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Immunity, embryogenesis and tissue repair rely heavily on cell

migration. Cells can be seen migrating as individuals or large

groups. In the latter case, collectiveness emerges via cell–cell

interactions. In migratory epithelial cell sheets, classic Cadherins

are critical to maintain tissue integrity, to promote coordination

and establish cell polarity. However, recent evidence indicates

that mesenchymal cells, migrating in streams such as neural

crest or cancer cells, also exhibit collective migration. Here we

will explore the idea that Cadherins play an essential role during

collective migration of mesenchymal cells.
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Introduction
Collective cell migration, the coordinated migration of a

cell population through cell–cell cooperation, is a recog-

nized mode of migration during morphogenesis, wound

healing and cancer metastasis [1–3]. Such collective

behaviour was thought to be restricted to epithelial cells

maintaining stable cell–cell adhesions, but recent data

indicate that mesenchymal cells can also cooperate and

undergo collective cell migration [4�,5�]. Mesenchymal

cells are produced by Epithelial–Mesenchymal Tran-

sition (EMT). This complex process includes a cell–cell

dissociation step during which stable cell contacts are

downregulated [6]. In this review, we focus on the func-

tion of classic cadherins (type I and II) in collective

movement. We start with a brief overview of the current

knowledge of Cadherins’ functions in epithelial tissues,

including the dynamics of epithelial cell interactions and

epithelial cell sheet migration. We then go on to propose a

role and discuss possible mechanisms for these molecules

in collective movement of mesenchymal cells.

Cadherins in epithelial tissues
Classic Cadherins are transmembrane proteins that

engage in calcium-dependent homophilic bindings via
www.sciencedirect.com 
their first extracellular domain [7]. Their interaction

promotes the formation cell–cell junctions called Adhe-

rens Junctions (AJs) [8]. AJs contain Cadherins at only

10% of their maximum density and thus promote a

relatively weak cell–cell adhesion compared with Des-

mosomes or Tight Junctions [8], although the binding

affinity between these different molecules could also

have an important role in determining the strength of

cell–cell adhesion. New cell–cell adhesions are formed in

a 3-step manner: initiation, expansion and stabilization

(Figure 1a, [9]). Briefly, in the initiation phase, cells

explore their local environment using protrusions, such

as lamellipodia, to favour random encounter with nearby

cells [10]. When membranes of two cells collide, cadher-

ins present on their surface make homophilic contacts.

Cadherin engagement induces a very transient peak of

Rac1 activity directly followed by an increase of RhoA

activity [11]. Consequently, the lamellipodial activity is

inhibited at the nascent contact and progresses sideways.

The wave of membrane activity on both sides promotes

the formation of new adhesion sites by favouring mem-

brane overlap. In the meantime, at the site of contact,

branched actin is progressively converted into bundles of

actomyosin parallel to the cell cortex [12��]. This

polymerization of actin and actomyosin generated tension

is the main driving force for the expansion of the cell–cell

junction [10,13,14�]. The membrane activity and actin

turnover progressively decrease as the region of contact

grows larger. This helps to stabilize the connection be-

tween the cell adhesion complex (cadherin/catenins) to

the cytoskeleton. In this context, activities of small

GTPases must be extremely fine-tuned. For instance,

Rac1 activity is essential for membrane exploration at

nascent junctions, but maintaining Rac1 prevents matu-

ration and eventually disrupts the junction. Similarly, Rho

activity is essential for AJs expansion via contractile

forces. However, premature contractility can destabilize

young junctions unable to withstand the local forces,

while excessive contractility disassembles mature ones

[14�,15–17]. Thus, the series of events that follows within

seconds of Cadherin engagement at nascent junctions

determines if the junction will grow and mature or dis-

assemble quickly. The molecular details underlying the

fine-tuning of small GTPase activity during AJs formation

remain elusive.

Cadherins attach to the cytoskeleton via their intracyto-

plasmic domain in two ways. The C-terminal part con-

tains a b-catenin binding domain and b-catenin can then

recruit a-catenin (reviewed in [13]). The role of a-catenin

remains controversial since a-catenin does not seem to

bind b-catenin and actin at the same time. However, it
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Cadherins in epithelial cells.

(a) Interaction between two epithelial cells. Explorative protrusions driven by Rac1 activity promote the formation of an initial contact. At the site of

contact RhoA controls the switch from branched actin to parallel bundles of actomyosin. The contact progressively expands into a stable Adherens

Junction. (b–d) Different types of epithelial collective cell migration: cell sheet (b), isolated groups (c) and strands (d). (e) In such tissues, traction forces

from integrin-mediated contacts with the extracellular matrix are transmitted as local stresses across the cell sheet via cadherin-based junctions.

(f) Shear and normal stress are generated at the cell–cell contact. Cadherins are in red, integrins are in green. Actin cytoskeleton is shown as

orange fibers.
can recruit other actin-binding partners such as Vinculin

[18] and Afadin [19]. In addition, it has been proposed

that in regions where a-catenin concentration is high (i.e.

at stable AJ), some a-catenin may detach from Cadherins

and bind to actin as a dimer, where it competes with the

Arp2/3 complex. This mechanism would prevent actin

branching at the site of cadherin homophilic interactions

and thus promote the formation of parallel actin bundles.

