the
embryo and is also used by many cell types to perform their
physiological function. For instance, cell migration is essential
for immune cells to monitor the body and for epithelial cells to
heal a wound whereas, in cancer cells, acquisition of migratory
capabilities is a critical step toward malignancy. Migratory
cells are often categorized into two groups: (1) mesenchymal
cells, produced by an epithelium-to-mesenchyme transition,
that undergo solitary migration and (2) epithelial-like cells
which migrate collectively. However, on some occasions,
mesenchymal cells may travel in large, dense groups and
exhibit key features of collectively migrating cells such as
coordination and cooperation. Here, using data published
on neural crest cells, a highly invasive mesenchymal cell
population that extensively migrate throughout the embryo,
we explore the idea that mesenchymal cells, including cancer
cells, might be able to undergo collective cell migration under
certain conditions and discuss how they could do so.

Introduction: How to Define Collective Cell
Migration?

Collective cell migration can be simply presented as the migra-
tion of groups of cells as opposed to the migration of isolated
cells. However, several definitions have been proposed which
may include or exclude some types of cell migration. While
some argue for a broad definition such as the “migration in
loosely or closely associated groups”™;' others insist that cells
should remain “physically and functionally connected such
that the integrity of cell-cell junctions is preserved during
movement.”? According to the second definition loose groups
of cells, where cell-cell junctions are transient and constantly
remodeled, are not migrating collectively. Therefore, collective
cell migration would apply solely to cells with an epithelial or
epithelial-like phenotype. However, cells from loose groups
may travel together in a directional fashion for long periods of
time and display a high level of coordination and cooperation
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suggesting that the type of cell-cell adhesion may not be a rel-
evant criterion to assess collectiveness. Here, we review stud-
ies published on neural crest (NC) cells, a mesenchymal and
highly migratory cell population®¢ and discuss the implica-
tions of the findings of these works in the context of defining
collective cell migration and its relevance to mesenchymal cell

migration.
The Neural Crest at a Glance

The neural crest (NC) is a multipotent cell population specified
at the interface between the neural and non-neural ectoderms by
a combination of signals from the BMP, Wnt, FGF and Notch
families.”® After induction, NC cells separate from their sur-
rounding tissues during a delamination phase which involves an
epithelium-to-mesenchyme transition (EMT).>*® As part of the
EMT process, NC cells reduce their cell-cell adhesion proper-
ties to become mesenchymal cells with extensive migratory capa-
bilities.*> As a result, they colonize nearly all tissues and organs
of the embryo (Fig. 1) where they give rise to a wide range of
derivatives such as neurons, glia, bone, cartilage, endocrine cells,
connective tissues and smooth muscle.*>¢ Interestingly, the NC
cells migrate as several independent subpopulations exhibiting a
variety of migratory strategies and behaviors, which we review
hereafter.

Collective and Solitary Behaviors
during NC Cell Migration

Xenopus cephalic neural crest cells. In Xenopus, the cephalic
NC cells start their migration as a relatively tight pseudoepi-
thelial cell sheet (Fig. 2A).""'? At eatly stages of Xenopus NC
cell migration, cells have relatively stable cell-cell junctions and
motile cells can pull forward non-motile neighbors such as cells
undergoing cell division or cells having recently collapsed cell
protrusions.”” NC cells progressively turn mesenchymal. They
exhibit highly dynamic and transient contacts and migrate in
a cell streaming fashion (Fig. 2A, lower part).*!! Throughout
migration, in sheets or streams, cell-cell interactions promote
Contact-Inhibition of Locomotion (CIL),"*™ the process by
which cells collapse protrusions and repolarize upon contact
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Figure 1. Neural crest cell migration. Neural crest (NC) cells (blue)
emerge from the dorsal neuroepithelium and migrate extensively
throughout the embryo. The cephalic NC cells mainly migrate under the
skin and toward the ventral portions of the face with some subpopu-
lations migrating further ventrally toward the heart and along gut.

