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Abstract—Collective cell migration (CCM) can be described
as a large scale coordinated movement of cells that are in
close proximity with each other. It is a phenomenon that is
observed not only in physiological processes such as that
found in embryogenesis and wound healing but also in
pathophysiological processes such as cancer metastasis.
Some of the factors influencing this concerted process include
cell–cell adhesion, cell–substrate interaction and mechanical
cues such as geometrical constraints among others. Here, we
review recent research work done to investigate CCM of
adherent cells. We highlight the classical example of an
in vitro cell monolayer to illustrate our current understanding
of the different mechanobiological mechanisms involved as
these cells respond to the mechanical cues present in their
environment. It is hoped that such understanding may
potentially lead to better therapeutic strategies for diseases
such as cancer and for tissue engineering and repair.
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INTRODUCTION

Cell migration is crucial in many physiological and
developmental processes such as wound healing,
embryogenesis, morphogenesis and organ forma-
tion.23,24 In wound healing, cells migrate towards the
wound to cover up the underlying exposed tissue, while
in developmental processes, cells migrate to initiate
pattern and shape formation for proper morphogene-
sis.24,25 Cell migration is also involved in some path-
ophysiological processes such as cancer metastasis.25

To date, migration of a single cell has been extensively

studied and fairly well understood.39 Single cells typi-
cally exhibit a persistent random walk (Fig. 1a) but
can switch to a more directed movement under asym-
metric environmental cues.28,38,44,60,61 On a planar
substrate, single cell migration involves repeated cycles
of cell front extension, cell body contraction and rear
end retraction. The molecular players involved in these
shape changes are also well characterized.39 Cell front
extension, e.g., filopodia or lamellipodia extension, is
driven by Arp2/3 and Rac mediated actin polymeri-
zation, while cell body contraction is achieved through
myosin-II mediated contractility. Moreover, interac-
tion of the cell and its substrate, e.g., extracellular
matrix (ECM), is mediated by focal adhesion (FA) and
is crucial for cell migration.5,8,30,46,72,79

In many situations, cells are not only interacting
with the ECM but also with neighboring cells as they
adhere and migrate (Fig. 1b). Examples include epi-
thelial tissue expansion,9 endothelial cells vascular
sprouting59 and the invasion of cancer cells.26 For
migration of epithelial cells on a 2D surface, these cells
are always bound to their neighbors via cell–cell
adhesion molecules such as E-cadherins.42 Also, when
many cells migrate together in the tissue, typically
involving tens and up to hundred thousand cells,77 this
results in the swarming of cells and the formation of
large scale vortices.13,50,69 Such dynamics cannot be
explained by just inferring from what we know about
single cell migration. The emergent migratory behavior
of many cells together, explicitly due to complex cell–
cell and cell–substrate interactions, is termed as col-
lective cell migration (CCM). CCM can be seen in both
migration of adherent (e.g., epithelial cells) and non-
adherent (e.g., fibroblasts41) cell cohorts and is much
less understood than single cell migration. Neverthe-
less, recent studies are now showing that much can be
learned about CCM by carefully considering the me-
chanobiological responses of the migrating cells arising
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from mechanical cues present in their environment.71

Furthermore, the increasing use of modeling in CCM
research also significantly contributes towards identi-
fying the most important parameters in understanding
CCM.

From recent studies, mechanical parameters that
have been investigated include interaction strength
between cells,32 repulsion probabilities between cells
(i.e., contact inhibition of locomotion),11 cell density,15

tissue, and substrate geometry,13,69 forces between cells
and substrate,63 etc. Here, we focus on adherent cells
and the mechanical aspects of CCM on 2D substrates.
First, we give an overview of mechanically driven
responses of single cells within the tissue that are rele-
vant to CCM. Then we introduce concepts of CCM by
using the classical example of a monolayer expansion
into open space. Finally, we highlight examples to
demonstrate that CCMmechanics is particularly useful
in studying and understanding wound healing processes
and diseases triggered by gaps in the monolayer.