Therefore a-catenin seems to have a dual role at the

junction: linking cadherins to microfilaments, via its

ability to recruit actin-binding proteins to the cytoplasmic

tail of cadherins, and preventing actin branching by

competing with Arp2/3 when released in the cytosol

[8,20,21]. In addition to microfilaments, AJs can also

interact with microtubules. The juxtamembrane domain

of Cadherins contains a p120-catenin binding site. p120

can link Cadherins to microtubule plus-ends via dynein

(a minus-end molecular motor) and to the minus-end

via PLEKHA7 and Nezha (reviewed in [8]). AJs

and the cytoskeleton are interdependent. Assembly, recy-

cling and stabilization of Cadherin is controlled by its
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interaction with the cytoskeleton, but Cadherin engage-

ment also controls cytoskeletal rearrangement (reviewed

in [8,9]).

Epithelial tissues can move as sheets, strands or isolated

groups (Figure 1b–d, [2,3]) and Cadherins have been

shown to play an important role in their coordinated

migration. For instance, dynamics of blood vessel sprout-

ing relies on VE-Cadherin [22,23], posterior Lateral Line

Primordium of the Zebrafish express several Cadherins

and loss of function experiments targeting these mol-

ecules impair migration [24–27], while some cancer cells

undergo Cadherin-dependent migration [14�,28�,29–31].

Several studies on directional migration of expanding cell

sheets in 2D-cultures highlighted the role of AJs in cell

coordination [32�,33��]. Control epithelial cells exhibit

highly directional movement while inhibition of E-Cad-

herin increases randomness. Interestingly, direct

measurements of forces across the cell sheet showed that

traction forces from integrin-matrix interactions lead to a

build up of tension across the tissue (Figure 1e). There
www.sciencedirect.com
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are multiple forces occurring at the cell–cell contact, such

as shear and normal stress, which are parallel and orthog-

onal to the cell–cell interface, respectively (Figure 1f).

Cells align in the direction of the maximum normal stress

and minimal shear stress, being these stresses transmitted

through AJs [33��,34–36]. In the case of a cell sheet

attempting to close a wound, such cell alignment mech-

anism based on transmission of stresses allows cell

polarity to be generated in the direction of the space to

be filled, without gaps forming within the population

itself. Tissue integrity, via maintenance of AJs, is used

as a means of converting an anisotropic situation (appear-

ance of a free edge owing to a wound) into a global

reorganization of the tissue via progressive cell alignment

along the direction of transmitted stress.

In the Drosophila egg chamber, a small cluster of cells,

called the Border Cells, travels between Nurse Cells from

one end of the chamber to the oocyte [37]. Border cells

express E-Cadherin between them and this is essential

for these cells to polarize. However, the local environ-

ment through which they migrate does not contain extra-

cellular matrix and E-Cadherin is also used to establish

contact with the surrounding Nurse Cells [38�,39,40].

Remarkably, these E-Cadherin junctions between Border
Figure 2
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cells and Nurse cells are compatible with the formation of

cell protrusions, while AJs between Border cells are not

and restrict protrusive activity outward. This suggests

that two types E-cadherin engagements, with two differ-

ent outcomes, co-exist in Border cells. This highlights the

importance of deciphering the actual molecular compo-

sition of specific Cadherin-based junctions to understand

how they might lead to cell protrusions, stable AJs or

transient contacts.

In conclusion, the use of Cadherin-based junctions during

collective cell migration of epithelial cell population is

extremely diverse. Cadherins can be used to transmit

signals via local stress and tension, to polarize cells by

restricting formation of cell protrusions away from the

contact and to promote interaction with surrounding

tissues if needed.

Cadherin-based junctions in collective cell
migration of mesenchymal cells
Mesenchymal cells are produced by an EMT [6]. They

have lost stable cell–cell junctions but usually keep

expressing various Cadherins that are present at their

surface. However, EMT is not an all-or-nothing event, as

there is a continuous gradation from a complete EMT,
Direction of migration

(b) Cell streaming

a
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Figure 3
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Collective migration enhances chemotaxis in Neural Crest cells.(a)

Individual cells show poor chemotactic abilities when placed in a

gradient. Weak transient protrusions form at random and the attractant

is mostly inefficient at modulating them. (b) Cells at high cell density

constantly collide with each other. Each collision strongly repolarizes the

cells. The attractant positively biases the well-oriented protrusions very

efficiently. That is sufficient to confer an overall directionality onto the

cell population. Grey cells represent earlier time points. Migratory paths

are shown as dotted lines. Question marks indicate phases of

reorientation during which cell polarity is lost. Green represents Rac1.
such as in melanocytes, to partial EMT, such as Xenopus

mesoderm (gradation of EMT is reviewed in [41]). Cad-

herin-based contacts are involved in the migration of

many different mesenchymal-like cell types such as

myofibroblasts [42], neurons and glial cells [43–45]. As

examples of mesenchymal cells, we will focus on meso-

dermal and Neural Crest (NC) cells [1,46,47].

