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ABSTRACT

Cell motility is essential for life and development. Unfortunately, cell migration is also linked to
several pathological processes, such as cancer metastasis. Cells” ability to migrate relies on many
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actors. Cells change their migratory strategy based on their phenotype and the properties of the

surrounding microenvironment. Cell migration is, therefore, an extremely complex phenomenon.
Researchers have investigated cell motility for more than a century. Recent discoveries have
uncovered some of the mysteries associated with the mechanisms involved in cell migration,
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such as intracellular signaling and cell mechanics. These findings involve different players,
including transmembrane receptors, adhesive complexes, cytoskeletal components , the nucleus,
and the extracellular matrix. This review aims to give a global overview of our current under-

standing of cell migration.

Introduction

Cell migration is fundamental for life and development.
Key physiological processes of multicellular organisms
depend on cell migration, from embryonic development
to the more specific bone formation and angiogenesis.
Cells’ ability to migrate is also critical during tissue repair
and the inflammatory and immune responses. But cell
migration is associated with disease development too,
including some of the leading causes of death, such as
cancer metastasis. A comprehensive understanding of this
biological process is therefore essential.

Cell migration is an extremely complex phenomenon
involving a wide variety of biological processes. Factors
such as cell phenotype or the properties of the surrounding
extracellular matrix (ECM) regulate the activation of some
of these processes. Note that cells produce the ECM to
surround themselves with a scaffolding structure [1,3].
Therefore, cells can modulate the properties of their
surrounding ECM. Different external cues, including
chemical and biophysical stimuli from their microen-
vironment, influence cell migration [4], promoting cell
invasion, immune cell motility, and facilitating tumor
cell dissemination [5-8]. Notably, cells’ phenotype, as
well as their microenvironment, determine if and how
cells migrate [9-12].

More than a century of research in the field [13-15]
has allowed us to understand many of the intricacies of

cell migration. However, because of its inherent complex-
ity, plenty of unanswered questions still need to be
addressed. Besides, much of what we know about cell
migration (and of cell biology, for that matter) is based
on cells cultured on Petri dishes or rigid flat sheets of
plastic. Still, many are the differences between these two-
dimensional (2D) substrates and the more physiological
three-dimensional (3D) matrices (Figure 1). For one,
soluble gradients are absent on plated cultures, whereas
they may be present in 3D. While an apical-basal polarity
is forced on 2D substrates, there is no prescribed polarity
in 3D environments. Instead of the high stiffnesses (GPa
range) associated with plated cultures, the stiffness of gels
in 3D is in the lower kPa range. Also, 3D matrices are
more pliable than 2D substrates. As a result, cells can alter
ECM compliance more easily in 3D domains. Cells also
behave differently within 3D matrices than on 2D sub-
strates (Figure 1) [16-18], including during migration
[4,19,20]. Although spreading and migration are uncon-
strained on the x—y plane on flat surfaces, they may be
sterically hindered in 3D. Cells in 3D environments adopt
a thinner and more elongated shape. They also follow
a more persistent and direct trajectory than those on 2D
surfaces. Adhesions are restricted to the x-y plane in 2D
substrates but are distributed in all three dimensions in
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these gels. Nuclear positioning is much more complex for
cells migrating within 3D domains [21]. Another source
of complexity in the study of cell migration is that its
regulation depends on the biochemical and biophysical
features of the pericellular space [22]. Therefore, cells
must integrate concurrent, potentially cooperative, or
opposing inputs in their decision-making process [23-
26]. These external cues can modulate cellular properties
and events, from cell shape and polarity to cell-cell and
cell-matrix interactions. Likewise, cells adjust their tra-
jectory, speed, and mode of migration accordingly
(Figure 1) [25,27]. Even modest variations in the bio-
chemical or biophysical stimuli can dramatically impact
cells’ migratory phenotype [28]. Thus, we still need to fill
in some gaps in our knowledge of how cells (i) probe the
surrounding environment, (ii) integrate these cues, as well
as (iil) adapt and respond to them.

Replicating scenarios closer to in vivo conditions,
though, is a challenging endeavor [18,29-31]. For
instance, if we focus on the mechanical response of
in vivo environments, they have been identified as
viscoelastic [32,33] (they present properties observed
in solids and fluids) and exhibit stress relaxation [34].
Interestingly, the impact of stress relaxation speed on
3D cell migration may be modulated by the
material’s steric hindrance [35]. Still, hydrogels used
as synthetic substrates for 3D culture and tissue engi-
neering in vitro are typically elastic. Measuring some
features of these 3D matrices with the current technol-
ogies may be extremely difficult or even impossible [17
33,36-38]. Besides, in 3D domains, the underlying con-
ditions must be more tightly controlled [22,39-41].
Hence, studying cell migration under more physiologi-
cally relevant scenarios is not an easy task.

This review aims to give a global overview of our
current understanding of cell migration and the different
processes and players involved. We will start at the cell
surface, where transmembrane receptors enable cells to
sense external stimuli from their surroundings. Then, we
will focus on the mechanics of cell motility. Different
adhesive complexes, also located at the surface, allow
cells to interact with one another and with the ECM. By
binding to and interacting with all these players from the
plasma membrane, the cytoskeleton can receive, process,
and respond to signals from the outside. The cytoskeleton
is also coupled to the nucleus. As a result, cells nuclei can
adapt and react to the relayed signals initiated by external
stimuli. Next, we will review different approaches to
model some aspects of cell motility. Finally, we will dis-
cuss some of the current and future challenges for

the research community. Note there are many excellent
reviews about specific players or events associated with
cell migration (e.g. [8,9,17,25,42]).

Probe of biochemical stimuli

Cells can change their migratory patterns and bias their
trajectories in response to different biochemical stimuli,
such as soluble ligands (chemotaxis) or cues fastened
either to cell surfaces or to the substrate (haptotaxis)
[2,43-45]. Haptotaxis seems cell-type specific, depen-
dent on cell-induced tractions, and therefore limited by
substrate adhesiveness. Cells” ability to respond to bio-
chemical stimuli (chemoattraction) is crucial in multi-
cellular organisms. For instance, it allows the sperm to
locate the egg during fertilization [46,47]. Neural crest
cells are guided toward their appropriate destination
during embryogenesis [48-51]. Chemoattraction also
enables immune cells to locate foreign invaders [52—
54]. Hence, by allowing cells to read the biochemical
profile of their surroundings and adapt their behavior
accordingly, chemoattraction is essential for the proper
functioning of multicellular organisms.

Biochemical cues

Cells can sense differences in concentrations of organic and
inorganic substances. As a result, cells move toward and
away from the gradients of these ligands, from bacterial
peptides and ECM degradation products to chemokines
and growth factors. Some of these proteins can exist in the
fluid phase or immobilized (surface bound). Many differ-
ent cell types can secrete chemokines into the surrounding
environment. As a result, they can induce the migra-
tion of endothelial cells and promote angiogenesis.
Chemokines can also attract angiogenesis-promoting
immune cells. Interestingly, cells can even create
their own attractant gradients [42], which allow
them to migrate collectively [55], and navigate com-
plex routes using self-generated chemotaxis [56].
Thus, cells produce and respond to biochemical
cues diffused into the matrix or surface-bound, guid-
ing other cells and their future selves.

Secreted proteins can induce distinct cellular
responses (e.g., their migratory phenotype) in different
ways. For example, different growth factors, including
vascular endothelial (VEGF) and epidermal growth
factor (EGF), as well as cytokines such as transforming
growth factor beta (TGEFp), stimulate epithelial to
mesenchymal transition (EMT). Such transition enables
individual cancer cells to detach from an epithelial
cluster and move freely, promoting tumor progression.
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Figure 1. Cells in 2D vs 3D Cells in (a) 2D and (b) 3D microenvironments interact differently with their surroundings. Three modes of
3D migration have been identified so far: mesenchymal, amoeboid, and lobopodial migration. In mesenchymal migration, cells
attach very strongly to the extracellular matrix through mature stress fiber-linked focal adhesions. These cells also exhibit a high
matrix-degrading activity. The centrosome is in front of the nucleus and the cytoskeletal networks are polarized in the direction of
migration. In contrast, amoeboid migration involves very few adhesions and low protease activity. Cells migrate through the
formation of contraction-based blebs or use actin-driven protrusions to glide on the substrate. The centrosome is usually behind the
nucleus during amoeboid migration. Lastly, during lobopodial migration, tightly adherent cells use actomyosin contractility,
hydrostatic pressure, and nuclear pistoning to form bleb-like blunt protrusions called lobopodia. These cells exhibit very low
protease activity. Adapted from Refs. [39,167].

Notably, TGFp not only drives fibrosis, invasion, and
metastasis [57,58], but also induces highly motile amoe-
boid phenotypes [28]. Furthermore, Lopez-Luque and
colleagues [59] demonstrated that some tumoral cells
respond to TGFp inducing and epithelial to amoeboid

transition (EAT), after silencing epidermal growth fac-
tor receptors (EGFRs). Interestingly, metabolic chal-
lenges such as hypoxia can also induce collective to
amoeboid transition (CAT) in cancer cells [60].
Independent works have pointed toward TGEFp
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promoting EMT. Still, some of these studies showed an
atypical response to TGFp, which stimulated different
cell types to an incomplete EMT phenotype [61,62].
Cells exhibiting such hybrid EMT phenotype, which
promote metastasis, acquire mesenchymal features
while maintaining cell-cell adhesions and therefore
acting as collectives [63,64]. These findings may suggest
that, in the metastatic progress, the role of TGFp
strongly depends on context, including cell and cancer
type. Ligand concentration may also influence other
cell behaviors. For instance, low concentrations of pla-
telet-derived growth factor (PDGF) can promote cell
migration, whereas high concentrations may induce
proliferation [65]. Hence, cells acting individually or
as a collective can determine not only their own fate
but also the fate of others.

Internalization of biochemical stimuli

Biochemical cues bind to transmembrane receptors,
triggering cascades of signaling pathways. As a result,
the signals initiated by these receptors are transmitted
across the plasma membrane and inside the cytosol.
There are several classes of these receptors (ion chan-
nel-linked receptors, enzyme-linked receptors, and
G protein-coupled receptors), which bind to and
sense different types of chemoattractants. Receptor tyr-
osine kinase (RTKs) are the enzyme-linked receptors
with the largest population and the widest application,
and detect many different growth factors (e.g., EGF,
PDGF, and VEGF). In contrast, G protein-coupled
receptor (GPCR) is the largest receptor superfamily in
eukaryotic cells and recognizes many different ligands
(e.g., chemokines, hormones, neurotransmitters, and
photons). The spatial distribution of transmembrane
receptors over the cell surface was initially considered
homogeneous. Subsequent works discovered that the
plasma membrane is divided into nanometre-scale
domains that can be extended over macrodomains and
exhibit different membrane receptor profiles. Some
domains may have different amounts of the distinct cell
surface receptors, including EGFRs and vascular endothe-
lial growth factor receptors (VEGFRs) [66]. Also, those
transmembrane receptors might be present in different
configurations (monomeric, dimeric, higher-order oligo-
mers, or clusters) even in the absence of ligands [67-69].
A high surface abundance of a particular transmembrane
receptor may promote homodimerization and clustering.
Conversely, a high surface abundance of distinct trans-
membrane receptors would promote heterodimer pair-
ing. Other factors, such as the cytoskeleton organization
and ligand stimuli, may bias such membrane receptor
profile too (Figure 2) [65,66,70]. At the tissue scale, cells

can establish larger macrodomains of the plasma mem-
brane. In such scenarios, cell-cell contacts regulate mem-
brane asymmetry, allowing cells to sense and respond to
each other. Transmembrane receptors, which enable cells
to probe and internalize external stimuli, are continually
being synthesized, internalized, recycled, and degraded.

Cells degrade and recycle surface receptors through
membrane trafficking using membrane-bound transport
vesicles (Figure 2) [65,71]. Different factors such as ligand
concentration, distinct types of stresses, and hypoxia seem
to influence the preferred internalization route of RTKs,
that is, their sorting toward degradation or recycling.
Different GPCR-interacting proteins and arrestins can
also influence the GPCR internalization route [72].
Various studies showed that distinct RTK classes remain
active during their internalization [65,66,69]. Indeed, in
some cases, RTK and GPCR internalization is required for
a complete signaling response [73,74]. Whatsmore, trans-
membrane receptors can activate different -effectors
depending on whether they are at the plasma membrane
or in endosomes. Changes in the spatial distribution gen-
erate variations in the internalized signals [65]. For
instance, these signals can be localized and amplified
over a specific area of the cell surface. Besides, an altered
expression of transmembrane receptors can change their
spatial distribution, which may impact cell tracking,
polarity, adhesion, and cytoskeletal organization during
pathological processes (e.g., cancer development and pro-
gression) [66,75,76]. Thus, the internalization of trans-
membrane receptors allows for their dynamic
organization over the plasma membrane and may be
required for an appropriate signaling response.

Although some receptor classes access many of the
same signaling pathways, their dynamics are signifi-
cantly different. Each cell surface receptor may be acti-
vated by distinct ligands, triggering different signaling
outcomes [77]. Some ligands can activate different
RTKs too [68]. Interestingly, the activity of transmem-
brane receptors is even possible in the absence of
ligands (basal activity). Ligand-bound GPCRs can also
trigger the activation of unbound EGFRs through
transactivation [78]. In addition, some ligands can
bind different receptors together, mediating distinct
biological responses. Besides, RTKs directly interact
with the plasma membrane and the cytoskeleton.
Altogether, surface receptors translate the biochemical
profile of the ECM into biochemical signals inside the
cell through many different interactions, occurring
under a wide variety of circumstances.

