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Abstract

Cell migration is fundamental to establishing and maintaining the proper organization of
multicellular organisms. Morphogenesis can be viewed as a consequence, in part, of cell
locomotion, from large-scale migrations of epithelial sheets during gastrulation, to the movement
of individual cells during development of the nervous system. In an adult organism, cell migration
is essential for proper immune response, wound repair, and tissue homeostasis, while aberrant cell
migration is found in various pathologies. Indeed, as our knowledge of migration increases, we
can look forward to, for example, abating the spread of highly malignant cancer cells, retarding
the invasion of white cells in the inflammatory process, or enhancing the healing of wounds. This
article is organized in two main sections. The first section is devoted to the single-cell migrating in
isolation such as occurs when leukocytes migrate during the immune response or when fibroblasts
squeeze through connective tissue. The second section is devoted to cells collectively migrating as
part of multicellular clusters or sheets. This second type of migration is prevalent in development,
wound healing, and in some forms of cancer metastasis.

Single-Cell Migration

In this section, some representative migrating cells will be introduced citing appropriate
reviews, as there is by now a vast literature on cell migration. As examples, we will focus on
fibroblast migration, the unusual movement of fish or amphibian keratocytes, and amoeboid
locomotion as exemplified by leukocytes. Generally, in cell migration, cells must first
adhere at some point. In this review, we will focus on various types of cell adhesions,
highlighting some of the structural and signaling proteins involved. It is through adhesions
that the tractions required for movement are applied to the substrate and we will outline the
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measurement of tractions in single, migrating cells. While, we focus on migration principles
for cells moving on two-dimensional (2D) substrates, there is now a great deal of interest in
single-cell movement in three-dimensional (3D) tissue environments (79, 99). However,
detailed mechanisms are more difficult to dissect in these environments as the imaging tools
available provide lower resolution at this juncture.

Types of cell migration and related phenomena

Fibroblasts—In vivo, fibroblasts are typically found in connective tissue where they
synthesize collagens, glycosaminoglycans, and other important glycoproteins of the
extracellular matrix (ECM) including fibronectin, for example. In vitro, these cells have
been objects of extensive study because of the ease of culturing them (Fig. 1A). Fibroblasts
cultured on glass have a spread or spindle-shaped morphology, often characterized by
several extending processes (2, 215). In cell culture, fibroblasts move slowly with an
average speed less than 1 ym/min and often change direction. It is from fibroblast cell
migration that the textbook paradigm for the classic steps of locomotion is derived. The
locomotory cycle (e.g., Alberts et al., pp 965-1051. Molecular Biology of the Cell, 5th
Edition) consists of cells protruding and subsequently adhering at the leading margin,
developing contractile forces between the front and trailing margins, and finally releasing
trailing adhesions due to the applied tension and/or enzymatic action. Retraction generates
excess dorsal surface to sustain the protrusion in a process termed retraction induced
spreading (41, 60). Over the past several decades, considerable work has been devoted to
understanding the mechanistic steps of cell migration as exemplified by fibroblasts (213,
221).

Fibroblasts play a critical role in wound healing. In vivo (175), and in vitro (236), fibroblasts
migrate into wounds, in the process cell acquiring cues that enable them to secrete ECM
proteins and proliferate. However, they migrate in vitro with different speeds and
morphology when compared to single fibroblasts in cell culture. Fibroblasts migrating into a
wound tend to have a large lamellipodium extending into the wound with few stress fibers in
the cell; by contrast, stationary fibroblasts have smaller lamellipodia, and are characterized
by multiple stress fibers. A typical wound healing assay is shown in Figure 1B. It is known
that many of the growth factors presented at a wound site act either as mitogens or as
chemotactic factors for fibroblasts (282); these include, for example, epidermal growth
factor (EGF) (276) and platelet-derived growth factor (PDGF) (248). Stimulation by growth
factors can increase single fibroblast migration speed up to 3-fold, at the same time
increasing changes in cell migration direction (276).

Keratocytes—At the other end of the spectrum of cell locomotion, fish or amphibian
keratocytes migrate in rapid, highly persistent mode in which protrusion, contraction, and
retraction are smoothly coordinated so that the cell maintains a nearly constant shape.
Keratocytes are terminally differentiated epithelial cells in fish and amphibians that make
good models for several aspects of migrating cells. In primary cultures of scales, keratocytes
from goldfish (101, 216) were found to move away from the scale with high velocities
(typically 10-15 pm/min but occasionally up to 60 um/min). The highly directional
movement of isolated keratocytes may originate from their ability to move as sheets to close
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wounds at the surface of the scale. Indeed, they are robust migration machines, migrating for
days under proper culture conditions. Even keratocytes lacking the nucleus and microtubules
(MTSs) can migrate following a stimulus (268).

Lamellipodium structure: Keratocytes have a large fan-like lamellipodium (Fig. 1C). The
cell body at the base of lamellipodium is pulled (laterally) into to an elongated shape by
actin bundles; in keratocytes MTs and intermediate filaments do not penetrate the thin,
actin-rich lamellipodium but are confined to the perinuclear region. Light, fluorescence, and
electron microscope images of f-actin in the lamellipodium can be reconciled and all show
an oriented f-actin network (267); this presumably reflects the underlying branched actin
network as described by the dendritic nucleation model (213). However, the issue of the
predominant f-actin structure is not completely settled, and an alternate view is offered by
Urban et al. (262).

Cytoskeletal dynamics and migration: Considerable work has been devoted to the
cytoskeletal mechanisms involved in keratocyte migration (73, 244, 249). Actin
polymerization, treadmilling, retrograde actin network flow, and myosin I1-based
contractility all play major roles in migrating keratocytes (244,249). Indeed, the force
required to stall a protruding keratocyte is consistent with an actin polymerization ratchet
model (214); however, the shape of the force-velocity curve is indicating additional factors
come into play when the elastic ratchet model (182,183) is placed in a cellular context.
Careful examination of actin flows using fluorescence speckle microscopy (FSM) reveals
retrograde actin flow, smaller at the leading edge and larger at the wings (sides) of the
keratocyte (265). The difference between protrusion and retrograde actin flow rates
represents the net actin polymerization rate that is highest at center of the leading margin
and falls off toward the wings. These flows are related to tractions exerted on the substratum
(see later).

Interestingly, the myosin Il network moves relative to the actin network (235). Since the
myosin Il inhibitor, blebistatin, reduces keratocyte locomotion, cell body translocation
involves both actomyosin contraction as well as actin assembly. In fact, Theriot and co-
workers (283) demonstrated a novel role for myosin 11 in addition to its well-known role
powering contraction: by accelerating network disassembly, myosin Il activity leads to
network shrinkage via tension induced actin filament breakage. This action will not only
directly lead to retraction but it also recycles monomeric actin for new polymerization at the
front.

One effect of myosin l1-based contraction is to drive a forward flow of cytoplasm in
migrating keratocytes (142). By measuring the front to rear gradient (higher in the front) in
the concentration of quantum dots that had been introduced into the cytoplasm and fitting
this data to a simple model for flow driven accumulation at the front, anterograde flow
velocities in the cell frame of reference that were about 1/3 that of the keratocyte velocity
(~0.1 um/s vs. ~0.3 um/s) were obtained. Such flows could augment migration by feeding
more actin monomer to the growing network at the leading edge and perhaps even providing
pressure on the cell surface at the leading margin making network growth via actin
polymerization more facile.

Compr Physiol. Author manuscript; available in PMC 2015 June 05.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trepat et al.

Page 4

Shape and migration: Recently, the shape and movement of keratocytes has been described
in detail following an initial description by Lee et al. (157) termed the graded radial
extension model. Based on a shape and speed analysis of hundreds of cells, Theriot and co-
workers proposed a model for observed keratocyte morphology and crawling behavior
(142). Their model is based on the notion that actin polymerization and treadmilling drives
migration but is it is resisted by the constant tension of an inextensible membrane
surrounding cells of constant area. Spatial differences in the density of growing actin
filament network, namely, that the density of filaments is graded with highest values at the
center of the leading edge, give rise to characteristic shape of the dominant modes of
keratocyte locomotion. Thus, cells with higher actin density at the center than at the sides
will have a larger aspect ratio defined as the ratio of the long axis (width) to short axis
(length) of the keratocyte. In this model, global integration of spatially varying actin
polymerization powered protrusion is provided by membrane tension to specify cell shape.
In addition, the model predicts that cell speed will be positively related to the aspect ratio of
the cells; thus, canoe-shaped keratocytes, with a larger aspect ratio, move faster than D-
shaped cells, with a smaller aspect ratio.

Mogilner and colleagues (227) have constructed in silico models of keratocyte locomotion
in which several qualitative notions are incorporated mathematically. At the front of the cell,
the dendritic nucleation model (213) is responsible for protrusion while at the rear, the
dynamic network contraction model (249) is responsible for retraction. Recently, a model of
a viscoelastic lamellipodium was generated using a realistic geometry that correctly predicts
measured centripetal flow of the actin network and the positive gradient of myosin Il going
from front to rear (226).