The trunk NC cells mostly invade the ventral regions of the trunk and
colonize the skin.

with another cell.'*"” Since CIL promotes the collapse of the pro-
trusions, it restricts the protrusive activity toward the cell-free
space giving each cell a clear front-back polarity matching the
free space-cell contact axis (Fig. 3A).>! CIL is mediated by the
Wnt-PCP signaling pathway'>"*! and requires the formation of
N-Cadherin-based adherens junctions upon contact.’* Wnt-PCP
activates RhoA at the contacts” while N-Cadherin is required
for the local inhibition of Racl (Fig. 3B)."” The link between
N-Cadherin and PCP is unknown but one possibility is that
N-Cadherin promotes the formation of a proper contact bring-
ing the cell membranes in close proximity, which in turns helps
trigger PCP signaling. Importantly, cells in groups show higher
persistence than single cells” suggesting that cell-cell interactions
promote a certain degree of coordination within the group while
single cells are free to wander without being restricted by direct
neighbors. Besides cell-cell interactions polarizing the cells by
maintaining a high-RhoA/low-Racl activity at the cell contacts,
additional factors modulate polarity through small GTPases. For
instance, Syndecan-4 is expressed by NC cells and inhibits Racl
when bound to Fibronectin.” Moreover, the chemokine Stromal
cell-derived factor 1 (Sdfl) increases Racl activity through its
receptor Cxcr4."” Interestingly, cells in groups are able to che-
motax toward Sdfl with great efficiency whereas isolated NC
cells fail to migrate directionally when placed in a gradient of
Sdf1."” The chemotactic abilities of NC cell groups are abolished
if cell-cell junctions are impaired while single cells can be made
responsive if cultured at high cell density.” These data indicate
that NC cells in sheets and mesenchymal NC cells cultured at
high cell density acquire emergent properties that are not born
by isolated cells.
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SPECIAL FOCUS REVIEW: COLLECTIVE CELL MIGRATION

Migration of Xenopus cephalic NC cells toward the ventral
region of the face does not lead to a complete spreading of the cell
population along the dorso-ventral axis. NC cells remain in close
proximity and migrate ventrally leaving a gap between the rear
of the NC population and the neuroepithelium from which they
emerge. This typical pattern of migration has been extensively
described in references 4, 6, 11 and 22 and can be easily observed
by in situ hybridization or time-lapse microscopy. Cells within a
group locally exchange position with their direct neighbors but
no dramatic movements happen such that the global organiza-
tion of the NC cell population is relatively steady with cells at the
front and at the back of the group keeping their relative position
for long periods of time.'>"

Altogether, these data indicate that Xenopus cephalic NC cells
migrate as an organized group of mostly mesenchymal cells with
high cell cooperation and a relatively steady spatial organization.

Chick cephalic neural crest cells. Chick cephalic NC cells
turn mesenchymal at the onset of their migration and never
engage in sheet-like migration.”® However, the description of
chick cephalic NC cell migration highlights a global behavior that
is very similar to that of the Xenopus cephalic NC cells. Chick
NC cells migrate in a coordinated fashion toward the ventral
region of the face leaving cell-free spaces behind.’ Importantly,
when the total number of migratory cells is reduced experimen-
tally the overall behavior is not affected and the cells still manage
to reach the ventral most regions of the face.?**” Cephalic chick
NC cells mostly migrate in chains with leader cells and follow-
ers keeping their relative positions for long periods of time, 2%
suggesting that despite being mesenchymal some degree of spatial
organization is achieved and maintained over time. Migrating
chick NC cells have repeated cell-cell contacts with their migra-
tory neighbors similar to the close contact observed in Xenopus
neural crest (Fig. 2A and B), but in addition, chick neural crest
exhibit long filopodia that allow cell-cell communication over
long distances.” Despite being transient, these contacts lead to
an exchange of cell material between the cells?® and induce a col-
lapse of cell protrusions® similar to the contact-inhibition behav-
ior described in Xenopus.” The molecular effectors responsible
for this phenomenon are unknown. Interestingly, cells within a
group show higher directionality than cells wandering on their
own? indicating that cell-cell interactions lead to a more effi-
cient migration. If such cell-cell contacts confer the ability to
respond to external cues on NC cells as in Xenopus remains to
be demonstrated. Finally, chick cephalic NC cells also exhibit a
cell polarity based on a free space-cell contact axis. Cells exposed
to cell-free spaces, located at the front or back of the chains, have
more protrusive activity than cells within the chains (Fig. 2B).»