By initiating these downstream signaling, chemoat-
tractants influence cells internal organization and their
transcriptional regulation. As a result, these ligands
may initiate changes in cell polarity. Thus,
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Figure 2. Sensing biochemical cues The surface abundance and distribution of transmembrane receptors, such as receptor tyrosine
kinase (RTK) and G protein-coupled receptor (GPCR), is a key regulatory step. Locally high surface levels of an individual surface
receptor may promote homodimerization and/or clustering, and high surface abundance of two or more of these receptors may also
increase heterodimer pairing. Distinct domains within the plasma membrane, as well as the closely apposed and dynamic cortical
actin cytoskeleton, affect this key step in receptor activation. The surface abundance of transmembrane receptors is predominantly
controlled by receptor endocytosis, which ultimately leads to receptor degradation or recycling. When localized in specific plasma
membrane domains, stimulated (ligand bound) or unstimulated (unbound) surface receptors are endocytosed or sequestered.

Adapted from Ref. [66].

chemoattractants may bias influence cells’ trajectories,
enabling directed migration and different physiological
processes, including immune response, wound repair,
and tissue homeostasis.

Probe of biophysical stimuli

Recently, much interest has focused on how biophysical
factors, such as the stiffness and the microarchitecture of
the ECM, influence cell migration. Still, our understanding
of the role of these factors in cell motility is far from
complete. Partially, at least, because many of these biophy-
sical cues cannot be incorporated into and studied on flat
surface assays. Indeed, 2D studies about the impact of
biophysical stimuli in cell migration are limited to planar
substrates with stiffness gradients [79], micropatterned
barriers (e.g., slabs, micropillars, or microstencils) [80],
and other nanometer- to micrometer-scale topographies
(e.g., nanoscale ridges, needles, cones, sawtooth structures,
or grooves) [81,82]. In 3D environments, cells use different

modes of migration (e.g., mesenchymal, amoeboid, lobo-
podial, collective) based on the local ECM (Figure 1)
[20,30,80]. For instance, macrophages use an amoeboid-
like migration in porous substrates, whereas in dense
matrices such as Matrigel they use a mesenchymal-like
one [52]. Furthermore, in vitro studies suggest that the
speed of migrating macrophages is stiffness dependent.
Substrate stiffness can also guide cell migration (duro-
taxis) [9,83,84]. Indeed, mesoderm stiffening is required
and sufficient to trigger the collective migration of neural
crest cells during morphogenesis [85]. However, cells may
also migrate toward softer environments to generate
higher traction forces [86]. The biophysical properties of
the tumor microenvironment contribute to cancer devel-
opment and progression too [87-90]. For example,
increasing substrate stiffness led to a switch from proteo-
lytically independent invasion to a proteolytically depen-
dent phenotype in breast cancer cells [91]. Substrate
stiffening also promotes EMT by controlling the subcel-
lular localization of downstream effectors [58].
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Interestingly, ECM-induced EMT correlates with TGF(
activation by resident epithelial cells. Also, the inhomo-
geneity of 3D environments may promote clustered cells
to switch to a single cell-dominated invasion [92].
Conversely, denser substrates and decreased porosity
would lead to the opposite switch, from individual to
collective cell migration. Thus, cells can sense the biophy-
sical cues from the microenvironment and adapt their
behavior accordingly.

Biophysical cues

Many biophysical cues from the surrounding microen-
vironment can influence cell migration. A list of the
primary ECM features regulating or modulating cell
migration may include at least the following: (i) ECM
topology, (ii) the molecular composition of the ECM,
and (iii) the local concentration of each ECM compo-
nent (Figure 3) [4]. However, many other factors influ-
ence cell motility too, such as (i) ECM crosslinking, (ii)
gradients of stiffness or ligand concentration, (iii) por-
osity and pore size within the ECM, (iv) ECM stiffness,
(v) ECM (visco-)elastic behavior, and (vi) ECM con-
finement of cells. Whatsmore, some of these properties
may be overlapping [93]. For example, collagen align-
ment can alter the ECM pore size and the micro-scale
stiffness. Fibril diameter and intrafibrillar crosslinking
control fibril bending stiffness independently, which
correlates with matrix mechanical properties [94].
Increasing the concentration of Matrigel or ECM com-
ponents (e.g., collagen) can also increase ECM stiffness

a Gradients

b Steric hidrance

and alter the size of its pores [4,95]. Therefore, we must
study how distinct architectural features (e.g., geome-
try, porosity, topology) affect cell behavior in these
matrices. Lastly, during tumor progression, the organi-
zation and composition of the ECM are altered [6]. As
a result, tumoral tissue exhibits biophysical properties
strikingly different than those of its healthy equivalent.
In summary, a wide variety of biophysical features
associated with the ECM affect cell motility.

The response of cells to ECM stiffness is cell-type
specific [86,96-98]. Still, there is ample evidence that
substrate stiffness plays a role in cancer metastasis as
tumoral tissue is stiffer than its normal counterpart [3
84,89,99]. Increased stiffness may hinder cell migration
due to an excessive steric hindrance [100,101]. Besides,
substrate rigidity in 3D may also impact cell-matrix
interactions and intracellular activity [18]. Preliminary
reports from Higgins and colleagues [102] suggest that
decreased cell stiffness drives tumor-cell detachment
and migration. On the other hand, in stiffened
matrices, cells must either soften or remodel the sur-
rounding environment to avoid migration arrest.
Recent studies suggested that ECM rigidity and defor-
mation mediate cell mechanosensing [103].

Fibers comprising the ECM are usually aligned in
a specific direction, anisotropically. Moreover, in mam-
mary tumors, aligned collagen fibers are oriented per-
pendicular to the tumor boundary [104]. Enhanced
fiber alignment promotes a more directed cell polariza-
tion and migration [105]. Indeed, elongated cells
respond more strongly to fiber alignment than those
with a rounded morphology. Of note, cell-matrix

¢ ECMremodelling

ECM degradation and production
(e.g., by proteases or forces).

(e.g., pore size and connectivity,
confinement level, ECM crosslinking
and stiffness).

(e.g., durotaxis, barotaxis,
haptotaxis, tensotaxis).

Figure 3. Extrinsic regulators of 3D cell migration. Different properties of the surrounding microenvironment can regulate or
modulate cell migration. (a) The concentration of each extracellular matrix (ECM) component can vary locally creating, for example,
gradients of stiffness (durotaxis) or ligand concentration (haptotaxis), biasing cell motility. (b) The presence and size of pores within
the 3D environment — which can be altered by ECM crosslinking and may be dependent on ECM or tissue stiffness — and the level of
confinement of cells mediated by the ECM modulate spatial obstruction of the substrate (steric hindrance) to cell migration. (c) Local
remodeling (e.g., by proteases or local force causing physical displacement of ECM components) can also influence cell motion. The
features of the local microenvironment can be overlapping; for example, increasing the concentration of ECM components can
increase local stiffness and alter the sizes of pores. Adapted from Ref. [4].



adhesions and Rho-mediated actomyosin contractility
modulate cell responses through the mesenchymal to
amoeboid transition (MAT). Besides, the degree of
fiber alignment regulates the transition rates between
elongated and rounded morphologies. Notably, cells
respond to ECM fiber alignment differently based on
dimensionality. Fiber alignment modulates protrusion
rate and orientation [106]. It also promotes the direc-
ted migration of cells [107]. For instance, recent
in vitro studies suggest that, by aligning collagen
fibers, cancer-associated fibroblasts may help tumor
cells migrate toward blood vessels during the initial
stage of metastasis.

When ECM pores are about the size of cells or
slightly smaller, cells seem to migrate more effectively
[28,104]. However, if pores are significantly smaller
than cells, their nuclei may impede cell migration
because of their size, rigidity, and limited deformability
[108]. On the other hand, pores bigger than the cell size
may also impede migration as cells cannot develop
protrusions and adhere to the ECM properly [109].
ECM architectures with narrow pores and short fibers
seem to confine cells to a rounded shape and altered
protrusion dynamics independently of substrate rigidity
or bulk collagen density [110]. Hence, understanding
the intricacies of how cells sense all these features may
allow us, for example, to develop novel and effective
techniques against metastasic diseases.

Internalization of biophysical stimuli

Mechanotransduction enables cells to probe for bio-
physical features. It involves different membrane recep-
tors (e.g., ion channels and growth factor receptors),
and a wide range of proteins and assemblies, such as
integrins and integrin adhesion complexes (IACs)
[103,111-113]. Ion channels tightly control cellular vol-
tage through the influx or efflux of ions, which trigger
downstream signaling cascades [114-117]. They are
activated by distinct stimuli, including ligands, tem-
perature, and force (e.g., tensional stretch, shear stress,
membrane tension).

Integrins are one of the primary transmembrane
receptors that play a central role in cell-matrix inter-
actions [117-120]. These receptors also act as biome-
chanical sensors of the microenvironment. As a result,
integrins allow cells to sense haptotactic gradients com-
posed of ECM components too [121]. Each integrin
binds to specific ECM components and cell surface
molecules with specific spatiotemporal distribution pat-
terns in a given tissue [113,118]. Distinct integrins can
have overlapping ligand specificity. In such cases, integ-
rins may synergize, antagonize, or complement their
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activities [122]. Moreover, every cell type has its specific
integrin profile, and they can modulate it to adapt to
new substrates [23]. Note that altered integrin expres-
sion is associated with several types of cancer and other
diseases [118,119,123,124].

Integrins are activated through biochemical interac-
tions and by forces transmitted between intracellular
and extracellular spaces (Figure 4) [117,119,120]. While
activated, integrins have an increased affinity for ligand
binding. In turn, extracellular binding and force appli-
cation promote integrin clustering, triggering signaling
pathways that couple integrins to the actin cytoskeleton
[99,119,125,126]. These integrin clusters, together with
force-induced catch bonds, extend the lifetime of adhe-
sion sites. Their targeted downstream effectors are
essential for many processes such as cytoskeletal
dynamics and cellular structure. Moreover, some of
these processes are fundamental for maintaining cell
polarity.

Integrin traffic not only regulates their spatial dis-
tribution (i.e., their cell-surface availability) but also
IACs turnover [113,127], based, among other factors,
on biophysical stimuli [128]. The specifics of integrin
trafficking pathways, though, depend on context and
cell type [122]. As with other surface receptors (e.g.,
RTKs, and GPCR), endocytosis allow integrins to be
efficiently recycled back to the plasma membrane or
degraded by lysosomes (Figure 4). These processes are
essential for regulating integrin function and therefore
to cell migration and invasion in 3D substrates [127].
Interestingly, crosstalk with RTKs and other co-
receptors modulate integrin functions in migrating
cells [68,111,112,129]. This crosstalk between integrins
and growth factor receptors can enhance growth factor
receptor activation and focal adhesion kinase (FAK)
phosphorylation [111]. Whatsmore, mechanical stimuli
can independently activate growth factor receptors
without ligand-induced activation [82,111,122]. The
dynamics of these processes allow for adhesion turn-
over, which is essential for mesenchymal cell migration.

Integrin clustering initiates IACs formation [113,118
126,130]. These IACs allow cells to adhere to their
surrounding ECM, probing biophysical cues and trans-
mitting forces. Of note, substrate stiffness and ligand
spacing determine an optimal force threshold for IACs
formation and coordination with downstream cascades
[131]. During this initial stage of IACs formation, sev-
eral proteins, such as tensin and talin, are recruited to
nascent adhesions [104,120]. As a result, downstream
effectors, including Ras-related C3 botulinum toxin
substrate 1 (Racl) and the Actin-related protein 2/3
(Arp2/3) complex, are activated, which induces protru-
sions formation. These nascent adhesions are also
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Figure 4. Sensing biophysical cues by means of the integrin dynamics. On the plasma membrane, different factors (e.g., the
forces from the ECM) enable integrin activation and increased affinity for ligand binding. Inside-out signals regulate displacement of
intracellular integrin inhibitors and allow talin to bind to integrins, tightly controlling integrin affinity for ECM ligands. In fibroblasts,
recruitment of focal adhesion kinase (FAK) to integrins has been suggested to precede talin recruitment. Integrin activation is also
promoted by an outside-in mechanism through ECM binding and force application that slows the diffusion of integrin dimers within
the plasma membrane. Force application leads to integrin clustering and the initiation of integrin downstream signaling through the
coupling of integrins via talin and vinculin to the actin cytoskeleton. Reciprocally, actin can pull on integrins, further contributing to
force generation. In fibroblasts, focal adhesions can mature further to fibrillar adhesions where talin is replaced by tensin. Trafficking
of integrins regulates their availability at the plasma membrane. Integrins are constantly endocytosed from the plasma membrane.
They are then efficiently recycled, with a small subset of the receptors targeted to lysosomal degradation. Integrins can be
endocytosed via multiple different routes depending on the cell type, adhesion status, and cellular signaling pathways that are
activated. Force regulates integrin properties. Integrin-ligand binding follows a catch bond behavior. When force (F) applied to the
ligand-bound integrin is below the optimal bond force (Fg), the strength (lifetime) of the bond increases with force. When F exceeds
Fg, the bond lifetime decays with force. Mechanical force (F) acting on integrins through their ligands can favor integrin unbending
and subsequent activation, thereby triggering outside-in integrin signaling. Activation increases catch bond behavior, further
strengthening the bond. If a given F is applied to an adhesion site, further integrin clustering decreases the force applied to
individual integrin dimers. This minimizes elastic energy since it decreases the applied strain, and could thus be promoted. Adapted
from Ref. [120].

critical for ECM haptotaxis [121]. Integrin-mediated
force transmission between cells and the ECM mature
nascent adhesions to focal adhesions, recruiting other

long, thin, and centrally located adhesions, which
enable fibronectin fibrillogenesis. Interestingly,
mechanotransduction on stiffer surfaces alters EGFR

proteins such as paxillin, vinculin, and FAK [125,132].
In turn, FAK activates downstream pathways control-
ling different cell behaviors such as adhesion and moti-
lity [3,133,134]. Recently, nuclear paxillin was also
associated with enhanced tumor angiogenesis,
growth, and metastasis [135]. Focal adhesions may
mature further to fibrillar adhesions in some cell
types (e.g., fibroblasts, platelets) [120,122]. These are

organization and induces their clustering at focal
adhesions [111]. Besides, IACs are not limited to
actin-binding cell-ECM adhesions [122]. Instead, dis-
tinct proteins, when recruited to integrins, allow for
specialized functions and connections with the cytos-
keleton. The presence of Matrigel in collagen hydro-
gels increases the number and size of focal adhesions
[95]. Focal adhesions also serve as signaling hubs



where several signaling proteins group because of
integrin activation and clustering [4]. Recent studies
have demonstrated that focal adhesions also form
nutrient-sensing hubs, which mediate, among others,
spatially restricted growth factor receptor signaling
and nutrient uptake [136]. Consequently, these
macromolecular assemblies transmit mechanical
forces and regulatory signals between cells and
the ECM.

