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The collective migration of sheets, cohorts, chains or streams

of cells contributes to embryogenesis, tissue remodeling and

repair as well as to cancer invasion. The functional coordination

between neighboring cells is at the heart of collective migration,

during which cells migrate with a similar speed in an identical

direction. Far from being the result of the simultaneous

migration of isolated cells, collective migration relies on the

intercellular communication between migrating cells. Although

the mechanisms of cell coordination are far from being

completely understood, accumulated evidence show that

exchange of mechanical and chemical information by direct

intercellular contacts and by soluble extracellular signals

orchestrate the coordinated behavior of collectively migrating

cells.
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Introduction
During development, tissue repair or tumor spreading,

cells frequently migrate in a collective manner, forming

sheets, clusters, chains or other multicellular arrangements.

By contrast to the migration of single cells such as leuko-

cytes chemotaxing in the direction of an inflammatory site,

collective migration corresponds to the active coordinated

movement of physically connected cells and can be dis-

tinguished from convergence-extension which essentially

involves cell rearrangements, without active migration.

Gastrulation, Drosophila dorsal closure as well as wound

healing are classical examples of cell sheets migrating

collectively. Border cells in the Drosophila ovary, lateral

line primordium cells in zebrafish exhibit a collective

movement of cells. Migration of chains of endothelial cells

is a classical feature of angiogenesis both during develop-

ment, tissue regeneration or tumor vascularization. Finally,
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tumor invasion frequently relies on the collective

migration of cell sheets, chains or groups. In these

examples, cells continuously interact with one another

maintaining strong and yet plastic connections. However,

collective migration can also be observed when cells, like

trunk neural crest cells, migrate in chains or streams with

loose intercellular contacts. Collective migration is charac-

terized by the functional coordination between neighbor-

ing cells. Each cell of the group migrates in a similar

direction and at a similarly speed, so that the integrity of

the cell group remains intact during movement. Whether

cells are tightly connected or only meet occasionally, the

constant communications between individuals, like in a

friendly neighborhood, is essential to orchestrate coordi-

nation within the group. In particular, collective migration

requires a subtle balance between contact inhibition of

locomotion and the maintenance of cell interactions [1].

The adhesive contacts between migrating cells are coun-

terbalanced by the repulsion that results from contact

inhibition of locomotion. Together these interactions

promote the migration of leader cells and orchestrate the

polarization and migration of the following group of cells.

Like in single cell migration, the small G proteins of the

Rho family play a key role in regulating cytoskeletal

rearrangements which promote cell migration. Rac and

Cdc42 promote actin polymerization and play a key role in

the generation of protrusive leading processes, whereas

Rho controls cell contractility [2]. Here, I will review the

recent findings showing that migrating cells can send,

receive and share information transmitted by intercellular

contacts, mechanical forces and soluble factors to achieve a

coordinated migratory behavior.

Shaking hands: exchanging information by
direct contacts
Communication through intercellular contacts is mainly

mediated by AJs (AJs) and the Wnt/PCP (Planar Cell

Polarity) pathway, which both signal to Rho GTPases to

regulate the cytoskeleton. AJs have been observed at

cell–cell contacts during collective migration and classical

cadherins are essential for the collective migration of a

wide number of cell types [3,4]. Changes in cadherin

isoforms are crucial in epithelial mesenchymal transition

both during development and in cancer progression [4].

By contrast, the complete loss of AJs induces the dis-

sociation of cell groups and the random migration of

isolated cells [5,6]. AJs between collectively migrating

cells are important but AJs between the migrating cells

and the non-migrating cells of their microenvironment

can also promote collective migration [7��]. If not the

nature, the expression level of cadherin distinguishes the

migrating cells from their environment. In the drosophila,
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E-cadherin expression must be higher in border cells than

in the neighboring nurse cells to sustain directed collec-

tive migration [7��]. The essential role of AJs in the

control of collective migration calls for a tight regulation

of cadherin levels at the plasma membrane. A recent

study investigating the life time of surface cadherin

during the migration of the zebrafish lateral line primor-

dium show that AJs are less stable at the front than at the

rear of the cell group [8�]. From a uniform distribution in

leader cell membrane, N-cadherin (Cdh2) starts to form

apical clusters in the transition zone between the leader

cells and their followers, suggesting that leader cells

acquire a mesenchyme-like organization. Although the

authors show that E-cadherin (Cdh1) is also expressed

in these cells, how its expression pattern and its local-

ization vary across the front-rear axis of the cell group

remains to be determined. Integrin-mediated signaling

has been shown to modulate cadherin expression during

the migration of embryonic Drosophila salivary gland

[9]. aPS1bPS integrins induce, via Rac1, a downregula-

tion of E-cadherin expression in the distal gland cells,

which is required for the migration of both distal and

proximal gland cells [9]. During 2D and 3D in vitro
collective migration, in the leading cells, which have a

contact free cell front, AJs undergo a continuous retro-

grade treadmilling. The retrograde flow of AJs is sus-

tained by the polarized recycling of cadherins from the

rear to the front of the cells, where cadherin complexes

accumulate before forming new AJs with their direct

neighbors or with other cells allowing a switch in cell

position [10��].