SINGLE CELL LEVEL RESPONSES

TO MECHANICAL CUES IN CCM

Cells are the basic building blocks in a tissue. They
are constantly exerting forces or being exerted upon
through interactions with their neighbors and the
substrate. These forces, if measureable, can provide

excellent read-outs and insights into the various modes
of CCM. Generally, these forces result in various types
of stresses in the tissue. Tensile stress arises from cells
pulling on each other and depends on cell–cell adhe-
sion.67 On the other hand, compressive stress arises
when cells push against each other in a tissue and this
can help to align cells in the tissue.43 At the single cell
level, cells in a tissue react to mechanical cues by reg-
ulating their movement, cell stiffness, and adhesion,
decision to proliferate or undergo apoptosis, etc.37

Movement

Cells can be pulled or pushed by neighboring cells to
move across a substrate or be stalled by equilibrated
forces from all sides. More importantly, they can ac-
tively regulate their movement in response to such
forces. Single mesendoderm cells are found to polarize
and move in the opposite direction to small tugging
stresses (~5 Pa) on its cadherin junctions.11,75 Inter-
estingly, this tugging stress is similar to documented
rear-end stress differences for a MDCK cell in an
expanding epithelial tissue sheet67—very small com-
pared to the actual average tugging stresses (~300 Pa)
in the first few rows of cells but increases steadily into
the tissue (to about ~1000 Pa for a tissue size of
~2–3 mm). The same polarization machinery here is
also implicated in cell clusters, reminiscent of contact

FIGURE 1. Cells migrating singly and collectively. (a) Single cell persistent random walk. Migration involves lamellipodia
extension, cell body contraction and adhesion to substrate through focal adhesions. (b) Adherent cells migrating in groups are
more directed. There is additional constraint of cell–cell adhesion during migration, transmitting forces between cells.
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inhibition of locomotion (CIL), and contributes in a
non-trivial manner to CCM.7 Modeling suggests that
cells can migrate together or disperse depending on the
probability of two cells to move away from each
other.11

Cell Stiffness and Adhesion

The migration of a cell can be influenced by its own
mechanical properties and that of its neighboring cells
such as cell stiffness. Indeed, the distribution of the
mechanical stress or stretch in a group of mechanically
linked cells will depend on the stiffness of each of these
cells, as in any passive mechanical system. As stress
distributions can in turn dictate the movement of a cell
collective, thus cell stiffness distributions in a tissue can
affect CCM. Moreover, intrinsic cell stiffness changes
dynamically with stretch,31,33,65,78 rendering the
dependence of CCM on cell stiffness more complex.
For example, strain fluidization can happen in cells as
with other soft materials, e.g., after ~4 s of transient
stretch (up to 10% stretch).65 A sustained stretch
however generally induces an immediate opposite
response, i.e., strain stiffening like other polymeric type
materials,18 before relaxation happens in the order of a
few 100 s. Further, as opposed to passive materials,
cells also actively remodel their cytoskeleton to in-
crease their stiffness when stretched or sheared.21

Shear stresses as low as 7 dyn/cm2 sustained for 5 h is
found to induce significant keratin fibers thickening,
thus increasing the cytoskeleton stiffness of alveolar
epithelial cells.

Other than cell stiffness, cell–cell adhesion is an-
other important mechanical parameter that has to be
regulated in adherent type CCM. In particular, cell–
cell adhesion can be strengthened by tensile stress
between cells.3,16,17 For example, a-Catenin acts as a
force transducer and mechanically stabilizes the
adherens junctions. Specifically, a-Catenin unfolds
under forces as small as ~15 pN per molecule, thus
revealing another cryptic binding site for Vinculin and
doubles the adhesion forces.80,81 Cell–cell adhesion can
also in turn modify cell–substrate adhesion through
integrin-cadherin crosstalks.47,74

Decision to Proliferate or Undergo Apoptosis

Cells proliferate or undergo apoptosis to maintain
tissue homeostasis, adding or deleting mass from the
tissue and thereby influencing the movement of neigh-
boring cells. Evidence has also shown that these fate
decisions that a cell makes are dependent onmechanical
cues. Some examples are (1) increase in epithelial cell
proliferation rate as the cell area increases62 (prolifera-

tion rate increases from ~1/40 to ~1/20 h-1 as cell area
doubled from ~200 to ~400 lm2), (2) alignment of cell
proliferation axis with stress direction20,40 and (3) in-
crease in apoptosis rate as cell area decreases.62

EXPERIMENTAL TECHNIQUES TO STUDY

CCM MECHANICS

A plethora of in vitro techniques have been estab-
lished to study the behavior of CCM. Microcontact
printing and scratch and barrier assays introduce open
spaces with different geometries and shapes in the tis-
sue for migration studies.70 Also, forces involved in
migration (usually tens to hundreds of nanoNewtons
per cell) can be measured by techniques such as trac-
tion force microscopy,63,67 micropillars,14,56 laser
ablation,58 embedding of droplets with well charac-
terized mechanical properties,6 FRET sensors,29,45 etc.
In the following sections, we will highlight some of the
work that has been done using some of these assays.