Mechanics of cell migration

Cells rely on the coordination of four core biophysical
processes to interact with and migrate through 3D
environments: (i) adhesion, (ii) cytoskeletal, and (iii)
nuclear dynamics, as well as (iv) matrix remodeling
through cell-matrix interactions. The biophysical prop-
erties of the ECM modulate several of these biophysical
processes. Migration through dense environments
requires enhanced cytoskeletal remodeling to displace
the surrounding ECM and enable cells to squeeze
themselves through narrower pores [60]. Cells also
increase their protrusive activity to enhance matrix
remodeling and the probe for cell tracks, which would
enable a more efficient migration. As a result, cells
increase their metabolism while migrating through
dense environments to meet higher energy demands
[137,138]. Multiple signaling mechanisms tightly regu-
late these processes [139,140].

The Rho family of small guanosine triphosphatases
(GTPases) is involved in many signaling pathways acti-
vated during cell migration [141,142]. Rho GTPases
such as Rho-related BTB domain-containing protein 1
(RhoBTBI1) inhibit invasion [143]. Besides, an altered
expression of several Rho GTPases appears in different
human tumors and cancers [58,140,144-146]. Rho pro-
teins are also involved in the EMT. As a result, they
enable carcinoma cells to metastasize [140]. Hence, Rho
GTPases are critical for cell motility.

The opposing actions of guanine nucleotide exchange
factors (GEFs) and GTPase-activating proteins (GAPs)
regulate the activity of Rho GTPases [58,143,145]. Such
dynamic regulation depends on a coordinated and loca-
lized activation and inactivation of multiple proteins such
as PI3K, FAK, and Src. Indeed, the ability of RhoGEFs
and RhoGAPs to form complexes with such proteins is
fundamental to spatiotemporal regulation of Rho GTPase
activation in migration and invasion [139]. Notice that
cellular events can be regulated by integrated signaling
networks instead of a specific signaling cascade.
Therefore, the same stimuli in different cell contexts
could promote distinct responses. The dynamics of such
signaling events are thus varied and tightly regulated.
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Next, we will summarize our current knowledge of
the aforementioned four core biophysical processes
enabling cells to interact with and migrate within 3D
environments. In particular, we will highlight the
roles of (i) cell-matrix and cell-cell adhesions; (ii)
the cytoskeletal actin microfilaments, microtubules,
and intermediate filaments; (iii) the nucleus; and
(iv) cell-matrix interactions enabling matrix remo-
deling through alignment, degradation, deposition,
and crosslinking.

Adhesion dynamics

Different modes of migration depend on adhesive com-
plexes. For example, individual fibroblasts may use
mesenchymal migration mediated by cell-matrix adhe-
sions during wound healing. However, collective migra-
tion used by neural crest cells during embryogenesis
requires cell-cell junctions [42]. Besides, cell-matrix
and cell-cell contacts play an important role in
mechanotransduction [103,111].

Cell-matrix adhesions for individual migration
Cell-matrix adhesions, essential for mesenchymal cell
migration, support force transmission between extra-
and intra-cellular spaces (Figure 5a). They also allow
cells to probe the biophysical properties of the sub-
strate. These adhesions are of particular importance in
3D scenarios where cells have to squeeze themselves
across ECM pores. In 3D microenvironments, cell-
matrix adhesions are longer and more elongated than
the 2D counterpart. Indeed, fibroblasts seem to attach
more strongly to the ECM in 3D domains than on flat
surfaces. Still, integrin-mediated adhesions are not
essential for 3D cell migration. More confining ECM
architectures (i.e., smaller pores and shorter fibers) alter
protrusion dynamics by reducing, but not eliminating,
cell adhesions to the substrate [110]. Moreover, high
confined spaces featuring low-adhesion properties abol-
ish focal adhesions. Fast actomyosin retrograde flow
allows cells to generate sufficient friction. As a result,
cells switch to rapid amoeboid-like cell migration, pro-
pelling themselves forward. Active water transport
through the cell membrane may induce an osmotic
pressure gradient, which can also initiate and sustain
friction-driven cell migration in 3D surroundings
[104]. However, although cells can migrate without
cell-matrix adhesions under specific circumstances,
such adhesive complexes are fundamental for many
biological responses.

Cells’ ability to adhere to the substrate involves
different players. Adaptor proteins, such as talin and
vinculin, couple integrins located at IACs to actin
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microfilaments. As a result, cells’ cytoskeleton binds to
the substrate [99,133,147]. Adaptor proteins also inter-
act with cells’ cytoskeleton through intermediate fila-
ments and microtubules [148]. However, the scientific
community still lacks a detailed view of how adaptor
proteins behave under different conditions. For exam-
ple, Kluger and colleagues [149] recently unveiled that
vinculin acts as a mechanosensitive logical gate, con-
verting the input forces, pulling geometry (e.g., zipper-
like vs. shear-like), and magnitude into distinct struc-
tural outputs. Mechanical forces generated during actin
polymerization or by myosin motors initially exerted to
actin microfilaments are transmitted to different adap-
tor proteins. Then, these forces are transmitted to
transmembrane proteins, such as integrins, linking
adaptor proteins to the surrounding ECM. According
to the molecular clutch hypothesis, contractile forces
are only optimally transmitted if the whole system
(from actin microfilaments to these adaptor proteins)
is engaged. Otherwise, the adhesion complex cannot
maintain high force transmission because of an
unstructured or fluidized, softened cytoskeleton [150].
Also, preliminary reports from Newman and colleagues
[151] showed that IACs in protrusions enable actomyo-
sin-mediated force transmission to the nucleus. The
ECM is paramount for this mechanism because sub-
strate rigidity directly controls when contractile forces
are optimally transmitted. In fibrilar collagen sub-
strates, effective cell adhesion may require proteolytic
activity [110]. Thus, adaptor proteins and other pro-
teins, different factors such as ECM stiffness, and pro-
cesses (e.g., matrix degradation) play a part in cell-
matrix adhesions.

Cell-cell adhesions for collective migration

Collective migration depends on cell-cell interactions
coordinated with the actin cytoskeleton (Figure 5b)
[11,80]. By establishing attachments between cells and
coupling their cytoskeletons, cells can sense and transmit
forces between them [111]. These attachments also
enable stress distribution between cells [10,148]. As
a result, cells can integrate external signals from and
communicate over longer distances, which allows them
to sense shallow biochemical and biophysical gradients
[79]. Cell-cell coupling enables multicellular assemblies
to migrate and rearrange during morphogenesis and
tissue repair [80,152]. These cohesive cell groups ensure
the proper formation and repair of organs. Multicellular
assemblies may display front-to-back polarity, where
leading cells coordinate the migration at the front edge
[80,152,153]. For instance, in epithelial monolayers
exposed to an empty edge, leader cells drag follower
cells by forming large lamellipodia and maintaining

robust cell-cell adhesions with them (Figure 5bl).
Therefore, cell-cell interactions and collective migration
are critical for other fundamental biological processes.
Different cell-cell adhesion systems are fundamental
for collective migration, including but not limited to
adherens junctions and tight junctions [11,111].
Adherens junctions are central hubs that control cell-
cell cohesion and collective cell migration during tissue
dynamics and remodeling [11]. Although usually asso-
ciated with epithelial and endothelial tissues, adherens
junctions may also transiently form in mesenchymal
cells. Distinct mechanisms (e.g., endocytosis, cytoskele-
tal regulation) control adherens junctions’ stability. Rho
GTPases are also involved in these mechanisms
[11,80,141]. Actin cytoskeleton coupling enables con-
tractile forces transmission across adherens junctions
[80,111]. On the other hand, tight junctions form
a central hub between cell-cell interactions and actin
dynamics. The primary role of tight junctions is to
function as paracellular gates restricting diffusion
based on size and charge. Tight and adherens junctions
seal the paracellular space and adhere epithelial cells to
one another [154]. They also bind with the actomyosin
cytoskeleton. Actomyosin dynamics are essential for
the formation, structure, and function of junctions
during epithelium homeostasis and morphogenesis.
Altogether, each cell-cell junctions have a different
role, but all are essential for cells to migrate collectively.
Cells may also repolarize and change their trajectory
upon contact with one another. An example of this
phenomenon is contact inhibition of locomotion. This
mechanism of cell repulsion moves cells away from
cell-cell contacts (Figure 5b2) [155-158], and can
occur between cells of the same or different type.
Contact inhibition of locomotion is a multistep phe-
nomenon, which initiates upon a collision. Colliding
cells accelerate toward each other and form cadherin-
based cell-cell adhesions. Then, their protrusive struc-
tures toward the contact collapse. Finally, cells develop
new protrusions away from cell-cell contacts, separate,
and move away. Note that cell-matrix adhesions play
different roles in contact inhibition of locomotion (e.-
g., inducing lamellae paralysis upon collision and
enabling separation by disassembling themselves near
the contact afterward). Besides, cell-cell and cell-
matrix adhesions directly crosslink to actin and regulate
cytoskeleton dynamics. Cytoskeletal rearrangements are
essential in contact inhibition of locomotion. In parti-
cular, the importance of actin microfilaments and
microtubules has been demonstrated during the differ-
ent stages of contact inhibition of locomotion. Small
GTPases, which regulate cytoskeletal dynamics, play
also a fundamental role in contact inhibition of
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Figure 5. Cell adhesions. Non-migratory cells must be stimu-
lated to migrate by transcription factors, growth factors, che-
mokines or physical forces. (a) They can migrate as loose
cohorts of individually migrating cells. (b) Cells can also main-
tain cohesiveness by adherence using cell-cell adhesion mole-
cules. (b1) When migrating collectively, cells can organize into
leaders and followers, in which the leaders - established by
signaling cues (for example, by diffusible growth and other
factors) or by mechanical cues such as those generated by
neighboring cells — provide guidance as long as the biochem-
ical or biophysical signaling is maintained. Cohesive migration
of cell populations can be supported by two types of cell-cell
interactions: contact inhibition of migration or contact stimula-
tion of migration. (b2) Contact inhibition of migration is
a mechanism in which colliding cells migrate in new directions
after collision rather than cohering; however, on a population
level, this mechanism ensures that cells maintain similar pola-
rities, thereby resulting in directionality of migration in collec-
tives. (b3) Contact stimulation of migration provides a direct
mechanism for maintaining cohesion. In this case, cells that
migrate away from contact with their neighbors cease migrat-
ing and resume migration only after being contacted by
another migrating cell. Adapted from Ref. [4].

locomotion. Racl activity, initially elevated in the lead-
ing edge of the cell, is suppressed near the contact upon
collision. In contrast, Rho activity is stimulated around
that contact region. Lastly, Racl activation is triggered
in the edge driving cells repolarization and separation.

CELL ADHESION & MIGRATION e 35

Contact inhibition of locomotion opposes cell pro-
pulsion [9]. When migrating collective, cells at the edge
experience less contact inhibition of locomotion and
therefore have more propulsion than those at the core
of the cluster. In this scenario, edge cells also have
stronger alignment interactions. Further, the collision
properties of malignant tumoral cells may influence the
alignment of cell motion.

A less recognized phenomenon where cells change
their migratory phenotype upon contact with one
another is contact stimulation of locomotion [4,159].
Complementary to contact inhibition of locomotion, in
contact stimulation of locomotion, cell-cell contacts sti-
mulate collective migration (Figure 5b3). As a result, cells
that race ahead of the migrating cohort lose contact with
the rest and migrate poorly (if at all) when isolated. Only
after restimulation by the group of migrating cells, do
these isolated cells regain the initial migratory phenotype.
Initially observed in neural crest cells by Thomas and
Yamada [159], contact stimulation of locomotion has
more recently been observed in prostate cancer cells
[160] and myoblast-forming myotubes [161].

Interactions between different adhesive complexes
and with other cellular components

Distinct cell-cell adhesions, such as adherens junctions
and tight junctions, seem to communicate with each
other [111]. The regulation of cell-cell junction stability
allows for different collective migration modes and
patterns [9,80,111]. Furthermore, EMT depends on
the regulation of cell-cell adhesions. The stability and
strength of these adhesions modulate the degree of the
transition. Cell junctions provide positional cues that
guide the distribution of RTKs and their ligands [66].
They also transmit physical information, regulating
RTKs more directly. Whatsmore, cell-cell contacts can
inhibit RTK signaling. The interplay between cell-cell
and cell-matrix interactions enables cell monolayers to
self-organize, migrate, and evolve [96,162]. This inter-
play regulates different phenomena such as tissue mor-
phogenesis, EMT, wound healing, and tumor
progression. Cell-cell and cell-matrix adhesion are
not only interconnected [10]. Instead, the crosstalk
between them affects downstream adhesion dynamics
and signaling transduction [111]. For example, cadher-
ins and integrins activate different Rho GTPases such
as Rac, Ras homolog family member A (RhoA), and cell
division control protein 42 homolog (Cdc42). At the
same time, Rho GTPases intervene in regulating the
formation of integrin-based focal adhesions and cad-
herin-based adherens junctions. Other studies have
revealed pathways controlled by growth factor recep-
tors and cadherins that regulate cell-cell adhesion and
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cell migration [163]. The coupling to common cytoske-
letal and scaffolding structures is fundamental for the
cadherin-integrin crosstalk. Therefore, tightly regulated
adhesion dynamics are required to enable cell migra-
tion plasticity.

