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Supracellular migration — beyond collective cell migration

Adam Shellard and Roberto Mayor*

ABSTRACT

Collective cell migration is a highly complex process in which groups
of cells move together. A fundamental question is how cell ensembles
can migrate efficiently. In some cases, the group is no more than
a collection of individual cells. In others, the group behaves as a
supracellular unit, whereby the cell group could be considered as a
giant ‘supracell’, the concept of which was conceived over a century
ago. The development of recent tools has provided considerable
evidence that cell collectives are highly cooperative, and their
migration can better be understood at the tissue level, rather than at
the cell level. In this Review, we will define supracellular migration as a
type of collective cell migration that operates at a scale higher than the
individual cells. We will discuss key concepts of supracellular
migration, review recent evidence of collectives exhibiting
supracellular features and argue that many seemingly complex
collective movements could be better explained by considering the
participating cells as supracellular entities.

KEY WORDS: Collective migration, Supracellular, Force
transmission, Polarity, Actomyosin cable

Introduction
Collective migration underpins many developmental and
pathological processes, including morphogenesis, wound healing
and cancer metastasis (Friedl and Gilmour, 2009; Mayor and
Etienne-Manneville, 2016). During collective migration,
intercellular contacts are maintained as cells move in concert with
one another (see Glossary). Whereas individually migrating cells
are not physically coupled to other cells, meaning they can move
around freely, the cell-cell adhesions present during collective
migration necessitates that cells cooperate and coordinate their
activities (see Glossary), or else motility is considerably restricted
by their adhesions. Consequently, for cell types that can move both
as solitary cells and collectively, overall movement is faster and
more efficient when the cells are part of a group, because they move
in the same direction and with a similar speed; otherwise as
individuals, they would be stationary or migrate in different
directions (Malet-Engra et al., 2015; Theveneau et al., 2010).
These facts suggest that collective migration may not simply be the
sum of its constituent parts, that is, cells behaving all as equal
individuals, but rather that the complexity of collective motility
emerges from physical and chemical communication between cells
in the group that affect their behaviour at the level of the tissue.
The requirement of cooperation and coordination in cell groups
implies that they can be organised at different levels. On one hand,
collectives can be organised at the cellular level, where the function
of cell—cell interactions is limited to solely being a means of keeping
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cells adhered together, with all other aspects of their behaviour
unaffected. In this case, cells almost act autonomously, as they
would if they were migrating as individuals (Fig. 1A,B), and
migration of the group can be entirely understood by understanding
the functions of the constituent cells (Fig. 1B).

However, such an understanding of how single cells operate can
often only provide a partial explanation of the processes at a higher
level of organisation (the collective). Mesoscale phenomena, such
as cell jamming or collective gradient sensing, cannot be explained
by the activities of the elementary components of the system, such
as cells (Good and Trepat, 2018). For example, cells tend to become
more jammed as cell density increases; an understanding of the
molecular pathways in individual cells is thus unlikely to explain a
phenomenon that is at play at the level of the whole tissue (Park
et al., 2016). Therefore, collectives can be organised at the tissue
level, where the influence of one cell goes beyond its own cell
borders, affecting neighbouring and far-away cells. Such a
phenomenon of collective movement occurring at a scale greater
than that of the individual cells it is comprised of is termed
‘supracellular migration’ here (Fig. 1C). Thus, we define
supracellular migration (see Glossary) as the movement of a
cluster of cells at a scale larger than a single cell, whereby migration
can be better understood by considering the behaviour of the whole
tissue instead of that of each individual cell. Supracellular migration
is a type of collective cell migration, but not all collective migrating
cells exhibit supracellular migration. In collective cell migration that
is not supracellular, all cells contribute equally to the migration; for
example, each cell has its own front—rear polarity, forms forward-
facing protrusions and contributes forces for movement via
actomyosin contractility and focal adhesions (Fig. 1B). In
supracellular migration, the entire group can be considered as a
single cell; here, the group, and not each individual cell, has a front—
rear polarity, the front of the cell group acts like the front of an
individual cell (e.g. forms focal adhesions and protrusions), while
the rear of the group behaves like the rear of an individual cell (e.g.
has high actomyosin contractility), and follower cells recognise that
they are not the front of the group, so they do not behave like the
“front” (Fig. 1C).

The idea that a group of cells may behave as a supracellular unit,
whereby the cell group could be considered as a giant ‘supracell’
was first expressed over a century ago. Further accounts referred to
wound healing (Ruth, 1911), in which cells appeared to be ‘united’
to perform functional roles together (Uhlenhuth, 1914). This
concept is contradictory to an element of cell theory — the idea
that cells are the basic organisational unit of higher order structures
like tissues or organisms — and these ‘inadequacies’ in cell theory
(Fig. 2) were also discussed around this time (Baker, 1948; Bourne,
1895; Gerould, 1922; Luyet, 1940; Sedgwick, 1894; Whitman,
1893). These limitations of a cell-centric view to explain mesoscale
phenomenon have been reconsidered in recent years owing to
advances in methodologies that has allowed scientists not only to
understand in vivo morphogenesis in great depth, but to also
reproduce it in vitro. In this Review, we will first identify key
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Glossary of key terminology

Collective cell migration: cooperative and coordinated movement of
groups of cells; it depends on cell—cell interactions.

Cooperative cell migration: when neighbouring migrating cells
influence each other during migration. The influence can be positive
(promote migration) or negative (inhibit migration). Cooperative cell
migration does not imply coordinated migration and it is therefore
different to collective cell migration.