Leukocytes—Leukocytes, or white blood cells (WBCs), are cells of the immune system
defending the body against infecting organisms and foreign materials. They are highly
motile cells found throughout the body, including tissues, blood, and the lymphatic system.
The recruitment of leukocytes to the site of bacterial and viral infection involves initial
attachment to vascular endothelium, rolling, weak and firm adhesion, transendothelial
migration, and chemotaxis (128). Leukocyte chemotaxis in vivo and in vitro occurs at speeds
around 4 pm/min (151). Leukocytes migrate on different substrates through adhesions that
involve the integrins By and a4Pq (154). However, recently it has been reported that
leukocytes can adhere and migrate in an integrin-independent manner (151), indicating that
leukocytes employ additional mechanisms for adhesion and migration. A view of
differentiated migrating HL-60 leukemia-like cell is shown in Figure 1D.

Single-cell migration in three dimensions—Although cell migration has been studied
extensively in essentially 2D cell culture conditions where cells grow on a substrate,
increasing attention has been paid to the movement of cells in 3D environments. The 3D
matrix acts as a scaffold that produces physical support for cells that can affect cell
morphology and induce cell growth or migration (67, 75). In addition, the matrix can induce
variation in signaling cascades in cells via adhesions and tensile forces (see, for example,
reference 9).
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Cell morphology and migration in 3D environments: Most migration modes previously
observed in 2D environments also occur in 3D tissue environments. However, because the
distribution of ligands in 2D is generally much more uniform than in 3D matrix models
where, for example, clustered ligands may exist on fibrils, cell morphology is quite different
in the two environments (67). In 2D cell culture, fibroblasts have large lamellipodia and
filopodia. By contrast, fibroblasts in 3D collagen gels exhibit both smaller and fewer
lamellipodia and filopodia (112). Due to extensive adhesion to a flat substratum, cells in 2D
show very broad, flat and thin lamellipodia whereas cells in 3D show a less exaggerated
appearance. Three motile morphologies can be delineated in a 3D matrix (75): amoeboid
blebby (macrophages, some stem cells on soft/loose connective tissue); amoeboid
pseudopodal (leukocytes, dictyostelium on loose connective tissue); and mesenchymal
(fibroblasts, and some cancer cells on loose or dense connective tissue).

Regulation of cell migration in 3D matrices: Three important factors regulate 3D cell
migration: cell-matrix adhesions, the Rho family of small GTPases, and proteases. In 2D
culture, integrins are primarily responsible for cell adhesions to ECM in the form of focal
adhesions (FAs), focal contacts, podosomes, etc. However, in 3D cell culture, a reduction in
the number of FAs and their component integrins occurs. Thus, for example, aVB3 integrin,
which is highly expressed in 2D cell culture, was not detected in the 3D-matrix adhesions of
fibroblasts, and the level of FA kinase (FAK) phosphorylation was reduced (38). Changes in
the nature and strength of adhesions in 3D and 2D environments will result in differences in
cell tension, morphology, and migration type (148).

The Rho family of small GTPases plays a prominent role in regulating cell migration in 3D.
Leukocytes employ amoeboid migration that is based on the Rho/Rho-associated protein
kinase (ROCK) pathway maintaining contractility at the posterior end and Rac1 mediating
protrusion at the leading margin (232). However, other reports indicate that Racl activity is
suppressed in fibroblasts and neurons in 3D culture, thus decreasing leading edge ruffling
and axonal branching, respectively (117, 206).

The role of proteolysis in 3D migration in tissue has been actively investigated. Multiple
proteases have collagenolytic activity but the emphasis has been on matrix-metallo proteases
(MMPs) and these have been reported to affect both normal and cancer cell migration in
vitro (see also collective cell migration later). However, clinical trials of MMP inhibitors did
not impair metastasis suggesting that metastatic cells may switch from mesenchymal to
amoeboid locomotion (195,285, 286).

Adhesions in migrating cells

Cells adhere to ECM or other cells by both nonspecific electrostatic interactions and specific
binding of cell adhesion molecules such as selectins, integrins, and cadherins to ECM
ligands and to cadherins on other cells. We will focus on cell-ECM adhesions, and divide
such adhesions into FAs, podosomes, focal complexes, and close contacts.

Focal adhesions: Composition and structure—FAs were first identified in chicken
heart fibroblasts by electron microscopy, as dense plaques between the cell’s ventral surface
and the substrate (2). FAs are usually found at the ends of stress fibers; they have a
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dimension on the order of a micron, and a lifetime ranging between minutes and hours. They
have been visualized by epifluorescence microscopy (Fig. 2A), by total internal fluorescence
microscopy (TIRFM), or by interference reflection contrast microscopy (IRM) (Fig. 2B). In
the past, terms such as adhesion plaques (2), or focal contacts (132) were employed, but now
the field appears to have settled on the term FA (295). FA components can be divided into
four general categories: (1) ECM components, of which fibronectin, laminin, vitronectin,
and the collagens are important examples; (2) transmembrane proteins, of which integrins
are the most prominent class; (3) structural proteins that both stabilize the FA and provide
scaffolding functions; and (4) signaling proteins (166, 294). The number of proteins found in
FAs is now exceeds 160, and the possible interactions between these components is
described in what is colloquially called the “Geiger diagram” (295) which evolves as new
components are identified (92, 294).

Integrins are the transmembrane proteins that recognize ECM proteins containing short
amino acid sequences, such as the arginine-glycine-aspartic acid (RGD), Asp-Gly-Glu-Ala
(DGEA), and glycine-phenylalanine-hydroxyproline-glycine-glutamate-arginine (GFOGER)
motifs (64, 220). Functional integrins are heterodimers containing two distinct (o and p)
subunits. Currently, there are more than 24 types of a and J integrin subunits characterized
in mammals (15,124). Each type of integrin heterodimer binds distinct ligands, for example,
a5l integrin binds fibronectin, and a3p1 bind to laminin (253). FAs in different fibroblasts
and epithelial cells that are adherent to distinct ECM materials contain integrins with various
combinations of a- and B-subunits (6).

One function of cytoskeletal proteins, including talin (27), a-actinin (44), filamin (186), and
tensin (167), is to link inte-grins to the actin cytoskeleton. Other adaptor proteins directly or
indirectly interact with integrin cytoplasmic tails and form protein complexes; examples
include FAK (181, 207)], vin-culin (Vn) (72), paxillin (Pax) (234, 261), dynamin (33), and
Ena/vasodilator-stimulated phosphoprotein (VASP) (149). As an example, an
epifluorescence image of antibody labeled Pax is given in Figure 2A, and shows the
extensive array of FAs in murine fibroblasts adherent to a serum coated glass substrate.

Signaling proteins are recruited to FA and regulate their assembly and disassembly;
examples include the Src family of nonreceptor tyrosine kinases (NRPTKS) (127), the Abl
family NRPTK (114) and the Rho family of small GTPases (108), and p21-activated kinase
(62). In addition, phospho-rylation of Pax by c-Jun amino-terminal kinase (JNK) or cdk 5
has been found essential for maintaining the labile adhesions required for rapid migration in
both fibroblasts and neurons (119,120). Some proteins and signaling pathways involved in
FA structure and regulation and their relationship to cell adhesion and migration are
diagrammed schematically in Figure 2C.

FA appears to be an amorphous collection of interacting proteins making 3D structure
determinations difficult be either light or electron microscopy. However, recently progress
has been made employing photoactivation localization microscopy (PALM) in 2D (239,
240) and by iPALM, in 3D (241). Such studies are revealing the 3D organization of
individual FA proteins (139).
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Focal adhesion dynamics—FAs are dynamic structures that undergo cycles of
assembly and disassembly; indeed, regulated FA turnover is integral to cell migration. Thus,
here we will review some of the key aspects of FA dynamics.

Focal adhesion assembly: The role of integrin activation in FA assembly and in initiating
downstream signaling has been extensively investigated. With stimulation, for example, by
growth factors, integrin B-subunit cytoplasmic domains bind the talin phosphotyrosine-
binding (PTB) domain causing integrin activation (145, 280). Activated integrins then bind
ECM components and the cytoplasmic domain recruits signaling proteins; this process
initiates downstream signaling, including FAK phosphorylation, mitogen-activated protein
kinase (MAPK) activation, Pax binding, and the formation of a complex containing Vn,
FAK, a-actinin, Wiskott-Aldrich syndrome protein (WASP), tensin, Src, and zyxin
(155,279,294). Knockouts of key recruited signaling components have demonstrable effects
on cell adhesion and migration. Thus, for example, FAK null fibroblasts exhibit increased
numbers of adhesions and consequent reduced cell motility (130). In addition, kinase dead
Src mutants promoted both the number and size of cell adhesions, reducing the speed of cell
migration. Webb et al. found that Src, Pax, and FAK formed complexes in vitro and in vivo;
in this study, FAK and Src were speculated to regulate cell adhesion disassembly via Pax
and the downstream extracellular-signal-regulated kinase (ERK) and myosin light-chain
kinase (MLCK) pathways (278). Abl knockdown cells also exhibited an increase in cell
adhesion size and stability, and rescue of Abl kinase activity restored the cell adhesion
disassembly rate (16). Rho family GTPases have also been reported as key regulators of FA
dynamics, for example, active RhoA changed small peripheral adhesions (focal complexes)
into elongated FASs (245). External stretch induced nascent adhesions to mature into FAs via
a RhoA-ROCK pathway (245).

Focal adhesion disassembly: Compared with extensive studies on FA formation, the
disassembly process is not as clear. Several related pathways may contribute to FA
disassembly: (i) adhesion release produced by ECM degradation; (ii) adhesion turnover
mediated by the cytoskeleton and internalization; and (iii) disassembly mediated by kinases
and proteases (24, 118). It has been reported that ECM degradation is, in part, responsible
for cell adhesion disassembly, cell migration, and invasion (163); thus, for example, ECM
degradation by matrix metalloproteinases (MMPs) could induce the release of cell adhesions
resulting in an increase cell motility and invasion (32, 160).

