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Collective cell migration in morphogenesis and cancer
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ABSTRACT The movement of cells that maintain cell-cell junctions yet protrude along or within
tissues is an important mechanism for cell positioning in morphogenesis, tissue repair and cancer.
Collective cell migration shares similarities but also important differences to individually migrating
cells. Coherent groups of cells are arranged and held together by cell-cell adhesion molecules,
including cadherins, integrins, ALCAM and NCAM. Integrins of the 31 and 33 families further provide
polarized interactions with the extracellular tissue environment, while matrix-degrading proteases
become focalized to substrate contacts to widen tissue space for the advancing cell mass. By
generating one functional unit, in contrast to individual cell migration, collective migration provides
the active and passive translocation of mobile and non-mobile cells, respectively. This review
highlights cellular and molecular principles of collective migration in the context of morphogenic

tissue patterning and tumor cell invasion.
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Introduction

Cell migration is commonly understood as the movement of
individual cells that undergo polarized extension-contraction
cycles coupled with adhesion to and deadhesion from the sur-
rounding substrate. Besides this well established mode of cell
migration, detailed knowledge obtained over the past 20 years
suggests that at least one additional major principle is relevant to
cell translocation in or on tissues: the movement of cell groups,
sheets, or strands consisting of multiple cells that are mobile yet
simultaneously connected by cell-cell junctions (Nabeshima et
al 1999, Friedl 2004). This migration mode, although ubiquitous
in development, tissue repair and tumor invasion, has been
largely unexplored and still awaits systematic classification. This
review will summarize the many biological facets of collective
migration from a historical perspective and attempt to integrate
cellular and molecular data from various /7 vitro and /in vivo
models in morphogenesis and cancer.

Historical background

The first description of mobile cells, delivered by Virchow in
1863, shows the movement of individual leukocytes isolated from
canulated ductus thoracicus lymph (Virchow 1863). In the late
19% and early 20" century, independent indirect observations
from fixed tissue samples additionally suggested that, besides
single cells, groups of cells might contribute to epithelial regen-

eration during wound repair (Barfurth 1891, Eycleshymer 1907).
Histological time series from the chick embryo allowed the de-
scription of mesenchymal cell clusters that appear to move
collectively to form the heart primordia (DeHaan 1963). The first
formal proof for actual collective migration in mammalian cells
stems from the culture of epithelial chick embryo cells in 2D liquid
culture. Sequential photographic imaging showed that epithelial
sheets move across the substrate by membrane ruffling at the
free edge only, while cell-cell junctions within the moving cell
group remain intact (Vaughan and Trinkaus 1966). Indirect evi-
dence subsequently suggested, that invasive SV109 carcinoma
cells penetrate the chorioallantoic membrane while maintaining
cell-cell junctions and form solid cell nests in the interstitial stroma
(Easty 1974). The videomicroscopic description of a collective
pulling mechanism via front-rear asymmetry stems from the
cluster migration model of Gordon-Kosswig melanoma cells ex-
planted from Xjp/ophorus maculates. In these clusters, the adhe-
sion site to the underlying glass support resides some micrometer
behind the anterior ruffling front, as visualized by interference
reflection microscopy of the multicellular leading edge (Kolega
1981), which is known as the region of focal adhesions or focal
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contacts. Dynamic image analysis further suggested that one or
up to several free edges in one cluster may generate outward
traction, yet net migration of the cell group follows the most
dominant leading edge or an integrated vector, resulting in high
directional persistence frequently close to a straight line (Kolega
1981). The forces generated by cell clusters appear to be higher
than those used by individual cells, as estimated from compara-
tive measurements of the number and size of focal contacts
(Kolega 1982). Similar cluster polarity and migratory persistence
were confirmed for cell groups and sheets that spontaneously
develop from human cancer explants invading into 3D collagen
lattices (Friedl er a/ 1995) and well-differentiated hepatocellular
carcinoma cells during their culture on fibronectin-coated sur-
faces (Nabeshima et a/ 1995).