The distribution of direct intercellular contacts clearly

distinguishes the leader cells, located at the front of the

group. The anisotropic distribution of AJs in leader cells

gives spatial cues and promotes cell polarization towards

the free cell edge [11] and the collective directed

migration of cell sheets [6,12]. The role of AJs relies

on their interplay with integrin-mediated interactions

between the cell and the extracellular matrix. In vitro
models using adhesive micropatterns to control the local-

ization of cell–cell and cell–substrate interactions, have

shown that AJs locally inhibit interactions between the

cell and the substrate [13,14], which results in the polar-

ized localization of integrin signals leading to localized

cell protrusion sheets [6]. The N-cadherin-p120 catenin

complex restrict integrin alpha5 to contact free regions

[15��]. The anisotropic distribution of cellular interactions

also promotes the polarized rearrangement of the cytos-

keleton [13,16]. AJs control the orientation of the nucleus-

centrosome axis and the polarization of the microtubule

network [6] which facilitates cell migration [17]. The

polarity protein Par3 is associated with AJs and interacts

with the microtubule associated motor dynein during

wound-induced polarization of fibroblasts [18]. Par3 also

controls microtubule catastrophe at contact sites between

neural crest cells where N-cadherin and cadherin 11 are
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present [19]. In this case, Par3 was shown to bind and

inhibit the Rac-GEF Trio, leading to the localized inhi-

bition of Rac. Reciprocally, microtubules play a key role

in the stabilization of AJs in the follower cells of the lateral

line primordium [8�]. In this model, the changes in

cadherin localization correlates with changes in the orien-

tation of the centrosome-nucleus axis [8�].

Wnt/PCP (Planar Cell Polarity) signaling, which plays a

key role in various developmental processes including

collective cell movements during convergence-extension,

also contributes to the global polarization of cell groups or

sheets actively migrating in a collective manner

(reviewed in [20,21]). At intercellular contact sites, the

transmembrane molecules Frizzle (Fz) and Strabismus

(Stbm) expressed on the adjacent cells interact. The

contribution of PCP signaling relies on the polarized

distribution of its components, which leads to a polarized

distribution of downstream signals, involving Rho

GTPases and cytoskeleton regulation [20]. Furthermore,

PCP signaling may indirectly affect collective migration

by controlling AJs. The transmembrane protein Vangl2

recruits Rac1 at the plasma membrane [22], which impairs

AJs and normal neural tube development [23]. Like AJs,

PCP can also influence cell interaction with the extra-

cellular matrix [24] and indirectly trigger directed

migration. Moreover, PCP signaling participates in the

localized activation of actin polymerization and polarized

organization of intracellular structures in migrating epi-

thelial sheets [25]. The PCP protein Fritz has also been

shown to control the localization of septins which could

contribute to the asymmetric organization of the cytos-

keleton [26].

Both AJs and PCP signals regulate Rac and Rho to control

contact inhibition at cell–cell contacts and protrusion of

the contact free edge (reviewed in [27]). AJs and PCP

signaling at cell–cell contacts restrict phosphoinositide 3-

kinase and Rac activities, and consequently cell protru-

sion, to contact free regions [12,15��]. In border cells,

Rab11 serves as a sensor of Rac activity in adjacent cells

and contributes, via cell–cell communication, to restrict

Rac activity to the leading cell [28]. The N-cadherin-

bcatenin complex promotes the recruitment of myosin II

light chain and polymerized actin at cell–cell contacts

[15��]. Newly formed AJs during collective migration of

epithelial cells, also induce the recruitment of Myosin

IXA [29]. The depletion of Myosin-IXA alters the

mechanotransduction at AJs and prevents collective cell

migration. Rho activity and acto-myosin contractility can

either stabilize AJs or, when stronger, induce cell con-

traction and repulsion. During neural crest cell migration,

high Rho activity at cell–cell contacts promotes cell

repulsion and contact inhibition and keep cells loosely

connected [3,30]. By contrast, in a cohesive migrating cell

group, Rho and acto-myosin activity must be downregu-

lated at intercellular contacts to prevent cell dissociation.
www.sciencedirect.com
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DDR1 (Depletion of Discoidin Domain Receptor 1) is a

single transmembrane protein which associates with E-

cadherin, and binds to Par3. In invading groups of cancer

cells, DDR1-mediated recruitment of Par3 to AJs pro-

motes the localization of RhoE, which, together with

p120RhoGAP, antagonizes Rho and limits acto-myosin

contractility [31]. Analyses of the coordinated cellular

movements resulting in cell intercalation reveal that

PCP signals can locally activate Rho and ROCK leading

to the phosphorylation of Par3 and preventing Par3

association with aPKC and its cortical localization at

specific cell borders [32,33]. The subtle balance be-

tween Par3 and Rho activity at cell–cell contacts con-

trols the strength of intercellular interactions within the

cell group. At the lateral and rear edges of the cell

groups, the absence of AJs leaves acto-myosin contrac-

tility high [34].

Recently, the Hippo pathway has been shown to also

contribute to collective migration in Drosophila border

cells [35��]. The Hippo pathway is involved in contact-

inhibition of cell proliferation in epithelial tissues of

Drosophila and mammals (reviewed in [36,37]). The

localization of upstream components of the Hippo path-

way, including Kibra, Expanded and Merlin is restricted

to intercellular contacts inside border cell clusters. In

absence of Hippo signaling, the functional organization

of actin at the outer rim of the border cells is altered and

cells cannot move directionally [35��]. In this case, Hippo

signaling acts through the direct regulation of actin

dynamics by phosphorylation of Ena and independently

of transcription regulation. In this context, The Hippo

pathway contributes to the discrimination between cell

edges located inside the migrating cell group and those

situated at the external border of the group. Whether this

distinction is also important to maintain the cohesion of

larger migrating cell cohorts or cell sheet remains to be

investigated.