Coordinated cell migration: when the velocity vectors of migration are
fully or partially parallel between neighbouring migrating cells.
Coordinated migration does not imply cooperative migration, as cells
can migrate co-ordinately towards external signals but without
cooperation between them. Coordinated cell migration is therefore
different to collective cell migration.

Supracellular migration: when the movement of cluster of cells is at a
scale larger than that of a single cell and can be explained better by
considering the behaviour of the entire tissue rather than that of single
cells. Supracellular migration is always coordinated and cooperative, and
therefore corresponds to a type of collective cell migration. However, not
all types of collective cell migration are supracellular as, in some cases,
the movement of individual cells within a group can better explain the
movement of the tissue. Supracellular migration often requires the
division of function amongst the group; for example, leader and trailing
cells play different roles during migration. Full supracellular migration
should re-create the movement of the tissue, as individual cells are
‘irrelevant’ in the context of the tissue motility.

concepts that are associated with supracellular migration, before
describing examples that span the range of cellular-based to
supracellular-based migration. Finally, we propose how systems that
have traditionally been described from a cellular point of view might
be better explained based on the supracellular level.

General concepts associated with supracellular migration

Cell collectives can use either highly individualistic or supracellular
mechanisms to migrate or combine aspects of both. Thus,
supracellular migration is different from collective cell migration.

C Supracellular
migration

B Collective cell
migration

A Single cell
migration

Fig. 1. Polarisation in single cell, collective cell and supracellular
migration. (A) Single cell migration. Polarised single cells migrate with a front
(green) and rear (red). (B) Collective cell migration. In groups of cells that
migrate together, cells are connected through intercellular adhesions, with
each cell exhibiting a front (green) and rear (red). Each cell is identical and
contributes equally to the movement of the group. Each cell also maintains
their (cryptic) protrusions, which contribute to the movement. (C) Supracellular
migration. The entire group behaves like a single cell. The cells comprising
the group no longer have front-rear polarity and the protrusions between the
cells are lost; instead, the entire group exhibits front-rear polarity, with the
front of leader cells (green) and the rear of back cells (red) providing the
overall polarity.

Matthias Jakob Schleiden
co-founder of cell theory
“Eact coll leads a doable life: the one wholly
cndeprendent, only connected with its own devel-
opment, and the other nemote, in do far as it
s lecome an integral fart of an fonganioon]”
- 1858

e

Fig. 2. The ‘inadequacies’ in cell theory. Cell theory, co-founded by Matthias
Schleiden (pictured) and Theodor Schwann.

Below we will highlight a few of the common principles of
supracellular migration.

Supracellular polarity
Individually migrating cells acquire front-rear polarity (Fig. 3A,
left) (Ridley et al., 2003). For example, Rac-dependent actin
polymerisation promotes protrusions at the front, and Rho activates
myosin II-dependent contractile forces at the rear. Although during
collective migration, the constituent cells of the cohort can consist
of polarised and unpolarised cells (Gerhardt et al., 2003,
McDonald et al., 2006), the entire cluster acquires a supracellular
polarity, and becomes the front and rear of the entire tissue,
equivalent to the front and rear of a single cell (Fig. 3A, right)
(Mayor and Etienne-Manneville, 2016). This can lead to
specialisation in cell functions within the cluster, with some cells
being specified as ‘leaders’ and others as ‘followers’. For example,
leader cells can guide the migratory group to the correct locations
in response to an external cue, instead of relying on each individual
cell having to respond to and process the signal. Leaders and
followers are often morphologically distinguishable, or otherwise
functionally defined (Rerth, 2012); for instance, leaders are more
highly polarised in the direction of migration than followers and
produce large traction forces. Leaders also typically respond to
guidance signals and form protrusions, thereby determining the
direction of motion. They influence followers by mechanical
coupling, whereas contact between leaders and followers help to
polarise leaders, thereby contributing to directional migration. Such
supracellular polarity is achieved through different strategies
compared to the polarisation of individual cells (Mayor and
Etienne-Manneville, 2016). Individuals often respond to an
external signal, which is amplified internally by positive
feedback, to produce a transient or unstable front-rear polarity
(Ridley et al., 2003), whereas collective polarisation is amplified
and stabilised through cell-cell adhesions. Leaders can be induced
by follower cells either mechanically, through the physical forces
produced by follower—leader cell—cell contact (Ladoux et al., 2016;
Vishwakarma et al., 2018), or chemically (Carmona-Fontaine et al.,
2008; Labernadie et al., 2017), for example, through contact
inhibition of locomotion (CIL), whereby signalling at cell—cell
contacts inhibits local protrusion formation, thereby stabilising
protrusions in leader cells. Furthermore, although intrinsic factors
can contribute to the selection of leader cells (Gaggioli et al., 2007,
Hellstrom et al., 2007; Siekmann and Lawson, 2007), leaders are
often overtaken and replaced by follower cells (Arima et al., 2011;
Bianco et al., 2007; Jakobsson et al., 2010; Prasad and Montell,
2007), suggesting that there is some plasticity in leader fate.
Supracellular polarity is also enhanced by external guidance cues,
which promote migratory signalling pathways at the leading edge
(Theveneau et al., 2010; Wan et al., 2013). This strategy is used by
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Fig. 3. Principles of supracellularity compared to single cells. (A) Polarisation. Single cells (left) are highly polarised along the front-rear axis (front in green,
the rear in pink). The individual cells that comprise cell collectives (right) can be polarised or not, but the tissue as a whole needs to be polarised for directed
migration (arrow). This often leads to some cells becoming leaders (green), and other followers, which take on distinct roles. (B) Cytoskeletal organisation.