The concept of collective migration in higher mammals is
supported by studies from the slime mold Dictyostelium
aiscoldeum. After conflux of amoeboid single cells and transition
to the multicellular organism, amobile slug of up to 10° cells arises
and generates collective migration over the substratum (Palsson
and Othmer 2000). In contrast to mammalian cells in interstitial
tissues, the slug moves through diverse biomaterials of the living
and non-living nature, such as soil, mud and biological debris, so
far leaving the molecular nature of adhesive interactions towards
those substrata unresolved.

In conjunction, the above referred findings have established
basic cellular principles of collective migration as one variant of
eucaryotic cell translocation. The motor action is generated by
cytoskeletal activity of several cells at free edges to substrate that
“lead” and pull the other cells forward. The bulk of the group
becomes dragged behind by cell-cell junctions and follows by a
putative passively gliding mechanism.

Terminology

A variety of terms describe certain forms of collective cell
movement, as derived from different experimental model systems
(Table 1). Even though these terms reflect the wide range of
shapes, dynamics and transition variants of this particular migra-
tion type, it appears important to integrate those processes into
common principles, where possible. In this review, the term
“collective migration” is used to describe the migration of cells that
remain connected by cell-cell junctions during their movement,
irrespective of previously used model-dependent designations.

Models to study collective migration

Several experimental systems exist to either directly or indi-
rectly study collective migration. The most direct observations on
collective cell migration /7 vitroand /7 vivohave been obtained by
time-lapse microscopy in combination with subsequent sample
fixation and immunofluorescence imaging. The culture conditions
comprise 2D and 3D culture models /7 vitroas well as direct /7 vivo
imaging of morphogenic movement in early, thus transparent
embryos.

Cells

For /n vitrostudies, collective migration requires the use of cell
lines that retain a high degree of cell-cell as well as cell-substrate
adhesiveness. Non-neoplastic epithelial cell lines express
cadherins and other cell-cell adhesion receptors and constitu-
tively develop sheet-like ‘epithelial’ migration behavior /72 vitro. In
contrast, many available cancer cell lines lack stringent cell-cell
junctions and retain a preference for single cell behavior, i.e. the
growth and migration as individual cells. A useful strategy to
capture collective migration in tumor cells is the primary culture of
explants from embryonic or neoplastic tissue /77 vitrofor long-term
imaging (Kolega 1981, Friedl ef a/ 1995).

2D in vitro assays

The most simple approach to study collective migration is the
migration of cell monolayers towards a cell-free region across a
2D culture dish. A popular model is the so-called “wound scratch
assay”: an artificial wound by mechanically removing cells from a
centralregion is generated by a needle scratch across a confluent
monolayer of epithelial or mesenchymal cells (keratinocytes,
fibroblasts) (Vaughan and Trinkaus 1966, Nobes and Hall 1999).
The ensuing migration of the multicellular front then mimics
epithelial defect closure (Grose era/ 2002). A modification of this
assay is the seeding of cell clumps on 2D substrate which yields
collective attachment and outward spreading of a radiary lamella
followed by multicellular migration of the cell sheet (Nabeshima e
al 1998).

3Din vitro assays

If multicellular aggregates or tissue explants are integrated into
3D extracellular matrix, such as a 3D collagen lattice or thick
reconstituted basement membrane (matrigel), individual cells but

TABLE 1

TERMS USED FOR COLLECTIVE MIGRATION PROCESSES IN DIFFERENT MODELS

Term Cell type

Environment Ref.

Migrating cell sheet Embryonic keratinocytes

Migrating cell cluster Fish melanoma cells
Migrating cell cluster Epithelial and mesenchymal cancer explants
Cohort migration Adenocarcinoma cells
Collective migration Multicellular state of Dictyostelium discoideum
Branching morphogenesis; tubulogenesis

Undifferentiated cells in the blastoderm
(noninvoluting endocytic marginal cells)

Migrating cell cluster

Cluster migration Slow border cells

Bulk movement

Epithelial tubular cells, i.e. mammary or bronchial epithelium

epithelial cells at the rims of the optic and thyroid placodes

2D glass cover slip (Vaughan and Trinkaus 1966)

(Kolega 1981)

(Friedl et al. 1995, Hegerfeldt et al. 2002)
(Nabeshima et al. 2000, Nabeshima et al. 1995)
(Palsson and Othmer 2000)