Collective migration of mesodermal cells

Mesoderm is a germ layer formed during early embryo

development that moves from an external to a more

internal position within the embryo during gastrulation.

Although mesodermal cells are a typical example of

mesenchymal cells, not always they undergo a complete

EMT, such as Xenopus mesoderm, which migrate as a

pseudo-epithelial cell sheet (a motile group without com-

plete cell–cell dissociation) [48�]. The idea of stress-de-

pendent polarity discussed above for typical epithelia

cells has also been explored in Xenopus mesodermal

cells. These cells are connected through C-Cadherin

dependent junctions. Interestingly, C-Cadherin engage-

ment in absence of stress does not have an effect on cell

polarity. However, when local stress is applied on C-

Cadherin, cells repolarize away from the region of stress

by forming a protrusion in the opposite direction [48�].
These observations are in accordance with cross-talks

between Cadherin-based junctions and cell-matrix inter-

actions reported by several groups [49–53].

Migration of the mesoderm in zebrafish has been widely

studied and it relies on E-Cadherin [54]. In this system,

cells migrate collectively but cells that are experimentally

isolated can migrate as efficiently as groups. However,

groups without E-Cadherin fail to successfully undergo

directional migration [55��] suggesting that collectiveness

mediated by AJs is only required when cells are at high

cell density. In this case, a high cell density is thought to

affect the distribution or availability of guidance cues. For

instance, leader cells may degrade or shield signals from

followers. Therefore, connections via AJs are required to

couple cells in order to reduce variations across the

population.

Collective migration of neural crest cells

Neural crest (NC) is an embryonic cell population that

undergoes delamination after EMT [1,56,57]. NC cells

have been shown to exhibit localized N-Cadherin-based

contacts and gap junctions, which are both important for

efficient migration [5�,58–65]. There is evidence that NC

cells from Xenopus, zebrafish and chick exhibit Contact-

Inhibition of Locomotion [66,67,68��] (CIL, Figure 2a)

and migrate as a loose but dense collective (Figure 2b).

CIL is the process by which a cell ceases moving after

being contacted by another cell [68��,69–71] and is often

described as having two phases: a collapse of the cell

protrusions upon contact that leads to a transient arrest of

migration and a repolarization in the opposite direction
Current Opinion in Cell Biology 2012, 24:677–684 
with cells eventually moving away from each other. In a

mesenchymal cell population at high cell density or in

cells that retain a pseudoepithelial phenotype, CIL pre-

vents the formation of cell protrusions in between neigh-

bours. Thus, most of the protrusive activity is directed

towards the free space [5�,68��,72].

When two NC cells collide, RhoA activity increases at the

contact [68��] while that of Rac1 decreases [5�]. These

events depend on N-Cadherin and Wnt/PCP signalling

[5�,68��,73]. The lamellipodium collapses but instead of

propagating laterally to expand the contact area, as

observed during epithelial cell–cell interaction, a new

lamellipodium is formed on the opposite side of the cell

(Figure 2a). In addition, RhoA activity does not promote

the reorganization of the actin cytoskeleton parallel to the

region of contact and the cell–cell junctions are not

reinforced. Instead, cells contract their cell body to move

away from each other in a RhoA/Rock-dependent mech-

anism [68��]. Why this local activation of RhoA upon

Cadherin binding leads to two opposite behaviours in

epithelial versus mesenchymal cells remains unknown. It

has been shown that actomyosin activity needs to be

maintained at low levels to allow long-lasting cell–cell
www.sciencedirect.com
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junctions while high levels of RhoA activity promote actin

bundle formation at the basal side of the cells and lead to

retraction of the cell rear and junction disassembly

[16,17,74,75��]. However, quantification of absolute

levels of RhoA has remained beyond reach. Importantly,

despite lacking stable cell–cell contacts, NC cells

cooperate and undergo collective migration [5�]. This

is clear when cells are exposed to an external gradient

of chemotactic cue. Isolated cells chemotax poorly

(Figure 3a) while individual cells cultured at high cell

density respond efficiently (Figure 3b, [5�]). A similar

cooperation has been observed in Xenopus mesodermal

cells [76]. How cooperation is mediated remains elusive.

One possibility is that the transient contacts not only

polarize the cells but also control the local distribution of

surface receptors that are important for chemotaxis. It is

also unclear if these local N-Cadherin contacts lead to the

formation of proper, even though transient, AJs contain-

ing the molecular effectors essential for cytoskeleton

remodelling.
Figure 4
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Because CIL promotes protrusion collapse and repolar-

ization, mesenchymal cells that exhibit CIL quickly dis-

perse. Therefore, some backup system must prevent

extensive dispersion in order to maintain a critical cell

density allowing collectiveness to emerge. In vivo, NC

cells are surrounded by local inhibitory signals that

restrict their migration into specific territories [1,46,47].