Cytoskeletal components are an important regulatory factor in adhesion disassembly. MTs
have been observed to target FAs promoting their disassembly (140, 150). Moreover, MTs
have been speculated to induce cell adhesion disassembly via dynamin- and clathrin-
dependent integrin endocytosis (69,70). Caveolin-1 was also reported to regulate FA
turnover and cell migration directionality possibly via internalization (51,102). In addition,
cellular contractile machinery may also induce FA disassembly; for example, RhoA, and
myosin 11 were found to positively regulate adhesion disassembly and cause cell rear
detachment (66, 270).

Proteases and kinases have also been reported to regulate cell adhesion. Calpain, a calcium-
dependent protease cleaves talin, FAK, and Pax in FA (32). Cleavage of these proteins leads
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to disassembly of the FA and the detachment of the tail of the cell (126, 288). Moreover,
recent studies have demonstrated that, Smurfl, an E3 ubiquitin ligase, degrades the talin
head and controls cell adhesion stability (121). Other ubiquitin ligases, including Cbl,
Smurf2, HDM2, and BCAZ2, also play an important role in regulating cell adhesion and
migration through ubiquitination of their specific substrates (118).

Methods have been developed to study the dynamics of FAs. Studies using fluorescence
recovery after photobleaching (FRAP) and green fluorescent protein (GFP)-fusion proteins
or labeled microinjected proteins have shown that protein components of FAs including a-
actinin, Vn, and FAK slowly exchange between the cytosol and the adhesion with half-times
for recovery on the order of minutes. More recently, Horwitz and co-workers measured
adhesion disassembly rates of FP conjugated Pax, FAK, and zyxin; these studies indicated
that the FAK-Src complex could interrupt FA maturation by promoting disassembly through
the downstream ERK and MLCK pathways (278). Using the techniques of image correlation
microscopy, Gratton, Wiseman, Horwitz, and their co-workers measured FAK, Vn, and Pax
diffusion and binding to adhesions in mouse embryonic fibroblasts. No FAK, Vn, and Pax
complexes were preassembled in cytoplasm, but when the adhesions disassembled, these
proteins disassociated in complexes (54, 55). Waterman and colleagues studied FA
dynamics using speckle microscopy and advanced image analysis; they found that the
retrograde F-actin network velocity is a fundamental regulator of traction force at FAs via
the Rho and myosin Il pathways (88). These investigators also demonstrated that the
interplay between actomyosin and FA dynamics results in a balance between adhesion and
contraction to induce maximal migration velocity. Such studies indicated a relationship
between force and FA assembly and disassembly, and predicted how under certain
circumstances the FA slide (105, 279).

Podosomes—Podosomes are specialized integrin-mediated adhesions often found in
highly migratory monocytic cells that mediate the inflammatory response (25, 160). They
also have the capacity for matrix degradation. Linking the ECM to the actin cytoskeleton,
podosomes have a fairly uniform dimension of around 0.5 um, a half-life of 2 to 20 min and
are abundant (20-100 per cell) (160,161). An image of podosomes is shown in Figure 3B.

Podosomes have a dense actin core surrounded by a rosette-like structure containing
integrins, such as a,f3, FA proteins including talin and Vn that play a major structural role,
other actin-associated proteins [gelsolin, alpha-actinin, and actin-related protein 2/3
(Arp2/3)], tyrosine kinases (Src, Pyk2), and phosphoinositide-3 kinase (PI3K), and also the
Rho-family GTPases (25). The podosome core also contains proteins involved in regulating
actin polymerization including WASP (25, 160). A larger, more stable but related structure,
the invadopodia, plays an important role in invasive cancer cells and has been thoroughly
reviewed (42, 97, 189).

Focal complexes—The term, “focal complex,” describes small adhesions that form at the
leading margin of migrating cells, typically fibroblasts. Focal complexes are significantly
smaller in area (<0.25 pm2), and are shorter lived (often <5 min but some have even shorter
lifetimes) than FAs (91). Focal complexes contain integrins, talin, and Pax, but fewer actin
filaments are associated with them (126, 295). Migrating cells often have a large number of
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focal complexes at the protruding edge. Most of these focal complexes never mature, and
are likely disassembled when the lamellipodium retracts. Some investigators have suggested
that focal complexes might be precursors of FA because applied contractile forces can
convert focal complexes into larger oval-shape adhesions (18, 87, 223, 225).

Close contacts in migrating cells—Close contacts appear as broad gray areas in IRM
(Fig. 3A). The original definition of close contacts was based on IRM images and indicated
that the separation between the ventral surface of the cell and the substratum was about 20 to
50 nm (132). By contrast, the ventral surface and substratum is separated by 10 to 15 nm or
less in FA. Compared to FA, little is known about these adhesions. They predominate in fast
moving cells such as keratocytes (11, 158) although regions of close contact also exist in
fibroblasts and epithelial cells in culture (159).

The composition of close contacts was investigated by immunofluorescence staining of fish
keratocytes using antibodies against known FA components. The close contact areas at the
rim of leading edge were found enriched in p1-integrin and talin, with little Pax and FAK
(158). In general, close contacts appear to be mediated by integrins. Forward movement of
the Xenopus keratocyte lamella could be halted by adding RGD peptide or an anti-integrin
mAb while the rear of cell continued to retract (50).

Anderson and Cross (11) performed a detailed study of more mature Vn-containing
adhesions using microinjected fluorescent Vn and combined confocal and IRM imaging.
They found that these contacts formed behind the leading edge and matured beneath the
lamellipodium and remained stationary while the cell passed over them. By contrast, Vn-
containing contacts in the wings of the cell grew larger before sliding inward. These large
contacts are presumably transmitting the large lateral traction in keratocytes that are used for
retraction of the wings. The actual mechanism for disassembly of released contacts remains
an open question.

There are really no structural models for close contacts. A possible model would consist of
finger-like projections of a small diameter that contact the surface using the usual repertoire
of FAs molecules (Fig. 3C). In this respect, these projections would be a cross between
podosomes and filopodia. The net result would be to draw the surface closer to the
substratum such that the region appears gray in IRM yet the adhesion itself could be readily
remodeled to accommodate rapid cell migration.

Outlook—In addition to the extensive cataloging of adhesion components, there are recent
developments in super-resolution microscopy (139) and several live cell fluorescence
microscopy methods that promise to enhance our understanding of structure-function
relationships in the adhesive structures that enable the cell to exert traction on its
environment (39,88,177). Also, recent developments in Rho family biosensors and detailed
analysis of such data, promise to provide detailed mapping of the localization and activation
pattern of these GTPases in relation to the regulation of dynamic adhesive behavior,
tractions, and cell migration (172, 191, 212). Overall, it appears that the next decade will
produce important advances in our understanding of cell-substratum adhesions.
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Measurements of tractions in single migrating cells

Elastic substrate traction measurements—The effects of tractions exerted by
migrating chick heart fibroblasts plated on a deformable silicone substrate (a thin film of
silicone cross linked by means of glow discharge) were visualized as visible wrinkles in the
film under the cell body and perpendicular to the direction of cell movement (109). Such
compression wrinkles qualitatively reflect the strong contractile forces exerted by fibroblasts
on their environment but do not give the actual distribution of traction stresses under the
cell.

Spatially resolved information on the distribution of tractions has been obtained in the past
15 years by following the displacements of fiduciary markers embedded in deformable
substrata (Fig. 4) or the response of individual force-sensing elements. This approach was
first applied to fish scale keratocytes migrating on silicone rubber substrata in which small
polystyrene latex beads had been embedded (159). When the tractions were calculated from
the bead displacements (52), it was found, surprisingly, that the major propulsive tractions
were applied in the wings of the keratocyte (203).

However, with silicone rubber films, matching the compliance to the tractions exerted by the
cells and providing a defined surface coating on the film for optimal adhesion is not always
easy. These difficulties were circumvented by developing polyacrylamide gel substrates
with variable degrees of cross-linking onto which ECM proteins could be conjugated (53,
165, 210, 211, 274, 275). An example of the use of polyacrylamide substrates for examining
the tractions exerted by locomoting keratocytes in seen in Figure 4. Moreover, these films
are optically tractable so that when fluorescent beads are used as the fiduciary markers in the
gel, dual channel fluorescence microscopy permits the correlation of tractions in relation to
the spatial localization of fluorescently labeled FA proteins (18).

Another approach employs special microfabricated substrates that contain an array of force-
sensing elements. These are flexible cantilevers of known bending stiffness so that the
forces exerted by moving cells on these pads can be computed directly from the deflection
of the cantilever beams (85, 86, 252). An alternate approach employs an elastomeric silicone
substrate that is micropatterned to give rise to a regular array of either surface indentations
or projections of sub-micron dimensions (13,223). An algorithm allows the surface
distortion of the micropattern caused by cells to be directly translated to the cellular forces.
Thus, a number of methods now exist that are similar in overall concept and permit
calculation of traction stresses and the correlation of those stresses with the molecular
constituents of the force-transmitting adhesive structures.