Push-me, pull-you: physical pressures from
the neighbors
Viscoelastic interactions between neighboring cells pre-

sent a simple explanation for the initiation of cell

migration pushing, for instance, the wound edge cells

to migrate outward [38,39]. Using micropatterning to

confine cells to limited spaces, B. Ladoux and colleagues

have shown that the geometrical constraints of the envi-

ronment influence collective migration by impacting on

cell density. At higher densities, cell migration is faster,

more directed and more persistent [40,41]. In addition,

AJs play a key role in sensing and transmitting mechanical

tension between contacting cells. External forces induce

changes in the conformation and composition of AJs

leading to a better coupling to the actin cytoskeleton

(reviewed in [42]). Moreover, tension exerted on cell–cell

contacts also promotes the recruitment of plakoglobin and

keratin filaments to AJs [43].
www.sciencedirect.com 
The balance of forces generated by integrin-mediated

adhesion to the extracellular matrix and AJs is crucial in

the control of leader cell migration (Figure 1a). Mapping

forces across a moving epithelial cell sheet shows that

leader cells generate most of the pulling forces towards

the substrate [44��]. The crosstalk between integrin and

cadherin mediated adhesion allows migrating cells to

adjust the intercellular tension depending on the sub-

strate stiffness [45]. Leading cells can sense substrate

stiffness and relay this information to the followers over

large distances through myosin-dependent mechanical

stress. Collective migration is faster, more directed and

more persistent on stiffer substrates [45]. Conversely, the

adhesion forces exerted between neighboring cells

through AJs influence the tension forces applied to the

extracellular matrix [39]. Using a combination of bio-

physical and imaging methods, M. Reffay and colleagues

have shown that RhoA activity is higher at the leading

edge where it generates pulling forces, which are trans-

mitted to several rows of follower cells through AJs

(Figure 1). Recent work in the Drosophila tracheal model

shows that constitutive activation of Rho in migrating

clusters impairs the migration of the leader cells, which

are incapable of migrating unless catenin is downregu-

lated to weaken AJs [46�]. In this model, inhibition of Rho

strongly perturbs the AJs leading to cell detachment from

the cell cluster [46�]. However, in migrating epithelial

monolayers, RhoA inhibition in the leader cells does not

prevent collective migration but induces a switch in the

nature of the main forces involved in cell movement. In

this case, pushing forces generated by the cells within the

monolayer can promote the migration of the whole mono-

layer [44��]. When this force is abrogated, the pushing-

mode of collective migration is likely to result from the

release of physical constraints at the wound edge and

from the visco-elastic properties of the cells. This mech-

anism may only apply to cells that can reach high densities

like cancer cells and may not operate during the migration

of cell clusters.

Pulling forces generated by leader cells are then trans-

mitted via longitudinal acto-myosin cables to followers

(Figure 1B), so that the leading cells actively pull forward

several rows of followers [44��]. In vitro and in vivo
photoablation studies have shown that the leader cells

are required for successful migration of the followers

[47,48]. In follower cells, the intensity of forces exerted

through cell–cell contacts between adjacent cells is

responsible of cell coordination [7��,49]. A FRET-based

traction sensor was used in Drosophila border cells to

show that the tension exerted on cadherin decreases from

the front to the rear of the cluster [7��]. AJs can transmit

traction forces across large epithelial sheets [50]. Down-

regulation of N-cadherin in a monolayer of migrating

astrocytes leads to the detachment of the leading cells

from the rest of the monolayer and to an increase in the

migration speed of these cells [6]. Cells tend to elongate
Current Opinion in Cell Biology 2014, 30:51–59



54 Cell adhesion and migration

Figure 1
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Forces exerted between adjacent cells within a collectively migrating group. The distribution of cell–cell contacts and the balance of forces distinguish

the leader cells (a), the followers (b) and the cells located at the edge of the cell group (c). Leader cells generate traction forces (filled block arrows) via

integrin-mediated adhesion to the extracellular matrix. These tractions forces are transmitted through AJs (yellow springs) to the followers which resist

these pulling forces (orange double arrows). While most forces are aligned with the direction of migration, lateral forces are also transmitted by AJs

(blue springs) and participate to the mechanical coupling of adjacent cells. Finally, lateral AJs support a lateral drag steering (green arrows), which may

contribute to the local coordination of cell movement and is likely to be important at the lateral edges of the cell group. Acto-myosin contractility is

responsible for the generation of forces throughout the cell and is primarily controlled by the activity of the small GTPase Rho (which activity is shown

in blue). By contrast, Rac activity (in yellow), which has been shown to be higher in leader cells, promotes membrane extension and cell protrusion.
and migrate in the direction of the principal stress [49]

and the viscoelastic interactions between adjacent cells

contribute to long-range collective migration of cell sheet

[51�]. At the edge of the cell group, AJs may contribute to

the coordinated polarization and faster migration of the

cells through a lateral-drag steering mechanism [52]