In addition, each NC cell expresses a chemoattractant and

its cognate receptor: complement factor C3a and C3aR,

respectively (Figure 4, [4]). C3a is a complement factor

with well characterized chemoattractant activity in the

immune system [77]. When a NC cell leaves the main

group, it moves back towards the region of high cell

density by following the local gradient of C3a produced

by each NC cell, in a process called co-attraction

(Figure 4). This is possible because C3a/C3aR signalling

activates Rac1, which promotes the formation of a new

protrusion [4]. When cells rejoin the group, a new N-

Cadherin-dependent contact is established that leads to

CIL and dispersion (Figure 4). The presence of C3a and
thering

ersion

(c)

(b)
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its receptor has been shown for NC from Xenopus [4],

mouse (Lambris and Mayor, unpublished) and chick

(Bronner and Mayor, unpublished), and for mesoderm

of Xenopus embryos [78]. Interestingly, cerebellar gran-

ule neurons have been shown to use tip-like N-Cadherin-

based contacts to migrate as chains [79�] and some

tumours express autocrine chemotactic factors and Cad-

herins that would allow a cycle of CIL and mutual

attraction to emerge [80–82]. Furthermore, it has been

recently shown that during the migration of zebrafish

lateral line primordium, some isolated lateral line cells

are attracted by chemoattractants produced by the clus-

tered primordium cells [83], in a process similar to the co-

attraction described for NC cells.

Xenopus NC cells also express Cadherin-11 [84]. Intrigu-

ingly, Cadherin-11 is found at the leading edge of the

cells where it seems to regulate small GTPases and favour

filopodia and lamellipodia formation [85]. Cadherin-11 is

cleaved by Adam13 and is therefore present as a full

length protein, a transmembrane portion and as a soluble

extracellular fragment [86]. Specific functions of these

different forms are yet to be determined but these data

suggest that Cadherin processing may play a role in the

regulation of cell–cell and cell-matrix interactions.

Perspectives
Studies on coordination through transmission of forces in

epithelial and pseudoepithelial cell sheets have provided

an explanation for how AJs may transmit and integrate

changes in cell polarity allowing a complete reorganiza-

tion at the tissue level. How cell cooperation emerges in

mesenchymal cells is unclear. Are actual AJs transiently

formed upon cell–cell collisions during CIL? Are Cadher-

ins linked to the cytoskeleton during transient contact?

Are these transient cell–cell interactions sufficient to

promote transmission of forces? Are Cadherins signalling

or just bringing membranes together to favour activation

of other pathways such as non-canonical Wnt/PCP or to

promote formation of Gap Junctions? These are some of

the questions that will have to be addressed in order to

better define what cooperation in mesenchymal cells

actually means.

Acknowledgements
We are grateful to Rachel Moore and Elena Scarpa for comments and
corrections on the manuscript. This investigation was supported by grants
from MRC, BBSRC and Wellcome Trust to RM and the Wellcome Trust
Value in People award to ET.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Theveneau E, Mayor R: Neural crest delamination and
migration: from epithelium-to-mesenchyme transition to
collective cell migration. Dev Biol 2012, 366:34-54.
Current Opinion in Cell Biology 2012, 24:677–684 
2. Friedl P, Gilmour D: Collective cell migration in morphogenesis,
regeneration and cancer. Nat Rev Mol Cell Biol 2009,
10:445-457.

3. Rorth P: Collective cell migration. Annu Rev Cell Dev Biol 2009,
25:407-429.

4.
�

Carmona-Fontaine C, Theveneau E, Tzekou A, Tada M, Woods M,
Page KM, Parsons M, Lambris JD, Mayor R: Complement
fragment C3a controls mutual cell attraction during collective
cell migration. Dev Cell 2011, 21:1026-1037.

This paper demonstrates that mesenchymal cells can maintain collec-
tiveness by attracting each other via an autocrine/paracrine chemotaxis
system based on complement factor C3a/C3aR axis. Besides, it is also
one of the only papers showing a role for a complement factor in early
development, outside of immunity.

5.
�

Theveneau E, Marchant L, Kuriyama S, Gull M, Moepps B,
Parsons M, Mayor R: Collective chemotaxis requires contact-
dependent cell polarity. Dev Cell 2010, 19:39-53.

This paper demonstrates that collective cell migration is not restricted to
epithelial tissues by showing that transient cell–cell interactions are
sufficient to promote collectiveness. It shows that cell–cell interactions
primes cells to respond to external guidance cues such that chemotaxis
efficiency increases with cell density even in absence of stable cell-cell
adhesion.

6. Thiery JP, Acloque H, Huang RY, Nieto MA: Epithelial–
mesenchymal transitions in development and disease. Cell
2009, 139:871-890.

7. Shapiro L, Weis WI: Structure and biochemistry of cadherins
and catenins. Cold Spring Harb Perspect Biol 2009, 1:a003053.

8. Harris TJ, Tepass U: Adherens junctions: from molecules to
morphogenesis. Nat Rev Mol Cell Biol 2010, 11:502-514.

9. Cavey M, Lecuit T: Molecular bases of cell–cell junctions
stability and dynamics. Cold Spring Harb Perspect Biol 2009,
1:a002998.

10. Vasioukhin V, Bauer C, Yin M, Fuchs E: Directed actin
polymerization is the driving force for epithelial cell–cell
adhesion. Cell 2000, 100:209-219.