Force, cell adhesions, and cell migration—There is a clear interplay between
contractile force generated by the cell, adhesion to the substrate and the traction applied to
the substrate that is beginning to be investigated in detail. As stated previously, force can
induce focal complexes to mature into large FAs near the leading edge of migrating cells; at
the trailing edge, contractile forces regulate adhesion disassembly and cell detachment.
Also, MT-induced adhesion disassembly has been observed as mentioned previously and it
was speculated that the growth of stiff MT growth into adhesions can release the force
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originally exerted by the actomyosin cytoskeleton, thus promoting adhesion disassembly
(140, 245).

The relationship among adhesion, traction applied to the substrate, and cell migration is
under active investigation. At the outset, it is important to note that the net traction to move
the cell through a low viscosity buffer is effectively zero. This leads to the conclusion that
the typical tractions measured, which are much larger than what are required to move the
cell, must be used to break adhesions in spatiotemporal patterns that dictate both the speed
and direction of the cell.

Using keratocytes as a model, Lee and her colleagues reported that slowly migrating
keratocytes are more fibroblast-like in their migration and characterized by slipping of
adhesions that are coupled with retrograde actin flow; in fast-moving keratocytes, adhesions
have more gripping character to sustain the rapid protrusion powered by the fast-paced
polymerizing actin network; these cells exhibit a much smaller rearward actin flow (136,
265). Recently, maps of actin-substrate coupling were used to quantify differences in force-
transmission efficiency between different cell regions (73). Thus, a more detailed scenario
about the substrate adhesion-traction-migration relationship could be proposed: At the
leading edge, traction was transmitted in a manner partially independent of actin velocity
(gripping) but at the cell flanks, the force transmission was mediated by the high friction
between the actin network and the substrate; at the cell body, little traction was transmitted,
because of low friction. Undoubtedly, this relationship will be further investigated both
experimentally and theoretically (226), as it is key to achieving a global understanding of
how cells move.

Collective Cell Migration

Collective cell migration is the prevalent mode of migration during development, wound
healing, and tissue regeneration (19, 68, 75, 179, 272). In addition, it is increasingly
regarded as a widespread mode of migration during metastasis in epithelial cancers
(77,83,171,286). Collectively migrating cells use similar mechanisms as single cells to
protrude, polarize, contract, and adhere to the surrounding matrix. However, their ability to
interact with each other both chemically and mechanically provides cells within the moving
group with additional mechanisms to migrate while (a) maintaining tissue cohesiveness and
organization; (b) regulating tissue paracellular permeability; (c) creating large gradients of
soluble factors; (d) distributing tasks between specialized mobile and non-mobile cells; ()
propagating mechanical signals via cell-cell junctions; and (f) in the case of cancer,
protecting metastatic clusters from an immune assault. The mechanisms underlying
collective cell migration are less well understood than those that drive single-cell migration,
but improved methods in genomics, proteomics, imaging, and biomechanics are producing
rapid advances in this field. In the following sections, we first review the role of collective
cell migration in physiology and pathophysiology, and then provide an overview of the basic
biological and biophysical mechanisms that drive and regulate collective cell migration
(8,19,75,83,156,260,264,286).

Compr Physiol. Author manuscript; available in PMC 2015 June 05.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trepat et al. Page 12

Collective cell migration in physiology and pathophysiology

The EMT paradigm—The transition from a static to a motile phenotype that multicellular
collectives undergo during embryogenic movements, cancer metastasis, and wound repair is
traditionally understood under the rubric of the epithelial to mesenchymal transition (EMT).
EMT is a highly conserved cellular program characterized by a number of morphologic,
structural, and molecular changes that includes flattening of cell shape, loss of apical-
basolateral polarity and cell contacts, formation of a dynamic protrusion at the leading edge,
and increased concentration of intermediate filaments (138, 254). The EMT paradigm has
been successful in explaining the transition between two well-defined cellular states as in the
case of emigration of neural crest cells (35) or gastrulation of mesoderm cells (190).
However, many other processes involving cell motility do not follow the guidelines of
classic EMT (45, 219). This is illustrated by well-known cases such as migration of the
zebrafish lateral line primordium (LLP) or that of border cells in Drosophila egg chamber.
In both cases, cells efficiently migrate long distances while keeping a cohesive structure
with high levels of E-cadherin and tight junction proteins (19, 156). Thus, rather than being
restricted to sharp transitions from well-defined epithelial and mesenchymal states, the cells
in tissues can take advantage of both states to fine tune their phenotype. The spatial
organization of this finely tuned phenotype within a moving group provides the cell with
additional functions that could not be achieved in completely dissociated cell collectives.

Development—From early embryogenesis to postnatal life, the development of living
organisms is driven by the motion of cell collectives (281). These collectives move in a
variety of geometrical configurations such as sheets, sprouts, strands, tubes, or clusters
(224). Given the difficulty of studying the motion of these geometrically diverse cell
collectives within higher animals, collective cell migration is commonly studied in relatively
simple models such as Drosophila melanogaster, Caenorhabditis elegans, or zebrafish.
These model systems offer structural simplicity and genetic accessibility thus allowing the
direct visualization of maotile groups that selectively express fluorescently tagged proteins
(49).

The simplest and best-studied mode of collective cell migration is the advance of 2D
epithelial sheets over a basement membrane. Moving cell sheets are typically formed by a
relatively large number of cells that remain mostly cohesive as they invade open spaces or
surrounding tissues. A paradigmatic example of sheet migration is dorsal closure in
Drosophila, a process occurring during the latest stages of embryogenesis. As a
consequence of retraction of the germ band, an eye-shaped hole covered by amnioserosa
cells is left on the dorsal surface. To seal this hole, two flanks of epidermal cells advance
toward each other until they meet at the dorsal midline. This process is driven by at least
three mechanisms: (1) active migration of epidermal cells characterized by dynamic
extension of filopodia at the leading edge; (2) periodic contraction of the amnioserosa; and
(3) zipping of supracellular actin cables at the leading edge (74, 133, 247). A different
developmental process also driven both by supracellular purse-string and filopodia-rich
migration is ventral enclosure in C. elegans (243). These examples illustrate that even in the
simplest cases of collective migration, the motion of the group is not only driven by
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independent the action of each individual cell within the moving group but also by
supracellular mechanisms and by the cooperative action of the surrounding tissue.

The inverse process to epithelial closure is centrifugal expansion of a cell sheet or colony. In
some cases, such as the growth of imaginal discs in Drosophila, expansion occurs in the
absence of physical constraints that restrict the growth of the colony (208). However, in
other cases, cell colonies expand at the expense of the surrounding tissue. During
development of the Drosophila abdomen, for example, the larval epithelium of each
segment of the abdomen is replaced by proliferation and migration of four pairs of histoblast
nests with original sizes ranging from 3 to 18 cells (197) (Fig. 5). These histoblast nests
remain growth arrested during larval stages but at the onset of metamorphosis they undergo
rapid proliferation and expand radially over each abdomen segment. Expansion occurs
against the surrounding larval cells, which undergo apoptosis as they come in contact with
the leading edge of the expanding histoblast colony. The mechanism by which histoblasts
replace larval cells remains unknown but recent imaging improvements have shown leading
histoblasts forming intercalating protrusions between the surrounding larval cells possibly
contributing to their apoptosis. These protrusions are highly dynamics and suggestive of
active traction generation (196).

In many processes in development, relatively small cell clusters undergo large collective
displacements across the embryo from the location where they are specified to the location
where they will ultimately carry out their biological function. A well-studied model for this
type of cluster motion is the development of the lateral line system in zebrafish (Fig. 5). The
lateral line comprises a series of sensory organs that are arranged in regularly spaced
clusters (neuromasts) on each flank of the skin (95). These clusters are deposited by the
LLP, a group of 100 cells that migrates from head to tail. As the primordium transverses the
animal, cell clusters at its trailing edge become progressively nonmaotile and are finally left
behind in periodic intervals (107). Another well-studied example of directed cluster motion
is the migration of border cells during oogenesis in Drosophila (19, 169). The border cell
cluster comprises 6 to 8 migratory border cells and two nonmigratory inner polar cells. After
being specified at the anterior end of the egg chamber, the cluster detaches from the follicle
and migrates posteriorly toward the oocyte squeezing between the surrounding nurse cells.
To do so, all border cells extend protrusions while they exchange positions within the
cluster. Remarkably, border cells are not surrounded by ECM and, therefore, they need to
adhere directly to nurse cells to generate traction.

Another developmental process in which collective cell migration plays a key role is
branching morphogenesis, a process widely used in nature to shape complex organs that
require packing of large surfaces into small volumes as in the case of lungs, kidneys,
pancreas, mammary glands, salivary glands, and the vasculature (168). All these branched
systems are characterized by the presence of a cell monolayer—epithelial, endothelial, or
both—that separates two compartments within an organism. This cell layer controls the
transport of ions, gases, liquid, solutes, and immune cells between these compartments. The
formation of the initial branch commonly starts early in development by invagination of
polarized epithelial cell sheets driven by constriction of the apical actomyosin rings (4).
Alternatively, tubes can start by formation of a lumen from fusion of vacuoles or by
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sprouting of an already existing tube. Once the main branch is formed, emergence of new
branches occurs either by splitting of one branch at its tip into two branches (bifurcation) or
three branches (trifurcation), or by formation of a new branch from the side of an existing
one (lateral branching) (277). Collective migration and elongation of tubes appears to be led
by extension of filopodia and lamellipodia from tip cells into the surrounding extracellular
tissue (26,193,263). Such migration is regulated by the exchange of promigratory [EGF,
fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), PDGF, etc.] and
inhibitory factors (TGFp, notch) between the epithelium and the mesenchyme (30, 47, 188,
193). Interestingly, some of these molecular mechanisms are common not only in the
morphogenesis of hollow organs but also in branching of the nervous system (153). In
addition to these soluble factors, collective migration during branching morphogenesis is
heavily regulated by the interaction between migrating cells and the ECM. Indeed,
mutations in the cell-ECM adhesion proteins or in proteins involved in ECM degradation, as
well as alterations in the composition of the ECM, result in reduced outgrowth of branches
(193).