(Zegers et al. 2003)

(Cooper and D’Amico 1996)

2D glass cover slip

3D collagen lattice

2D fibronectin or gelatin coated surface
2D surfaces

3D gelatin or collagen matrices

Zebrafish (in vivo)

Drosophila ovary (Montell et al. 1992)

Chick embryo (Hilfer et al. 1990)
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Fig.1. Morphological variants of collective cell migration in 3D collagen lattices. (A) Culture of a lung tissue explant (histopathological diagnosis:
fibrotic lung tissue) resulted in growth and emigration of multicellular smooth epithelial strands into the collagen matrix. In morphogenesis models, similar
patterning results from branching morphogenesis. (B) Invasion of a solid cell strand from an oral mucosa explant (histopathological diagnosis: squamous
cell carcinoma with metastasis into regionary lymph nodes). A broader cone-like leading front is observed, yet the collective maintains contact with the
origin (in lower left corner, not shown). (C) Solid strand-like cluster detached from an oral squamous cell carcinoma explant via collective migration. The
front of the group develops coordinated pseudopod extension from several cells (arrowheads) followed by de-novo expansion of a unified leading edge.
(D) Detached sheet-like cluster from an invasive oral squamous cell carcinoma. One leading cell guides the group (white arrowheads), while rear retraction
is executed by one or several cells (black arrowheads). In this sample, a large number of tumor-infiltrating leukocytes emigrated from the tissue explant
is additionally present. Bars, 100 um (A - C), 80 um (C). Time is indicated in h:min.

also cell strands, chains and clusters may emigrate from the cell
compartment into the matrix (Fig. 1). The source material stems
either from cell clumps (spheroids) obtained from /7 vizroculture or
tissue explants. Depending on the cell type and resulting pattern-
ing, 3D invasion assays support the invasion of tumor cell clusters
from cancer explants (Friedl et a/ 1995), branching morphogen-
esis from explanted embryonic glandular tissue (O'Brien ef a/.
2002), or vascular sprouting from endothelial cell spheroids or
aortic rings (Korff and Augustin 1999).

In vivo models

/n vivo imaging of collective migration dynamics is predomi-
nantly monitored in transparent embryonic tissue, such as em-
bryos of the chick, Drosophila, or Xengpus. Collective migration is
seen asthe invagination of germring cells into the embryonic shield
during gastrulation in Fundulus (Trinkaus efa/ 1992), the closure
of the dorsal neural tube in Xernopus (Keller 2002), the migration of
clustered cellsinthe developing ovary of Drosgphila(Montell 1999)
and the chain migration of neural precursor cells or endothelial
cells. Collective tumor invasion can further be monitored in the
chick chorioalantoic membrane assay (Easty 1974).

Imaging

In both, /77 vitro or /n vivo models, the most direct access to the
dynamics of migration and patterning is provided by time-lapse
imaging, either by serial photography of the same region or time-
lapse video and digital microscopy (Hilfer ez a/ 1990, Friedl and
Brocker 2004). For /n vivoimaging in light-scattering tissues, the
specification of the migrating cell-type and contrast towards the
non-migrating background may require the use of fluorescent cells

(e.g. expressing green-fluorescent protein) and imaging by confo-
cal or multi-photon microscopy (Cooper and D’Amico 1996).

Several other widely used migration assays, such as filter
invasion assays, the non-confluent culture of previously dispersed
and individualized cells on 2D substrata or within 3D extracellular
matrix bear single cell patterns and migration, not, however,
collective cell movement.