(Figure 1C). Lateral mechanical coupling through AJs

may also play a key role during cell sheet migration, AJs

serve as a link between the transverse actin cables of the

adjacent leader cells [10��]. Mechanical coupling between

adjacent cells may be important when a migrating cell

sheet encounters a non-adhesive region [53]. The leader

cells, which cannot migrate on the non-adhesive substrate,
Current Opinion in Cell Biology 2014, 30:51–59 
change morphology and tend to move around the free

space. Nevertheless the traction forces remain constantly

oriented towards the front [53]. In the case of Drosophila
dorsal closure or wound healing of a small lesion, lateral

coupling allows the formation of a strong actin cable across

the front of the cell sheet that directly contributes to the

forward movement of the cell monolayer [54]. In a situation

where the front edge cannot close on itself, such as in a

large scratch wound assay or during collective invasion, this

coupling might contribute to the coordination of actin

dynamics. In addition, since the actin retrograde flow

promotes nucleus positioning, it may improve the collec-

tive polarization of the leading cells.
www.sciencedirect.com
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Sending messages: sharing information via
diffusive factors
Collectively migrating cells can produce paracrine factors

that will contribute to their coordination (Figure 2a). This

was initial demonstrated in Dictyostelium discoideum, where

the binding of cAMP, which serves as a chemoattractant,

leads to the production and secretion of additional cAMP.

This signal relay increases the number of cells that

receive the signal, the distance between responsive cells
Figure 2
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and the initial source of chemoattractant and more impor-

tantly increases the speed and directionality of migration

of individual cells [55]. A similar mechanism has recently

been documented in neural crest cells which produce

complement factor 3a (C3a) and express its receptor

C3aR [56]. C3a paracrine attractive signals activate Rac

and promote cell regroupment while preventing dis-

persion. Similar paracrine signals may also be involved

in coordinating tumor cell invasion. In squamous cell
(c)
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igrating cells respond to soluble repellent molecules (stop signs) and

s in stream of neural crest cell, cell–cell contact locally inhibits Rac and

event the escape of migrating cells. (b) and (c) In cohesive groups, cell–

tegrity. Chemoattractant gradient are reinforced or even created by the

ion. (b) Followers can sequester chemoattractant molecules and serve as

ssion of the receptor in leader cells and the accumulation of the receptor

) can move synchronously with the migrating group. Cells migrating

 cells and, by contact inhibition, induce their migration forward.
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carcinoma, Snail induces the expression a Cyr61 (Cystein

rich 61, CCN1), a secreted protein which stimulates the

collective migration of the tumor cells [57]. Paracrine

signals can be amplified by the specification of leaders

and followers within the migrating group, as in the zebra-

fish lateral line primordium where FGF is produced by

the leading cells and specifically signals in the trailing

cells [58] (Figure 2a).

Attractive or repulsive factors can act simultaneously on

migrating cells to direct their migration in a common

direction (Figure 2a). Repellent signals from ephrins and

class 3 semaphorins prevent the escape of isolated neural

crest cells [27]. Positive chemotactic responses shared by

collectively migrating cells guide them towards their

target sites. Sdf1 (Stromal Cell derived factor-1) act as

a powerful chemoattractant during neural crest migration

[59,60]. Interestingly, the placodal cells which produce

the chemoattractant move as the neural crest cells migrate

so that the chemoattractant source remains at a relatively

close distance facilitating chemotaxis during the entire

migratory process [61��] (Figure 2B). Alternatively, a cell

cohort can self-generate an Sdf1 gradient as recently

shown independently by two groups studying the zebra-

fish lateral line primordium [62��,63��]. All cells of the

primordium express Cxcr4b, a Sdf1-receptor mediating

chemotactic response through Gb1 signaling [64]. How-

ever Sdf1 is generated as a uniform stripe. Using different

reporters to investigate Cxcr4 activity across the primor-

dium, both groups elegantly provide evidence for a gra-

dient of receptor activity suggesting that the gradient of

Sdf1 is self-generated [62��,63��] (Figure 2b). They

further show that another Sdf1 receptor, Cxcr7 is prefer-

entially expressed in the cells at the rear of the primor-

dium. This forms a local sink for Sdf1, constantly

sequestering 1% of the total Sdf1 and generating a steady

linear gradient with a slope of 7% per cell [62��]. When

the gradient of Sdf1 signaling decreases below 3% per

cell, the speed and direction of migration of the primor-

dium are severely perturbed.

Collectively migrating cells react to chemoattractant gra-

dients and chemotax more efficiently together than as

isolated cells [12]. Differences in cellular responses to

chemoattractant can result from the position of the cells

within the migrating group. In wound-induced directed

collective migration of epithelial sheets, the cell response

to TGFb is modulated by the cell density. At the wound

edge where the cell density is lower, the TGFb-induced

Erk activation is stronger, leading to a faster migration of

wound edge cells [65]. In Drosophila border cells, the

growth factor receptors PVR and EGFR, signaling

through Rac, stabilize the protrusion of leader cells

towards the front [66]. The polarization of the leader

cells induces an asymmetric distribution of the exocyst

complex and of recycling endosomes [67�]. This promotes

the accumulation of PVR and EGFR at the front of the
Current Opinion in Cell Biology 2014, 30:51–59 
leader cells and increases the chemotactic response

(Figure 2). PVR/EGFR signaling to Rac is further

enhanced by the increased tension exerted on cad-

herin-mediated junctions of the leading cell [7��]. Inter-

estingly, genetic manipulation leading to the specific

activation of receptor signaling or of Rac in one cell of

the cluster is sufficient to direct the cluster movement,

indicating that cells affect each other and that the che-

motactic signal perceived by one cell affects the behavior

of the entire group of cells [68]. The necessary and

sufficient function of leader cells in directing collective

migration in response to chemoattractants was further

demonstrated in the Drosophila tracheal systems, where

cells clusters migrate in response to FGF (Fibroblast

Growth Factor) [46�]. Lines of evidence suggest that

leader cells present specific characteristics compared to

the followers.