Wound repair—The molecular machinery that governs collective cell migration during
development remains largely dormant throughout adult life. However, when a tissue is
injured, this machinery is rapidly rescued to repair the wound and restore the viable tissue
(237). Wound healing plays a central role in the pathophysiology of virtually every organ
(106). For example, in devastating lung diseases such as pulmonary fibrosis, chronic
obstructive pulmonary disease, asthma, and acute lung injury, the pulmonary epithelium is
injured and often denuded (36). This injury impairs barrier function of the epithelium
thereby exposing the lungs to airborne inhaled pathogens and other toxic agents (259). In
addition, the damaged airway epithelium prevents key metabolic functions of the airways
including fluid and ion transport to the lumen and mucociliary clearance. The ability of the
epithelium to rapidly self-repair is thus critical to restore pulmonary function and to prevent
further damage.

Wound repair is particularly well understood in the skin but increasing evidence supports
that the main stages of the process are conserved across organs (106). The initial
physiological response to wounding is the activation of circulating platelets at the site of
vascular injury. Such activation is initiated by direct contact between the platelet surface and
proteins located at the basement membrane of the endothelium such as collagen, fibronectin,
laminin, and von Willebrand factor (22). Activated platelets rapidly aggregate to form stable
clots that prevent hemorrhage until the healing process is completed. Platelet aggregates are
initially stabilized by a fibrin network that will later serve as a provisional scaffold rich in
growth factors on which cells may crawl (200). In parallel with fibrin clotting, damaged
cells initiate a stress response that includes the activation of MAPK pathways, the secretion
of chemotactic factors, and the recruitment of circulating neutrophils and monocytes to clear
pathogens from the injured area (146).

This initial inflammatory response is followed by reepithelialization. During this process,
cells surrounding the wound migrate collectively across a provisional matrix rich in fibrin
and fibronectin (175). To migrate onto and through this provisional matrix, cells at the first
few rows behind the wound margin alter their expression of cell-cell and cell-matrix
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adhesion proteins (115). Fibrinolytic enzymes such as plasmin and MMPs degrade the
matrix to enable rapid cell migration (106, 257). In addition, cells undergo structural
changes of their cytoskeleton characterized by the synthesis of transverse stress fibers and
by the extension of filopodia and lamellipo-dia into the wound area (204, 287). In striking
analogy with development, epithelial cells use two main modes of collective migration
during reepithelialization (176). The first mode involves the assembly of a supracellular
actin cable at the wound perimeter. Contraction of this actin cable in a “purse string” manner
provides efficient closure at the later stages of wound healing. The second mode of
migration involves the extension of dynamic lamellipodia and filopodia into the wound area
(218). This mechanism appears to be reminiscent of single cell migration although recent
studies proved that it also involves strong cooperativity between cells (12, 260).

In addition to playing a central role in reepithelialization, collective cell migration is also
involved in wound healing as a primary mediator of angiogenesis (256). Angiogenesis is
fundamental during wound healing to provide oxygen and nutrients to the newly assembled
tissues and its inhibition impairs wound healing. It is mainly triggered by growth factors
such as bFGF, TGFB, VEGF, and by cytokines such as TNFa secreted by hypoxic
macrophages and by damaged endothelial cells (198, 256). In response to these signaling
macromolecules, endothelial cells upregulate integrins at the tips of sprouting capillaries to
collectively migrate through the surrounding tissue (230). As in the case of
reepithelialization, proteolytic enzymes released into the wound tissue degrade the ECM to
favor the advance of endothelial cell sprouts.

Cancer—While collective cell migration is crucial in development and tissue repair, it also
mediates devastating diseases such as cancer (45,75,228). The traditional view of cancer
metastasis is based on the notion that single cells detach from primary tumors, crawl through
the stroma, enter the blood and lymphatic vessels, and finally colonize in healthy tissues to
form a secondary tumor. However, increasing evidence indicates that tumor dissemination is
driven not only by single cells but also by cohesive cell groups (Fig. 6). This notion is
supported by the observation that clusters of metastatic cells are often present in the blood
and lymphatic vasculature of cancer patients (31, 162). In addition, histopathological
sections of breast, colon, ovarian, lung, and other differentiated carcinomas exhibit clusters,
chains, and sheets in the stromal areas surrounding primary tumors (141, 171, 185, 291).

One successful strategy to study the role of these cohesive cell aggregates in cancer
metastasis has been to analyze the dynamics of neoplastic tissue explants or cell line tumor
spheroids in vitro (76,284,286). When embedded in 3D collagen | gels or Matrigel, these
cell systems extend multicellular chains or strands into the surrounding matrix. Collective
migration of this kind is initiated either by the polarization of a single cell within the cluster
or by the activation of fibroblasts from the tumor stroma (84). These leading cells initiate the
formation of a migration track by both cleaving and remodeling the surrounding matrix. The
cooperative proteolytic activity of leading cells and their followers ultimately results in the
generation of large invasive paths into the stroma (286).

Our mechanistic understanding of collective invasion in cancer is currently undergoing rapid
progress thanks to the development of intravital microscopy (134). This technique enables
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the continuous monitoring of the dynamics of tumor tissue implanted in animal models.
Typically, the implanted cells are fluorescently labeled with indicators of promoter activity,
enzyme activity, or gene expression. Intravital microscopy has demonstrated the coexistence
of single and collective cell invasion in a variety of organotypic cancer models. For
example, implantation of HT-1080 fibrosarcoma cells in dorsal skin-fold chambers of mice
showed that up to 77% of invasive events were collective (7). Cells forming such invasive
sheets or strands display heterogeneous phenotypes. While innermost cells in the clusters
retain epithelial polarity and cell junctions, marginal cells display mesenchymal traits such
as loss of apical-basalolateral polarity, actin-rich protrusions, and proteolytic activity (83,
171). Recent studies using an organotypic model of breast mammary tumor metastasis
showed that single-cell migration following dissemination from a primary tumor is relatively
fast and capable of creating lung metastases via blood vessel circulation (96). By contrast,
collective cell invasion is much slower and mainly invades lymph vessels. The switch from
single- and collective cell invasion requires activation of a transcriptional program involving
TGFp and Smad4.

Mechanisms of collective cell migration

Adhesion—To move as cohesive groups, cells require both cell-matrix and cell-cell
adhesions. To a large extent, the molecular basis of cell-matrix adhesion in collective cell
migration is analogous to that of single-cell migration (see Section “Single-cell migration”).
In this section, we will thus focus on the four major types of cell-cell adhesions: adherens
junctions, desmosomes, tight junctions, and gap junctions (Fig. 7).

Adherensjunctions: Adherens junctions are responsible for a wide range of cellular
functions including assembly and maintenance of cell-cell adhesions, stabilization of the
actin cytoskeleton, and transcriptional regulation (34, 110). Adherens junctions are based on
the generally homophilic interaction between transmembrane glycoproteins of the calcium-
dependent cadherin family. Currently more than 350 members of this family have been
described in about 30 species, with epithelial (E-) cadherin being the best characterized
(123, 266). The extracellular domain of classical cadherins is composed of five domain
repeats (EC1-EC5), which bind calcium ions to form parallel homodimers (187).
Transpairing of the EC1 domains between cadherins from adjacent cells is required for
proper conformational organization of adherens junctions (209), but other EC domains are
likely to mediate cell-cell adhesion as well (269).

The cytoplasmic domain of cadherins is formed by two subdomains that mediate junctional
stabilization and binding to the actin cytoskeleton (266). The subdomain that lies closer to
the cell membrane is termed juxtamembrane domain (JMD). This domain contains a highly
conserved octopeptide sequence that binds p120-catenin (293). The binding of p120-catenin
and JMD is thought to retain cadherins at the plasma membrane thus providing stronger
adhesion to the junction (255, 293). In addition to stabilizing and strengthening junctions,
p120-catenin also regulates single and collective cell motility via small GTPases (199). The
cytoplasmic subdomain of cadherins that lies furthest from the cell membrane binds to 8-
catenin with high affinity in a phosphorylation-dependent manner (110). Until recently, -
catenin was thought to provide the physical link between cadherins and the actin
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cytoskeleton via a-catenin. This notion was supported by evidence showing that a-catenin is
able to bind both actin and the -catenin-cadherin complex (3, 222). However, recent
findings ruled out this possibility showing that -catenin, a-catenin, and actin do not coexist
in a single ternary complex (56, 290). This finding raises the question of how adherens
junctions are linked to the cytoskeleton. One possibility is that this link is mediated by an
additional protein, such as EPLIN, an actin binding protein recently shown to bind the C-
terminal domain of monomeric a-catenin (1).