A single cell (left) exhibits a network of cytoskeletal elements, including actin cables or stress fibres (thick red lines), a network of actin filaments (red mesh)
and microtubules (blue). Cells within supracellular entities show a highly organised supracellular cytoskeleton (three schemes on the right). This can include
an actin meshwork that is associated with the edge of the entire group (red mesh), a bundle of supracellular actin fibres (thick red lines), such as those found
at the wound edge or at the rear in neural crest cell cohorts, or an alignment of microtubules according to their polarity (blue, with tip ends red), as has been
observed in follicular cells in Drosophila. (C) Force transmission. In single cells (top), stress fibres (red mesh) are the mechanical link between adhesion-forming
complexes (purple) at the front and mature complexes at the rear. In supracellular collectives (bottom), contact inhibition of locomotion (CIL) can inhibit the
formation of focal adhesions (purple) near cell-cell contacts, and forces are transmitted between cells through intercellular adhesions. (D) Supracellular flows.
With a supracellular group, cells move forward through the middle of the group (blue arrows, left panel) and cycle back around the sides (red arrows, left panel).
This is an emergent behaviour in the motility of supracellularly migrating groups and is often driven by anisotropic forces. As a consequence, the entire group
moves forward (black arrow). Shown in the four panels on the right are examples of supracellular flows: (i) collective cranial neural crest cell chemotaxis in
Xenopus and zebrafish. Arrows indicate direction of movement, as do colours —red is forward, blue is rearward. Reproduced from Shellard et al. (2018). Reprinted
with permission from AAAS. (ii) Mammalian hair follicle movement during polarisation (circles at the end of lines indicates the direction of movement, and colours
are arbitrary for the initial cell position). Reprinted by permission from Springer Nature, Nature Cell Biology (Cetera et al., 2018). (iii) Epiblast trajectories during
primitive streak development (the green dot at the end of the track is the ‘front’ in the direction of migration). Reprinted by permission from Springer Nature, Nature
Cell Biology (Rozbicki et al., 2015). (iv) Drosophila ventral furrow invagination (membrane movement is red, cytoplasmic movement is blue). Reprinted by
permission from Springer Nature, Nature (He et al., 2014). Note that in all panels, the direction of movement (front) is towards the bottom.

cell collectives that self-generate a chemokine gradient along the
group, such as in the zebrafish lateral line primordium. The lateral
line primordium is an embryonic structure that is the origin of the
sensory organs located at the surface of aquatic animals. It migrates
as a cluster of cells, and follower, but not leader, cells endocytose
the chemoattractant stromal cell-derived factor 1 (SDF1, also known
as CXCL12), thereby allowing the cell group to create a gradient
from an initial uniform external SDF1 (Dona et al., 2013; Valentin
et al., 2007; Venkiteswaran et al., 2013).

Supracellular cytoskeletal organisation

One of the primary manifestations of supracellular polarity is a
tissue-scale organisation of the actin and microtubule cytoskeletons
(Fig. 3B) (Roper, 2013). Multiple cells can be mechanically and

functionally linked beyond their cell-cell contacts through
connections between their intracellular cytoskeletal networks
(Sanchez-Corrales and Roper, 2018). The supracellular order and
alignment of cytoskeletal structures, such as actomyosin cables or
microtubules, contribute to supracellular polarity, long-range force
transmission and cell behaviour, thereby playing a vital role in the
coordination of cells and the group as a whole.

Cells can be connected by thick bundles of actin fibres, called actin
cables (Fig. 3B), which have been observed during collective
migration of many developmental processes (Behrndt et al., 2012;
Brugues et al., 2014; Franke et al., 2005; Jacinto et al., 2000; Simske
and Hardin, 2001; Solon et al., 2009), and in the collective invasion of
various cell populations, such as cancer cells, epithelial cell lines and
neural crest cells (Hidalgo-Carcedo et al., 2011; Reffay et al., 2014;
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Shellard et al., 2018). In most cases, cells exhibit both a supracellular
cable and cellular protrusions at their leading edge (Brugues et al.,
2014; Reffay et al., 2014; Wood et al., 2002), indicating that cells
undergoing collective migration can combine both cellular and
supracellular methods to move. Cells can also be connected through
apical adherens junctions by the presence of a dense actin meshwork
of interlinking filaments at the junctions that associates with the cell
cortex (Fig. 3B) (Coravos et al., 2017). In addition, pulsatile
behaviour of the apical actomyosin network drives a large number
of morphogenetic events, including ventral furrow invagination,
germband extension, and in the shaping of the developing Drosophila
melanogaster oocyte by the surrounding follicular epithelium
(Coravos et al., 2017; He et al., 2010; Martin et al., 2010; Rauzi
et al., 2010). There is also evidence of supracellular organisation of
the microtubule network (Fig. 3B), which align by their tip ends
during oogenesis (Jacques et al., 2013; Verger et al., 2018;
Viktorinova and Dahmann, 2013). However, microtubule
supracellularity has been less studied than actin supracellularity.