Basic mechanisms of collective migration

For single cell migration, the forces that drive cell movement
reside in cytoskeletal dynamics that are transferred to the extra-
cellular scaffold via adhesion receptors. These have been classi-
fied as a cyclic 5-step process (Lauffenburger and Horwitz 1996,
Friedl and Wolf 2003, Friedl 2004). Initial cell polarization is
caused by intracellular actin polymerization to cytoplasmic fila-
ments followed by the extension of ruffles or a leading pseudopod
(step 1). Once this protruding cell extension touches ECM ligands,
adhesion receptors of the B1 and B3 integrin families become
engaged, cluster, attach to the substrate and recruit cytoplasmic
adaptor and signaling proteins thereby connecting to actin fila-
ments (sfep 2). The resulting local interaction regions are multifo-
cal, in some cells defined as focal adhesions or focal contacts. By
not fully understood mechanisms, surface proteases, such as
MT1-MMP and uPA/uPAR are recruited to execute local proteoly-
sis towards bordering ECM molecules and other proteins. Pericel-
lular breakdown of matrix molecules is thought to provide space
for the forward expanding cell body to penetrate extracellular
tissue scaffolds (step 3). During or shortly after integrin-ligand
binding, actin filaments engage with adaptor as well as cross-
linking and contractile proteins, such as myosin Il, which stabilize
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as well as contract the actin polymers (step 4). The shortening of
membrane-tethered actin filaments results in local cell contrac-
tion, i.e. the retraction and forward gliding of the posterior cell pole
and movement of the cell body including nucleus towards the
leading edge (step 5). These five steps provide an adaptive and
dynamic framework in most if not all cells studied to date, yet they
may undergo cell type-specific modification dependent on the
inherent molecular repertoire and the type of cell-cell junctions.

In collective migration, steps 1-4 of the migration cycle are
retained, however the mode of rear retraction and forward gliding
(Step 5)contains an important modification. As in individual cells,
collectively moving groups develop cytoskeletal dynamics at the
leading edge to establish contact to the substrate. This results in
multicellular outward ruffling at substrate binding sites and the
generation of traction (Kolega 1981, Davis and Camarillo 1995).
Because polarized cell-matrix interaction and force generation
occur at the “free” pole of the cell mass only, a unipolar leading
edge or lamella is generated (Fig. 1 A-C, white arrowheads).

If the moving cell bodies of leading cells remain connected to
other cells by cell-cell junctions that are not abandoned upon rear
retraction, trailing edge gliding drags the neighbour cells along the
emerging migration track. The trailing edge, hence, exerts force
towards both, cell matrix as well as cell-cell junctions. It is very
likely, that active retraction via myosin or the release of adhesive
bonds towards the substrate are involved here, yet the mainte-
nance of cell-cell junctions transfers the direction of the net
migration vector on the following cell group (Kolega 1981, Friedl
etal. 1995). Single cell tracking of migrating cell clusters indicates
that cells at different locations quite precisely retain their position
within the group (Hegerfeldt ez a/ 2002). Movement of the group,
hence, occurs without disturbing its inner architecture. In migrat-
ing clusters, trailing edge retraction is a collective process that
simultaneously involves several cells (Fig. 1D, black arrow-
heads). Together, leading edge extension and force generation
as well as rear retraction are shared functions among cells that
are coupled with each other. Thereby, the traction-generating
subset is distinct from those cells that become passively dragged
and again from the cells that execute rear retraction, suggesting
that functional differentiation is maintained among different sets
of cells to maintain front-rear asymmetry in the group.

Different morphological patterns are obtained by this principal
mechanism. Migrating cell collectives are frequently arranged as
2D sheets, like an epithelial layer migrating across substrate
(Grose et al. 2002) or 3D solid strands (Fig. 1 A,B) develop, asin
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neural crest migration (Jacques er a/ 1998). Alternatively, cen-
trally hollow tubular structures represent tubulogenesis, vessel
sprouting, branching morphogenesis, or gland formation (O'Brian
et al, 2002). While cells of the leading edge engage in cell-ECM
interactions and proteolytic ECM remodeling, the emerging ma-
trix defect is then collectively filled by following cells and no
apparent trailing edge is developed. This requires that cells are
either recruited by forward gliding into the extending strand or that
cell division compensates for the growing spatial requirements. If
the group detaches from the origin, isolated clusters or cohorts
are obtained (Fig. 1 C,D).