Cytoskeletal dynamics

To navigate through complex and constraining envir-
onments and overcome physical barriers, cells may
remodel their cytoskeleton [2]. The cytoskeleton
(Figure 6) is a dynamic network of fibrillar structures
located in the cytoplasm of cells [164-166]. This
fibrillar network allows cells to modulate their shape
and migrate by creating a viscoelastic environment
within themselves [167,168]. In eukaryotes, the cytos-
keleton comprises actin microfilaments, microtubules,
and intermediate filaments. These three cytoskeletal
components have starkly different stiffnesses and
mechanical behaviors. Besides, they could often
spread over the entire cell because of their length
and straight shape [168]. Next, we will take a closer
look at each of these cytoskeletal components and
how they are involved in cell migration.

Actin microfilaments

Actin  (de)polymerization. Cell migration depends,
among others, on the dynamic formation and disas-
sembly of actin microfilament networks (e.g., filopodia,
lamellipodia, invadopodia), which differ in their struc-
ture and functionality (Figure 6a) [139,169]. These dif-
ferent actin-based structures are also located in specific
subregions of the plasma membrane. Distinct external
cues and downstream effectors are involved in actin
dynamics. For one, the (dis)assembly of actin micro-
filaments and monomer recycling in lamellipodia are
regulated by actin-binding proteins. Capping protein,
cofilin, profilin, and cyclase-associated protein are
some examples of actin-binding proteins. Kinase-
phosphatase networks, small GTPases, and membrane
phospholipids such as phosphatidylinositol 4,5-bispho-
sphate (PI45P,) tightly regulate the activities of these
actin-binding proteins [170]. Receptors located at the
plasma membrane, including RTKs, can initiate sig-
naling pathways where Rho GTPases may take part.
Indeed, the Rac, Cdc42, and Rho subfamilies promote
actin cytoskeleton reorganization: from the formation
of actin-based structures and cell polarization to stress
fiber formation and Rho-mediated contractility [171
172]. For instance, different stimuli, including growth
factors (e.g., PDGF, EGF) and integrin-mediated cell-
matrix adhesions, activate Rac. In turn, Rac activation

stimulates PI3K and the Arp2/3 complex [173]. Rac
activation also creates a positive feedback loop that
promotes active Rac accumulation at the cell front.
Note that PI3K is paramount for distinct mechano-
transduction pathways of, among others, the cardio-
vascular system [174]. Also, PI3K inhibition reverse
fish keratocytes directed migration in electric fields
(galvanotaxis) [175]. However, during collective
migration, PI3K inhibition does not reverse the direc-
ted migration of large groups of these cells. Notably,
smaller groups do not exhibit persistent directional
migration.

The Arp2/3 complex initiates the growth of new actin
microfilaments, branches of older actin microfilaments
(Figure 6a). Interestingly, the Arp2/3 complex acts as an
actin amplifier as it stimulates the production of its own
drivers (positive feedback loop) [176]. Conversely, formins
and enabled/vasodilator-stimulated phosphoprotein (Ena/
VASP) proteins promote nucleation and elongation of
unbranched actin microfilaments at the barbed end of
actin microfilaments (Figure 6a) [140,173,177,178].
Indeed, the formin Diaphanous-related formin-1 (mDial)
localizes at the leading edge of some cells (e.g., T-cells) and
cooperates with the Arp2/3 complex to initiate lamellipo-
dium formation. The activation of Cdc42 stimulates PI3K,
the Arp2/3 complex, and Rho-associated protein kinase
(ROCK)-mediated myosin contractility [177]. Heavily
branched actin microfilaments made up the cytoskeleton
of lamellipodia (Figure 6a). Conversely, filopodia consist of
tightly packed, parallelly aligned actin microfilaments, with
fascin as their main cross-linking/bundling protein
(Figure 6a) [140 172]. Indeed, Racl and Cdc42 stimulate
lamellipodia and filopodia formation, respectively
[171,172,177]. As actin microfilaments grow, they push
and protrude the plasma membrane forward [148]. By
pushing the plasma membrane, actin microfilaments
increase membrane tension, which may act as a long-
range inhibitor for protrusions anywhere else under speci-
fic conditions [179]. Recent reports on flat surfaces showed
that protrusion initiation requires local depletion of actin-
plasma membrane links acting in coordination with actin
polymerization [180]. The density of membrane-proximal
actin microfilaments is low at the leading front and high at
the rear [181]. Cells migrating in one, two, or three dimen-
sions exhibit stable gradients of membrane-proximal actin
microfilaments. By locally decreasing the density of mem-
brane-proximal actin microfilaments through cofilin, cells
may enable Rac-mediated protrusions onset, directing and
promoting cell migration.

In contrast, ADF/cofilin, a family of actin-binding
proteins, is associated with the rapid depolymerization
of actin microfilaments (Figure 6a). Of note, ADF and
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Figure 6. Cytoskeletal dynamics. (a) Assembly and organization of the actin microfilament network. The Arp2/3 complex nucleate
branched actin microfilaments. Conversely, unbranched filaments may be nucleated de novo by the formins or generated from
a preexisting arp2/3-nucleated network. Actin filaments grow toward the plasma membrane, generating forces that move forward
the leading edge. In filopodia, fascin is the main actin microfilament cross-linking/bundling protein. Cofilin triggers actin microfila-
ment disassembly. (b) Microtubule structure and functions. Microtubules are anchored at the centrosome and grow toward the cell
cortex. Microtubule stiffness paired with the viscosity of the cytoplasm allows them to resist large compressive forces. Microtubule
assembly and disassembly result in pushing and pulling forces. Stiff microtubules may provide mechanical support against
membrane retraction when actin polymerization is driving membrane protrusion. Also, the growth of microtubules leads to actin
polymerization in protrusions. The binding of actin microfilaments and microtubules through crosslinks allows actin microfilaments
to guide microtubule growth toward focal adhesions. (c) Organization and assembly of intermediate filaments. Monomers associate to
form dimers, dimers then associates to form a staggered tetramer, eight tetramers associate to form a unit-length filament (ULF),
ULFs anneal to form a thick filament, and further annealing of ULFs results in filament elongation, which is followed by compaction
to achieve the final intermediate filament. By organizing into a cytoplasmic nuclear cage, intermediate filaments protect the nucleus
against compressive forces. Intermediate filaments also provide mechanical support for the plasma membrane in contact sites with
other cells and the ECM. (d) Cytoskeletal interactions. Both actin microfilaments and microtubules can act as transport tracks of ULFs
and bind to intermediate filaments through crosslinks. Further, microtubules act as transport tracks, enabling the delivery and
recycling or sequestering of integrins and other signaling molecules, such as guanine nucleotide exchange factors (GEFs). As a result,
microtubules regulate different processes, such as mechanotransduction and actomyosin contractility.

Cofilinl are also required to prevent over-accumulation
of stress fibers and associated focal adhesions. They pro-
mote cortical actin flow as well as the leader bleb-based
migration of constricted cells [182]. Also, they modulate
nuclear shape, movement, and integrity [183].

Proteins involved in signaling pathways activated by
extracellular cues, such as PI3K, Racl, and FAK, influence
actin dynamics in different ways, regulating protrusion

formation, stabilization, length, and lifetime [184-186].
Interestingly, in 3D substrates, protrusive activity increases
with collagen density [137]. Cells’ dependency on ECM
remodeling to migrate in dense environments could
explain such behavior. Furthermore, substrate stress
relaxation regulates filopodial protrusions (i.e., their life-
time, length, and number) and cell migration [187].
Overall, actin microfilaments dynamics, which are tightly
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regulated (in time and space), are fundamental for cell
polarity and motility.

Contractile forces through the actin-myosin complex.
Rho/ROCK signaling, including the RhoA effector, pro-
motes focal adhesion formation and actomyosin-
mediated contractility upon integrin-ECM engagement
[140,173,177,188]. Rho/ROCK suppression triggers the
amoeboid to mesenchymal transition (AMT). The ser-
ine/threonine kinase ROCK cooperates with mDia to
assemble actomyosin bundles (e.g., stress fibers). Besides,
Rac and ROCK negatively regulate each other [140].
Actomyosin contractility, together with Arp2/3-mediated
actin polymerization, generates a retrograde flow of actin
microfilaments [189]. When engaged by focal adhesions,
this retrograde flow of actin microfilaments promotes
traction force. Focal adhesions transmit pulling forces
generated by these bundles to the ECM. Moreover, as
traction forces increase, so does the size of focal adhesions
[190]. As a result, cells can propel themselves forward, not
only reorienting and lengthening the surrounding sub-
strate fibers but also increasing their density [191-193].
Of note, according to the molecular clutch hypothesis,
such forces may not be optimally transmitted depending
on substrate features (e.g., stiffness, viscoelasticity, and
stored strain energy) [103,187,194]. An enhanced acto-
myosin activity and cell contractility enable cells to
migrate against stiffness gradients [195]. Therefore, meta-
static cells (e.g., mammary, lung, prostate) may exhibit an
adurotactic behavior in their tumor-specific niche.
However, less contractile cells tend to durotax on flat
surfaces.

In collective migration, contractile actin cables may
appear across neighboring cells [80]. The associated
actomyosin structures are coupled through adherens
junctions or tight junctions to propagate tension, for
instance, during tissue repair. Notably, cells seem to
migrate along stress orientations, minimizing shear
stresses. The alignment of actin microfilaments influ-
ences how much tension can be generated by these
myosin motors [188]. Besides, cortical tension presents
a biphasic response on the level of connectivity. In
networks too loosely connected, stresses do not propa-
gate, but those densely connected are too rigid and,
although stresses do propagate, such networks cannot
actively be remodeled. As a result, cells may actively
regulate the connectivity of their actin cortex while
changing their shape. In summary, the Rho/ROCK
signaling is essential for cells to exert actomyosin-
generated contractile forces over the ECM.

Stress fibers are essential for adhesive-dependent
migration, as they couple focal adhesions to the cytos-
keleton and the nucleus [196-198]. Different stress

fiber subtypes (based on their location, composition,
and anchorage to focal adhesions) bear unique
mechanical properties and structural roles [199].
Vignaud and colleagues [200] demonstrated that stress
fibers are not independent structures with discrete con-
nections between them. Instead, stress fibers are
embedded entirely in a contractile cortical actin net-
work. This cortical meshwork allows for contractile
forces exerted by stress fibers to propagate across the
entire cell, actively contributing to traction force trans-
mission to focal adhesions. Consequently, the contrac-
tion of the cortical meshwork impacts the overall
magnitude of cells’ contractile energy. Interestingly,
Tavares and colleagues [201] demonstrated that
a transient accumulation of stress fibers increases cell
rigidity before cells acquire malignant features. Later
on, a higher Src contractility would disassemble stress
fibers to facilitate cell migration.

Although initially stress fibers were thought to be an
artifact of 2D culture, more recent publications indi-
cated that contractile stress fibers are also fundamental
in vivo [197]. For instance, transmembrane actin-
dependent nuclear lines, stress fibers crossing the
nuclear envelope and essential for nuclear movement,
are also present in cells within 3D cultures [202].
Distinct cell types exhibit differences in stress fiber
organization in 3D [203]. For example, pancreatic
fibroblasts cultured in soft matrices displayed randomly
organized stress fibers, while in those within stiffer
ECMs, stress fibers presented a more organized pattern.
Conversely, cancer-associated fibroblasts exhibited
well-organized stress fibers. Still, mammary epithelial
cells (MEC) within mechanically tunable 3D culture
models did not present stress fibers [204], which may
suggest that stress fibers formation is context-
dependent. Indeed, amoeboid-like migration seem to
lack stress fibers [167] and does not require Rac/Cdc42-
driven actin polymerization [140]. Thus, mesenchymal
migration requires stress fibers to transmit pulling
forces across cells’ cortical actin meshwork.

Microtubules

Microtubules are also involved in several processes
associated with cell migration. For one, their ability to
resist high compressive loads and generate pushing
forces makes them a relevant contributor to protrusion
formation and maintenance [205,206] (Figure 6b).
They can also generate pulling forces to move the cell
nucleus and facilitate rapid and directional transport of
specific cellular components based on cell polarity.
Microtubules growth would activate Rac-mediated
actin polymerization, whereas depolymerizing microtu-
bules would increase actomyosin contractility via Rho



activation [206-209]. Note that microtubule outgrowth
promotes a reduction in focal adhesion size and disas-
sembly [190,208,210]. Moreover, RhoA and formins
such as Diaphanous-related formin-2 (mDia2) regulate
microtubule stabilization. Bouchet and colleagues [211]
showed that the elongated shape of mesenchymal cells
and their migration in 3D environments (in vitro and
in vivo) requires persistent microtubule growth at the
cell cortex. Interestingly, substrate stiffness regulates
the polarization of the microtubule network during
cell migration [212]. Further, ECM stiffening stabilizes
microtubules and reorganizes the microtubule network
[207]. Therefore, the ability of microtubules to generate
pushing and pulling forces supports protrusive struc-
tures and cell organization, and its dynamics — regu-
lated by Rho signaling and the ECM - influence cell
morphology and migration.