Alrogether these data strongly support a model similar to
Xenopus NC cells where chick cephalic NC cells migrate more
efficiently than isolated cells and where cell-cell interactions are
responsible for cell polarity and coordination.

Enteric NC cells. The enteric subpopulation of NC cells arises
from the caudal hindbrain and the sacral region of the trunk.>»-%
These cells move toward the gut and colonize its entire length
where they form the chains of enteric ganglia.’ Enteric NC cells
first reach the anterior region of the gut and progress caudally
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(sinuous path).

Figure 2. Migration of cephalic NC cells in Xenopus and chick embryos. (A) In Xenopus, NC cell migration start as a loose cell sheet (top part) and
progressively turns into a cell streaming composed of mesenchymal cells (bottom part). (B) In chick, NC cells migrate as mesenchymal cells and form
chains. In both models cells are polarized by interactions with other NC cells (red) and maintained as a dense group by the presence of inhibitors defin-
ing the borders of the NC routes (shades of orange). High cell density leads to directional movement while isolated cells exhibit poor directionality

without leaving a NC-free space behind.
The migration is mostly achieved by
a vanguard of actively migrating and
2343 Behind these

leading cells is a rearguard of NC cells

proliferating cells.

that migrate and proliferate less.®
Proliferation of the enteric NC cells has
been shown as critical for the complete
innervation of the gut® suggesting that
the caudalward extension of the popu-
lation was due to population pressure
progressively shifting the leading edge
of the migratory population further cau-
dally. However, proliferation is mainly
observed at the front of the population
indicating that the front is not pushed
forward by cells from the rearguard.
Experiments where two groups of enteric
cells were grafted, in anterior and poste-
rior regions of the gut, show that both
populations progress toward the middle
of the gut. They both exhibit a migra-
tory behavior similar to that observed in a
control situation despite one of the group
is migrating backward. However, when
the two populations meet, both prolifer-
ation and migration are reduced.”® This
supports the idea that the progression
of the vanguard is mainly driven by the

availability of a NC-free space at the front, such that the progres-
sion rate of the population is directly linked to the time needed to
fully populate a given region of the gut. When one given segment
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Figure 3. Xenopus cephalic NC cells are polarized by contact-inhibition of locomotion. (A) Contact-
Inhibition of Locomotion is triggered by cell interactions. Cells are polarized according to their cell-
cell contacts; free edge is in green, cell contacts are in red. (B) Cell-cell interactions are mediated

by N-Cadherin and Wnt/PCP signaling. N-Cadherin is required for a local inhibition of Rac1 at the
cell junctions and Wnt/PCP induces an increase of RhoA activity at the contact. Both N-Cadherin
and Wnt/PCP maintain low Rac1 and high RhoA activities at the cell-cell contact which restrict Rac1

activity at the free edge.
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is occupied by a critical number of NC cells the migration pro-
ceeds further to occupy the next segment. Analysis of cell move-
ment indicates that even if NC cells are progressively moving in
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a rostro-caudal manner the movement of cells within the popula-
tion cannot be predicted.** More precisely, the average movement
of the cells does not match the average progression of the group
indicating that there is no global coordination. Also in contrast
with cephalic NC cells, enteric NC cells keep only poor spatial
relationships over long periods of time. Cells in close proximity
at the beginning of the migration may end far apart as a con-
stant supply of new cells by proliferation passes cells from the
vanguard to the rearguard where they soon stop migrating and
differentiate.””%3¢ However, some enteric NC cells do engage in
chains and isolated cells migrate slower than cells at high cell
density.”” This indicates that cell-cell interactions take place and
influence cell behavior but these interactions are not sufficient
to promote collective behavior when we consider the population
of enteric NC cells as a whole. It is possible however that some
degree of collectiveness may be seen transiently when consider-
ing subpopulations of the enteric NC cells such as cells within
the vanguard. More analyses are needed to address these points.