11. Perez TD, Tamada M, Sheetz MP, Nelson WJ: Immediate-early
signaling induced by E-cadherin engagement and adhesion. J
Biol Chem 2008, 283:5014-5022.

12.
��

Yamada S, Nelson WJ: Localized zones of Rho and Rac
activities drive initiation and expansion of epithelial cell–cell
adhesion. J Cell Biol 2007, 178:517-527.

This paper describes the use of live-cell biosensors to reveal the spatial
and real-time dynamics of small GTPases and cytoskeletal proteins
during the formation of cell-cell junctions. They show that Rac1-induced
lamellipodia protrusions and RhoA-induced actomyosin contraction
induce, stabilize, and expand the cell–cell contact.

13. Yonemura S: Cadherin-actin interactions at adherens
junctions. Curr Opin Cell Biol 2011, 23:515-522.

14.
�

Hidalgo-Carcedo C, Hooper S, Chaudhry SI, Williamson P,
Harrington K, Leitinger B, Sahai E: Collective cell migration
requires suppression of actomyosin at cell–cell contacts
mediated by DDR1 and the cell polarity regulators Par3 and
Par6. Nat Cell Biol 2010, 13:49-58.

This publication identifies a pathway linking cell–cell adhesion to a
local inhibition of contractility at the cell junctions during collective
invasion of cancer cells. Low contractility at the cell contacts allows
cell–cell adhesion to persist, thus favouring collective over solitary cell
migration.

15. Braga VM, Machesky LM, Hall A, Hotchin NA: The small GTPases
Rho and Rac are required for the establishment of cadherin-
dependent cell–cell contacts. J Cell Biol 1997, 137:1421-1431.

16. Jou TS, Nelson WJ: Effects of regulated expression of mutant
RhoA and Rac1 small GTPases on the development of
epithelial (MDCK) cell polarity. J Cell Biol 1998, 142:85-100.

17. Zhong C, Kinch MS, Burridge K: Rho-stimulated contractility
contributes to the fibroblastic phenotype of Ras-transformed
epithelial cells. Mol Biol Cell 1997, 8:2329-2344.

18. Weiss EE, Kroemker M, Rudiger AH, Jockusch BM, Rudiger M:
Vinculin is part of the cadherin-catenin junctional complex:
www.sciencedirect.com



Cadherins in collective cell migration of mesenchymal cells Theveneau and Mayor 683
complex formation between alpha-catenin and vinculin. J Cell
Biol 1998, 141:755-764.

19. Pokutta S, Drees F, Takai Y, Nelson WJ, Weis WI: Biochemical
and structural definition of the l-afadin- and actin-binding
sites of alpha-catenin. J Biol Chem 2002, 277:18868-18874.

20. Benjamin JM, Kwiatkowski AV, Yang C, Korobova F, Pokutta S,
Svitkina T, Weis WI, Nelson WJ: AlphaE-catenin regulates actin
dynamics independently of cadherin-mediated cell–cell
adhesion. J Cell Biol 2010, 189:339-352.

21. Drees F, Pokutta S, Yamada S, Nelson WJ, Weis WI: Alpha-
catenin is a molecular switch that binds E-cadherin-beta-
catenin and regulates actin-filament assembly. Cell 2005,
123:903-915.

22. Abraham S, Yeo M, Montero-Balaguer M, Paterson H, Dejana E,
Marshall CJ, Mavria G: VE-Cadherin-mediated cell–cell
interaction suppresses sprouting via signaling to MLC2
phosphorylation. Curr Biol 2009, 19:668-674.

23. Perryn ED, Czirok A, Little CD: Vascular sprout formation entails
tissue deformations and VE-cadherin-dependent cell-
autonomous motility. Dev Biol 2008, 313:545-555.

24. Liu Q, Dalman MR, Sarmah S, Chen S, Chen Y, Hurlbut AK,
Spencer MA, Pancoe L, Marrs JA: Cell adhesion molecule
cadherin-6 function in zebrafish cranial and lateral line ganglia
development. Dev Dyn 2011, 240:1716-1726.

25. Wilson AL, Shen YC, Babb-Clendenon SG, Rostedt J, Liu B,
Barald KF, Marrs JA, Liu Q: Cadherin-4 plays a role in the
development of zebrafish cranial ganglia and lateral line
system. Dev Dyn 2007, 236:893-902.

26. Kerstetter AE, Azodi E, Marrs JA, Liu Q: Cadherin-2 function in
the cranial ganglia and lateral line system of developing
zebrafish. Dev Dyn 2004, 230:137-143.

27. Liu Q, Ensign RD, Azodi E: Cadherin-1 -2 and -4 expression in
the cranial ganglia and lateral line system of developing
zebrafish. Gene Expr Patterns 2003, 3:653-658.

28.
�

Macpherson IR, Hooper S, Serrels A, McGarry L, Ozanne BW,
Harrington K, Frame MC, Sahai E, Brunton VG: p120-catenin is
required for the collective invasion of squamous cell
carcinoma cells via a phosphorylation-independent
mechanism. Oncogene 2007, 26:5214-5228.

This papers shows that p120 promotes cell invasion in a phosphorylation-
independent manner. It also shows that collective invasion depends on
the presence of P- and E-cadherin, which are lost in cells where p120
expression is knocked down.