Regarding molecular trafficking to and from the
plasma membrane, microtubule motors serve as
cargo tracks for cytoskeletal regulators and compo-
nents, from integrins, Cdc42, and Rac GTPases to
intermediate filaments (Figure 6d) [205,206,208].
They also carry messenger ribonucleic acid (mRNA)
encoding proteins involved in actin polymerization,
such as the Arp2/3 complex. Microtubules participate
in matrix metalloproteinase (MMP) exocytosis [205
208,209]. Different studies suggest that microtubules
may further act as an endocytosis controller [205].
Microtubules anchored to the plasma membrane
serve as tracks for the transport of exocytic vesicles
to focal adhesion sites. Consequently, they allow for
focal adhesion disassembly and promote their turn-
over. Hence, microtubule-based intracellular traffick-
ing contributes to cell polarization, protrusion
formation, and focal adhesion turnover during
migration.

By interacting with other cytoskeletal networks
and cross-linking proteins, microtubules are guided
toward focal adhesion and establish stable anchorages
in their vicinity (Figure 6d) [208,213]. Formins
mDial and mDia2 take part in the orientation and
alignment of the microtubule and actin networks in
different cell types. Intermediate filaments may also
play a role in this process, but further studies are
required to shed some light on this matter. The
microtubule-anchoring machinery is crucial in regu-
lating focal adhesion dynamics and cell migration in
response to specific ECM components. Besides, this
mechanism might be cell type-dependent and cue-
specific. Microtubules can also affect Rho GTPase
signaling and stress fiber assembly [133,205,208].
Recent studies on astrocytes depicted a novel cross-
talk between actin and microtubules [214]. In
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particular, rigidity-dependent microtubule acetylation
would alter the dynamics and distribution of focal
adhesions, as well as actomyosin contractility. These
interactions, downstream of integrin-mediated signal-
ing, would promote mechanosensitive migration.
Thus, actin microfilaments are crucial for cell migra-
tion because of their role in protrusions formation
and stabilization, focal adhesion turnover and regula-
tion, cell polarity, and membrane vesicle trafficking
[133,167,208].

Intermediate filaments

Intermediate filaments play a leading role in reinforcing
cell structure and organizing cells into tissues. They
maintain the mechanical integrity of the cytoplasm
and regulate the organization of cellular organelles.
Although the intermediate filament structure is highly
flexible, intermediate filaments are more stable than
actin microfilaments and microtubules, which allows
for their role as scaffolds.

Intermediate filaments can spread through the entire
cell cytoplasm, encapsulating the nucleus (Figure 6¢) [133
215,216]. The spatiotemporal localization of intermediate
filaments is phosphorylation-dependent. Moreover, these
phosphorylation events have a functional role in different
cellular processes, including cell migration [216]. For
instance, intermediate filaments promote the formation
and maturation of focal adhesions, which stabilize FAK,
and influence integrin clustering, recycling, and motility
[216-218]. They also influence signaling pathways regulat-
ing actin dynamics, cell polarity, and cell migration.

Regarding intermediate filaments’ structural role,
they provide mechanical support for the plasma mem-
brane in contact sites with other cells and the ECM
(Figure 6) [215,216]. They can also behave as an elastic
and conductive network to transmit force and propa-
gate mechanical stimuli within and between cells via
adhesion complexes. Indeed, tensile forces reinforce
stress fibers by a coordinated effort between Rho sig-
naling and the intermediate filament network. Still, at
larger forces and extensions, intermediate filaments
deform in a plastic manner, stiffening and decreasing
their diameter [215]. Besides, once organized into net-
works, intermediate filaments acquire viscoelastic prop-
erties based on the number of crosslinks and which
intermediate filament proteins are involved.

Intermediate filaments may participate in protein
traffic by interacting with microtubules and with intra-
cellular compartments and regulators of membrane
trafficking. They also assemble into the nuclear lamina -
which binds to the inner nuclear membrane and the
chromatin - and act as a nuclear scaffold and mechan-
osensor [219-221]. Moreover, the composition of the
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intermediate filament network is cell-type specific. It
depends on the mode of migration and thus on the
properties of the surrounding ECM. The intermediate
filament network may be optimized to protect the cell
and regulate the distribution of actomyosin pulling
forces throughout the cell [217]. Additionally, recent
studies suggest that intermediate filaments optimize
collective cell migration by regulating actomyosin-
generated forces [153,222]. Hence, intermediate fila-
ments play different roles in distinct cellular regions
and influence several processes involved in cell motility.

Interactions between different cytoskeletal
components and with other cellular units

Although often viewed as three separate entities, actin
microfilaments, intermediate filaments, and microtubules
cooperatively interact with each other [167,213,216]. For
example, through multiple direct, indirect, and steric inter-
actions, actin microfilaments and microtubules influence
intermediate filaments organization (Figure 6d). Moreover,
perturbing actin microfilaments, microtubules, or their
associated molecular motors can trigger intermediate fila-
ments collapse. Cross-linking proteins hold together actin
microfilaments and myosin motors in stress fibers. In turn,
stress fibers bind to the microtubule network enabling
cytoskeleton contractility [133,223]. Vimentin (one of the
most abundant members of the intermediate filament
family) stabilize microtubules by direct interactions,
decreasing microtubule catastrophe and increasing the res-
cue of depolymerizing microtubules. Furthermore, actin
seems to modulate microtubule dynamics and their life-
time based on the actin network architecture. Shanghvi-
Shah and colleagues [216] also noted that cells use the
available cytoskeletal network to facilitate adhesion and
cohesion and balance intracellular tension and externally-
derived stresses. More recently, Doss and colleagues [224]
showed that at least in 2D substrates, active and passive
cytoskeletal stresses regulate cells’ ability to respond to
ECM stiffness. They also found that crosslinks and the
relative cell-to-ECM elasticity modulate the organization
of the actin cytoskeleton. Tension transmitted through the
ligand-receptor axis is crucial for the organization of the
actin cytoskeleton, at least in T cells [225]. Integrin-based
adhesions mediate interactions between microtubules and
the actomyosin network [190]. These interactions strongly
influence focal adhesions too. The coupling between
microtubules and integrins locally regulates Rho/ROCK
signaling. It also modulates the formation of myosin fila-
ments. In turn, these myosin filaments act as controllers of
integrin-based adhesions. Microtubules disappear from
trailing protrusions before or during their retraction
[226]. Notably, microtubule depolymerization locally coor-
dinates  actomyosin  contractility and competing

protrusions when cells migrate within complex environ-
ments [227]. Other studies on flat surfaces showed that the
architecture of the actin network defines the position of the
centrosome, the main organizer of microtubules [228]. In
particular, the centrosome is located at the geometric cen-
ter of an inner space devoid of actin bundles. Nonetheless,
the spatial distribution of cell adhesions regulates the ani-
sotropy of the actin network. Therefore, this location may
not be the geometric center of the cell. Besides, based on
the level of actomyosin contraction, the nucleus may dis-
place the centrosome from this position. Noteworthily, the
cortical actomyosin network modulates the organization of
components of the plasma membrane, and the plasma
membrane composition can also regulate cytoskeletal
dynamics [229]. Such dynamic interplay between plasma
membrane organization and the actin cytoskeleton pro-
vides the cell with a stable yet flexible cell surface that can
continuously adapt to the surrounding environment.

Cytoskeletal dynamics, initiated by cell migration,
activate transcriptional coactivators Yes-associated pro-
tein (YAP) and Tafazzin (TAZ), triggering
a transcriptional regulation program. Indeed, FAK con-
trols YAP/TAZ nuclear translocation via the RhoA path-
way, which is promoted by increasing ECM stiffness and
faster stress relaxation [3,140,230,231]. Interestingly, the
nuclear transport of YAP and other transcriptional acti-
vators may not depend on contractility per se [16].
Rather, it would rely on contractile strain energy trans-
mission to the nucleus and stress generation in the
nuclear envelope. This transcriptional regulation pro-
gram feeds back to modulate cell mechanics, maintain
a responsive cytoskeletal equilibrium, and prevent
migration arrest [232]. Cell spreading on flat substrates
promotes stress fiber formation and YAP/TAZ nuclear
shuttling through Rho GTPases. Once in the nucleus,
YAP regulates cell mechanics by controlling focal adhe-
sion assembly [233,234]. Moreover, the activity of YAP/
TAZ - which limits cytoskeletal tension and focal adhe-
sion maturation - , although not required for initiating
cell migration, is essential for persistence cell motility
[235]. Transcriptional co-factors YAP/TAZ are also
required in and induce several steps of the invasion-
metastasis cascade [236,237]. Notably, YAP not only
promotes focal adhesion assembly but also tumor inva-
siveness by regulating FAK phosphorylation in breast
cancer [238]. Besides, YAP/TAZ activity also enhances
TGFp signaling, which drives substrate stiffening [3],
and crosstalks with VEGF during angiogenesis [233].
Nevertheless, the role of YAP in mechanotransduction
is context-dependent. Indeed, YAP does not mediate
mechanotransduction in breast cancer [204] but does
so in other in vivo contexts such as pancreatic cancer
[29,239].



In summary, all three cytoskeletal networks must act in
coordination for an efficient cell migration [167]. They
not only share common regulators, but each of them can
also influence the other two through cytoskeletal cross-
links or signaling pathways. As a result, cells can adapt to
an always-changing environment. Such crosstalks
between actin microfilaments, intermediate filaments,
and microtubules are involved in cell polarity, protrusions
formation, cell adhesion, and contractility. Moreover, all
three cytoskeletal components are associated with cancer
by interacting with signaling pathways or through pro-
teins that participate in their dynamics [177]. Overall,
different signaling effectors tightly regulate the dynamics
of the cytoskeleton. They can be dependent on cell type
and the profile of the surrounding microenvironment.
They are also fundamental for cell motility.

Nuclear dynamics

The nucleus is the largest, most complex, and organized
organelle within the cell. It is also the most rigid. It
comprises different structures such as the nuclear envel-
ope, the lamina network, and chromatin, a complex of
DNA and proteins forming the chromosomes of eukar-
yotic cells (Figure 7). In 1D and 2D environments, estab-
lishing cell polarity and migration does not depend on the
cell’s nucleus [240]. Still, in 3D domains, it may be essen-
tial for proper cell contractility and migration [241]. For
example, in confining viscoelastic ~environments,
mesenchymal stem cells (MSCs) create migration paths
through a nuclear piston [242]. Amoeboid cells often
migrate with their nucleus in front of the microtubule-
organizing center (MTOC) as well as the Golgi apparatus
(Figure 1) [226,227]. In this configuration, the nucleus
would act as a mechanical gauge, enabling cells to distin-
guish between pores of different sizes. As a result, cells
would preferentially migrate along the path of least resis-
tance. Conversely, the posterior passage of the MTOC
beyond an obstacle or through a gap would determine
the future trajectory of the cell. Then, all but the leading
protrusion should retract by cutting off their microtubule
supply. Note that, in confined environments, the nucleus
is the main source of steric hindrance for 3D migration
[108]. Recent studies reported that HT1080 (fibrosar-
coma) cells within confined 3D substrates show speed
accelerations by nucleus deformation and recoil [241].
Nuclear dynamics can thus also play a fundamental role
in 3D cell migration.

Interactions between the nucleus and other cellular
components

Cells cultured on rigid flat surfaces spread and flatten
their nucleus [243]. Conversely, on soft 2D substrates
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and in 3D hydrogels, cells promote a rounded or ellip-
tical nuclear shape. Confined spaces have low porosity
and constraining micropores. Besides, sometimes cells
need to cross physical barriers. In such scenarios, cells
may deform and change the morphology of their nuclei
(Figure 7) [221]. Cells would also attach to the ECM via
integrins and focal adhesions, while stress fibers exert
high contractile forces transmitted to the nucleus
through nuclear anchorage proteins [220,244]. The lin-
ker of nucleoskeleton and cytoskeleton (LINC) complex
and the nuclear pore complex are some of the main
players enabling nucleus-cytoskeleton interactions [240
245]. The LINC complex couples these two cellular
components together, whereas the nuclear pore com-
plex allows the transport of molecules across the
nuclear envelope. Furthermore, the LINC complex is
also essential for nuclear mechanotransduction and
translocation [21,220,240,246]. Note that the LINC
complex includes two protein domains, which span
the inner nuclear membrane and the outer nuclear
membrane. Different proteins such as nesprins bind
the cytoskeleton to the nucleus through proteins from
the inner nuclear membrane Sadl and UNC-84 domain
containing 1 and 2 (SUN1/2) (Figure 7) [133,148].
Indeed, by accumulating at the front of the nucleus
during confined cell migration, nesprins contribute to
pulling it forward through narrow micropores and con-
strictions [244]. This nucleus-cytoskeleton coupling
allows, for instance, microtubules to interact with pro-
teins from the outer nuclear membrane, exerting
mechanical forces onto them. In turn, proteins from
the outer nuclear membrane relay these forces to the
proteins from the inner nuclear membrane, the nuclear
lamina, and chromatin [245]. These mechanical forces
may alter the nuclear shape and induce nuclear envel-
ope invaginations. Also, actin microfilaments located
above the nucleus (perinuclear actin cap) align cells
nuclei with the orientation of migration in some cell
types (e.g., fibroblasts) [247]. As a result, cells can adapt
and respond to external cues from the ECM.