Alrogether, these observations indicate that enteric NC cell
migration is mostly driven by migratory and proliferative activi-
ties at the vanguard, leading to a progressive movement of the
cells toward NC-free regions of the gut. These data also indi-
cate that enteric NC cells show little coordination and do not
keep spatial relationships during their extensive rostro-caudal
migration.

Trunk NC cells. Trunk NC cells migrate following two
main routes: a ventromedial pathway toward the anlagen of the
dorsal root (DRG) and sympathetic (SG) ganglia®® and a dorso-
lateral pathway underneath the ectoderm only used by pigment
cells. >3 Trunk NC cells start their migration as mesenchymal
cells.”® Cells using the ventral path keep a relatively stable spa-
tial organization throughout migration with early delaminating
cells colonizing regions located farther away than cells emigrat-
ing later on.>* In chick some of these cells were even observed

migrating as part of chains,”

similarly to their cephalic coun-
terpart, confirming that trunk NC cells engage into migratory
units involving cell-cell interactions. It is only after cells have
reached the anlagen of the DRG and SG that some cell mixing
can be observed and that the spatial distribution is blurred.”
Interestingly, in vitro cultures of trunk NC cells indicate that
cells at high cell density exhibit a higher directionality than
dissociated cells.*> In these experiments, NC cells migrate in
a nearly confluent fashion and often slightly overlap with one
another. The authors suggest that the higher directionality is
achieved because each cell is restricted by its direct neighbors.
They also describe how cells collapse their filopodia upon con-
tact with other NC cells. Moreover, cell-cell interactions were
shown to directly promote motility as single cells have poorer
activity than cells in dense cultures.”> More precisely, isolated
trunk NC cells were observed to alternate between short periods
of migration and tumbling with no net movement whereas cells
interacting with one another exhibited a more active behavior
with longer periods of cell motility and greater speed. Cells were
seen constantly colliding and moving away from each other in
a manner reminiscent of the cell behavior induced by Contact-
Inhibition of Locomotion." In vivo, NC cells migrating through
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the ventromedial pathway are restricted to a narrow path sur-
rounded by inhibitory cues*>* that maintain a high cell den-
sity. Based on the direct correlation between cell density and
directionality observed in vitro it is tempting to suggest that
a similar effect is achieved in vivo when cells encounter local
inhibitors. CIL has not been directly assessed in trunk NC cells.
However, the fact that these cells are influenced by their con-
tact with other cells and the fact that Wnt/PCP is required for
zebrafish and chick trunk NC migration'20:44
suggest a critical role for CIL in the directional migration of
trunk NC cells.

NC cells using the dorsolateral pathway give rise to pigment

in vivo strongly

cells.?® These cells migrate in a non-segmented manner. They
migrate extensively to cover the entire surface of the skin. In con-
trast with cephalic NC cells, but similarly to enteric NC cells,
when the size of the population is reduced the most distal regions
fail to be colonized and white patches devoid of pigment cells
are generated.’® This observation strongly suggests that the ini-
tial distribution of pigments cell precursors is primarily driven by
repulsion among NC cells. The cells move away from each other
until they reach a region where they are no longer surrounded
by other NC cells to maximize the coverage of the skin. Such
mechanism would make contact-inhibition the primary driving
force of pigment cell distribution as proposed by some authors.®
Whether or not this is the case remains to be evaluated.

Alrogether these data indicate that trunk NC cells migrating
along the ventromedial pathway keep a relative spatial organi-
zation throughout migration and engage in highly directional
migration when maintained at high cell density, which indicate
collective cell migration behavior. On the contrary, migration of
pigment cells suggests a contact-inhibition driven mechanism
with no apparent coordination.

Can Mesenchymal Cells Undergo
Collective Cell Migration?