Supracellular force transmission

The coordination of forces is essential for directed migration. In
single cells, traction and contraction forces drive migration because
the intracellular cytoskeleton is intimately linked to focal adhesions
and motor proteins (Ridley et al., 2003) (Fig. 3C, top). In collectives,
cells also produce traction forces on the underlying substrate and
myosin II-dependent contractile forces, which contribute to
movement (Friedl et al., 2014). To achieve efficient migration, cell
groups propagate these forces over long distances to other cells in the
cluster through strong cell-cell junctions and by using their
established supracellular cytoskeletal network, as discussed above
(Fig. 3C, bottom) (Labernadie et al., 2017; Sunyer et al., 2016;
Tambe et al., 2011; Trepat et al., 2009; van Helvert et al., 2018;
Vedula et al., 2014). Supracellular force transmission is essential for
collective migration in response to chemical (Shellard et al., 2018)
and mechanical signals (Sunyer et al., 2016; Tambe et al., 2011).
Moreover, coordination of cell behaviour through transmission of
stresses can be achieved not only physically, but also chemically, via
the recruitment of proteins, such as merlin and o-catenin family
proteins, to cell-cell junctions; this then induces a mechanoresponse
in the interacting cells (Das et al., 2015; Weberetal.,2011; Yao etal.,
2014; Yonemura et al., 2010). Transmitted forces can also affect
downstream regulators of Rho GTPases, which control intracellular
signalling and help convert mechanical forces into a tissue-scale
polarisation (Barry et al., 2015; Das et al., 2015; Reffay et al., 2014;
Shewan et al., 2005; Wang et al., 2018; Weber et al., 2012).
Contractile stresses that are propagated through actin cables or actin
meshworks also promote supracellular polarity and overall cohesion
(Hegerfeldt et al., 2002). Thus, supracellular forces actively promote
collective migration by enhancing polarity, and by affecting the
forces exerted by and on moving cells.

Supracellular flows

During collective, but non-supracellular migration, cell movement
is usually linear with little exchange among neighbour cells. By
contrast, in supracellular migration, cells tend to exhibit large-scale
cell flows. A common flow pattern is the forward movement of
central cells, which, once they reach the front of the cluster, engage
in backward movement through the cluster periphery, generating
stereotypical vortices (Fig. 3D, left). The appearance of these
vortices occurs because cells exchange places with their neighbours
in precise patterns. Such large-scale rotational movements are
common (Fig. 3D, right panels) and occur during the collective

migration of epiblast cells during primitive streak formation (Cui
et al., 2005; Rozbicki et al., 2015; Voiculescu et al., 2007),
collective neural crest cell chemotaxis (Shellard et al., 2018),
mammalian hair follicle morphogenesis (Cetera et al., 2018),
vertebrate tail bud extension (Lawton et al.,, 2013) and
neuroectoderm epiboly (Smutny et al., 2017), as well as in
convergent extension (Bertet et al., 2004; Blankenship et al.,
2006; Irvine and Wieschaus, 1994). Long-range supracellular
anisotropic tensile forces can provide the driving force for such
mass cell flows (Mongera et al., 2018; Shellard et al., 2018).
Additionally, such flows can emerge from the activity of the
individual constituent components. These cell flows are reminiscent
of the Marangoni flows that are observed in liquids, which are
generated by surface tension gradient flows (Kim et al., 2017), and
are observed at the level of the collective. Therefore, supracellular
flows can be better explained as a mesoscale phenomenon than one
that is based on the activities of individual particles or cells.
Altogether, we can conclude that cell-cell contacts not only
maintain the integrity of the group, but also coordinate its constituent
members, thereby contributing to supracellular polarity, cytoskeletal
organisation, as well as force generation and transmission.

Different levels of supracellular migration
Supracellular migration can be described as a continuum from none
to full supracellular behaviour, depending on to what extent the
migration uses features of individualistic and supracellular motility.
To better illustrate this continuity, below we discuss examples of
cell migration that exist along this spectrum.

Single-cell migration

Individually migrating cells do not move in a collective or
supracellular manner. However, in some cases, single cells can
migrate co-ordinately, when, for example, a group of cells respond
to external signals together. For example, groups of single cells
moving in response to a chemoattractant might appear as collective
migration, but if the cells move independently without any
cooperativity between them, their migration cannot be considered
as collective. In the absence of external signals, individually
migrating cells tend to be randomly polarised, which makes their
migration uncoordinated (Ridley et al., 2003). For instance, cells
can go around in circles, or constantly change the direction of their
movement (Fig. 4A). More persistent migration is exhibited by cells
that respond to external signals, such as chemokines or growth
factors, which amplify and stabilise front-rear polarity in each of
the cells (Fig. 4B). For example, primordial germ cells (PGCs), the
progenitors of gametes, migrate in a directed fashion to the
presumptive gonad in Drosophila and zebrafish as a mass of
individually moving cells because they respond to attractive and
repulsive cues, including SDF1 (Doitsidou et al., 2002), which
directs the formation of forward-facing blebs (Blaser et al., 2006).
However, these coordinated movements cannot be considered as
collective migration.

Collective migration with low supracellularity

Cells can exhibit collective migration (i.e. coordinated and
cooperative migration) with low supracellularity, when the
mechanism underlying their movement depends mainly on the
activities of individual cells, such as when each cell is producing its
own polarised protrusions and generating its own force for
migration. When cells are connected, migration is more efficient.
Coordination is high because cells are physically coupled, which
means they must move in the same direction. However, collective
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Fig. 4. Varying degrees of supracellularity in cell migration. (A) Single cells migrating in random directions (black arrows) in the absence of external signals
lack coordinated movement. They move as individuals; this means they are not collective and do not cooperate with each other, nor have any supracellular
features. (B) Mass movements of individually migrating cells, such as zebrafish primordial germ cells illustrated here, are coordinated by their response to SDF 1
(indicated by the black arrows). However, they do not move as a collective, cooperate with each other, nor show supracellular features. (C) Collectively migrating
cell populations such as the follicular epithelium begin to show cooperation and supracellular features, such as microtubule alignment. (D,E) Moderate
supracellular features are more evident in migrating groups that have a free edge, such as Drosophila border cells (D), or cells involved in wound healing (E). Here,
supracellular structures, such as an actomyosin cable (shown in red) and supracellular forces are at play. (F) High levels of supracellularity are exhibited by
mesenchymal groups such as the neural crest; here, supracellular flow is a consequence of supracellular forces. (G) Full supracellularity has been demonstrated
in the Drosophila ventral furrow, whose collective behaviour can be reproduced in acellular embryos (represented by dashed lines), thereby demonstrating

that tissue movement is a not a consequence of individual cell movement.

migration does not necessarily require high levels of cooperation. In
some cases, the cell-cell contact functions solely as an adhesion
mechanism, with little effect on the migration of neighbour cells.