ROLES OF CCM IN EPITHELIAL MONOLAYER

EXPANSION

The epithelial monolayer is known to expand and
invade into open space (Fig. 2). Many different
underlying mechanisms contribute to this mode of
migration and illustrate well the complexity of CCM.
At the outset of monolayer expansion, some cells
(termed ‘‘leader cells’’) which are usually at the first
few rows of the tissue start to polarize and extend large
lamellipodia towards the empty space adjacent to
them34,53 (Fig. 2a). These cells propel themselves for-
ward by exerting large traction stresses on the sub-
strate with the help of the lamellipodia (~2 kPa).53

Follower cells behind the leader cell are also pulled
forward due to strong tensile stresses in actin cables
that connect several cells through cell–cell junctions.
This group of leader–follower cells (possibly up to 30
cells) can be regarded as a ‘‘super-cell’’ that surges
forward together and forms a finger-like structure in
the advancing monolayer. Strong actin cables form
and align at the long edges of the finger as a
mechanical constraint for these supracellular struc-
tures.53 This prevents new leader cell formation at
these locations, further stabilizing the progression of
long fingers. However, many fingers can emerge at the
expanding tissue front.

No matter how large a force leader cells can exert, it
is finite (typically up to ~100 nN)53 and insufficient to
drag the whole monolayer forward. What then drives
the monolayer expansion? Cells deep in the cell sheet

Mechanobiology of Collective Cell Migration 5



are also known to extend lamellipodia (termed ‘‘cryptic
lamellipodia’’) to pull on the substrate and actively
migrate.19 As such, there must be a mechanism to
polarize the cells within the tissue. Although not fully
understood, plausible explanations include progressive
unjamming where cells consecutively acquire the space
to extend lamellipodia when the neighbor before them
start moving outward57 (Fig. 2b). This facilitates the
cells to follow the movement of their neighbors, lead-
ing to collective movement. Regardless of the origins
of polarization, evidence has shown that an active
mechanical wave (termed ‘‘X-wave’’) can propagate
from the monolayer front and possibly communicate
the information for polarization deep within the cell
sheet, with speed of propagation of 1 lm/min. More
interestingly, the X-wave propagation is continuously
reiterated with time (~100–200 min per cycle for tissue
length of ~1 mm). This can be explained by cycles of
strain stiffening and softening of cells.

Another proposed mechanism that explains cell
polarization outwards within the tissue is based on
tension buildup in the monolayer67,75 (Fig. 2c). As
explained in the previous section, cells can polarize and
move opposite to the direction of tugging force exerted
on their cadherin junctions. Similarly, a difference in
the magnitude of the tensile stresses acting on opposite
sides of a cell can drive the cell towards the side with
the lower stress.75 As such, tension buildup in the cell
sheet due to accumulation of cell–substrate traction
can give rise to a tension buildup gradient of ~600 Pa/
mm. This then induces higher tensile stress at the cell
side facing the inner part of the monolayer and drives
CCM in the direction of monolayer expansion. The X-
wave and tension buildup are interdependent, and
could possibly work together to ensure the robustness
of cell polarization in the cell sheet and tissue.

There are other evidence which shows that cell
division can also contribute towards monolayer
expansion into large empty spaces62 (Fig. 2d). With
finite number of cells, the monolayer cannot expand
indefinitely since cells are adhered together and will
hold each other back due to buildup of elastic tension.
In reality, when a cell is stretched, its area exceeds a
certain threshold thus sharply increasing its division
probability. Due to this addition of new cells, all the
cells in the monolayer can maintain a finite stretch
while still expanding the monolayer. Moreover, mod-
eling efforts predict that cell division and apoptosis
fluidizes the monolayer and should allow it to flow
more easily to occupy empty spaces.51 Finally, as de-
scribed before, cell division axis can align in the
direction of the principal tensile stress axis (parallel to
the direction of cell movement in the monolayer67) and
could further increase the efficiency of the monolayer
expansion.