The broad definition of collective cell migration stated as the
“migration in loosely or closely associated groups™ would include
nearly all migratory NC cell subpopulations apart from pigment
cell precursors. On the contrary, the more restrictive definition
based on stable physical contacts would exclude all NC cell migra-
tory behaviors but the very early steps of Xenopus cephalic NC
cell migration. The Xenopus cephalic NC cell migration starts as
an epithelial-like cell sheet migration and quickly turns into a cell
streaming with more transient cell-cell contacts (Fig. 4). However
the effect of cell-cell interactions on cell polarity and competence
to respond to external guidance cues is, in both cases, similar
and involves the same molecular effectors (N-Cadherin/PCP
signaling).’>">12! Despite turning into cell streaming, Xenopus
cephalic NC cells still move forward in a coordinated manner.
Cells at the back do not undergo a reverse migration toward the
free space created between the rear of the NC population and
the neuroepithelium. These observations indicate that the transi-
tion toward a more mesenchymal phenotype does not reduce the
ability of these cells to migrate together. In addition, it strongly
supports the idea that the stability of the cell-cell contacts cannot
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Figure 4. Neural crest cells exhibit solitary and collective behaviors. Comparison between epithelial cells, cephalic, enteric and trunk NC cells. For each
cell population their epithelial or mesenchymal phenotype and the type of cell-cell contacts are indicated. Motility at the group level means that non-
motile cells can be pulled by adjacent motile cells while motility at the single cell level indicates that each cell is properly motile. Response to external
signals at the group level means that the ability to respond to these signals depends on the fact that cells are part of a collective as opposed to a situa-
tion where each cell responds to external cues independently. Such collective guidance has been shown for Xenopus and mouse cephalic NC cells'*4¢

and is therefore likely to apply to other cephalic crests in other species. CNC, cephalic NC cells; TNC, trunk NC cells.

be used to assess collectiveness. Importantly, in Xenopus and
mouse cephalic crests cell-cell interactions are essential for the
response to external signals such as Sdf1 or semaphorins. ¢34
This indicates that the guidance is controlled at the group level
(Fig. 4). If such collective guidance occurs in other cell collec-
tives such as epithelial cell sheet or other NC cells remains to be
determined. Nevertheless, in chick, cephalic NC cells and trunk
NC cells using the ventral route, which exhibit typical mesenchy-
mal phenotypes from the early steps of migration, also migrate
in directional coordinated fashion with a relatively stable spatial
organization, including chains, but no stable cell-cell contacts.
We believe these NC cell subpopulations should be considered
as collectively migrating mesenchymal cell populations (Fig. 4).
A relatively similar situation of a loosely connected group of
cells, ficting the broad definition of a cell collective mentioned
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above, is observed in the vanguard of enteric NC cells.?>3%3¢

However, these cells show no apparent coordination. Cells across
the population keep very poor spatial relationships and the gen-
eral displacement of the population does not match the individual
cell movements.?**3%37 This suggests that having a high density
of loosely connected cells is not sufficient to promote collective
migration since enteric NC cells do not seem to travel together
but rather spread over a large surface (Fig. 4).

Based on the aforementioned examples, we propose that cell
collectives should be classified as such if they meet the two fol-
lowing criteria: (1) cells are migrating together in a coordinated
directional fashion such that the movement of cells within the
group correlates in some way to the average movement of the
group as a whole; (2) cell-cell interactions affect the migratory
behavior of cells within the group. To test if a particular kind of
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cells meets these criteria several parameters related to cell migra-
tion (velocity, persistence, polarity, tracks, etc.) should be ana-
lyzed. In addition, the behavior of an isolated cell, a cell within
a group and the average behavior of the group should be com-
pared. It should be stressed that none of these criteria would by
themselves suffice to define collectiveness. For instance, if coor-
dination is circumstantial then cells in clustered and isolated cells
would perform equally in similar conditions suggesting that the
group itself is not required for the migratory behavior observed.
Furthermore, a tissue with a very high proliferative activity could
show directional expansion and keep spatial organization over-
time but there would be no actual migration at the population
level and cells at different regions of the group would exhibit dra-
matically different behavior. The front would progress but the
rear would exhibit a mainly static behavior with cells oscillat-
ing around their original positions. Based on these criteria all the
cephalic and most of the trunk NC cells would be considered
as collectively migrating whereas pigment cells precursors and
enteric NC cells would not (Fig. 4). The case of the enteric cells
is of particular relevance. The size of enteric NC cell population
has a direct effect on how far the population can migrate; the
enteric NC cells clearly migrate toward NC-free spaces and cell
interactions influence cell motility.?*"" These three observa-
tions support the fact that enteric NC cells interact with each
other and that the general expansion of the population is driven
by cell-cell interactions. This indicates that being part of a large
group of cells matters and has an influence of the behavior of
the overall population. However, there is no coordination among
cells and there is a general spreading of the cells toward less popu-
lous areas but no collective effort to shift the group from one
location to another.