29. Canel M, Serrels A, Miller D, Timpson P, Serrels B, Frame MC,
Brunton VG: Quantitative in vivo imaging of the effects of
inhibiting integrin signaling via Src and FAK on cancer cell
movement: effects on E-cadherin dynamics. Cancer Res 2010,
70:9413-9422.

30. Van Aken EH, De Wever O, Van Hoorde L, Bruyneel E, De Laey JJ,
Mareel MM: Invasion of retinal pigment epithelial cells: N-
cadherin, hepatocyte growth factor, and focal adhesion
kinase. Invest Ophthalmol Vis Sci 2003, 44:463-472.

31. Van Aken EH, Papeleu P, De Potter P, Bruyneel E, Philippe J,
Seregard S, Kvanta A, De Laey JJ, Mareel MM: Structure and
function of the N-cadherin/catenin complex in
retinoblastoma. Invest Ophthalmol Vis Sci 2002, 43:595-602.

32.
�

Li L, Hartley R, Reiss B, Sun Y, Pu J, Wu D, Lin F, Hoang T,
Yamada S, Jiang J et al.: E-cadherin plays an essential role in
collective directional migration of large epithelial sheets. Cell
Mol Life Sci 2012, 69:2779-2789.

This paper shows that directionality of epithelial cells increases in a group
size-dependent manner and that this effect requires E-Cadherin-based
junctions to occur.

33.
��

Tambe DT, Hardin CC, Angelini TE, Rajendran K, Park CY, Serra-
Picamal X, Zhou EH, Zaman MH, Butler JP, Weitz DA et al.:
Collective cell guidance by cooperative intercellular forces.
Nat Mater 2011, 10:469-475.

This paper demonstrates that the directionality of cells within an epithelial
collective is driven by local forces. Cells transmit normal stress at cell-cell
junctions while aligning to minimize shear stress in between the cells. This
emphasizes the importance of local interactions into generating an overall
www.sciencedirect.com 
directionality at the cell population level during collective cell migration in
absence of external cues.

34. Trepat X, Wasserman MR, Angelini TE, Millet E, Weitz DA,
Butler JP, Fredberg JJ: Physical forces during collective cell
migration. Nat Phys 2009, 5:426-430.

35. Saez A, Anon E, Ghibaudo M, du Roure O, Di Meglio JM, Hersen P,
Silberzan P, Buguin A, Ladoux B: Traction forces exerted by
epithelial cell sheets. J Phys Condens Matter 2011, 22:194119.

36. Reffay M, Petitjean L, Coscoy S, Grasland-Mongrain E, Amblard F,
Buguin A, Silberzan P: Orientation and polarity in collectively
migrating cell structures: statics and dynamics. Biophys J
2011, 100:2566-2575.

37. Montell DJ: Border-cell migration: the race is on. Nat Rev Mol
Cell Biol 2003, 4:13-24.

38.
�

Geisbrecht ER, Montell DJ: Myosin VI is required for E-cadherin-
mediated border cell migration. Nat Cell Biol 2002, 4:616-620.

This paper shows that MyoVI is required for border cell migration in
Drosophila embryos where it stabilizes E-cadherin and Armadillo.

39. Niewiadomska P, Godt D, Tepass U: DE-Cadherin is required for
intercellular motility during Drosophila oogenesis. J Cell Biol
1999, 144:533-547.

40. Pacquelet A, Rorth P: Regulatory mechanisms required for DE-
cadherin function in cell migration and other types of
adhesion. J Cell Biol 2005, 170:803-812.

41. Theveneau E, Mayor R: Can mesenchymal cells undergo
collective cell migration? The case of the neural crest. Cell
Adhes Migr 2011, 5:490-498.

42. De Wever O, Westbroek W, Verloes A, Bloemen N, Bracke M,
Gespach C, Bruyneel E, Mareel M: Critical role of N-cadherin in
myofibroblast invasion and migration in vitro stimulated by
colon-cancer-cell-derived TGF-beta or wounding. J Cell Sci
2004, 117:4691-4703.

43. Riehl R, Johnson K, Bradley R, Grunwald GB, Cornel E,
Lilienbaum A, Holt CE: Cadherin function is required for axon
outgrowth in retinal ganglion cells in vivo. Neuron 1996, 17:837-
848.

44. Matsunaga M, Hatta K, Nagafuchi A, Takeichi M: Guidance of
optic nerve fibres by N-cadherin adhesion molecules. Nature
1988, 334:62-64.

45. Parrinello S, Napoli I, Ribeiro S, Digby PW, Fedorova M,
Parkinson DB, Doddrell RD, Nakayama M, Adams RH, Lloyd AC:
EphB signaling directs peripheral nerve regeneration through
Sox2-dependent Schwann cell sorting. Cell 2010, 143:145-155.

46. Hall B: The Neural Crest and Neural Crest Cells in Vertebrate
Development and Evolution. edn 2. New York: Springer; 2008.

47. Le Douarin N, Kalcheim C: The Neural Crest. edn 2. Cambridge,
UK; New York, NY, USA: Cambridge University Press; 1999.