To recap, cells can be polarized towards open space
and in the direction of its neighbors’ movements. It is
interesting but not clear which polarization factor will
prevail or whether they will cancel out if cells are
subjected to two opposing polarizing directions. In a
recent experiment, a small non-adhesive zone (i.e.,
hole) was introduced in a large expanding monolayer,
and the findings suggest that the open space has a
higher polarizing power (termed ‘‘kenotaxis’’)36

(Fig. 2e). At the sides of the hole nearer to the
monolayer expanding front, cells clearly polarize and
exert tractions forces (~10 Pa) to pull themselves to-
wards the gap (refer Fig. 2e). Neighbors that are
moving in the opposite direction (towards monolayer
front) fail to induce the hole-bound cells to move with
them, even though they do impart large tensile stresses
(up to ~100–200 Pa through cell–cell junctions. The
cells nearest to the hole are instead stretched to
unusually elongated shapes.

CELL COOPERATIVITY AND GEOMETRY

Tensile stress between cells that is mediated by cell–
cell adhesion also plays a fundamental role in deter-
mining the extent of correlated cell movements or cell
cooperativity. With stronger adhesions, more cells tend
to move as a coherent group spanning a larger dis-
tance, i.e., larger correlation length.13,69 In an
expanding monolayer, cells in the tissue migrate in the
direction of minimum shear stress or maximum tensile
stress imparted by their neighbors.66 They together
form moving cell chains or clusters, typically of the size
of few hundred micrometers (~150–200 lm for MDCK
epithelial cells). In turn, these large scale cell move-
ments emerge to form independent vortices in the cell
sheet69 (Fig. 2f), and reduce the expansion efficiency. If
however, the tissue moves into a confined channel with
a width smaller than its correlation length, vortices
disappear and the cells tend to align due to the geo-
metrical constraints69 (Fig. 2g). This ordered polari-
zation increases overall migration speed (velocity at
tissue front doubles from ~20 to ~40 lm/h for a
decreasing constraint width of ~400 to ~20 lm for
MDCK cells). If the cell density increases in the
channel, compressive stress also helps cells to align, as
is evident from non-adhesive cells (i.e., fibroblasts)
aligning in channels.15

In fact, other evidence has also shown how other
geometrical cues influence CCM. For example, leader
cells tend to emerge from the location of a tissue where
the tissue curvature is higher52 (Fig. 2h). The collective
traction force distributions of a tissue are found to be
greater at places with higher curvature (~150 Pa for
radius of curvature of the order of the size of a cell, i.e.,
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~20 lm compared to <100 Pa for radius of curvature
of ~200 lm) and this can promote stress fiber forma-
tion. Large stress fibers are formed normal to the edges
and polarized the cells there. Discontinuities in the

actin belt surrounding the tissue are also seen at sharp
concave edges, which release the constraint and further
promote leader cell formation in those locations. Yet
other evidence shows single cells aligning in response

FIGURE 2. Epithelial monolayer expansion. (a) Leader cells drag follower cells and drive finger formation at migrating front.
(b) Inward moving mechanical wave (red dotted line) propagating into the tissue from front. Cells immobilize sequentially and
migrate outwards to expand the monolayer. (c) Tension builds up in expanding monolayer, increasing progressively into the tissue
and presenting a possible polarization cue for cells. (d) Cell division axis aligns with monolayer expansion direction. (e) Cells at the
side of the hole closest to the migrating front are stretched by outward propagating neighbors but still exert forces to polarize
themselves towards the hole, i.e., ‘‘Kenotaxis’’. (f) Cells move in vortice-like swirls in unconfined monolayer. (g) Small enough
confinement forces cells to move persistently with ordered velocity fields. (h) Leader cells preferentially emerge at sharp tissue
edges indicating influence of geometry.
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to topographical cues (e.g., grooves) and this applies to
cells in a monolayer as well.43 The alignment effects of
grooves can propagate to cells on flat surfaces by
compressive stresses.