How do Neural Crest Cells Undergo Collective Cell
Migration without Stable Cell-Cell Adhesion?

Some important questions are raised by the collective behavior
of the NC cells. If these cells do not have proper long-lasting
cell junctions how is the group maintained over time? Additional
mechanisms are required to explain why cells located at the rear
of the population move in one direction while they face a cell-
free space in the opposite direction. Several alternatives can be
proposed: (1) cells are maintaining the group by attracting each
other; (2) migratory cells at the front of the population modify
the environment so that the migration of the following cells is
biased toward the front of migration; (3) contacts between the
cells mediate local forces and tensions across the cell body which
would align cells at the rear of the group to the overall direction
of the population. The first idea, mutual attraction between cells,
is reminiscent of the situation observed in starving Dictyostelium
cells® and has also been observed among bacteria.”” When con-
fronted to restricted resources Dicty cells secrete cyclic-:AMP
which acts as a chemoattractant for other Dicty cells, where cells
progressively migrate toward each other to form a multicellular
structure called a slug. Interestingly, it has recently been found
that such system is at work among cephalic Xenopus NC cells.*’
These cells express a chemoattractant (Complement factor C3a)
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and its receptor (C3aR).5*? Cells leaving the group are attracted
back to the group by repolarization mediated by the C3a/C3aR
signaling. C3a promotes Racl activation and protrusion forma-
tion (Fig. 5). Impairing C3a or C3aR expression leads to cell
dispersion and a loss of collectiveness both in vivo and in vitro.”’
Furthermore, expression of C3a/C3aR into individually migrat-
ing cells, like myeloid cells,” transforms their solitary behavior
into collective cell migration.’® These results indicate that, in
absence of stable contacts, mutual attraction among mesenchy-
mal cells can maintain cells as a group. One can imagine that
other mesenchymal cells could prevent dispersion by a similar
mechanism where each cell would sense a signal released locally
by the other cells. Interestingly, some cancer cells, like glioma
cells, have extensive autocrine activity involving multiple growth
factors and chemokines such as FGFs, PDGFs, GDNFs, HGF,
LPA, Sdf1 and their cognate receptors.”*® Such co-expressions
of ligands and receptors are thought to mainly promote tumor
growth. Since some of these factors have chemotactic abilities,
it is therefore possible that cancer cells may also actively attract
each other to maintain critical mass for survival or to promote
collectiveness. However, information on collective behavior in
cancer cells is so far restricted to epithelial tumors. Thus, the
ideas of mesenchymal collectives and mutual attraction during
cancer invasion, despite being valid hypotheses, still remain to
be explored. The second idea, modification of the environment
by leader cells, is in line with studies showing that specific orga-
nization of the extracellular matrix (ECM) can favor directional
migration.”” " In addition, local remodeling of the ECM by pio-
neering cells via metalloproteinases is thought to promote migra-
tion of the following cells.®% Interestingly, NC cells express
6473 suggesting
that the leading NC cells may modify the surrounding tissues in