Collective migration in morphogenesis and repair

In morphogenesis, many developmental steps result from
collective migration. Examples are the morphogenic movement
of cellsinthe inner blastocyst (Trinkaus 1992); epithelial sprouts
and developing ducts (branching morphogenesis) (Zegers et
al. 2003); the migration of border cells (i.e. precursor oocytes)
through the cell-rich scaffold of the early ovary in Drosophila
(Montell 1999); and the movement of epithelial cells at the rim
of the optic and the invaginating thyroid placode (Hilfer ez a/.
1990). A special and more complex example of collective
migration is the collective or ‘mass’ movement, as seen during
the converging extension of the vertebrate embryo, such as in
Xenopus (Keller 2002, Tahinci and Symes 2003) and the
closure of dorsal surface in the Drosophi/a embryo (Hutson ef
al. 2003). Besides collective migration, these ‘movements’
additionally comprise barely understood supracellular forces,
that position and remould the shape and location of entire
tissues, i.e. by extension and contraction of entire body regions
and the folding of cell and matrix sheets (Hutson ez a/ 2003).
These complex movements contain active and significant pas-
sive translocation mechanisms for cells and, hence, share
similarities and some differences to collective migration in other
models. However, the conclusive classification of migration
processes in different morphogenic models remains to be
established.

In tissue repair, similar to morphogenesis, collective migra-
tion is seen in vascular sprouts penetrating provisional fibrin-
rich wound matrix (Korff and Augustin 1999) or the horizontal
migration of epithelial cell sheets across 2D substrates, such as
the gut mucosa epithelium upon self-renewal or keratinocytes
migrating across provisional wound matrix (Grose ez a/. 2002).

Fig. 2. Collective in-
vasion patterns in
primary melanoma.
(A) Histopathological
overview, (B) detail
and (C) classification
of invasion patterns
of a cutaneous mela-
noma that had in-
vaded into the mid
reticular dermis. Be-
sides afew scattered
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individual tumor cells (arrowheads), multicellular solid stands as well as single cell chains (‘Indian files’) of connected melanoma cells have invaded into
the dermal stroma. Multicellular tumor cell ‘nests’ (clusters) arguably represent cross-sectioned strands (C). E, epidermis, D, dermis. H&E staining.



Collective migration in cancer

Collective-cell movement is a putative
mechanism for invasion and metastasis
in not fully dedifferentiated tumors, among
them epithelial cancers of high and inter-
mediate differentiation grade (lobular
breast cancer, epithelial prostate cancer,
large-celllung cancer) (Bell and Waizbard
1986, Page et a/ 1987, de Castro et a/.
2000), melanoma (Day et a/ 1981) (Fig.
2) and rhabdomyosarcoma (Fried| ez a/.
1995). In highly differentiated epithelial
cancer, tubular or glandular structures
may be retained in the invading zone
whereas, with the loss of apical-basal
polarity and dedifferentiation, amorphous
cell strands and masses that lack an
inner lumen extend within the tissue.

Two morphological and functional vari-
ants of collective migration have been
described in tumors /77 vivo (Fig. 2). The
first results from protruding sheets and
strands that maintain contact with the
primary site, yet generate local invasion.
These characteristics are histologically
detectable in invasive epithelial cancer
such as oral squamous-cell carcinoma
and mammary carcinoma (Bell and
Waizbard 1986, Page et a/ 1987), colon
carcinoma (Nabeshima eta/ 1999), mela-
noma (Fig. 2), basal cell carcinoma and
others. The second shows detached cell
clusters or cell files. Groups of cells, his-
tologically seen as ‘nests’, detach from their origin and fre-
guently extend along interstitial tissue gaps and paths of least
resistance, as well as along perineural structures, as seen in
epithelial cancer and melanoma (Fig. 2) (Day et a/ 1981,
Ackerman 1984).

In the course of tumor progression, such cell collectives can
be detected at any stage of metastasis. Tumour clusters enter
lymphyatic vessels (Byers ef a/ 1995, Hashizume et a/ 1996,
Madhavan ef a/ 2001) and can be isolated from peripheral
blood (Brandt ef a/ 1996). The dissemination of cell collectives
likely has an impact on the mechanism and efficiency of me-
tastasis towards secondary sites. B16 melanoma cells injected
into the tail vein as small clusters (4-5 cells/clump) generate
three-fold higher numbers of lung metastases compared to
single injected cells (Fidler 1973). The collective dissemination
route might thus not only support the invasion of an increased
cell number per unit, but also the embolic route of metastasis
formation and thereby increase the probability of tumor cell
survival in tissues and vessels.