EPITHELIUM GAP CLOSURE: IMPLICATIONS

IN HEALTH AND DISEASE

Understanding CCM can allow one to predict the
outcome of physiological or pathophysiological events
and possibly help in the development of relevant ther-
apeutics. We present here an example on epithelium gap
closure to illustrate this point. Epithelium discontinu-
ities occur frequently in physiological systems. Some
examples include wounds inflicted on the surface of
organs and the skin or gaps present during morphoge-
netic processes such as Drosophila dorsal closure.35

Failure to restore the integrity of the monolayer (in
time) can result in wound infection or morphogenetic
defects. Along with the biochemical factors, many other
gap closure factors are found to bemechanical in nature.
This includes the geometry of the gap,1 distribution or
presence of ECM in the gap,22 substrate stiffness,1,48

interaction with underlying cells,27 etc. In view of this
complexity, in vitro experiments or model wounds that
can control and distinguish the contribution of each of
these factors are highly valued. In particular, combi-
nation of the barrier assay with the use of micro-contact
printing can produce well defined epithelial gaps and
ECM surface of arbitrary geometry.70 This allows sys-
tematic study of these two mechanical factors, i.e., gap
geometry and the presence of ECM in the undamaged
tissue, but prevents the influence of chemical factors
secreted by damaged cells. The discussion below is based
on this type of assay.

Experiments that probe model wound closure typi-
cally monitors epithelial movement in a tissue gap,

presented over a uniform ECM surface (Fig. 3a).
Studies indicate that lamellipodial extension by cells at
the front1 and purse-string contraction (pluricellular
actin cables)55 are important for larger and smaller gap
closures, respectively. Small gaps are of a few cell sizes
while large gaps can range from tens to hundreds of
cells or more, e.g., in scratch wound assays. Mechan-
ical models of the epithelium successfully integrate
these components to simulate experimental data (e.g.,
decrease of gap area as function of time).2,10 Lamelli-
podial activity can be modeled as a friction force at the
gap front while purse-string is described by a line
tension and Laplace’s pressure. Importantly, the fact
that the tissue is being pulled coherently by localized
forces at the front clearly shows that CCM is an inte-
gral part of gap closure. Of therapeutic interest,
experiments coupled with modeling also allows clear
quantification and dissection of certain drug effects
(e.g., Rho and Rac inhibition drugs) on gap closure
speed10 and can help predict total wound healing time.

In both physiological and pathophysiological pro-
cesses, the underlying ECM and tissue of the epithelium
can get damaged or become discontinuous, further
hindering the closure event.12 Such situations can be
mimicked by forming well-defined geometries of adhe-
sive and non-adhesive patches on a substrate. In our
recent work, alternating stripes of fibronectin separated
far apart (>100 lm) by non-adhesive regions were
fabricated for cells to migrate along68 (Figs. 3b, 3c, and
3d). It was observed that keratinocyte monolayers can
be pulled over non-adhesive regions of sizes much larger
than a single cell, formingmulticellular bridges.Notable
CCM features in this system include: (1) wider fibro-
nectin stripes allow more migrating cells to exert forces
(~1 kPa traction stresses at cell front), and collectively
pull more cells over larger non-adhesive regions
(Figs. 3b, 3c, and 3d), (2) large number of stress fibers
permeate many cells above non-adhesive surfaces,
forming a tissue-level network that resists tensile stress
which pulls on those cells (Fig. 3b), and (3) cell–cell
adhesion strength has to be high enough to resist the
large tensile stresses. Importantly, the cell–cell adhesion
strength is a crucial indicator of whether a tissue can
close gaps over surfaces without ECM. Various epi-
thelial cell linesmay exhibit different behaviors based on
the mechanical properties of their cell–cell junctions.
For instance, MDCK cells can easily slide past each
other as they exhibit more labile cell–cell adhesion than
keratinocytes. Consequently, as opposed to keratino-
cytes, MDCK epithelial cells could not form suspended
bridges over the bare surfaces under similar experi-
mental conditions. The fact that keratinocytes can form
suspended cell sheets to cover non-adhesive surfaces is
hypothesized to be important for wound healing in vivo.