Cohesiveness is usually associated with reduced migration speed. This was clearly
illustrated in recent wound-scratch screens which showed that knocking down B-catenin and
other key members of the adherens junction family in MCF-10A cells caused acceleration of
cell migration (242, 272). For this reason, whenever rapid migration occurs in nature, cells
tend to downregulate E-cadherin and dissociate through a complete EMT. However, in
many physiological situations, cells undergo an incomplete EMT in which E-cadherin
adhesion is weakened to enable dynamic flexibility for each individual cell within the group
while keeping a certain degree of cohesiveness. This weakening of adherens junctions is
regulated by several signaling networks including those triggered by tyrosine kinases such
as hepatocyte growth factor (HGF) receptor (262), epidermal growth factor receptor
(EGFR), Eph receptor, Src, and Abl (104). These and other kinases regulate adherens
junction strength by cadherin endocytosis, proteolysis, or interaction with other
transmembrane proteins (43, 80, 202, 292). Cadherin complexes regulate actin dynamics
mainly via a-catenin, which inhibits Arp2/3-mediated branching polymerization (56) and
recruits the actin nucleator formin to adherens junctions (147). In addition to their role of
providing junctional stability, p-catenin and p120-catenin can act as transcriptional
regulators.

Tight junctions: Tight junctions are located apically from adherens junctions both in static
monolayers and in migrating epithelia (152, 194). They are thought to play a double role:
first, they serve as the intramembranous “fences” that separate the protein content of the
apical and basolateral cell membranes; second, they are hydrophobic “barriers” that regulate
transport of ions, proteins, and fluids across epithelial and endothelial layers.

Tight junctions comprise three main types of transmembrane proteins: occludins, claudins,
and the 1gG-like family of junctional adhesion molecules (JAMs). Occludin is a tetra-
spanning-transmembrane protein with two extracellular loops that can be phosphorylated at
multiple tyrosine, serine, and theonine residues (81, 110, 231). In the absence of
phosphorylation, ocludins are localized throughout the basolateral cell membrane and in
cytoplasmic vesicles, but phosphorylated occludins are only present at tight junctions (231).
Recently, a new protein with a similar structure and role as occludin, tricellulin was found to
be enriched only at tricellular tight junctions (129). Despite their ubiquitous presence in tight
junctions, a number of studies demonstrated that cells and tissues deficient for occludin
display proper barrier function (201). This observation led to the identification of claudins
(194). Much like occludins, claudins are also tetra-span-transmembrane proteins with two
extracellular loops. The claudin family comprises at least 24 members that are specifically
distributed across organs and tissues (82). This distribution selectively tunes the size,
strength, and transport specificity of the junctions (10). In addition to tetra-span proteins,
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tight junctions also contain single spanning transmembrane proteins that mediate homotypic
adhesion. These proteins include the IgG-like JAMs (137), which mediate paracellular
transmigration of leucocytes (61).

Given that occludins, claudins, and JAMs have not been found to interact directly, it is
thought that the integrity of tight junctions is mediated by scaffolding proteins such as ZO-1,
Z0-2, and Z0-3 (14). These proteins interact with claudins and occludins though their PDZ
domains, and with actin through their C-terminus thus providing a direct connection
between the extracellular environment and the cytoskeleton. ZO-1 can bind actin and a-
catenin, which has led to the hypothesis that ZO-1 may serve as a link between adherens
junctions and tight junctions (194).

Tight junctions are thought to play a central role in finely tuning apical-basolateral polarity
within moving groups but mechanism remains poorly understood (68). A wealth of evidence
supports that preservation of intact tight junctions prevents tumor dissemination by
inhibiting cell proliferation and migration (23). However, several studies have demonstrated
the existence of epithelial polarity among invasive tumors suggesting that tight junctions
remain functional during certain modes of invasion (45). Tight junction proteins have also
been reported to contribute to enhanced invasion and collective cell migration. For example,
Z0-1 was found to be upregulated in a high proportion of highly metastatic melanoma cell
lines (246). Similarly, overexpression of claudin-3 and claudin-4 in human ovarian epithelial
cells resulted in increased collective migration in wound healing experiments (5). Tight
junctions also play a central role during collective cell migration in various developmental
processes. In Drosophila, mutations in the ZO-1 homologues result in defects in tracheal
morphogenesis and in the formation of extrasensory organs (135,250). In zebrafish, the
posterior LLP elicits a homogeneous distribution of cadherin among all cell-cell junctions,
but ZO-1 is absent in the first few rows behind the leading edge (111). However, toward the
trailing edge of the migrating primordium, the emergent proneuromast rosettes display an
apical formation of tight junctions before being deposited. These findings indicate that
within a cohesive moving group tight junctions can be selectively formed to control apical-
basolateral polarity (156).

Desmosomes. Desmosomes are intercellular junctions that connect the intermediate
filaments from adjacent cells (89, 94). They are commonly found in tissues that are
subjected to substantial mechanical forces such as the epithelia and muscle. Extracellularly,
desmosomes are similar to adherens junctions in that extracellular linkers are
transmembrane proteins with five domain repeats homologous to classical cadherins. A
functional desmosome contains at least one desmosomal cadherin from the desmocollin
family and another one from the desmoglein family. The cytoplasmic domains of
desmosomal cadherins interact with the armadillo proteins, plakoglobin (gamma-catenin),
and plakophilins. The role of plakoglobin in its binding to desmosomal cadherins is
reminiscent to that of -catenin in adherens junctions. Plakoglobin binds to the N-terminal of
desmoplakin, the protein that ultimately binds desmosomes to intermediate filaments. The
role of plakophilin is more complex than that of plakoglobins as it involves interactions with
desmosomal cadherins, plakoglobins, and intermediate filaments. These complex
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cytoplasmic interactions constitute the molecular clustering that provides strength to
desmosomes.

Several lines of evidence indicate that desmosomal adhesion is regulated during collective
cell migration. Upon wounding Madin-Darby canine kidney (MDCK) monolayers,
desmosomes switch from a Ca2*-independent to a Ca2*-dependent phenotype. This loss of
Ca2* independence is followed by desmosome internalization mediated by protein kinase C
(PKC) (90,273). The resulting loss of adhesion provides the epithelium with the flexibility
required to achieve fast reepithelialization. It remains unclear, however, if the loss of
desmosomal adhesion is complete or partial. In colorectal tumors, two types of desmocollins
(Dscl and Dsc 2) are expressed de novo, suggesting collective cell invasion (143). In
squamous cell carcinomas of the skin, desmoglein 2 is upregulated and the levels of
desmoglein activation correlate with risk of metastasis. These findings indicate that
desmosomes might remain functional during tumor invasion in some forms of cancer (45).

Gap junctions: Gap junctions are transmembrane channels that connect the cytoplasm of
adjacent cells. Each cell contributes to the junction with half a channel (an hemichannel or
connexon) formed by six proteins, termed connexins. Each connexin comprises four
transmembrane domains connected by two extracellular loops that mediate cell-cell
recognition and intercellular docking. Connexins are arranged in a cylindrical patterns that
leave a hollow central channel for transit of ions, second messengers, and small metabolites
with molecular weights lower than 1 kDa (180).

As central mediators for cell-cell communication, gap junctions have long been implicated
in the regulation of collective cell migration during cancer metastasis, wound healing, and
morphogenesis. Tumor cells from several human cancers such as skin, lung, gastric, and
prostate cancers, exhibit reduced expression of gap junction proteins and reexpression of
these proteins appears to play a tumorsuppressive role (63,122). For example,
overexpression of Cx26 has been shown to slow down collective migration of the breast
cancer cell line MCF-7 and to reverse its malignant phenotype (184). Similarly, exogenous
expression of Cx26 and Cx43 also reduced migration of MDA-MB-231 and MDA-MB-435
breast cancer cells (137,178). Contrary to this widespread notion, recent evidence
demonstrates that during certain stages of metastasis Cx26 is reexpressed suggesting cell
cooperativity during invasion (37, 131). These findings indicate that gap junctions might
selectively regulate the transition from single- to collective cell migration during different
stages of cancer progression.

Further support for gap junction activity during collective cell migration comes from
wound-healing experiments. During epidermal wound healing, the expression of connexins
is altered as a function of the distance from the wound (100). Specifically, Cx26 was found
to be downregulated at the wound edge, but upregulated away from the wound. By contrast,
Cx31.1 and Cx43 were downregulated both at the wound edge and further away from the
wound edge. In an in vitro wound-scratch assay using MCF-10A cells, knocking down Cx43
accelerated collective cell migration, whereas silencing Cx26 and Cx40 had no net effect
(242). Perhaps the clearest illustration of the pivotal role of gap junctions in regulating
collective cell migration can be found in development, where mutations or silencing of
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genes associated with gap junctions result in abnormal migration. For example, mutations of
innexin, the connexin homolog expressed in invertebrates, prevent collective epithelial cell
migration during proventriculus organogenesis in Drosophila (17). In mouse models, the
levels of expression of Cx43 correlate positively with speed and directionality of neural crest
migration (289). Taken together, the studies mentioned previously support the notion that
gap junctions play a central role in the regulation of collective cell migration, but the
molecular mechanisms underlying this regulation and the interaction between gap junctions
and other cell-cell junctions remain largely unknown.