Molecular mechanisms controlling collective migration
The present knowledge on the molecular mechanisms of

collective migration is incomplete and often indirect, due to a lack
of standardized experimental models. For collective migration in
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Fig. 3. Differential expression and distribution of E-cadherin and B1 integrins in multicellular
cluster from a melanoma explant. After 6 days of culture in a 3D collagen lattice, a group of cells
invaded the matrix by unipolar traction towards the substrate. 81 integrins are expressed in a subset
of cells at the leading edge only, while E-cadherin shows linear staining throughout the cluster. Arrow,
direction of migration. Asterisk, region of partial matrix degradation and remodelling at the trailing
edge (matrix defect). Bar, 50 um.

stromal tissues, several independent lines of research suggest
that integrin-mediated adhesion and force generation are coordi-
nated with polarized cytoskeletal activity and protease activity.
These functions become integrated and coordinated by several
sets of cell-cell adhesion receptors and, most likely, intercellular
communication.

Cell-substrate interactions

As in other migration processes, integrins of the 1 and 33
families become engaged and cluster at ruffling edges at free
margins of collectively moving cell groups, both in 2D and 3D
migration models (Fig. 3). The importance of integrins of the 1
family in providing attachment and dynamic force generation was
shown for neoplastic cancer cell clusters (Nabeshima era/ 2000,
Hegerfeldt er a/ 2002) (Fig. 3B), the convergent extension in
Xenopus (Marsden and DeSimone 2003) and the development of
solid cell strands in neuronal precursor cells from neurospheres
(Jacques et a/ 1998). While the leading cells generate actin and
integrin-mediated traction, a linear cortical actin network extends
along cell-cell junctions into deeper regions of the collective,
suggesting a function of cortical actin in sustaining collective
integrity (Davis and Camarillo 1995, Hegerfeldt er a/ 2002,
Sweeney et a/. 2003). Collective movements of keratinocytes,
neuronal precursor cells and neoplastic clusters are hence sen-
sitive to integrin antagonists, which near-to-completely block cell
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Fig. 4. Molecular principles involved in collective invasion. (A) Multi-
cellular group migrating via adhesion and traction executed by several cells
at the leading edge that are coupled to the other cells by cohesive forces.
(B) Cell-cell adhesion can be provided by members of the cadherin family,
other members of the immunoglobulin superfamily (e.g. NCAM, ALCAM)
as well as heterophilic integrin-mediated interactions. (C) The leading edge
generates traction via actin-mediated ruffling and pseudopod dynamics,
integrin-mediated adhesion and recruitment of surface proteases, most
notably of the MT-MIMP family. The diagram represents a summary of
different concepts from both, neoplastic and non-neoplastic models. In
different cell types and environmental models, different combinations of
adhesion receptors and proteases may be involved. Abbreviations: FN,
fibronectin; LN, laminin.

traction and collective migration ( Jacques ez a/ 1998, Klinowska
eral 1999, Grose er al. 2002, Hegerfeldt er a/ 2002).

Although little is known about intracellular regulation of integrin
function in collective migration, signaling cascades known from
single cell migration are likely to be retained. As one example, Rac
is an important cytoplasmic Rho GTPase that controls actin
dynamicsin pseudopods, including adhesion and deadhesion. As
in single cell movement, the expression of Rac is critical for
collective migration of border cellsinthe Drosophifaovary (Montell
1999) and the convergent extension during Xengpusgastrulation
(Tahinci and Symes 2003).

Migrating cell collectives develop preferential protease ex-
pression and engagementin a subset of cells at the leading edge.
In adenocarcinoma clusters, cells at the leading margin show the
highest capacity for proteolytic ECM remodeling via MT1-MMP
and MMP-2 upregulation and redistribution (Nabeshima er a/
2000). This is consistent with preferential MMP function and
substrate remodeling in vascular cell sprouting and branching
morphogenesis (Hotary ef a/ 2002). Putatively because the
proteolytic degradation of extracellular matrix provides space for
the expanding size of cell strands and groups, collective migration
is highly succeptible to protease inhibitors, as shown for kidney
epithelial cells (Montesano ef a/ 1991), myoblast collectives (El
Fahime et a/ 2000), branching morphogenesis (Simian ez a/.
2001) and angiogenesis (Hiraoka ez a/ 1998, Collen era/ 2003).