Exerting high pushing and pulling forces may not be
sufficient for cells to overcome these obstacles though.
Cells may also need to deform and change the mor-
phology of their nuclei to migrate (Figure 7) [221,247].
Cells can modulate the ratios of lamins located in this
organelle [220,248-250]. As a result, cells contribute to
the nucleus viscoelasticity by regulating the nuclear
morphology and deformability. Mukherjee and collea-
gues [251] inhibited lamin A/C phosphorylation in HT-
1080 fibrosarcoma cells, which increased their nuclei
stiffness. Those cells migrate through 3 pm pores less
efficiently than within 5 um pores. They exhibited
a dramatic change in nuclear circularity, suggesting
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Figure 7. The nucleus during 3D cell migration. Mesenchymal cell migration within the extracellular matrix (ECM) requires
multiple steps, including nuclear rotation and repositioning. Translocating the bulky nucleus of migrating cells through ECM barriers
can become challenging unless the ECM is loose or highly pliable. Alternatively, the nucleus can be used to drive lobopodial cell
migration, acting as a pressure-generating piston. Also, during amoeboid migration, cells can use the nucleus as a mechanical gauge
or ruler by presenting it anteriorly to ‘measure’ the diameter of pores or passages in the ECM microenvironment. The cell then
translocates through a passageway that is sufficiently wide to accommodate the bulky nucleus as the route of least resistance. The
LINC complex is at the center of the nuclear-cytoskeletal coupling. On the cytoplasmic side, different nesprin isoforms connect the
nucleus to the cytoskeleton. In the perinuclear space, nesprins bind SUN proteins, which span the inner nuclear membrane (INM)
and interact with the nuclear lamina through lamin A. Emerin, a protein from the inner nuclear membrane, anchors SUN protein to
lamin A and interacts directly with chromatin. NPC, nuclear pore complex. ONM, outer nuclear membrane. Adapted from Ref. [133].

that their nuclei underwent plastic deformation. Also,
the proportion of nuclei with blebs after migrating
through such pores increased threefold compared to
the control group. Shiu and colleagues [252] showed
that lamin A/C null fibroblasts exhibited a strongly
reduced integrin clustering into the perinuclear region.
The authors also reported an impaired YAP nuclear
translocation.

Interestingly, Harada and colleagues [253] showed
that 3D cell migration is biphasic in lamin-A levels.
Moreover, partial loss of lamin-A is associated with
several types of cancers (e.g., lung, breast, colon, ovar-
ian, and prostate) [243]. While lamina dominates the
mechanical resistance at large deformations, chromatin
primarily governs such behavior for small ones [249].
Indeed, cells can change the balance of open and

condensed chromatin within their nuclei [219,250].
For instance, confined conditions in 3D induce chro-
matin decompaction and seem to decrease nuclear stiff-
ness. Variations in substrate rigidity can also drive
changes to the nucleus and chromatin state [221,254].
Indeed, stiffer ECMs increase lamina-associated chro-
matin and the number of accessible chromatin sites.
Such an event induces a tumorigenic phenotype in
mammary epithelium. Interestingly, microtubules may
also alter lamin phosphorylation and regulate chroma-
tin dynamics [245]. The former, through the tension
exerted onto the nucleus, while the latter by mediating
the transport of specific molecular cargo within or to
the nucleus. Microtubules not only interact with the
nucleus through the LINC complex. They also force the
transport of effector molecules and DNA repair



proteins through nuclear pore complexes to influence
chromatin and promote genome stability, respectively.

Constriction-induced deformation of the nucleus can
have deleterious effects such as nuclear envelope rupture
and excessive DNA damage (Figure 7) [220,240,255].
Cells have some protective mechanisms against these
events. The nuclear lamina is an organized meshwork of
different lamins (i.e., intermediate filaments) underlying
the nuclear envelope and separating the nucleus from the
cytoplasm. Together with the cytoskeleton, it protects the
nucleus against high nuclear stress [243]. Interestingly,
Nava and colleagues [219] recently showed that persis-
tent, high-amplitude stretch triggers a protective mechan-
ism against DNA damage. As a result, the supracellular
alignment of tissue redistributes stress before it reaches
the nucleus. Such tissue-scale mechanoadaptation
involves a separate signaling cascade mediated by cell-
cell contacts. This process allows cells to switch off the
nuclear mechanotransduction and restore their initial
chromatin state. Defects on nuclear dynamics are asso-
ciated with the onset of devastating diseases [220].

Novel studies on MSCs showed that the nuclear envel-
ope is wrinkled on soft 2D hydrogels [16]. However, on
stiff 2D substrates (plastic or rigid glass), most cultured
MSC:s exhibited smooth nuclei, that is, little to no nuclear
envelope wrinkling. A similar trend emerged in 3D sys-
tems, where MMP-degradability would determine the
nuclear envelope morphology. Cell spreading would
only happen after cytoskeletal tension removed nuclear
envelope wrinkling in cells cultured on flat surfaces.
Robust focal adhesion maturation would also require
a taut nuclear envelope. In MMP-degradable hydrogels,
MSCs exhibited prominent stress fibers and nuclear
envelope wrinkling caused by actin impingement.
Interestingly, a wrinkled nuclear envelope may also be
associated with the chromatin-dominated regime of
mechanical resistance. Conversely, a nuclear envelope
with no wrinkles would indicate that the nucleus is
under higher deformations and that lamins are the lead-
ing mechanical regulator of nucleus rigidity.

Recent works have proven the nucleus’s ability to
measure cellular shape variations [256,257]. In parti-
cular, cell confinement below a threshold height
deforms the nucleus. It also triggers actomyosin con-
tractility, promoting fast amoeboid cell migration. As
a result, cells might avoid getting stuck in their sur-
roundings, of relevance during cancer cell invasion,
and immune cells patrolling across peripheral tissues.
It may also be paramount for progenitor cell motility
within a highly crowded cell mass of a developing
embryo. Hence, the dynamics of cells’ nuclei allow
them to migrate even across some of the most challen-
ging 3D environments.
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ECM remodeling through cell-matrix interactions

Cells are continuously interacting with the ECM, not only
probing for cues but also remodeling its structure [2,10].
Such interactions between cells and their extracellular
environment involve distinct mechanisms. The cell phe-
notype and the profile of the substrate determine which of
these mechanisms are activated. For example, hydrogels
with higher stress relaxation amplitudes seem to promote
cell penetration and ECM remodeling [35]. This would
enhance cell elongation, migration, and proliferation [35].

Aligning ECM fibers by exerting contractile forces

During migration, cells exert contractile forces to the
ECM through focal adhesions, resulting in fiber align-
ment (Figure 8a) [95,148,192,258]. For example, after
migrating toward the injured area through chemotaxis,
fibroblasts bring wound edges together by exerting pull-
ing forces to their surroundings. Alignment in ECM fibers
and microenvironment topography modulate, among
others, the PI3K signaling pathway and promote cytoske-
letal remodeling and cell polarization [258]. Interestingly,
Matrigel-containing hydrogels increase alignment aniso-
tropy around cells in vitro. The alignment of ECM fibrils
allows for long-range communication between cells dur-
ing angiogenesis and tissue repair. Fiber alignment also
enhances the invasion of tumor cells [259]. The pushing
and pulling behaviors of cells such as fibroblasts or
human mesenchymal stem cells also induce ECM stiffen-
ing by fiber compaction [95,148,259,260]. Substrate
deformation gradually increases along a single axis during
fibroblasts migrating in 3D domains, with higher and
lower deformations at the leading and trailing edges,
respectively [261]. Note that HT-1080 cells also exhibited
this high frontal substrate prestrain found in fibroblasts.
MDA-MB-231 cells, on the other hand, showed very
similar displacements at the leading and rear edges.
Moreover, during initial cell spreading within 3D
matrices, fibroblasts seem to transmit anisotropic strain
to the ECM to polarize. Chaudhuri and colleagues [34]
highlighted the importance of matrix stress relaxation -
which has recently been established as a key requirement
for robust cell migration on soft substrates [187] — in cell-
matrix interactions. Other works have shown a more
versatile ECM because of the heterogeneity in crosslink
unbinding kinetics [258,262]. Predominantly permanent
crosslinks increase tension sustainability. Conversely,
high levels of transient crosslinks increase plastic remo-
deling (i.e., nonelastic densification) during cell-matrix
interactions. Therefore, a shift in the balance between
permanent and transient crosslinks will bias ECM
response to contractile cells. Other studies have shed
some light on alternative strategies that facilitate cancer
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cell protease-independent invasion of basement mem-
branes mediated by matrix mechanical plasticity
[263,264]. Cells’ ability to mechanically remodel their
surroundings is thus fundamental to many biological
processes, including cell migration [2].

Degrading the ECM through cellular proteolytic
activity

Cells can also degrade the surrounding environment and
expand ECM pores by releasing MMPs (Figure 8b)
[95,265]. The properties of the microenvironment,
including substrate composition, may influence cells’ abil-
ity to align ECM fibers. For instance, in Matrigel-
containing hydrogels, H1299 cancer cells require a more
intense MMP activity to migrate than in collagen-only
substrates. The former are stiffer and with fewer but larger
pores than the latter. Matrix metalloproteinases act on
several extracellular proteins (e.g., cytokines, antimicro-
bial peptides). Accordingly, they regulate, among others,
different aspects of inflammation and immunity.
Interestingly, Cdc42 and RhoA participate in MMPs traf-
ficking to invadopodia tips [140,171]. Cytoskeletal
dynamics may also modulate MMPs transport [208].
A dysregulated MMP activity is also associated with can-
cer, fibrosis, and cardiovascular disease [3]. Besides
MMPs, cells can use other proteases such as adamalysins
and meprins to biochemically break down ECM compo-
nents [104]. They do so by catalyzing proteolysis, which
breaks down proteins into smaller polypeptides or single
amino acids. Notice that, in the absence of proteolytic
activity, and if the matrix is viscoelastic enough, cells may
deform and expand nanometer-size pores and migrate
through [32]. Further, after receptor-mediated internali-
zation, endocytic cargo degradation enables cells to inter-
nalize and degrade ECM molecules in lysosomes. Indeed,
collagen internalization is considered a key protection
mechanism in liver fibrosis in vivo [266,267]. Moreover,
PI3K products have a role in membrane tension,

b Degradation

a Alignment

influencing the endocytic response and membrane traf-
ficking used by migrating cells (e.g., fibroblasts and neu-
trophils) [268]. Mechanical forces may alter the structure
of some proteins, inhibiting/facilitating their interactions
with the surrounding molecules [269]. As a result, strain
suppresses the degradation of some ECM proteins, such
as collagen [270]. Therefore, cells” ability to degrade the
surrounding substrate is tension-dependent and involved
different players, such as proteases and lysosomes.

Regulating ECM composition by synthesis, secretion,
deposition, and cross-linking of ECM components

Cells also regulate ECM composition by depositing and
cross-linking some of its components (Figures 8c,8d).
For instance, during morphogenesis, epithelial cells
synthesize components of the basement membrane,
such as collagen IV and laminin. Osteoblasts secret
different ECM components (e.g., osteocalcin, osteopon-
tin) during bone formation [271]. In the interstitial
matrix, fibroblasts deposit several distinct ECM com-
ponents within intact and wounded tissues [104]. Note
that some of these secreted ECM proteins provide cell
growth factors and cytokines, which may promote
a chemotactic response. Other deposited components
serve as physical scaffolds or mechanotransducers, pro-
moting fibrils formation from collagen and fibronectin,
and their cross-linking by enzymes. An example of
ECM-modifying enzymes, lysyl oxidases (LOXs) cova-
lently cross-link collagen fibrils, which is fundamental
for the correct assembly of collagen fibers [1,270,272].
Tissue Transglutaminase (TG2) cross-links other ecm
molecules, including fibronectin and collagen IV. Lysyl
oxidases and TG2 are frequently overexpressed in can-
cer, increasing fibrosis, ECM stiffness, and cross-
linking [87,89]. Further, they promote tumorigenesis,
metastasis, and affect mechanical properties and cell-
matrix signaling. By depositing viscoelastic ECM com-
ponents, cells can also remodel the surrounding

¢ Deposition

d Crosslinking

ECM deposited by a cell

Figure 8. Matrix remodeling through cell-matrix interactions. (a) Mechanical forces exerted by cells can structurally remodel the
surrounding matrix by stretching and aligning fibers of the extracellular matrix (ECM). (b) Cells may biochemically degrade
a surrounding ECM by secreting various types of matrix metalloproteinases (MMPs). (c) Specific types of cells, such as fibroblasts,
deposit additional ECM components on the surrounding matrix. This can lead to elevated matrix stiffness and smaller matrix pore
size. (d) Cells can cross-link matrix fibers, resulting in the enhanced stiffness and elasticity of the ECM.



microenvironment and promote cell migration in elas-
tic degradable substrates [32]. Recent studies have
shown that collagen endocytosis can also support fibril
assembly at the plasma membrane [273]. Aberrant
overexpression of growth factors such as TGEFp,
PDGF, and VEGF may be associated with different
pathologies [3,119]. For instance, TGFf overexpression
promotes myofibroblasts differentiation, cell prolifera-
tion, and matrix production. At the same time, TGFf
signaling inhibits proteolytic activity, driving ECM stif-
fening. In response to substrate stiffening, cells exert
higher contractile forces against the surrounding envir-
onment, which activates matrix production [274].
Moreover, by leveraging ECM remodeling through cell-
matrix interactions, tumors create microenvironments
that promote tumorigenesis and metastasis [272].
Interestingly, TGF( controls many aspects of primary
tumor growth and dissemination by inducing EMT and
EMT-associated changes [58].

Interactions between different ECM remodeling
mechanisms

Tissue homeostasis requires a balanced synthesis and
degradation of structural proteins. Abnormal composi-
tion of the ECM because of the failed regulation of some
of these processes is associated with different patholo-
gies, such as fibrosis and metastasis [52,275]. For exam-
ple, during the wound healing response fibroblasts end
up undergoing apoptosis or become quiescent. However,
during cancer and fibrotic diseases, the fibroblast
response is sustained [3]. Fonta and colleagues [276]
recently showed that in progressive diseases (e.g., cancer,
viral infections of lymph nodes), tensional tissue home-
ostasis is perturbed by cell-matrix interactions. More
recently, Perestrelo and colleagues [277] provided
a comprehensive description of the changes in collagen
network organization during pathological cardiac ECM
remodeling. They also showed that underlying this reor-
ganization, in cardiac fibroblasts, YAP is activated to
rearrange the substrate in a profibrotic feed-forward
loop. Note YAP activity also promotes the transcription
of genes involved in cell-matrix interactions, ECM com-
position, and cytoskeleton integrity [133,234,278]. In
summary, cells can interact with their surrounding
microenvironment through a variety of mechanisms.
Such cell-matrix interactions are fundamental for
many cellular functions, including cell migration.