During collective migration, cells exchange physical and

chemical information by direct contacts or via soluble

factors. Leader cells play a key role in interpreting the

environmental cues and in controlling the collective

behavior either through mechanical coupling or through

their participation to the generation of chemical gradi-

ents. The specificity of leader cells can result from the

differential expression of given membrane receptors and/

or soluble factors. Whether leader cells also display

particular intrinsic mechanical properties remains to be

determined. An important question that remains is what

initial signal triggers the formation of leader cells. In

physiological conditions, environmental cues such as

the release of chemoattractants, changes in gene expres-

sion triggered by developmental processes are essential to

the specification of leader cells and to the initiation of

collective migration. During tumor invasion, the inter-

action of migrating tumor cells with their environment is

essential to support continuous invasion, but the initial

signal inducing the formation and the migration of leader

cells remains to be identified.

Acknowledgements
This work was supported by the Institut National du Cancer, l’Association
pour la Recherche contre le Cancer, and La Ligue contre le Cancer.

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. Desai RA, Gopal SB, Chen S, Chen CS: Contact inhibition of
locomotion probabilities drive solitary versus collective cell
migration. J R Soc Interface 2013, 10:20130717.

2. Etienne-Manneville S, Hall A: Rho GTPases in cell biology.
Nature 2002, 420:629-635.

3. Theveneau E, Mayor R: Cadherins in collective cell migration of
mesenchymal cells. Curr Opin Cell Biol 2012, 24:677-684.

4. Etienne-Manneville S: Adherens junctions during cell migration.
Subcell Biochem 2012, 60:225-249.
www.sciencedirect.com

http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0005
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0005
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0005
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0010
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0010
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0015
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0015
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0020
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0020


Collective cell migration Etienne-Manneville 57
5. Shih W, Yamada S: N-cadherin-mediated cell–cell adhesion
promotes cell migration in a three-dimensional matrix. J Cell
Sci 2012, 125:3661-3670.

6. 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.

7.
��

Cai D, Chen SC, Prasad M, He LWX, Choesmel-Cadamuro V,
Sawyer JK, danuser G, Montell DJ: Mechanical feedback
through E-cadherin promotes direction sensing during
collective cell migration. Cell 2014, 157:1146-1159.

This manuscript explores the role of E-cadherin mediated junctions
during border cell migration and shows that border–border cell inter-
actions, and border cell–nurse cell interactions contribute to the
directed collective migration of border cells between the nurse cells.
Moreover, using the FRET based traction sensor, the authors have
assessed the forces exerted through cadherin-mediated contacts and
showed that the tension is higher at between cells at the front than at
the rear of the cluster. In the leader cell, this tension participates in a
positive feedback loop which locally increases growth factor-induced
signaling.

8.
�

Revenu C, Streichan S, Dona E, Lecaudey V, Hufnagel L,
Gilmour D: Quantitative cell polarity imaging defines leader-to-
follower transitions during collective migration and the key
role of microtubule-dependent adherens junction formation.
Development 2014, 141:1282-1291.

Using cutting edge live microscopy, the authors describe AJ dynamics in
parallel to nucleus-centrosome axis orientation across the zebrafish
lateral line primordium. The microtubule-dependent maturation of AJs
controls the leader-to-follower transitions.

9. Pirraglia C, Walters J, Ahn N, Myat MM: Rac1 GTPase acts
downstream of alphaPS1betaPS integrin to control collective
migration and lumen size in the Drosophila salivary gland. Dev
Biol 2013, 377:21-32.

10.
��

Peglion F, Llense F, Etienne-Manneville S: Adherens junction
treadmilling during collective migration. Nat Cell Biol 2014
http://dx.doi.org/10.1038/ncb2985. [Epub ahead of print].

This paper shows how the dynamics of AJs between adjacent leading
cells contributes to the maintenance of the integrity of the cell group and
to the control of cell polarity and migration speed during collective
migration. AJs undergo a retrograde flow along lateral contacts that is
supported by the polarized recycling of cadherin from the rear to the front
of the cells where it promotes the formation of new junctions.

11. Etienne-Manneville S: Control of polarized cell morphology and
motility by adherens junctions. Semin Cell Dev Biol 2011,
22:850-857.

12. 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.

13. Dupin I, Camand E, Etienne-Manneville S: Classical cadherins
control nucleus and centrosome position and cell polarity. J
Cell Biol 2009, 185:779-786.

14. 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
U S A 2010, 107:13324-13329.

15.
��

Ouyang M, Lu S, Kim T, Chen CE, Seong J, Leckband DE, Wang F,
Reynolds AB, Schwartz MA, Wang Y: N-cadherin regulates
spatially polarized signals through distinct p120ctn and beta-
catenin-dependent signalling pathways. Nat Commun 2013,
4:1589.

Using cells immobilized on fibronectin coated micropatterns, the authors
have deciphered two parallel signals which lead to the polarized regula-
tion of Rac and Rho in response to anisotropic distribution of cell–cell
contacts. They show that N-cadherin promotes acto-myosin contractility
via b catenin and locally suppresses integrin-mediated activation of
phosphoinositides and Rac via p120catenin.