several molecules with matrix remodeling abilities

a way that would promote a more efficient migration of the fol-
lowing cells into the same region. Moreover, the modification of
the local environment could also include the modulation of the
availability of external guidance cues. In fact, NC cells express
proteases capable of cleaving their attractant, stromal cell-derived
factor 1747 Therefore, one can imagine that leading cells would
locally digest the attractant, progressively shaping a gradient that
cells at the rear of the population would follow. In that case, lead-
ing cells would be driven by the presence of a NC-free space at the
front while followers would be guided by local patterns of external
cues. Alternatively, if all migratory NC cells can digest Sdf1, the
attractant would only be available at the border of the NC pop-
ulation, therefore promoting outward migration of the leading
cells. A similar situation is observed in the zebrafish lateral line
where the back of the population expressed Cxcr7, a decoy recep-
tor that traps Sdf1, while the front cells express the functional
Sdf1 receptor, Cxcr4.”**" It has been proposed that the trapping
of Sdf1, by Cxcr7, on one side of the lateral line population might
generate a local gradient promoting directional movement. This
suggests that local changes in the attractant availability, directly
controlled by the cells, could drive directional movement. That
this change occurs by local trapping or degradation may not
matter. Interestingly, traveling pulses of bacteria exhibit a collec-
tive behavior based on two of the mechanisms discussed above:
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(1) a gradient of nutrients generated by leading cells and (2) a
co-attraction system that maintains bacteria close to each other.®
The external gradient is generated while the bacteria eat the nutri-
ents, an equivalent to local degradation or trapping. Finally, the
third idea, alignment between cells by forces generated at cell-cell
contacts, is supported by works showing that, within epithelia,
cells can align to patterns of tensions and forces occurring as a
consequence of cell-cell interactions.®*® In mesenchymal cells
such forces and tensions would be transmitted by transient but
repeated contacts that, over time, might carry similar positional/
directional information.

Altogether, these observations in other systems suggest that
cell cooperation and coordination leading to collective cell
migration can emerge from positional information between cells,
mediated either by chemical or physical means and combined
with external guidance cues.

Conclusion

Work on epithelium-to-mesenchyme transitions has emphasized
the fact that cell-cell junctions are abolished when epithelial cells
adopt a mesenchymal phenotype.'” However, epithelial cells are
not static and cell-cell junctions are also dynamic and remod-
eled.®*58 This suggests that the notion of stable or transient cell
junctions is somehow relative and may simply represent different
degree of turnover of the components of the junctions between
epithelial and mesenchymal cells. In addition, during EMT,
cells lose their adhesion with their original tissue and exhibit a
loose phenotype but they do not stop expressing cell adhesion
molecules. Instead, they rather switch to a different repertoire
or start expressing additional cadherins at the onset of migra-
tion. %0899 For instance, chick trunk NC cells switch from
N-Cadherin/Cadherin-6B expressions to Cadherin 7 and 11.7"-
Xenopus cephalic NC cells maintain N-Cadherin expression but
additionally express Cadherin-11 while migrating.""** Finally,
most cancer cells exhibit dramatic changes of Cadherin expres-
sion upon EMT mostly involving E, N and P-Cadherins.!*890-
This indicates that, even after EMT, mesenchymal cells, includ-
ing mesenchymal cancer cells, are still expressing cell surface
molecules capable of mediating homotypic interactions among
them. Moreover, we have shown in NC cells that N-Cadherin is
playing a similar role in cell polarity and competence to respond
to external cues in pseudoepithelial and mesenchymal NC cells."?
These observations suggest that mesenchymal cells do form

A Contact-Inhibition
of Locomotion
Centrifugal force / Dispersion

B Mutual Attraction

Centripetal force / Gathering

C C3a D C3a
RhoA RhoA
RhoA Racl pact
YA
Rac1 Rac1 \ﬁ RhoA

Figure 5. Collectiveness of Xenopus cephalic neural crest cells is
maintained by mutual attraction based on autocrine C3a/C3aR signal-
ing. (A) Contact-Inhibition of Locomotion (CIL) polarizes cells toward
the cell-free space and therefore acts as a centrifugal force leading to
dispersion. (B) Mutual attraction driven by chemoattractant C3a acts as
centripetal force promoting gathering of cells. (C) Cell-cell interactions
through CIL polarize the distribution and activity of small GTPases with-
in the cells. (D) C3a/C3aR signaling promotes Rac1 activity in cells that
have recently left the group. This leads to repolarization and gathering.

cell-cell junctions, even tough transient ones, and that, in some
cases, these junctions are required for the emergence of specific
properties at the group level. Therefore, we think that collective
cell migration is likely to happen in mesenchymal cells under
certain conditions. And if it does, there is an exciting field of
investigation ahead of us to understand how coordination and
cooperation can emerge in cell collectives with no stable cell-cell
interactions.
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