Computational models of cell migration

Computational models can help overcome some of the
challenges of experimental research and advance the
understanding of complex biological processes such as
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cell migration. Unraveling the intricacies of some of
these mechanisms is getting increasingly expensive. It
requires costly equipment and highly qualified profes-
sionals. Furthermore, as computational power and data
storage capabilities increase, so does the use of in
silico modeling tools. Mathematical models may offer
valuable insights more efficiently, for example, by more
easily isolating some specific mechanisms and beha-
vioral patterns. They could even act as advisors and
consultants for experimental researchers by fostering
new hypotheses to be tested at the lab.

Over the last several decades, the research commu-
nity has developed a wide variety of in silico models,
aiming to further our knowledge on cell migration.
Most of the mathematical models proposed are focused
on cells migrating on flat surfaces, which is what we
know best so far [279-288]. However, there is an
increasingly large number of in silico models replicating
the more complex and physiologically relevant migra-
tion within 3D matrices [289-293]. Nonetheless, some
of these computational models are 2D representations
of 3d cell migration [294-296], or model a 3D cell
moving on a flat substrate [297]. As a result, such
works cannot replicate some hallmarks of cell motility
within 3D matrices.

Next, we will present different in silico models clas-
sified according to different criteria based on the mode
of migration, the scale, and the modeling approach.

Investigating different modes of migration

Mathematical models of cell motility can be classified
according to the migratory strategy used by simulated
cells (e.g., individual or collective). Sun and Zaman
[298] reviewed models of cell migration and cytoskeletal
dynamics associated with this cell motility. The authors
analyzed differences between amoeboid and mesenchy-
mal migration, as well as individual versus collective
migration. Shatkin and colleagues [299] reviewed differ-
ent theoretical approaches used to consider how the bio-
physical properties of the ECM modulate cell migration.
In particular, they focused on mathematical models that
improved our understanding of metastasic behaviors and
durotaxis. The authors also reviewed in silico models of
mesenchymal and amoeboid migration. Interestingly, the
authors noted that none of the models included in their
review considered all the variables involved in cell moti-
lity, which would likely be infeasible.

Individual migration

Some in silico models have tried to shed some light on
individual cellular motility — which, for instance, allow
leukocytes to patrol tissues looking for pathogens. In
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these cases, and depending on distinct factors (e.g., cell
type, the properties of the environment), cells can use
different migrating strategies.

Fibroblasts — which are essential for maintaining
connective tissue homeostasis and tissue repair - are
usually considered the prototypical mesenchymal cell.
These are thin and elongated cells that migrate using
protrusive structures that adhere to the ECM through
numerous, robust, and dynamic focal adhesions. They
also rely on MMPs proteolytic activity to degrade the
surrounding ECM, expanding the pores through which
they squeeze themselves. Myosin expression, which
maintains polarized substrate prestrain during migra-
tion, is another essential component of the mesenchy-
mal phenotype [261]. Note, however, that distinct cell
types exhibit different degrees of mesenchymal features.

Different numerical works focused on modeling
mesenchymal migration within 3D matrices [300-
302]. For instance, Heck and colleagues [294] devel-
oped an in silico model of cells migrating through
a degradable viscoelastic ECM. This computational
model enabled them to provide new insights regarding
the role of protrusions in this mode of migration.
Bangasser and colleagues [98] proposed a model that
predicted an optimal ECM stiffness for mesenchymal
cell migration. Interestingly, altering the number of
active molecular motors and clutches could shift this
stiffness optimum. Afterward, the authors verified this
prediction experimentally.

During amoeboid-like migration, cells have a limited
proteolytic capacity and largely reduced adhesion that
hinders their ability to pull and rearrange ECM fibers.

Several computational models focused on this pro-
tease-independent migration strategy [303]. For instance,
Moure and Gomez [304] presented a computational
model of amoeboid cells chemotaxing on 2D surfaces
and within 3D matrices. Their modeling efforts unveiled
an intricate interaction between the dynamics of chemo-
tactic ligands and the geometry of the substrate. Such
interplay would tightly regulate cell migration. Campbell
and Bagchi [305] proposed an in silico model that pre-
dicted that cell deformability and protein diffusivity
would alter swimming behavior and speed. In particular,
increasing the former would increase the speed of migra-
tion and switch from a random to a persistent unidirec-
tional motion.

Cells can also move within 3D environments using
a lobopodial mode of migration [4,7,306].

Although this mode of migration was more recently
proposed, a few in silico models already focus on it.
Serrano-Alcalde and colleagues [307] presented
a computational model to shed some light on the fac-
tors and mechanisms activating this mode of migration.

Through finite element modeling, the authors identi-
fied two possible mechanotransduction mechanisms
that may regulate the switch from mesenchymal to
lobopodial migration: the fluid flow velocity inside the
cytoplasm and the pore pressure.

Collective models

Cells may also interact with their neighbors through
cell-cell adhesions (e.g., tight junctions, cadherin-based
adherens junctions, desmosomes). Collective migration
is associated with development, regeneration, and tissue
repair. During these events, cells can move as sheets
adhered to the surrounding ECM. Tumoral cells also
use this mode of migration while invading as sheets at
the interface between tissues.

This cooperative mode of migration has been exten-
sively studied using in silico models. Indeed, Alert and
Trepat [308], as well as Camley and Rappel [309], recently
reviewed the physical models developed by the research
community to explain collective cell migration. Deutsch
and colleagues [310] proposed BIO-LGCA, a cellular
automaton, to analyze this mode of migration to predict
the formation of clusters in adhesive interacting cells.
Garcia-Gonzalez and Mufioz-Barrutia [311] were inter-
ested in studying how substrate stiffness influences col-
lective migration. They developed a model to test different
hypotheses regarding which mechanisms drive collective
motion. The authors suggested that the main driver of
non-symmetric collective motility is the induced cell
polarization by substrate stiffness gradients. Notably,
Mayalu and colleagues [312] superposed single-cell com-
putational models to predict multicellular behaviors.
Neumann and colleagues [313] integrated experimental
and computational data to create an in silico model of
tube elongation. This computational model revealed that
mammary morphogenesis can emerge by combining
intercalation, interfacial tension dynamics, and high
basal stress. Escribano and colleagues [314] developed
a computational model that enabled them to compare
single and collective migration. Their in silico model
helped them understand why collective motion is much
more efficient than single-cell migration.

Investigating at different scales

Mathematical models can also be classified according to
their scale (i.e., subcellular-, cellular-, and tissue level)
[315,316]. Of note, Buttenschon and Edelstein-Keshet
[317] recently reviewed multi-scale models, coupling
events from the intracellular to the cellular to the multi-
cellular scales. Ferruzzi and colleagues [33] examined
the experimental and modeling techniques available to
study the structure and multi-scale mechanics of



collagen networks. Conversely, Spill and colleagues
[318] reviewed models and supported experimental
findings of different aspects of mechanobiology -
which are also related to cell migration - spanning
different scales. Lastly, Cheng and colleagues [319]
reviewed models from different scales proposed to
improve our knowledge of how cells respond to bio-
physical stimuli.

Subcellular models

Subcellular models have tried to shed some light on
specific processes involved in cell migration that may
occur in some cellular regions. For instance, Borau and
colleagues [320] focused on the mechanosensing prop-
erties of the actomyosin network. Fatunmbi and collea-
gues [321] focused on the recruitment of actin
nucleating proteins at the membrane interface. In con-
trast, Hetmanski and colleagues [322] proposed
a combination of distinct modeling approaches to
study rear retraction dynamics of migrating cells within
3D substrates. Hobson and Stephens [323] reviewed the
mechanical modeling of cell nuclei. Regarding chemo-
taxis, Hopkins and Camley [324] recently used in silico
modeling to study cells’ ability to accurately process
external signals in uncertain environments. They
argue that cells should adapt their cell surface receptor
expression based on the surrounding environment. In
particular, cells should only express multiple receptor
types if they typically explore environments where
ligand concentrations vary over orders of magnitude.
Karagoz and colleagues [325] reviewed the computa-
tional models of integrin signaling. Also, LeRoux and
colleagues [82] included a review of different mathe-
matical models proposed to improve our knowledge of
the impact of mechanical stimuli on the plasma mem-
brane and its complex mechanochemistry. Conversely,
Oria and colleagues [131] proposed a general frame-
work to explain how cells sense spatial and physical
information at the nanoscale. They combined in vitro
observations with a computational molecular-clutch
model, in which individual integrin-matrix bounds
respond to force loading by recruiting additional integ-
rins (up to a maximum value). Interestingly, their
results showed that, contrary to the by-then consensus,
an increase in substrate stiffness or ligand density pro-
moted adhesion growth. Lastly, Vignaud and colleagues
[200] built a biophysical model to investigate the prop-
erties of an elastic network of actin fibers embedded in
a cortical meshwork. One of the main novelties of this
work was that stress fibers were not connected to the
ECM but the adjacent cortical meshwork.
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Cellular models

Cellular models may be interested in combining some of
the aforementioned biological events to explain distinct
aspects of cell motility and simulate the entire cell. For
instance, Adebowale and colleagues [187] developed an in
silico model that was able to replicate several observed
experimental trends. First, how stress relaxation on viscoe-
lastic substrates and stiffness on elastic ones influence cell
migration speeds. Secondly, the impact of inhibition of
adhesion, actin polymerization, and actomyosin contrac-
tion. In contrast, Cao and colleagues [297] proposed
a computational model of cell migration integrating two
continuum models: a biochemical activator-inhibitor sys-
tem coupled with cell mechanics (cell membrane deforma-
tion and cell motion). Merino-Casallo and colleagues [326]
developed an in silico model of 3D cell migration that
integrated intracellular signaling with cell mechanics
that replicated some of the main observations of
in vitro experiments under different biochemical pro-
files. Also, Li and colleagues [291] proposed a 3D
model of breast cancer cell migration, in which they
included distinct modulating factors, such as fluid
dynamics, autologous chemotaxis, substrate rigidity,
and fibrillar structure, as well as cell-fiber and cell-
flow interactions. Lastly, Moure and Gomez [327]
recently studied the influence of myosin activity on
cell polarization and how mechanical cues induce
motion. In particular, their in silico model for kera-
tocytes considered cell deformations, myosin-RhoA
dynamics, and forces associated with the actomyosin
network.

Tissue-level models

Tissue-level models represent collective cell motility.
For example, Gonzalez-Valverde and Garcia-Aznar
[328] proposed a hybrid model to simulate collective
cell migration in epithelial monolayers. Nosbisch and
colleagues [329] developed a framework that enabled
them to couple signal transduction mechanisms at
the molecular level to individual and collective
migration guided by chemoattractant gradients in
tissues. Conversely, Peng and colleagues [330] pro-
posed a multi-scale model of tumour invasive
growth. This model considered the active interplay
between the molecular mechanics of some proteolytic
enzymes at the cell scale and the tissue-scale tumor
dynamics. Sunyer and colleagues [79] found that
multicellular clusters exhibited durotactic behavior -
even if their isolated constituent cells did not duro-
tax - because of supracelllular transmission of
contractile forces. To explained the observed
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phenomenology, the authors proposed a continuum
model integrating clutch-like cell-matrix dynamic at
focal adhesions, long-range force transmission
through cell-cell junctions, and actin polymerization
at monolayer edges. Notably, Fletcher and
Osborne [331] recently reviewed the progress in
multi-scale modeling of multicellular tissues. They
also highlighted some ongoing challenges associated
with their definition, implementation, and validation.

Investigating through different modeling
approaches

Mathematical models may also be classified depending
on the modeling approach used (continuum, discrete,
or hybrid) [316,332].

Continuum models

Continuum models are based on the definition of consti-
tutive laws to model processes and events (e.g., transport
of biochemical substances, actomyosin contraction, or
nuclear deformation). They rely on solving partial differ-
ential equations. The finite element method and other
derived methods (e.g., smoothed-particle hydrody-
namics) are some of the most applied techniques [251
294,333,334]. Other authors have opted for the phase-
field model [335]. These models have been extensively
used to reproduce large-scale biological systems.
However, as the number of biological processes included
in these models increases, so does the complexity of the
defined constitutive laws. For example, Ahmadzadeh and
colleagues [336] developed a continuum model to deter-
mine how cells collaborate to elongate epithelial tubes. In
this model, the authors included different aspects of cell
migration, including cell adhesions, substrate rigidity,
fiber realignment, strain stiffening, ECM ligand density,
and pore size. In contrast, Arefi and colleagues [333]
developed a finite-element model to simulate the extra-
vasation process. They included the chemo-mechanics of
the stress fibers and focal adhesions, as well as the con-
tractile forces pulling the nucleus of tumor cells against
the elastic resistance of the endothelial cells. Banavar and
colleagues [337] focused their attention on the role
of genetically encoded mechanical feedback as
a coordinator of cell morphogenesis and polarity. Also,
Bennett and colleagues [338] developed a continuum
model to explain the DNA damage occurring during
constricted migration. Hervas-Raluy and colleagues
[334] focused on the effects of actin and myosin in cell
motility within confined environments, considering the
different mechanical properties of the cytoplasm and the
nucleus. Notably, Lee and colleagues [290] presented
a combined in silico and in vitro model of macrophages

migrating within 3D matrices in response to biophysical
and biochemical factors. They coupled chemokine- and
intermediate filament-mediated signaling cascades com-
monly regulated by Rho GTPases. Mackenzie, Rowlatt,
and Insall [339] presented a finite element method to
approximate systems of bulk-surface reaction-diffusion
equations on 2D domains. They also used the proposed
methodology to model individual migration guided by
chemotaxis. Conversely, Moure and Gomez [335] reviewed
phase-field models of individual and collective migration.
Mukherjee and colleagues [251] used a continuum model
to analyze the evolution of nuclear shape and stresses
during the confined migration of a cell through
a deformable ECM. Lastly, Serrano-Alcalde and colleagues
[340] developed a continuum model to study the role of
nuclear mechanics in cell deformation under different
creeping flows.