Polarization and guidance—One of the great advantages of collective versus single-cell
migration is that each cell within the moving group can exhibit different patterns of
expression to carry out specialized functions according to its position within the group. The
simplest case of such modular specialization is front-rear polarization in which one subset of
leader cells at the front guides a larger group of naive follower cells at the rear. Polarization
of this kind can arise as a consequence of internal genetic programs or external
environmental cues. Leader cells typically exhibit a mesenchymal-like phenotype
characterized by the extension of lamellipodia and filopodia into the surrounding tissue, a
relatively loose cell-cell adhesion, enhanced expression of cell-matrix adhesion proteins, and
polarized remodeling of actin filaments and MTs (65, 204). In addition, leader cells moving
in 3D are capable of degrading and remodeling the ECM to create channels for the whole
cell group to advance cohesively (84, 286). By contrast, followers retain epithelial features
such as apical-basolateral polarity and tight junctions and express relatively low levels of
guidance receptors.

A clear example of leader/follower polarization occurs during angiogenesis. Tip (leader)
cells extend numerous filopodia that probe, guide, and presumably generate tractions to
drive mation of the tubes to the avascular area of the embryo (93). In contrast to their
follower stalk cells, tip cells are nonlumenized and mostly nonproliferative. In addition, they
exhibit a clearly distinct pattern of gene expression with higher levels of expression of
VEGF receptor family, which tightly controls the generation of sprouts during angiogenesis
(153). While gradients of VEGF guide tip cells, the concentration of VEGF regulates
proliferation in stalk cells (93). A central question in angiogenesis is how the tip cell is
initially selected from a large pool of endothelial cells exposed to similar VEGF gradients.
In other words, why do endothelial cells form sprouts and branches instead of sheets? The
answer to these questions lies in the competitive advantage that tip cells gain by signaling
their neighbors to become stalk cells. This is accomplished via the Notch signaling pathway.
VEGFR?2 activation causes upregulation and release of the Notch ligand DII4 at the tip cells
(113). The resulting activation of Notch in the neighboring cells leads to downregulation of
VEGFR2 and ultimately the acquisition of stalk phenotype.

Another example of collective cell migration guided by a chemoattractant gradient is border
cell migration. In these cells, chemoattractant gradients are sensed by two receptors, EGFR
and poliovirus receptor (PVR), each of which can independently guide cell migration (58,
59). During the early phase of border cell migration, these receptors act at the sub-cellular
level to drive polarization and guide migration much as in the case of single isolated cells.
Each cell individually senses the gradient and acts accordingly resulting in highly persistent

Compr Physiol. Author manuscript; available in PMC 2015 June 05.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trepat et al.

Page 21

directional migration of the cluster. In a later phase, the very same receptors and
chemoattractant cues appear to act at a higher level of organization in which the intercellular
differences in the levels of signaling from the guidance receptors cells determines the
identity of the front cell (19). In this case, cells within the cluster compete to guide the group
thus constantly exchanging positions throughout the collective process. This guidance
strategy results in slower overall motion, but it offers a broader range of possibilities to
probe the cluster environment (19).

Cell groups can also migrate in the absence of chemoattractant gradients by using inherent
front/rear polarization. To migrate from the anterior to the posterior regions of the embryo,
the posterior LLP follows a track defined by a strip of the chemokine stromal-derived factor,
SDF1a (48). Although the precise values of the concentration of SDF1a along the strip
remain unknown, it appears that SDF1a is uniformly distributed. This notion is supported by
the observation that the primordium is able to perform a U-turn and migrate backward (107).
To perform directed migration in the absence of a chemoattractant gradient, the primordium
acquires front/rear polarity through the localized activation of two SDF1a receptors, CXCR4
and CXCRY7. Both receptors are required for migration of primordium but CXCR4 is active
at the leading edge whereas CXCRY7 is localized at the trailing edge. Polarization of these
receptors is maintained through the interaction of the Wnt/B-catenin, Fgf, and Dkk pathways
(8,192). In addition, recent evidence suggests that sequestration of SDF1a by CXCR7 might
be a crucial event to determine the persistence of primordium migration (21).

The zebrafish LLP is also a representative model to illustrate that some cell collectives are
able to achieve supracellular tissue patterning as they migrate. Roughly behind the leading
third of the primordium, a group of 12 to 16 cells organizes in rosettes to form the
proneuromasts (Fig. 5). Cells within these rosettes display a marked epithelial phenotype
characterized by columnar morphology, apical-basolateral polarization, and the presence of
foci of the tight junction protein ZO1 (156). After their formation, rosettes become
progressively less motile until they are left behind and deposited at periodic length intervals.
Thus the LLP illustrates that moving cell groups may display different levels of collective
organization beyond front/rear polarity (264).

Mechanics of collective cell migration

Kinematic observations and models—The kinematics of collective cell migration has
been the subject of experimental and theoretical investigation virtually since light
microscopy was first applied to the observation of biological processes. Indeed, the first
observations of tumor dissemination, growth of epithelial tissues, and wound closure date
back more than one century (116, 271). The advent of modern imaging techniques such as
confocal microscopy, multiphoton microscopy, and intravital imaging, together with the
development of improved fluorescent probes and computational methods now enable us to
quantitatively analyze the kinematics of collective cell migration in vivo (229). Outstanding
advances in this field include visualization of cancer cells within a collective cluster as they
escape a tumor to invade lymphatic vessels (96), or tracking of hundreds of individual cells
involved in mesoderm migration during development of the Drosophila embryo (179).
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The study of cell kinematics combined with a variety of continuum and discrete physical
models has provided substantial advances in our understanding of how cells move
collectively. Typical continuum models are governed by reaction-diffusion equations (40,
173):

%=Dnvzc—v -(x(e)nVe)+f(n,e) @)
8c_ 9
E_DCV C+g(nac) (2)

where niis cell density and c is the concentration of chemotactic signal. The first term on the
right hand side of Eq (1) accounts for random cell migration and the second term models
chemotaxis (or haptotaxis). In chemotaxis, for example, the chemoattractant is expressed or
bound to a matrix, y is the chemotactic sensitivity, which may be function of c, and the
function f describes mitotic generation and natural cell loss. Conversely, the first term on the
right hand side of Eq. (2) accounts for diffusion of the tactic agent, and g(n,c) captures its
production, uptake, and degradation. This system of reaction diffusion equations can be
generalized to any number of cell types and tactic agents present in the system under
investigation. Further coupling between equations can be obtained by taking the diffusion
coefficient as a function of cell concentration (29, 46, 205).

Continuum models are limited by their relative inability to take into account dynamics of
cell adhesion as well as local variability of the cell mechanical properties. These factors are
introduced in the so-called vertex models or cellular Potts models, in which cell geometry is
discretized and different mechanical and adhesive properties can be associated with each
constitutive element of the system (98, 103). In these models, the cell collective explores an
energy landscape determined by a 3-term Hamiltonian (H):

H:Hadhesion+Hdeformation +H chemotasis 3)

The first term on the right-hand side, Haghesion, €mbodies the adhesive energy associated
with cell-cell and cell-matrix interactions, the second term, Hgeformation, @ccounts for the
deviation of cell shape from a “preferred” geometry, and the third term, Hchemotaxiss models
tendency of each cell to move toward maximum concentrations of chemotactic agents. For a
given Hamiltonian, the dynamics of the system are obtained by energy minimization using
Monte-Carlo strategies. Each element in the system is sampled in a random manner and
given a new configuration. If this new configuration decreases the energy of the system the
change is always accepted, otherwise it accepted with a given probability. This approach can
be coupled to continuum reaction-diffusion equations to take into account the dynamics of
diffusive chemicals associated with chemotaxis (233).

The modeling approaches described previously have been successful in reproducing the
kinematics of collective cell migration in a variety of biological processes including tumor
angiogenesis, wound healing, and cell sorting (40,103,205,238). But even if the Kinetics is
captured, the underlying mechanisms remain far from being elucidated. Consider, for
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example, the relatively simple case of 2D wound-scratch assays. The kinematics of this
process has been captured by continuum and discrete models in which the key ingredient is
the establishment of a chemotactic gradient (205,238). However, other models based on
purely mechanical principles in which chemotaxis has been deliberately ignored, have also
been able to reproduce experimental data in great detail (20,174). Thus, models of collective
cell migration need to formulate further experimentally testable predictions to elucidate the
relative contribution of both the biochemical and the biophysical mechanisms that drive
collective cell migration.

Dynamics—Our relatively poor understanding of the mechanisms underlying collective
cell migration is not so much due to the lack of suitable physical models as it is due to the
lack of key experimental information. Perhaps the most important piece of experimental
information we are lacking is a physical picture of the forces that drive collective cell
migration. Without this information, it is not possible to determine whether collective cell
motion is a local process in which each cell is mechanically self-propelled or an integrated
process in which physical forces are transmitted across long distances to coordinate the
action of each individual cell within a moving group.

The technique that has provided most information about the dynamics of living tissues in
vivo is laser microsurgery. This technique is based on the selective ablation of single cells
within tissues. The analysis of the resulting tissue relaxation enables the inference of the
actual state of stress of the tissue (170). By applying this technique to dorsal closure in
Drosophila embryos, Kiehart et al. showed that both the leading edge of the lateral
epidermis and the amnioserosa are under tension (144). In a later study, Hutson et al. used
straightforward force balance at the leading edge to conclude that the tensile contribution of
amnioserosa and the epidermal tissues is of similar magnitude while the contribution of actin
ring contraction is 2-fold higher (125). Other findings obtained by laser ablation include the
measurement of contractile forces associated with cell apoptosis (258), and the guidance of
tissue morphogenesis by anisotropic forces (217).