Although polarized integrin and protease redistribution to sub-
strate are established processes in polarized single cell and
collective cell migration, likewise, it remains unclear by which
mechanisms integrins and proteases become differentially ex-
pressed and/or engaged in only a certain cellular subset within
cell groups (compare polar staining for 1 integrin in Fig. 3).

Cell-cell interactions

In epithelial cancer and melanoma samples, homotypic cell—
cellinteractions within multicellular strands and sheets have been
shown to contain cadherins (E-, N-, P-, VE-cadherin and cadherin-
11; Fig. 3A) and other members of the immunoglobulin family of
adhesion receptors (e.g. NCAM, ALCAM) (Bach era/ 1998, Silye
eral 1998, Carmeliet efa/ 1999, Hsu et a/. 2000, van Kempen ef
al. 2000, Li 2001), all of which are known to mediate homophilic
receptor binding between cells (Fig. 4B). Likewise, clustered
border cells in the Drosophila ovary are connected by an E-
cadherin homolog (Niewiadomska ef a/ 1999). Several lines of
evidence suggest that B1 integrins, most notably a2p1, a3f31 and
a5B1, can further maintain cell-cell adhesion in epithelial cells by
direct and indirect mechanisms (Larjava eza/ 1990, Whittard and
Akiyama 2001, Whittard ef a/ 2002, Robinson et a/. 2003) (Fig.
4B). Additional mechanisms that provide mechanical contact
between cells in collectives are desmosomal proteins, as seen in
invasive squamous cell carcinoma nests /7 vivo (Kurzen 2003);
mature tight junctions and desmosomes in HelLa cell clusters /77
vitro(Brauner 1990); the heterophilic interaction of L1, a neuronal
adhesion molecule, with a5p1 integrin in different cell types
(Silletti er a/ 2000); and, arguably, a2p1 integrin binding to E-
cadherin (Whittard et a/ 2002).

The generation and maintenance of front-rear asymmetry
clearly requires specific mechanisms of cell-cell communication,
that permit cytoskeletal dynamics at the leading edge while
silencing other regions of the collective. Such mechanisms could
be mediated by gap junctional cell-cell communication, as indi-
cated by increased collective invasivenes of HelLa cells after the
overexpression of Connexin43, 40 or 31 (Graeber and Hulser
1998, Hsu er a/ 2000). Consequently, increasing cell-cell adhe-
sion and communication converts dispersed cells towards collec-
tive migration and vice versa. As one example, trefoil peptides are
known mediators of cell-cell adhesion and simultaneously induce
motogenic responses in epithelial cells during epithelial repair in
epidermis and gut mucosa. In mammary adenocarcinoma cells
culturedin 3D collagen lattices, trefoil peptides convert previously
single cells to efficiently invasive collective strands and sheets
(Williams er a/. 1996). These and other regulators of epithelial
regeneration might maintain collective cell behavior by stabilizing
cell-cell interactions. On the other hand, reducing cell-cell adhe-
sion by blocking cadherins or integrins causes the disruption of
cell collectives towards individual cell migration.

Plasticity of collective migration

Interference with molecules that maintain or regulate collective
cell behaviour can lead to a dissociation reaction that is followed
by single cell detachment. Depending on the type of single cell
migration obtained after the dissociation reaction, two modes of
conversion are presently known, the epithelial-mesenchymal
transition and the collective-amoeboid transition.