16. Dupin I, Sakamoto Y, Etienne-Manneville S: Cytoplasmic
intermediate filaments mediate actin-driven positioning of the
nucleus. J Cell Sci 2011, 124:865-872.

17. Etienne-Manneville S: Microtubules in cell migration. Annu Rev
Cell Dev Biol 2013, 29 [volume publication date November 2013].
www.sciencedirect.com 
18. Schmoranzer J, Fawcett JP, Segura M, Tan S, Vallee RB,
Pawson T, Gundersen GG: Par3 and dynein associate to
regulate local microtubule dynamics and centrosome
orientation during migration. Curr Biol 2009, 19:1065-1074.

19. Moore R, Theveneau E, Pozzi S, Alexandre P, Richardson J,
Merks A, Parsons M, Kashef J, Linker C, Mayor R: Par3 controls
neural crest migration by promoting microtubule catastrophe
during contact inhibition of locomotion. Development 2013,
140:4763-4775.

20. Munoz-Soriano V, Belacortu Y, Paricio N: Planar cell polarity
signaling in collective cell movements during morphogenesis
and disease. Curr Genomics 2012, 13:609-622.

21. Wallingford JB: Planar cell polarity and the developmental
control of cell behavior in vertebrate embryos. Annu Rev Cell
Dev Biol 2012, 28:627-653.

22. Kawauchi T: Cell adhesion and its endocytic regulation in cell
migration during neural development and cancer metastasis.
Int J Mol Sci 2012, 13:4564-4590.

23. Lindqvist M, Horn Z, Bryja V, Schulte G, Papachristou P, Ajima R,
Dyberg C, Arenas E, Yamaguchi TP, Lagercrantz H et al.: Vang-
like protein 2 and Rac1 interact to regulate adherens
junctions. J Cell Sci 2010, 123:472-483.

24. Skoglund P, Keller R: Integration of planar cell polarity and ECM
signaling in elongation of the vertebrate body plan. Curr Opin
Cell Biol 2010, 22:589-596.

25. Caddy J, Wilanowski T, Darido C, Dworkin S, Ting SB, Zhao Q,
Rank G, Auden A, Srivastava S, Papenfuss TA et al.: Epidermal
wound repair is regulated by the planar cell polarity signaling
pathway. Dev Cell 2010, 19:138-147.

26. Kim SK, Shindo A, Park TJ, Oh EC, Ghosh S, Gray RS, Lewis RA,
Johnson CA, Attie-Bittach T, Katsanis N et al.: Planar cell polarity
acts through septins to control collective cell movement and
ciliogenesis. Science 2010, 329:1337-1340.

27. Mayor R, Theveneau E: The role of the non-canonical Wnt-
planar cell polarity pathway in neural crest migration. Biochem
J 2014, 457:19-26.

28. Ramel D, Wang X, Laflamme C, Montell DJ, Emery G: Rab11
regulates cell–cell communication during collective cell
movements. Nat Cell Biol 2013, 15:317-324.

29. Omelchenko T, Hall A: Myosin-IXA regulates collective
epithelial cell migration by targeting RhoGAP activity to cell–
cell junctions. Curr Biol 2012, 22:278-288.

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

31. 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 2011, 13:49-58.

32. Simoes Sde M, Blankenship JT, Weitz O, Farrell DL, Tamada M,
Fernandez-Gonzalez R, Zallen JA: Rho-kinase directs Bazooka/
Par-3 planar polarity during Drosophila axis elongation. Dev
Cell 2010, 19:377-388.

33. Nakayama M, Goto TM, Sugimoto M, Nishimura T, Shinagawa T,
Ohno S, Amano M, Kaibuchi K: Rho-kinase phosphorylates
PAR-3 and disrupts PAR complex formation. Dev Cell 2008,
14:205-215.

34. 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 Rho
GTPases in leading and following cells. Nat Cell Biol 2007,
9:1392-1400.

35.
��

Lucas EP, Khanal I, Gaspar P, Fletcher GC, Polesello C, Tapon N,
Thompson BJ: The Hippo pathway polarizes the actin
cytoskeleton during collective migration of Drosophila border
cells. J Cell Biol 2013, 201:875-885.

This paper demonstrates the role the Hippo pathway in the polarized
regulation of the actin cytoskeleton during border cell migration in
Current Opinion in Cell Biology 2014, 30:51–59

http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0025
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0025
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0025
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0030
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0030
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0030
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0030
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0035
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0035
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0035
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0035
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0040
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0040
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0040
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0040
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0040
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0045
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0045
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0045
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0045
http://dx.doi.org/10.1038/ncb2985
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0055
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0055
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0055
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0060
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0060
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0060
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0065
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0065
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0065
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0070
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0070
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0070
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0070
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0075
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0075
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0075
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0075
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0075
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0080
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0080
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0080
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0085
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0085
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0090
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0090
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0090
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0090
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0095
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0095
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0095
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0095
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0095
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0100
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0100
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0100
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0105
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0105
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0105
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0110
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0110
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0110
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0115
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0115
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0115
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0115
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0120
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0120
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0120
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0125
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0125
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0125
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0125
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0130
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0130
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0130
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0130
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0135
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0135
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0135
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0140
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0140
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0140
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0145
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0145
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0145
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0150
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0150
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0150
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0155
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0155
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0155
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0155
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0155
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0160
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0160
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0160
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0160
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0165
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0165
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0165
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0165
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0170
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0170
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0170
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0170
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0170
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0175
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0175
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0175
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0175


58 Cell adhesion and migration
Drosophila. In this case, Hippo signaling does not involve any regulation
of transcription but the direct phosphorylation of the actin regulator Ena
by the kinase Warts.