FIGURE 3. In vitro monolayer gap closure to study wound
healing. (a) (left) Wound healing assay with uniform ECM
coating and well defined gap geometry. Lamellipodia extension
and purse-string contraction help closure. (a) (right) Wound
healing assay involving closure of a hole with bright intensity
showing actin filaments. (Image adapted from Ref. 1.) Purse-
string was formed from the non-uniform accumulation of actins
around the wound edge. However, there were also some
protrusions in the form of lamellipodia at some parts of the
edge. Scale bar is 25 lm. (b) Keratinocyte sheets are pulled over
non-adhesive regions (yellow) by migrating cells in the chan-
nels, forming bridges. More migrating cells on wider channel
(right) pull the sheets to larger extent. Strong stress fibers (red
lines) in the bridge resist huge mechanical tensions, stretching
cells horizontally. (c), (d) Images obtained from experiments
conducted to study keratinocyte formed bridges. (Adapted
from Ref. 68.) Cells crawling on fibronectin coated channels
(red) of (c) narrow and (d) large widths pulled other cells over
the non-adhesive regions (dark grey) to form epithelial bridges.
Scale bar (c, d), 50 lm.

b
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Understanding the fundamentals of monolayer
wound healing is imperative because failure to close
physiological wounds will lead to many forms of dis-
eases in the body. One prominent example is athero-
sclerosis, where arterial thickening leads to blood
vessel blockage and acute cardiac problems. Athero-
sclerosis development is triggered by excessive endo-
thelial cell (EC) inflammation and macromolecular
transport into the vessel. In late stages of atheroscle-
rosis, EC wounds are known to aggravate disease
progression by totally exposing and stimulating the
underlying smooth muscle cells to proliferate uncon-
trollably.4 Stenting allows mechanical dilation of the
blocked vessels and offers a common form of treat-
ment. However, it is hugely complicated by in-stent
restenosis, i.e., re-blocking of the vessel.64 Here again,
large areas of ECs are denuded by the deployment of
the stent and the vessel surface is thus devoid of EC
secreted anti-thrombosis factors (e.g., nitric oxide),
leading to stenosis.4,64 Evidence shows that EC wound
regeneration and gap closure is crucial for atheroscle-
rosis treatment. Other diseases that involve the breach
of epithelial barrier function due to wounding include
acute kidney injury,49 asthma, allergic rhinitis,73 etc.

CONCLUSIONS AND FUTURE PERSPECTIVES

As discussed, CCM is extremely complexwhere even a
simplemonolayer tissue expansion constitutes a plethora
of different mechanisms. Studies that focus on me-
chanobiological aspects of the problem are fast proving
to be a good approach to further our understanding of
CCM.Work in this direction has elucidated mechanisms
such as existence of leader–follower cell groups, polari-
zation of cells deep within the tissue by mechanical wave
propagation and tension buildup. Tissue geometry is also
an important factor aswell, where leader cells can emerge
from sharp tissue edges while tissue flow is more persis-
tent in confined channels.

The in vitroCCM assays, when set in an epithelial gap
closure context, provide excellent models for wound
healing. Geometries of the gap in the monolayer and the
underlying substrate can be readily controlled and their
influence on wound closure parameters easily studied.
The effects of drugsonwound closure timehavealsobeen
investigated. Other factors that are less studied include
differences in substrate stiffness and dynamic stretching
of substrates.76

Although many CCM assays used have yielded new
information, they are still far from mimicking that of
in vivo situations. For example, more than one cell type
is usually implicated as can be seen in amnioserosa and
lateral epidermis cells in drosophila wound closure35

and border and nurse cells in Drosophila oogenesis.

Further co-culture assays could provide more infor-
mation on this aspect. Also in vivo, cells are simul-
taneously presented with multiple cues such as
chemical, mechanical and even electrical cues.54

Extensive work has been carried out on multi-cue
directed CCM, but a comprehensive understanding of
the fundamental mechanisms remains elusive. As
such, research in CCM is still in its infancy stage and
much still needs to be done to bridge our
understanding of single cell migration to that of
heterotypic and multicellular migration since CCM is
so central to the development and maintenance of
multicellular organizations. If we can understand why
and how cells can so efficiently orchestrate their
movements in specific directions to specific locations
and within geometrical constraints in the human
body, we may also be able to better understand why
and how deviation from these processes may result in
serious consequences such as tumor formation and
metastasis. Hopefully, this may lead to better thera-
peutic strategies for diseases such as cancer and for
tissue engineering and repair.
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