Epithelial-Mesenchymal Transition

During progressive dedifferentiation in epithelial cancer, the
conversion from multicellular growth and invasion towards mes-
enchymal single cell migration is termed the epithelial-mesenchy-
mal transition (EMT) (Thiery 2002)(and refs. therein). The major
mechanism is the loss of cell-cell junctions provided by different
pathways. These include reduced cadherin expression, loss-of-
function mutations in cadherin and catenin-signaling pathways
and deregulated function of proteases leading to degradation of
cadherins and other cell-cell adhesion molecules (Sternlicht eza/.
1999). If integrin and protease functions as well as promigratory
signaling remain undiminished, detaching cells then perform a
mesenchymal-type single cell migration (Lochter et a/ 1999,
Thiery 2002). /n vivo, EMT corresponds to the loss of differenti-
ated epithelial morphologyi, first in regions, later in the complete
lesion towards a sarcomatous stromal phenotype (Thiery 2002).
In morphogenesis, an EMT-like transition is the exit of neuronal
cells from the ventricular epithelium to form the neocortex.

Phase 1: Collective movement
J PR

Fig. 5. Collective-amoeboid transition after addition of adhesion-
perturbing anti-B1 integrin antibody to a cluster from a primary
melanoma explant. Different stages are (1) initial migration of a multicel-
lular sheet (blue outline), (2) loss of front-rear asymmetry and the
development of two opposing leading edges approx. 8 hours after addition
of the antibody. (3) The loss of collective migration was followed by
detachment of individual cells that utilize a roundish amoeboid migration
mode (red outline). Antibody was added at time point ‘0°. For details and
related movie sequences see ref. (Hegerfeldt et al. 2002). Bar, 100 um.
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Collective-amoeboid transition

Similar to EMT, the transition from collective invasion to
amoeboid single cell crawling is obtained if cell-cell and cell-ECM
interactions are simultaneously weakened (Fig. 5). In multicellu-
lar clusters emigrating from melanoma explants, the inhibition of
B1 integrins by adhesion-perturbing antibody abrogates collec-
tive movement yet induces the detachment of individual amoe-
boid cells from the collective (Hegerfeldt ez a/ 2002) (Fig. 5).
Detached cells then continue to move via amoeboid shape
change, cell constriction at narrow regions of the extracellular
tissue and maintain an 1 integrin-independent migration type,
similar to the integrin- and protease-independent migration of
amoeboid T lymphocytes in 3D collagen lattices (Hegerfeldt ez a/.
2002, Wolf er a/ 2003). While the molecular mechanism for
dispersing cell collectives towards amoeboid single cells requires
further investigation, these observations suggest that individual
and collective migration modes represent temporary states that
can interchange depending on the cells’ internal molecular reper-
toire and environmental factors.

Conclusions

Collective migration supports important and ubiquitous trans-
location strategies for cells in diverse tissue environments. Col-
lective processes simultaneously integrate cell movement and
remodelling of tissue structures while anatomic patterns become
established and remain intact within the group. In embryological
development, tissue repair and cancer invasion, collective migra-
tion appears to follow some common principles, that require more
in depth exploration for different sets of adhesion receptors,
proteases, cytoskeletal regulators as well as extracellualar
motogenic factors. In neoplastic growth and invasion, the forma-
tion of ducts, glands, or epithelial sheets seem to represent
incomplete, abortive variants of those morphogenic processes.

For the progression of cancer disease, itis obvious that several
advantages mightreside in collective processes over disseminat-
ing individual cells. The large cell mass could produce high
autocrine concentrations of promigratory factors and matrix pro-
teases and protectinner cells fromimmunological assault through
lymphocytes and natural-killer cells. Because heterogeneous
sets of cells move as one functional unit, cells of different clonal
origin or different biological abilities are likely to function together
(‘mixed clone’ behavior). For example, more migratory cells can
promote the invasion of less mobile or even immobile cells in
experimental border cell migration in the Drosophila ovary (Liu
and Montell 1999). Once cancer cell collectives have reached the
lymph or blood stream, they might be more efficient in embolizing
smallvessels and survive in even hostile environment to establish
metastasis (Fidler 1973).

Because of the molecular and functional differences between
individual and collective cell behavior, future /77 vitro and /in vivo
models need to more precisely reflect those patterns, as seen in
human disease in histological tissue sections. Cell lines will
require to be classified not only from their tumor source, previous
histological pattern and metastatic ability, but also by the type of
pattern they re-establish after ortotopic implantation in small
animal models. Thus, presently favoured concepts on the pre-
dominant contribution of single cells to invasion and metastasis
formation might require further refinement.
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