36. Badouel C, McNeill H: SnapShot: the hippo signaling pathway.
Cell 2011, 145 484–484 e481.

37. Halder G, Johnson RL: Hippo signaling: growth control and
beyond. Development 2011, 138:9-22.

38. Anon E, Serra-Picamal X, Hersen P, Gauthier NC, Sheetz MP,
Trepat X, Ladoux B: Cell crawling mediates collective cell
migration to close undamaged epithelial gaps. Proc Natl Acad
Sci U S A 2012, 109:10891-10896.

39. Mertz AF, Che Y, Banerjee S, Goldstein JM, Rosowski KA,
Revilla SF, Niessen CM, Marchetti MC, Dufresne ER, Horsley V:
Cadherin-based intercellular adhesions organize epithelial
cell-matrix traction forces. Proc Natl Acad Sci U S A 2013,
110:842-847.

40. Leong MC, Vedula SR, Lim CT, Ladoux B: Geometrical
constraints and physical crowding direct collective migration
of fibroblasts. Commun Integr Biol 2013, 6:e23197.

41. Vedula SR, Leong MC, Lai TL, Hersen P, Kabla AJ, Lim CT,
Ladoux B: Emerging modes of collective cell migration
induced by geometrical constraints. Proc Natl Acad Sci U S A
2012, 109:12974-12979.

42. Huveneers S, de Rooij J: Mechanosensitive systems at the
cadherin-F-actin interface. J Cell Sci 2013, 126:403-413.

43. 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.

44.
��

Reffay M, Parrini MC, Cochet-Escartin O, Ladoux B, Buguin A,
Coscoy S, Amblard F, Camonis J, Silberzan P: Interplay of RhoA
and mechanical forces in collective cell migration driven by
leader cells. Nat Cell Biol 2014, 16:217-223.

Using a combination of biophysical measurements and cutting edge
imaging techniques, the authors provide an accurate map of the mechan-
ical forces and of Rho GTPase activity across a migrating monolayer of
epithelial MDCK cells. The paper shows that Rho-dependent contraction is
particularly strong in the leader cells which pull on the extracellular matrix
and drag the followers by traction forces exerted via intercellular contacts.

45. Ng MR, Besser A, Danuser G, Brugge JS: Substrate stiffness
regulates cadherin-dependent collective migration through
myosin-II contractility. J Cell Biol 2012, 199:545-563.

46.
�

Lebreton G, Casanova J: Specification of leading and trailing
cell features during collective migration in the Drosophila
trachea. J Cell Sci 2014, 127:465-474.

This paper shows that the molecular signaling and cellular behavior differ
between the leaders and the followers of migratory clusters involved in
Drosophila tracheal development. It demonstrates that activation of FGF
signaling in the leader cells is sufficient to promote the migration of the
entire cluster

47. Aigouy B, Lepelletier L, Giangrande A: Glial chain migration
requires pioneer cells. J Neurosci 2008, 28:11635-11641.

48. 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.

49. 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.

50. 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.

51.
�

Basan M, Elgeti J, Hannezo E, Rappel WJ, Levine H: Alignment of
cellular motility forces with tissue flow as a mechanism for
efficient wound healing. Proc Natl Acad Sci U S A 2013,
110:2452-2459.

Modelization of epithelial cell migration in a wound healing assay shows a
role of mechanosensing and mechanotransduction in cell coordination,
Current Opinion in Cell Biology 2014, 30:51–59 
cell polarity and cell speed. Mechanosensing promotes the collective cell
response to changes in the substrate rigidity.

52. Vitorino P, Hammer M, Kim J, Meyer T: A steering model of
endothelial sheet migration recapitulates monolayer integrity
and directed collective migration. Mol Cell Biol 2011, 31:342-
350.

53. Kim JH, Serra-Picamal X, Tambe DT, Zhou EH, Park CY, Sadati M,
Park JA, Krishnan R, Gweon B, Millet E et al.: Propulsion and
navigation within the advancing monolayer sheet. Nat Mater
2013, 12:856-863.

54. Redd MJ, Cooper L, Wood W, Stramer B, Martin P: Wound
healing and inflammation: embryos reveal the way to perfect
repair. Philos Trans R Soc Lond B Biol Sci 2004, 359:777-784.

55. McCann CP, Kriebel PW, Parent CA, Losert W: Cell speed,
persistence and information transmission during signal relay
and collective migration. J Cell Sci 2010, 123:1724-1731.

56. 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.

57. Tanaka F, Rizqiawan A, Higashikawa K, Tobiume K, Okui G,
Shigeishi H, Ono S, Shimasue H, Kamata N: Snail promotes
Cyr61 secretion to prime collective cell migration and form
invasive tumor nests in squamous cell carcinoma. Cancer Lett
2013, 329:243-252.

58. Aman A, Piotrowski T: Wnt/beta-catenin and Fgf signaling
control collective cell migration by restricting chemokine
receptor expression. Dev Cell 2008, 15:749-761.