While laser ablation methods enable the inference of the state of stress of tissues as well as
their dynamic relaxation, they do not provide maps of the forces associated with cell
migration. The first such maps were obtained by the joint of effort of the groups of B.
Ladoux and P. Silberzan (57). The authors seeded epithelial cell colonies on top of a
micropillar array and observed the time evolution of the forces exerted by the cells on the
pillars. They showed that forces at the leading edge are tensile, thus ruling out that the
epithelial tissue advances as a result of pushing forces from submarginal cells (Fig. 8). In
addition, the authors remarked that submarginal cells are also able to generate traction forces
of substantial magnitude, which is consistent with the observation by Farooqui and Fenteany
that submarginal cells extend cryptic lamellipodia under their neighbors at the margin (71).
A later study by Trepat et al. showed that not only submarginal cells are able to generate
substantial traction forces, but also that these forces are integrated over long distances to
generate a stress gradient at cell-cell junctions (260). The existence of such stress gradients
combined with mechanotransduction events at cell-cell junctions might provide novel
mechanisms of positional sensing within moving groups.
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Recently, force microscopy technology was improved to enable the measurement of inter-
and intracellular forces (164, 177, 251). Starting with tractions at cell-substrate interface and
using straightforward force-balance imposed by Newton’s laws, Tambe et al. developed
monolayer stress microscopy (MSM) to map the state of stress at any point within a
monolayer (251). Using this technology the authors showed that intracellular stresses vary
abruptly across a migrating monolayer sheet, and that force transmission through cell-cell
junctions expands several cell diameters. In addition, the authors showed in a variety of cell
types that cell collectives move along the direction of maximum normal stress—or,
equivalently, minimum shear stress. This mode of collective guidance was called plithotaxis,
from the Greek 7mAnGo¢ denoting crowd, swarm, or throng (251).

Undoubtedly, the field of cell migration will produce exciting science over the next decade,
at the least. Advances in optical techniques to image tissues deep within the organism,
combined with expression of FP fusions to key proteins will enable us to perform detailed,
real-time studies of the migration of cells in their native physiological environment. Super-
resolution microscopy will reveal the 3D molecular architecture of elements of the
migratory cell. Biosensors will produce high-resolution spatial and temporal maps of the
molecular activities that underlie cell migration. Photomanipulation of proteins involved in
cell motility by either photactivation or chromophore assisted laser inactivation of selected
proteins will illuminate their precise roles in migration. Structural biology and biophysical
tools will identify the structure and mechanics of individual molecules important to cell
movement. Multicenter efforts in genomics and proteomics will provide a comprehensive
census of migration related proteins, their binding partners, their phosphorylation sites, and
their posttranslation modifications in diverse tissues and pathological conditions. This effort
will be paralleled by the development of genetically engineered animals, from invertebrates
to mammals, to study the functional role of each of these proteins. High throughput
screening of chemical libraries will help identify novel compounds that may impair the
progression of migration-related diseases such as cancer or chronic inflammation.
Multidisciplinary approaches will unravel how the chemical composition and the physical
architecture of the ECM regulates the migratory machinery and how this machinery in turn
impacts the matrix on which and through which cells migrate.

Each of the tasks highlighted previously is a formidable challenge on its own but perhaps the
most daunting goal ahead lies in integrating all of this forthcoming information. The amount
high quality data relevant to cell migration will increase by orders of magnitude in the next
decade but a proper conceptual framework that integrates this information into
comprehensive models with predictive power remains unknown. While this limitation is a
general problem in all biology, it is particularly fundamental in the field of cell migration in
which any integrative picture must include not only comprehensive networks that are purely
chemical in nature, but also the interaction of such networks with physical forces.
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Figure 1.
Different types of cell migration. (A) A stationary, spread C3H10T1/2 fibroblast triple

stained with DAPI (blue) for DNA, MitoTracker (red) for mitochondria, and Alexa Fluor
phalloidin (94) for F-actin. (B) Fibroblasts migrating into wound. Top: initially, a wound
was made in a confluent monolayer of MDA-MB-231cells by scratching using a pipette tip.
Bottom: after 15 h, migrating cells began to fill in the wound (120). (C) Migrating zebrafish
keratocytes with large fan-like lamellipodia. (D) An HL-60 cell (human promyelocytic
leukemia cell) migrating on a glass substrate after differentiation with dimethyl sulfoxide
(DMSO) to exhibit leukocyte-like behavior on glass substrate. (Image in 1A and 1D are
courtesy of Bing Yang and Zenon Rajfur, respectively.) Scale bars in A, C, and D are 10
um, in B is 100 um.
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Figure2.
Adhesion structure and function in cells. (A) An immunofluorescence image of focal

adhesions (FAs) in an NIH 3T3 cell stained with antipaxillin; (B) an interference reflection
microscopy (IRM) image of FAs in a similar NIH 3T3 fibroblast on a fibronectin (FN)-
coated substrate; the very dark regions (arrows) are FAs; and (C) schematic figure for the
relationship between cell adhesion, cell migration, and some of the corresponding adaptor
and signal proteins. Cell matrix adhesion complexes are depicted a key component in single-
cell adhesion and migration. After activation, integrins bind extracellular matrix (ECM) and
provide a link to the actin cytoskeleton. Cytoplasmic adaptor proteins bind integrin
cytoplasmic domains, stabilize FA, and provide scaffolding functions. Integrin activation
also initiates downstream signaling. Such signaling may regulate cell adhesion turnover,
internal force development, and cytoskeletal rearrangements including formation of stress
fibers, lamellipodia, filopodia, and podosomes. Cell migration also involves both ECM
degradation and proteolysis and adhesion complex internalization (see section on focal
adhesion dynamics). Scale bars in A and B are 10 ym.
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Figure 3.
(A) Interference reflection microscopy (IRM) image of close adhesion in migrating fish

kera-tocytes, the adhesion pattern consists of an outer rim (r) of very close contact skirting a
crescent-shaped band of alternating very close (v) and distant contacts (d). (B)
Epifluorescent image of podosomes in a human dendritic cell with F-actin labeling. (C) A
hypothetical view of close contacts in which small diameter projections attach to the
substrate and serve to draw the ventral surface closer to the substrate such that it appears
gray in IRM. Integrin, talin, F-actin have been reported to be in close adhesions [in this
schematic, the actin network is depicted like that in a microvillus with parallel actin bundles
but it could also be in the form of a dendritic actin network (not shown)]; however, paxillin
and focal adhesion kinase (FAK) are not found in initial close contacts. Scale bars are 10
um. Image in panel A is from Lee and Jacobson (158); image in panel B is courtesy of
Aaron Neumann.
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Figure4.
Use of elastic substrates to map tractions in migrating cells. (A) Phase image showing a fish

keratocytes crawling on an elastic polyacrylamide substrate. (B) Tractions mapped on the
same cell shown in A. The Dembo Boundary element method algorithm (52) was used to
calculate the cell traction distribution from the bead displacement map; the units in the map
are in Dynes/cm? (1 dyne = 107°N). (C) The Fourier-transform traction cytometry (FTTC)
algorithm (28) was used to calculate tractions for another keratocyte; the right scale of color
bar represents stress in units of Pa (1 Pa = 1 N/m?2). Scale bar is 10 pm. Images are courtesy
of Zenon Rajfur.
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Figureb5.
Collective cell migration in development. (A-D) During development of the abdomen of

Drosophila melanogaster a cluster of histoblasts (green arrow) grows and migrates radially
outward at the expense of the surrounding larval cells. Courtesy of Enrique Martin-Blanco
and Carla Prat. (E-F) During development of the sensory system of zebrafish, the lateral line
primordium undergoes directed migration from head to tail, leaving behind rosettes (red
arrows) at periodic intervals. Scale bars: 60 um. Courtesy of Hernan Lopez-Schier and Filipe
Pinto.
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Figure6.
Collective cell migration in cancer. (A) Different invasion patterns in primary melanoma

invading the mid-dermis in vivo. Arrowheads indicate scattered individual cells. Collective
invasion modes include solid stands (Str), nests (N) representing cross-sectioned strands,
and single cell chains (IF, “Indian files”). H&E staining. Image modified, with permission,
from Friedl and Wolf (78). (B) Invasion modes in a modified skin-fold chamber model of
orthotopic invasion of human HT-1080 fibrosarcoma cells. Patterns include lack of invasion
(top, left), disseminating single cells (top, right), and diffuse or compact strand-like
collective invasion (lower panels). Bar 250 um. (C) Frequency of invasion modes displayed
in B. Adapted, with permission, from Alexander et al. (7).
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Scheme depicting the key molecules that mediate cell-cell adhesion during collective cell

migration.
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Figure8.
Mechanics of collective cell migration. (A) The forces exerted by the leading edge of an

MDCK epithelial cell sheet migrating on top of a microneedle array are tensile. Adapted,
with permission, from reference 57. (B, C, D) Patterns of force generation and transmission
in an epithelial cell sheet. (B) An active leader cell generates forces at the leading edge and
transmits these forces to follower cells via cell-cell junctions. (C) Each cell within the
monolayer generates its own contractile forces. Forces are balanced locally in such a way
that there is no force transmission through cell-cell junctions. (D) Tug-of-war force
generation and transmission. The local tractions that each cell generates are transmitted
through cell-cell junctions to generate a global gradient of tensile stress. (E) Phase contrast
image of an MDCK cell sheet advancing on top of a soft polyacrylmide gel (1.2 kPa). In this
model, tractions parallel (F) and perpendicular (G) to the leading edge rule out the existence
of leader/follower polarity.
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