An example of such a collective migration with low
supracellularity is the migration of the Drosophila follicular
epithelium, a single cell layer encapsulating the egg chamber
whose motility causes the egg chamber to rotate and elongate
(Fig. 4C). Every cell contributes equally toward collective
movement; each cell produces a forward-facing protrusion and
retains its position relative to its neighbours (Barlan et al., 2017).
Also, each cell has stress fibres anchored to integrins, forms focal
adhesions and produces the forces required for its movement
(Bateman et al., 2001; Gutzeit, 1990); this means that each cell is a
replicate of every other. There is cooperativity between adjacent
cells; protrusions are formed because of the interaction between the
rear of one cell and the front of another (Barlan et al., 2017;
Stevenson et al., 2019; Viktorinova et al., 2009) to polarise the
individual cells. Therefore, an understanding of collective migration
of the follicular epithelium can be obtained at the level of individual
cells. Although this migration is mostly individualistic, there is a
small degree of supracellularity: the planar polarisation of
microtubules contributes to directing rotation of the egg chamber
by helping to establish supracellular polarity (Chen et al., 2016;
Viktorinova and Dahmann, 2013), perhaps by delivering proteins,
such as the atypical cadherin Fat2 (also known as Kugelei), which
promotes cell protrusions in a non-cell-autonomous manner, to the
rear of cells. Also, actin filaments are all globally aligned across the
tissue (Gutzeit, 1990), although the functional relevance of this,
beyond the orientation of traction forces, remains unclear.

Supracellular migration

This category exhibit features of both supracellular and
individualistic motility, and we find collectively migrating cells,
in which the entire group is polarised, the cytoskeleton is

supracellularly organised, or the forces are generated in a
supracellular fashion. However, at the same time, some cells
within the group behave more like individual cells. Many migrating
epithelia that have a free edge fall in this category. For instance,
border cells of the Drosophila ovary, a group of somatic cells
required for the formation of the micropyle (the sperm entry point),
form external-facing Racl- and actin-dependent protrusions when
they undergo chemotaxis in response to platelet-derived growth
factor (PDGF) and vascular endothelial growth factor (VEGF), and
cells move almost linearly (Fig. 4D) (Bianco et al., 2007; Cai et al.,
2014; Fernandez-Espartero et al., 2013; Prasad and Montell, 2007,
Wang et al., 2010). At the same time, there is an overall front-rear
polarisation of the cell cluster (supracellular polarisation) owing to
the polarised activity of PDGF/VEGF-related receptor (PVR),
which further enhances Rac1 activity at the front of the cluster, with
one or two cells leading the others (Duchek et al., 2001; Poukkula
et al.,, 2011). However, the effect of the non-leader cells on the
collective migration of border cells has not been studied in detail,
and therefore it is not clear whether the entire cluster moves as a
single unit (i.e. supracellularly), with leader and trailing cells having
different functions, or whether leader cells just pull the trailing cells.
The latter would correspond to a more cellular type of migration.
Although cells move mostly linearly during border cell migration
and myosin has no supracellular organisation (Combedazou et al.,
2017; Edwards and Kiehart, 1996), some evidence suggests that, in
the latter stages of border cell migration, cells exchange positions
more often (Duchek et al., 2001; Poukkula et al., 2011), and
actomyosin is organised peripherally around the cluster
(Combedazou et al., 2017). These changes are reminiscent of a
switch from individual cell-driven collective migration to
supracellular migration.

Similarly, aspects of both individual and supracellular motility
exist in migratory cell sheets. The constituent cells of monolayers
invading a free space exhibit front—rear polarisation; each cell
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produces lamellipodial protrusions and generates traction forces on
the underlying substrate (du Roure et al., 2005; Trepat et al., 2009),
in a manner similar to individually migrating cells. For follower
cells, that is, those not at the migration front, such traction might
arise from so-called ‘cryptic’ lamellipodia (Farooqui and Fenteany,
2005), although it is still debated to what extent cryptic lamellipodia
can generate force to propel collective movement (Kim et al., 2013;
Trepat et al., 2009). Traction forces are balanced by tensile forces at
cell-cell junctions, with forces being transmitted over long
distances across multiple cells within moving sheets (Bazellieres
et al., 2015; Trepat et al., 2009); this leads to long-ranged gradients
of tension that can guide the direction into which epithelial and
endothelial monolayers move (Tambe et al., 2011). Supracellular
transmission of contractile forces also drives collective cell
durotaxis, the movement of cells up a rigidity gradient; here, a
gradient of intercellular tension is generated from the imbalance of
traction forces at the edges of the collective, with one edge sensing a
stiffer substrate than the other, which leads to directional movement
of the group (Sunyer et al., 2016).

In migratory sheets, traction forces and supracellular tensions are
highly heterogeneous because a mechanical wave propagates from
the tissue edge and crosses intercellular junctions, in which each cell
transmits forces to the cells behind after an initial pull of the free
edge on the substrate (Serra-Picamal et al., 2012). These
anisotropies in tension, which depend upon an ordered
cytoskeleton, help generate leader cells, thereby contributing to
supracellular polarity (Poujade et al., 2007; Revenu et al., 2014);
leaders then guide follower cells, which can be organised as either
small cohorts (Reffay et al., 2014) or as an entire sheet.
Accompanying the large-scale tissue polarisation are long-range
coordinated supracellular cell movements (Poujade et al., 2007,
Vedula et al., 2012) that contribute to bulk movement of cells.