59. Barriga EH, Maxwell PH, Reyes AE, Mayor R: The hypoxia factor
Hif-1alpha controls neural crest chemotaxis and epithelial to
mesenchymal transition. J Cell Biol 2013, 201:759-776.

60. Escot S, Blavet C, Hartle S, Duband JL, Fournier-Thibault C:
Misregulation of SDF1-CXCR4 signaling impairs early cardiac
neural crest cell migration leading to conotruncal defects. Circ
Res 2013, 113:505-516.

61.
��

Theveneau E, Steventon B, Scarpa E, Garcia S, Trepat X, Streit A,
Mayor R: Chase-and-run between adjacent cell populations
promotes directional collective migration. Nat Cell Biol 2013,
15:763-772.

This paper describes an original ‘chase and run’ mechanism that
explains the long-range chemotactic response of neural crest cells
to Sdf1. Placodal cells, which serve as a source of Sdf1 for neural crest
cells, migrate forward as soon as the neural crest cells reach them.
The orchestration of the collective migration of these two cell popula-
tion is governed by N-cadherin and Wnt signaling-mediated contact
inhibition.

62.
��

Venkiteswaran G, Lewellis SW, Wang J, Reynolds E, Nicholson C,
Knaut H: Generation and dynamics of an endogenous, self-
generated signaling gradient across a migrating tissue. Cell
2013, 155:674-687.

Using imaging and biochemical data and mathematical modeling, the
authors have investigated the mechanisms responsible for the formation
of a linear gradient of the attractant chemokine Sdf1 during the migration
of the zebrafish lateral line primordium. They show that the signaling
gradient is initiated at the rear of the primordium which serves as a sink for
Sdf1. This mechanism is sufficient to equilibrate the gradient across the
primordium within 200 min and operates near steady state.

63.
��

Dona E, Barry JD, Valentin G, Quirin C, Khmelinskii A, Kunze A,
Durdu S, Newton LR, Fernandez-Minan A, Huber W et al.:
Directional tissue migration through a self-generated
chemokine gradient. Nature 2013, 503:285-289.

The authors have used a fluorescent timer approach to measure Sdf1-
triggered turnover of the Sdf1-receptor Cxcr4 in the zebrafish lateral line
primordium. Together with Ref. [54], this paper shows that the expression
of Cxcr7, another Sdf1-receptor, at the rear of the primordium sequesters
Sdf1 and participates in the establishment of a Sdf1 gradient along the
primordium.

64. Xu H, Ye D, Behra M, Burgess S, Chen S, Lin F: Gbeta1 controls
collective cell migration by regulating the protrusive activity of
leader cells in the posterior lateral line primordium. Dev Biol
2014, 385:316-327.
www.sciencedirect.com

http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0180
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0180
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0185
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0185
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0190
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0190
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0190
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0190
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0195
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0195
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0195
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0195
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0195
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0200
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0200
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0200
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0205
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0205
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0205
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0205
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0210
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0210
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0215
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0215
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0215
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0215
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0220
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0220
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0220
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0220
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0225
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0225
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0225
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0230
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0230
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0230
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0235
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0235
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0240
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0240
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0240
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0240
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0245
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0245
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0245
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0245
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0250
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0250
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0250
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0250
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0255
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0255
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0255
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0255
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0260
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0260
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0260
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0260
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0265
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0265
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0265
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0265
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0270
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0270
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0270
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0275
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0275
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0275
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0280
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0280
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0280
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0280
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0285
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0285
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0285
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0285
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0285
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0290
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0290
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0290
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0295
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0295
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0295
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0300
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0300
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0300
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0300
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0305
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0305
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0305
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0305
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0310
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0310
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0310
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0310
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0315
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0315
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0315
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0315
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0320
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0320
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0320
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0320


Collective cell migration Etienne-Manneville 59
65. Chapnick DA, Liu X: The leader cell positioning drives wound
directed collective migration in TGFbeta stimulated epithelial
sheets. Mol Biol Cell 2014, 25:1586-1593.

66. Poukkula M, Cliffe A, Changede R, Rorth P: Cell behaviors
regulated by guidance cues in collective migration of border
cells. J Cell Biol 2011, 192:513-524.

67.
�

Wan P, Wang D, Luo J, Chu D, Wang H, Zhang L, Chen J:
Guidance receptor promotes the asymmetric distribution of
www.sciencedirect.com 
exocyst and recycling endosome during collective cell
migration. Development 2013, 140:4797-4806.

This paper highlights the positive feedback loop which improves the
collective chemotaxis of border cells. The growth factor receptors which
mediate migration signals are concentrated at the cell front by inducing a
polarized organization of the recycling pathway.

68. Inaki M, Vishnu S, Cliffe A, Rorth P: Effective guidance of
collective migration based on differences in cell states. Proc
Natl Acad Sci U S A 2012, 109:2027-2032.
Current Opinion in Cell Biology 2014, 30:51–59

http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0325
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0325
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0325
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0330
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0330
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0330
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0335
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0335
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0335
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0335
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0340
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0340
http://refhub.elsevier.com/S0955-0674(14)00075-1/sbref0340

	Neighborly relations during collective migration
	Introduction
	Shaking hands: exchanging information by direct contacts
	Push-me, pull-you: physical pressures from the neighbors
	Sending messages: sharing information via diffusive factors
	Acknowledgements
	References and recommended reading