48.
�

Weber GF, Bjerke MA, Desimone DW: A Mechanoresponsive
cadherin-keratin complex directs polarized protrusive
behavior and collective cell migration. Dev Cell 2012, 22:104-
115.

This paper shows that contact-dependent polarity mediated by Cadher-
ins requires tension. In absence of tension the formation of a Cadherin-
based junction is unable to promote cell polarity.

49. Monier-Gavelle F, Duband JL: Cross talk between adhesion
molecules: control of N-cadherin activity by intracellular
signals elicited by beta1 and beta3 integrins in migrating
neural crest cells. J Cell Biol 1997, 137:1663-1681.

50. Tseng Q, Duchemin-Pelletier E, Deshiere A, Balland M, Guillou H,
Filhol O, Thery M: Spatial organization of the extracellular
matrix regulates cell–cell junction positioning. Proc Natl Acad
Sci USA 2012, 109:1506-1511.

51. Al-Kilani A, de Freitas O, Dufour S, Gallet F: Negative feedback
from integrins to cadherins: a micromechanical study. Biophys
J 2011, 101:336-344.

52. Lefort CT, Wojciechowski K, Hocking DC: N-cadherin cell–cell
adhesion complexes are regulated by fibronectin matrix
assembly. J Biol Chem 2011, 286:3149-3160.
Current Opinion in Cell Biology 2012, 24:677–684



684 Cell-to-cell contact and extracellular matrix
53. Borghi N, Lowndes M, Maruthamuthu V, Gardel ML, Nelson WJ:
Regulation of cell motile behavior by crosstalk between
cadherin- and integrin-mediated adhesions. Proc Natl Acad Sci
USA 2010, 107:13324-13329.

54. Ulrich F, Krieg M, Schotz EM, Link V, Castanon I, Schnabel V,
Taubenberger A, Mueller D, Puech PH, Heisenberg CP: Wnt11
functions in gastrulation by controlling cell cohesion through
Rab5c and E-cadherin. Dev Cell 2005, 9:555-564.

55.
��

Arboleda-Estudillo Y, Krieg M, Stuhmer J, Licata NA, Muller DJ,
Heisenberg CP: Movement directionality in collective migration
of germ layer progenitors. Curr Biol 2010, 20:161-169.

This paper shows that cells isolated from the rest of the cell population are
able to undergo directional movement as efficiently as they would when
being part of the collective but that cell collectives require cell–cell
adhesion to migrate properly. This indicates that cell–cell contacts are
important to establish collectiveness even if each individual cell in the
group has proper guidance ability.

56. Duband JL: Diversity in the molecular and cellular strategies of
epithelium-to-mesenchyme transitions: insights from the
neural crest. Cell Adhes Migr 2010, 4:458-482.

57. Alfandari D, Cousin H, Marsden M: Mechanism of xenopus
cranial neural crest cell migration. Cell Adhes Migr 2010, 4.

58. Broders-Bondon F, Paul-Gilloteaux P, Carlier C, Radice GL,
Dufour S: N-cadherin and beta1-integrins cooperate during the
development of the enteric nervous system. Dev Biol 2012,
364:178-191.

59. Monier-Gavelle F, Duband JL: Control of N-cadherin-mediated
intercellular adhesion in migrating neural crest cells in vitro. J
Cell Sci 1995, 108(Pt 12):3839-3853.

60. Piloto S, Schilling TF: Ovo1 links Wnt signaling with N-cadherin
localization during neural crest migration. Development 2010,
137:1981-1990.

61. Lo CW, Cohen MF, Huang GY, Lazatin BO, Patel N, Sullivan R,
Pauken C, Park SM: Cx43 gap junction gene expression and
gap junctional communication in mouse neural crest cells. Dev
Genet 1997, 20:119-132.

62. Huang GY, Cooper ES, Waldo K, Kirby ML, Gilula NB, Lo CW:
Gap junction-mediated cell–cell communication modulates
mouse neural crest migration. J Cell Biol 1998,
143:1725-1734.

63. Bannerman P, Nichols W, Puhalla S, Oliver T, Berman M,
Pleasure D: Early migratory rat neural crest cells express
functional gap junctions: evidence that neural crest cell
survival requires gap junction function. J Neurosci Res 2000,
61:605-615.

64. Xu X, Li WE, Huang GY, Meyer R, Chen T, Luo Y, Thomas MP,
Radice GL, Lo CW: Modulation of mouse neural crest cell
motility by N-cadherin and connexin 43 gap junctions. J Cell
Biol 2001, 154:217-230.

65. Xu X, Francis R, Wei CJ, Linask KL, Lo CW: Connexin 43-
mediated modulation of polarized cell movement and the
directional migration of cardiac neural crest cells.
Development 2006, 133:3629-3639.

66. Teddy JM, Kulesa PM: In vivo evidence for short- and long-
range cell communication in cranial neural crest cells.
Development 2004, 131:6141-6151.

67. Kasemeier-Kulesa JC, Kulesa PM, Lefcort F: Imaging neural
crest cell dynamics during formation of dorsal root ganglia
and sympathetic ganglia. Development 2005, 132:235-245.