The cytoskeleton is also highly organised during embryonic wound
healing (Fig. 4E) (Abreu-Blanco et al., 2012b), and sometimes also
during adult wound healing (Danjo and Gipson, 1998; Grootjans
et al., 2011; Russo et al., 2005). After wounding in the Drosophila
pupal notum, a pulse of actomyosin filaments flows from several cell
rows back toward the wound margin (Antunes et al., 2013), which
may be controlled by a wave of Ca>" moving in the same direction
(Shannon et al., 2017). These actomyosin filaments assemble into a
supracellular actomyosin cable at the wound edge that has previously
been proposed to aid collective movement by acting as a ‘purse string’
that closes the wound (Martin and Lewis, 1992). That being said,
cable formation is dispensable for Drosophila dorsal closure, a model
for wound healing (Ducuing and Vincent, 2016). Instead, it has been
suggested that heterogeneous contraction of the actomyosin cable
coordinates the movements of cells at the wound edge, which leads to
rapid wound repair (Abreu-Blanco et al., 2012a; Ducuing and
Vincent, 2016; Fernandez-Gonzalez and Zallen, 2013; Wood et al.,
2002; Zulueta-Coarasa and Fernandez-Gonzalez, 2018). Nonetheless,
although contraction itself might not be a supracellular event, in
that neighbours do not always synchronously contract together,
normal (unscarred) healing requires a supracellular actin cable
structure (Ducuing and Vincent, 2016), indicating that there is high
coordination between cells when individuals contract. Here again,
supracellular structures such an actomyosin cable co-exists with
the formation of protrusions by cells around the wound during
wound healing.

Another example of a cell population that has many aspects of
supracellularity is the neural crest, a stem cell population that
migrates large distances in the developing embryo to contribute to
several tissues. The cranial neural crest of Xenopus and zebrafish

embryos migrates collectively in response to chemoattractants, such
as SDF1 (Shellard and Mayor, 2016; Theveneau et al., 2010), by
polarising at the level of the entire cluster. Supracellular polarity is
imposed through CIL (Carmona-Fontaine et al., 2008; Yoon et al.,
2018), the phenomenon of pairs of colliding cells repolarising and
move awaying from each other (Roycroft and Mayor, 2016; Stramer
and Mayor, 2017). In a cluster of high cell density, CIL causes
outward protrusions to be formed at the free edge, but not internally,
thereby contributing to the polarity of the entire cluster (Carmona-
Fontaine et al., 2008). There is also cytoskeletal organisation at the
cluster level: cells at the edge of the group are connected by a
supracellular tensile actomyosin cable that appears to be
mechanically coupled between adjacent cells via N-cadherin
(Shellard et al., 2018). The neural crest also exhibits supracellular
forces that enable it to move. Protrusions generate large traction
forces at the cell periphery, but not in the middle of the group
(Roycroft et al., 2018; Scarpa et al., 2015); this means that CIL
controls supracellular polarity and force generation. However, how
traction forces are transmitted across the entire cell cluster is unclear.
During directed migration, supracellular polarity is promoted by
SDF1-dependent activation of Racl in front cells (Theveneau et al.,
2010) and inhibition of actomyosin contractility in front cells (Shellard
et al., 2018). The actomyosin cable contracts in a supracellular
manner, in that multiple adjacent cells all contract synchronously.
These supracellular contractile forces cause a tissue-scale flow of cell
movements, whereby rear cells move to the front and cells at the edge
of the group are mechanically pulled rearwards (Fig. 4F) (Shellard
etal., 2018). The coordination between all these factors results in a cell
cluster that migrates in a highly efficient manner that cannot be
explained by considering only its individual constituent cells.

Full supracellular migration

‘Complete’ or full supracellular behaviour refers to a system in
which the individual cells per se are not required for tissue
movement. In this sense, full supracellular migration would present
itself as a group of cells moving in such a way that the presence of
cell membranes exists only to limit the cell boundary, but that they
are redundant for the bulk movement of the group. In this case,
removal of the cell membranes should only cause loss of cell—cell
adhesion and not affect movement of the tissue mass itself. This
would demonstrate that it is the activity of the tissue as a whole, and
not the individual components, which best explain tissue
movement. An example of such supracellular behaviour is the
folding of epithelial sheets. During ventral furrow formation in
Drosophila, myosin II becomes phosphorylated at the apical
surfaces of cells; this causes an anisotropic constriction that drives
tissue invagination, leading to a mass inward-movement of cells
(Fig. 4G) (He et al., 2014; Martin et al., 2010; Martin and Goldstein,
2014; Monier et al., 2015). Here, tissue movement corresponds to,
and behaves like, that of an entirely viscous fluid, despite the
existence of sub-cellular structures, organelles and cell boundaries
(He et al., 2014). Even acellularised embryos exhibit fluid motility
similar to that in the wild type (He et al., 2014). Furthermore, the
degree of apical constriction is correlated with fluid flow velocity
(He et al., 2014), and specific activation of apical constriction (by
inducing its activator, Rho) is sufficient to reconstitute epithelial
folding by inducing apical constriction (Izquierdo et al., 2018). The
mechanical integration of the apical surface drives a collective
integrated shape change that translocates the tissue mass. This
morphogenic process can therefore be considered a truly
supracellular event, in which all invaginating epithelial cells
behave as a totally cohesive single entity.
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Considering collectives as ‘supracells’

Based on the considerations above, we argue that some biological
processes that have traditionally been explained at a cellular level
may be better understood using the concept of supracellular
behaviour; in the grand-scheme of morphogenetic movement, the
actions of individual cells may be irrelevant, as discussed in some
specific examples below.

Amphibian gastrulation

Amphibian gastrulation (Fig. 5A) is typically viewed as a highly
complex process that not only involves, but requires, precise cell re-
arrangements. However, when the mechanics of gastrulation were
initially characterised, the gastrulating embryo was considered to be
like a ‘supracell’. Walter Vogt, who was the first to have this idea
about the gastrula, remarked that “it does not appear at all as if cells
were working in the sense that single part-movements were
combining to form the movements of masses; for even the most
natural and plausible explanation by means of amoeboid motion of
single cells fails utterly” (Vogt, 1923). The idea that the gastrulating
embryo should be considered at a level greater than the cell was later

A Early amphibian
gastrulation

B Amphibian

pseudogastrulation streaming

D D. melanogaster ventral furrow

Dorsal
Anterior- Posterior

Ventral

C Ascidian ooplasmic

commented on, and investigated, by Johannes Holtfreter, who,
when trying to understand the movements of gastrulation, wondered
“if there might not exist a ‘superior force’ supervising and direct the
single part-movements” (Holtfreter, 1943).

One morphogenetic process that occurs during early amphibian
gastrulation is epiboly, in which the cells at one end of the embryo,
the animal hemisphere, spread by thinning, which then expands the
tissue. Simultaneously, a structure called the blastopore, a groove
into the gastrula in which mesoderm is internalised, is formed at the
opposite side of the embryo, the vegetal hemisphere (Wen and
Winklbauer, 2017) (Fig. 5A). These seemingly complex
morphogenic movements can be recapitulated in unfertilised
amphibian (single-cell) eggs incubated in a hypertonic solution
(Fig. 5B): the pigmented animal cap surface expands over the
vegetal pole and there is shrinkage of the vegetal pole (Holtfreter,
1943; Smith and Ecker, 1970). It is unclear how exactly this
‘pseudogastrulation’ mimics epiboly and blastopore formation of
gastrulae, but it may reflect the quantity or activity of cytoskeletal
components in the animal and vegetal regions, and thus be related to
the relaxation of the animal cap epithelium during epiboly and the

Fig. 5. Examples of ‘supracell’ movements. (A) Early amphibian
gastrulation involves spreading and thinning of the cell layers in the
animal hemisphere, termed epiboly (white arrows), and invagination of
tissues in the opposite vegetal hemisphere, called blastopore
formation (black arrow). (B) Amphibian pseudogastrulation in oocytes
bears similarities to early gastrulation as it recapitulates some
morphogenetic events, such as epiboly (white arrows) of the animal
pole (dark brown) over the vegetal pole (light brown), and blastopore
formation (black arrow). (C) Another movement that is similar to
epiboly is that observed during normal cytoplasmic streaming,
immediately after ascidian fertilisation in the one-cell stage embryo,
whereby cytoplasm at one end of the embryo moves (white arrow)
toward the vegetal region (black arrow). Therefore, all these three
processes (panels A—C) could be considered examples of
supracellular movement. (D) Gastrulation in Drosophila involves the
formation of a ventral furrow through the invagination of a single cell

epithelial layer. Invagination is dependent on high levels of
phosphorylated myosin (in red) at the apical side. Cell membranes
are redundant for this process (dashed lines). Collective movement
relies on a supracellular actin network that is associated with actin
filaments of the cortex (blue lines in the inset), which contracts (green
arrow). This results in the cells being passively pushed down and

outwards (brown arrow). (E) Analogous contractility of the cortex in the
one-cell zygote of C. elegans; here a gradient of phosphorylated
myosin along the anterior—posterior axis of the cell cortex causes
contraction, which results in cytoplasmic streaming (brown arrow).

-

(F) Single-cell amoeba can migrate by ‘swimming’ or without strong
adhesions. Retrograde flow of the cell membrane (blue arrows) is a
consequence of high RhoA activity (red) at the rear, which drives the
cell forward. Cell shape is maintained as a result of anterograde
trafficking of rear components (pink arrows). Note that forward
movement is toward the bottom of the panel. (G) The cluster behaviour
of the Xenopus and zebrafish cranial neural crest, which migrates as a

‘supracell’, is analogous to the amoeboid mode of ‘swimming’. Here,
collective neural crest cell chemotaxis relies on high RhoA levels at the
rear of the cluster, which contracts a supracellular actomyosin cable,
thereby causing the retrograde flow of peripheral cells (blue arrows).
Cells at the rear intercalate with their neighbours and so move forward
(pink arrows).
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shrinkage of the vegetal region during blastopore formation. Thus,
seemingly complex morphogenesis may not be the result of the
action of individual cells, but rather a consequence of the activity of
a complex and far-reaching protein network. An obvious candidate
is the actin cortex, because it controls cell shape and can generate
forces on the cell surface across both short and long distances.