68.
��

Carmona-Fontaine C, Matthews HK, Kuriyama S, Moreno M,
Dunn GA, Parsons M, Stern CD, Mayor R: Contact inhibition of
locomotion in vivo controls neural crest directional migration.
Nature 2008, 456:957-961.

This paper shows that neural crest exhibits collective cell migration in
vivo, and that this negative cell–cell interaction is required for migration of
the whole cell population. It also shows that PCP signalling and small
GTPaes are involved in contact inhibition of locomotion.
Current Opinion in Cell Biology 2012, 24:677–684 
69. Abercrombie M, Dunn GA: Adhesions of fibroblasts to
substratum during contact inhibition observed by interference
reflection microscopy. Exp Cell Res 1975, 92:57-62.

70. Abercrombie M, Heaysman JE: Observations on the social
behaviour of cells in tissue culture. I. Speed of movement of
chick heart fibroblasts in relation to their mutual contacts. Exp
Cell Res 1953, 5:111-131.

71. Mayor R, Carmona-Fontaine C: Keeping in touch with contact
inhibition of locomotion. Trends Cell Biol 2010, 20:319-328.

72. Shih W, Yamada S: N-cadherin-mediated cell–cell adhesion
promotes cell migration in a three-dimensional matrix. J Cell
Sci 2012 http://dx.doi.org/10.1242/jcs.103861.

73. Theveneau E, Mayor R: Integrating chemotaxis and contact-
inhibition during collective cell migration: small GTPases at
work. Small GTPases 2010, 1:113-117.

74. Jou TS, Schneeberger EE, Nelson WJ: Structural and functional
regulation of tight junctions by RhoA and Rac1 small GTPases.
J Cell Biol 1998, 142:101-115.

75.
��

Gaggioli C, Hooper S, Hidalgo-Carcedo C, Grosse R, Marshall JF,
Harrington K, Sahai E: Fibroblast-led collective invasion of
carcinoma cells with differing roles for RhoGTPases in leading
and following cells. Nat Cell Biol 2007, 9:1392-1400.

This paper proposes a mechanism by which fibroblasts help the collective
invasion of carcinoma cells. Fibroblasts located at the front of carcinoma
cells modify the extracellular matrix, allowing the collective invasion of
epithelial carcinoma.

76. Winklbauer R, Selchow A, Nagel M, Angres B: Cell interaction
and its role in mesoderm cell migration during Xenopus
gastrulation. Dev Dyn 1992, 195:290-302.

77. Ricklin D, Hajishengallis G, Yang K, Lambris JD: Complement: a
key system for immune surveillance and homeostasis. Nat
Immunol 2010, 11:785-797.

78. McLin VA, Hu CH, Shah R, Jamrich M: Expression of
complement components coincides with early patterning and
organogenesis in Xenopus laevis. Int J Dev Biol 2008,
52:1123-1133.

79.
�

Rieger S, Senghaas N, Walch A, Koster RW: Cadherin-2 controls
directional chain migration of cerebellar granule neurons.
PLoS Biol 2009, 7:e1000240.

This paper shows that directional migration of loose neuronal chains
requires the establishment of cell polarity downstream of N-Cadherin
junctions.

80. Hoelzinger DB, Demuth T, Berens ME: Autocrine factors that
sustain glioma invasion and paracrine biology in the brain
microenvironment. J Natl Cancer Inst 2007, 99:1583-1593.

81. Barami K, Lewis-Tuffin L, Anastasiadis PZ: The role of cadherins
and catenins in gliomagenesis. Neurosurg Focus 2006, 21:E13.

82. Camand E, Peglion F, Osmani N, Sanson M, Etienne-Manneville S:
N-cadherin expression level modulates integrin-mediated
polarity and strongly impacts on the speed and directionality
of glial cell migration. J Cell Sci 2012, 125:844-857.

83. Breau MA, Wilson D, Wilkinson DG, Xu Q: Chemokine and Fgf
signalling act as opposing guidance cues in formation of the
lateral line primordium. Development 2012, 139:2246-2253.

84. Vallin J, Girault JM, Thiery JP, Broders F: Xenopus cadherin-11 is
expressed in different populations of migrating neural crest
cells. Mech Dev 1998, 75:171-174.

85. Kashef J, Kohler A, Kuriyama S, Alfandari D, Mayor R, Wedlich D:
Cadherin-11 regulates protrusive activity in Xenopus cranial
neural crest cells upstream of Trio and the small GTPases.
Genes Dev 2009, 23:1393-1398.

86. McCusker C, Cousin H, Neuner R, Alfandari D: Extracellular
cleavage of cadherin-11 by ADAM metalloproteases is
essential for Xenopus cranial neural crest cell migration. Mol
Biol Cell 2009, 20:78-89.
www.sciencedirect.com

http://dx.doi.org/10.1242/jcs.103861

	Cadherins in collective cell migration of mesenchymal cells
	Introduction
	Cadherins in epithelial tissues
	Cadherin-based junctions in collective cell migration of mesenchymal cells
	Collective migration of mesodermal cells
	Collective migration of neural crest cells

	Perspectives
	Acknowledgements
	References and recommended reading