Streaming movements of epiboly, such as those in amphibian
gastrulae and pseudogastrulating eggs, also occur in newly
fertilised ascidian embryos (Conklin, 1905; Costello, 1948).
Initially, the ascidian oocyte has a yellow cortical cytoplasm
surrounding the grey yolky inner cytoplasm. After fertilisation, the
yellow cortical cytoplasm and clear cytoplasm that is derived from
the breakdown of the oocyte nucleus contract vegetally; this results
in ooplasmic streaming (Fig. 5C), whereby the surface of the
embryo is covered by grey cytoplasm. This movement is like
epiboly in gastrulating embryos. The similarity between this bulk
movement and those in gastrulation and pseudogastrulation suggest
that the events of early gastrulation could be considered highly
supracellular events, where its cellular components are not actively
driving the morphogenetic changes, but rather an extensive
cytoskeletal cortex orchestrates these events in a timely manner.
Unfortunately, there have been no functional studies to analyse the
process of pseudogastrulation, and it would therefore be interesting
to see whether the early gastrulation-like movements of epiboly and
blastopore formation are indeed due to a cytoskeletal network,
which could potentially be equivalent to a supracellular network
found during normal gastrulation. If a far-spanning actin cortical
network is responsible for these morphogenetic events, this would
suggest that during cellularisation, the formation of supracellular
actomyosin cables and meshworks are a means for how cells
overcome the ‘obstacle’ of a membrane separating the cortical
components of adjacent cells.

Drosophila ventral furrow formation

A supracellular apical actin meshwork is the driver of epithelial
invagination (a supracellular shape change and translocation)
during formation of the ventral furrow in Drosophila embryos
(Martin et al., 2010). This causes a flow of cytoplasm that resembles
a laminar flow, in that when the cortex constricts and moves, the
underlying cytoplasm is dragged with it (He et al., 2014). This flow
is reproduced in acellular embryos (Fig. 5D). The cytoplasmic flow
matches the flow of the plasma membrane, indicating that the cell
membrane moves passively as a consequence of the cytoplasmic
flow, and the membrane does not offer any driving force or
resistance (He et al., 2014). Thus, the cell membranes are
dispensable for cytoplasmic redistribution and collective
movement. These actin-driven flow patterns are reminiscent of
flows that have been predicted for individually migrating cells,
according to the theory of active gels (Kruse et al., 2004; Voituriez
etal., 2006), and analogous to cytoplasmic streaming in single cells,
such as algal cells and the Drosophila syncytium (Glotzer et al.,
1997; Goldstein et al., 2008), whose rotational streaming patterns
are very similar and caused by the activity of actin and microtubules.
Furthermore, the hydrodynamic properties of the cytoplasm in
response to cortical forces during Drosophila furrow
morphogenesis show identical cytoplasmic flows to those
observed in the one-cell stage Caenorhabditis elegans embryo
(Fig. 5E) in response to the action of actomyosin motors in the cell
cortex (Niwayama et al., 2011). These observations suggest that
furrow morphogenesis may be better explained using the notion of a
‘supracell’ (Fig. 1C) than the traditional concept of individualistic
collective cell migration.

Neural crest migration
The collective movement of Xenopus and zebrafish neural crest cells
also appear to act as a giant ‘supracell’ that is analogous to the rear-
driven motility of amoeboid migration. Amoeboid cells, such as
neutrophils and Dictyostelium, can propel themselves through viscous
liquids and along non-adhesive substrates by generating high levels of
actomyosin-driven cortical contractility at the cell rear (Barry and
Bretscher, 2010; Bergert et al., 2015; Hawkins et al., 2009; Lim et al.,
2013; O’Neill et al., 2018; Paluch et al., 2016; Tanaka et al., 2017,
Tozluoglu etal., 2013). This mode of single-cell migration is controlled
by active RhoA at the cell rear, which can drive rearward-membrane
flow (Fig. SF). Likewise, collective neural crest chemotaxis is
dependent on high RhoA levels in the rear cells of the cluster, which
generates a rearward flow of outer cells (blue arrows in Fig. 5G)
(Shellard et al., 2018). To maintain cell size and shape, amoebae use
their endocytic machinery to traffic membrane to the front (O’Neill
etal., 2018). Likewise, a wave of anterograde cell movement emanates
forward from the rear during neural crest migration (red arrows in
Fig. 5G) (Shellard et al., 2018). Mechanistically, movement in the two
systems is based on the actomyosin network: in amoebae, there is a
retrograde flow of the cortical actin network (Liu et al., 2015; Maiuri
et al., 2015), while in neural crest cell groups, a supracellular
actomyosin cable connects the outer rim (Shellard et al., 2018). In both
cases, anisotropies in contractile forces drive the cell(s) forward.
Altogether, these findings suggest that systems that have
previously been rationalised based on the activities of individual
cells may be better explained by considering the behaviour of the
tissue as a whole.

Perspectives

New insights into collective migration have returned the historic idea
of supracellular motility to the fore. It is now becoming increasingly
evident that many systems appear to incorporate supracellular features
to achieve efficient movement, and this theme might further emerge
from future research. For example, it is feasible to consider that there
may be supracellular coupling of actomyosin across cell junctions in
the early pre-implantation mouse embryo, because the cortex of
adjacent cells is connected by cytoskeletal actin, and pulsatile
contraction of the blastomeres is driven by the apical actomyosin
cortex (Fierro-Gonzalez et al., 2013; Maitre et al., 2015; Mayor et al.,
1989). Nevertheless, many interesting questions remain, such as how
are supracellular cytoskeletons effectively organised between masses
of cells? In addition to supracellular coordination originating from a
connected cytoskeleton and from signals that emerge from cell—cell
adhesions, another source of supracellular regulation is likely to arise
from gap junction proteins (e.g. connexins), because moving cell
groups often maintain cell-cell communication. However, how
signalling propagation through gap junctions contributes to polarity
and the mechanical connection between moving cells remains unclear
(Defranco et al., 2008; Kotini et al., 2018). Addressing these questions
may further elucidate other ways in which collectively migrating cell
groups coordinate their activities efficiently at the supracellular level.
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