Discrete models

In discrete models, the different agents involved are
portrayed as separate units in the system. Therefore, it
is more direct and intuitive to represent the spatial
inhomogeneities and variability of biological systems.
As a result, we can include more information in those
models. Historically, discrete models were computa-
tionally expensive as they are representing every agent
as an independent unit. They must also consider how
those units interact with each other. However, compu-
tational costs have greatly decreased during the last
several decades, which has dramatically alleviated this
issue. Besides, the open-source community offers an
increasing number of applications and libraries based
on the discrete approach (e.g., PhysiCell, FLAME)
[341,342].

Different authors have proposed agent-based models
related to cell migration. For one, Feng and colleagues
[343] integrated signaling networks, integrin dynamics,
and substrate stiffness in a mechanochemical model of
neutrophil migration. Reinhardt and Gooch [344] pro-
posed a model focused on cell-matrix interactions. In
particular, they studied the impact of different biophy-
sical features of the substrate in ECM remodeling. Also,
Drasdo, Van Liedekerke, and colleagues [345,346]
focused on different discrete modeling approaches (lat-
tice and off-lattice) to simulate different biological pro-
cesses, including cell migration. Lastly, PhysiBoSS is
a multi-scale agent-based modeling framework that
combines intracellular signaling and multicellular beha-
vior [347].

Hybrid models
Hybrid models combine continuum and discrete mod-
els to overcome their intrinsic limitations. Designing



the interface between those models is their main issue,
as they must share information with each other.
Different works have proposed a hybrid approach to
replicate some of the biological processes associated with
cell migration. For example, Gongalves and Garcia-Aznar
[348] proposed a hybrid model to simulate how the
ECM density regulates the formation of tumor spheroids
through cell motility. They modeled cells using a discrete
center-based framework while a continuum model defined
the ECM. Also, Gonzalez-Valverde and Garcia-Aznar
focused on understanding how forces at cell-cell contact
sites and the rigidity of epithelial monolayers modulate
collective migration and topology [349]. In this case, an
agent-based model defined cells whereas a continuum
material model described the cell passive mechanics.
Macnamara and colleagues [350] presented an in silico
model to simulate cancer growth and migration within
a 3D heterogeneous tissue. They used an agent-based
model to simulate the behavior of cells and the tempo-
spatial interactions between each other. The authors
coupled this model to a finite-element solver to model
the diffusion of oxygen from blood vessels to cells. Rens
and Merks [280] proposed a hybrid model to explain the
full range of cell shape and durotaxis from focal adhesion
dynamics. They used an agent-based lattice model to repre-
sent cells. However, they calculated the planar stress in the
ECM using a continuum model where they represented the
substrate with a finite-element model. Lastly, Sfakianakis,
Madzvamuse, and Chaplain [351] proposed a hybrid
multi-scale model to describe cancer invasion of the ECM.

Conclusions and future perspectives

Researchers are extensively expanding our knowledge
of fundamental processes such as cell migration, shed-
ding light on some of the principles that lay in the dark
until very recently. Still, there is much to be investi-
gated about the different processes involved in cell
migration. For instance, despite intense research since
the 1970s, many of the most fundamental questions
about RTK and GPCR activity are still unanswered
[68,352]. During cell migration, different surface recep-
tors trigger a variety of signaling pathways. The Rho
gtpases family, which consists of 20 members in
humans, plays a significant role in many of these path-
ways [145]. The traditional view, based fundamentally
on evidence gathered in 2D assays, portrayed a very
simple Rho GTPase network. This view proposed
a Racl-dominated leading edge for promoting protru-
sions formation and a RhoA-dominated rear for acto-
myosin contractility [140]. However, more recent
studies about 3D domains have revealed that these
Rho networks are much more complicated [140,171].
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Distinct mechanisms regulate Rho GTPase signaling.
The activation of these mechanisms, in turn, is usually
mediated by roughly 70 different RhoGEFs and 80
distinct RhoGAPs [146,171,353]. Such regulatory
events are likely to be context-dependent, varying
among cell types and in response to different signals.
Therefore, our understanding of the Rho GTPase reg-
ulation in particular - and other signaling pathways,
such as the Hippo, in general - is still far from com-
plete [354,355].

Mechanosensors enable cells to sense and transduce the
physical stimuli they are exposed to. For instance, the
forces generated by neighboring cells, blood flow, or in
confined interstitial spaces [356]. The magnitude, direc-
tion, and temporal dynamics of these forces influence the
cellular responses. We are just beginning to uncover how
cells get this spatiotemporal information. Cells™ ability to
extract this information builds upon the specific sensitiv-
ities of distinct mechanosensors and their underlying trans-
duction mechanisms. We also lack a comprehensive
understanding of the heterogeneous nature of IACs and
their varied functions [122]. Further research should also
focus on how the hundreds of IAC-associated proteins
form the complex network of interactions within these
adhesive complexes.

More studies are required to develop a comprehensive
knowledge of the influence of each cytoskeletal component
over the events associated with cell migration, and how the
interactions between them regulate this migratory process
[206,208]. For example, it is still unclear if the role of
filopodia is more related to sensing, or its structure acts
as a force-generating/bearing player [189]. Emerging evi-
dence points toward different subtypes of filopodia fulfill-
ing these distinct roles, based on context. Actin
polymerization can also direct proteolytic activity by accu-
mulating actin microfilaments at sites of ECM contact,
where it promotes the recruitment of specific MMPs.
A more thorough understanding of how the distinct actin
microfilament networks compete for actin monomers as
well as the cooperation and competition among actin-
binding proteins is also required [169]. Yang and collea-
gues [357] recently developed a novel proteomics-based
approach to identify polarity regulators. As a result, they
identified Leepl, which regulates activities at the leading
edge, including actin dynamics. Interestingly, the actin-
binding protein Cofilin-1, but not ADF, was found to affect
cell stiffness [182]. Furthermore, new details of cellular
crosstalks that originated in the cytoskeleton may be
uncovered, highlighting its regulatory role in cell signaling
pathways [358]. We still lack detailed knowledge of how
the spatiotemporal signaling variations influence actin cor-
tex reorganization at the molecular level and the mechan-
ical changes happening at the cellular scale [188]. More
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research about the actin/adhesion crosstalk is also required
[359]. Buracco and colleagues [178] argued that we still
lack a coherent picture of the global mechanisms that
induce a heterogeneous actin distribution within cells.

There are still unanswered questions about the inter-
actions between the cytoskeleton and the nucleus too
[21,240,247]. For instance, how does the LINC complex
sense and transduce forces? Preliminary reports from
Newman and colleagues [151] have recently shed some
light on this issue. In particular, the authors showed
nuclear force transduction between IACs and the
LINC complex in invasive migrating cells within 3D
environments.

Recently, different works have pointed toward phase
separation, a particular form of biological phase transi-
tion involved in cytoskeletal and signaling dynamics
[360,361], having a regulating role in dynamic pro-
cesses happening at the front of migrating cells [362].
Phase separation adds an extra layer of localization and
nonlinearity [176]. Besides, it is extremely hard to mea-
sure in vivo, and its importance is yet to be confirmed.

Our knowledge of cell-matrix interactions in 2D is
relatively comprehensive. Still, studies must be trans-
lated to 3D in vivo scenarios because of the stark
differences between these two systems regarding their
biochemical and biophysical properties [171]. For
instance, we still do not know much about the compo-
sition, regulation, and role of IACs in 3D domains
[122,,151]. New protocols are required to increase our
knowledge of the mechanisms of cell-matrix interac-
tions in these more realistic environments [33,236].
Novel techniques to increase the resolution of our
observations are also required. For example, to monitor
the space between the plasma membrane and the actin
network [180] and visualize the structure and dynamics
of integrin-mediated adhesions in 3D [113]. Recent
studies even suggest that focal adhesions may not act
as a universal biophysical sensor across all cell types
[121]. Other authors showed that the local plasma
membrane curvature at the cell-ECM interface acts as
a nanotopography sensor [82,121].

Some of the findings mentioned in this review and
others not included here may not translate to 3D
(in vitro and in vivo) systems. In particular, those
about cytoskeletal and signaling dynamics. For
instance, Sarkar and colleagues [363] showed that, on
flat substrates, cells create an ECM ligand gradient,
promoting persistent cell motility. Nonetheless, as
pointed out by Elosegui-Artola and Oria [364], do
these novel findings happen in more physiologically
relevant environments? Shellard and Mayor [365] also
noted that the relevance of durotaxis in vivo is still
unclear. Partially, at least, because of the current

challenges associated with in vivo research. Therefore,
we must keep improving our ability to control and
measure distinct physiologically relevant features so
that in vitro studies replicate more accurately in vivo
conditions. Quantifying these features in vivo is even
more difficult [80], and thus, more challenges lie ahead
on this front.

Historically, the research community has tried to
simplify experiments and models to make them under-
standable [176]. Interest in complex phenomena (e.g.,
nonlinear responses, feedback loops, and competition
between distinct components) has recently emerged
[169,366,367]. As a result, we may discover behaviors
that would only emerge from such complexity.

Cell migration is an extremely complex phenom-
enon. A myriad of biological processes may participate
in cell motility. Nevertheless, they might play different
roles based on the specifics of any given scenario. This
multi-modal nature of cell migration enables tumor
cells to evade the targeted inhibition of specific path-
ways involved in cell motility. Notably, Hapach and
colleagues [368] recently showed that E-cadherin, gen-
erally considered a tumor suppressor, enables breast
cancer metastasis. Therefore, it is one of the main
challenges in developing effective cancer therapies
[369]. Studying specific components and players in
isolation and on a given scale may still be helpful.
Nevertheless, it is imperative to analyze them at differ-
ent scales as well as their interactions with each other
[176,229,367,370]. For instance, mechanosensing must
happen in milliseconds, while protein modifications
mediating mechanotransduction occur in seconds to
minutes, and the associated transcriptional responses
require minutes to hours to happen [23]. Accordingly,
novel protocols, methodologies, and techniques for
quantitative analysis of these components and events
are still required.

We may also expand our focus when studying cell
motility. For instance, the initial engineered cell-hydrogel
interface is not the only factor influencing cellular out-
comes in in vitro assays, at least in cell signaling studies
[371]. Instead, researchers should also consider other
factors, such as the adhesion to and remodeling of nascent
proteins already deposited by cells soon after culture
initiation. Not until very recently have we started explor-
ing the impact of ECM viscoelasticity in cell behavior [32].
Hence, there are still substantial gaps in our knowledge of
the role of viscoelasticity and viscoplasticity in cell moti-
lity. Whatsmore, we still need to fully understand how
other biophysical factors, such as the stiffness and the
microarchitecture of the ECM, influence migratory beha-
viors. Phillip and colleagues [372] recently study single-
cell motility patterns of primary dermal fibroblasts from



healthy donors. Their results demonstrated an age-
associated decrease in overall cell migration and cellular
heterogeneity. They also found a prevalence of lesser
motile phenotypes in older individuals. Other recent stu-
dies have focused on investigating how metabolic hetero-
geneities influence cell migration [373]. Interestingly,
some of the chemical and mechanical factors mentioned
in this review, such as matrix density, stiffness, fiber
alignment, and confinement, influence metabolic plasti-
city during cancer cell migration [374,375]. Energy
demands are specific to any given microenvironment.
Therefore, such metabolic and migratory plasticity is
essential for the successful invasion and migration of
cancer cells. For example, cells migrating in denser
matrices require more energy for actin cytoskeletal remo-
deling and actomyosin contractility [60]. Matrix stiffening
also induces microtubule glutamylation, which has been
shown in vitro and in vivo to be necessary and sufficient to
promote breast cancer cell invasion [207]. Furthermore,
the mode of migration heavily biases the migratory poten-
tial and metabolism of migrating cells. However, we still
cannot monitor and measure energy production and con-
sumption in real-time in vivo. Neither can we interrogate
metabolic activity in cancer progression with cellular-level
resolution using clinical imaging.

In silico models should be considered as a powerful
prediction tool. For instance, mathematical modeling
could predict how Rho GTPases would signal in
response to perturbations of the signaling networks
they interact with [171]. Modeling formalisms, such as
Guarded Flexible Nets, may assist during the study of
signaling networks [376]. Sometimes, we are interested
in how just a handful of species from a complex and
large-scale network evolve. In such cases, surrogate-
assisted approaches for model reduction could also be
helpful [377]. Also, Hellander and Hellander developed
an algorithm that couples mesoscopic simulations in
Cartesian meshes with different granularity [378]. As
a result, they could save up to three orders of magni-
tude of computational time without losing significant
accuracy.

As our ability to collect data increases, the integra-
tion of machine learning and multi-scale modeling
seems extremely powerful. Indeed, Alber and colleagues
[379] demonstrated that machine learning and multi-
scale modeling complement each other. The processes
studied by and the models developed by the scientific
community are increasing their complexity. These
works required the use of more complex and costly
equipment by more specialized technicians. By auto-
mating some of these workflows, we can enhance their
efficiency (minimizing errors, standardizing protocols
and procedures, and scaling them up). Otherwise, our
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efforts to make new and compelling discoveries may
be hindered.

Bayesian optimization, bioimage analysis, and smart
microscopy are techniques that exemplify this new trend.
Bayesian optimization is a general-purpose black-box
optimization methodology [380,381]. By using principles
of statistical inference and decision theory, Bayesian
optimization efficiently finds the global optimization
of expensive-to-evaluate objective functions. Thus,
Bayesian optimization is especially suitable for the
experimental design and calibration of expensive pro-
cesses [382-385]. Notably, Bayesian optimization allows
us to perform model calibration, avoiding the usual grid
search, using a mixture of exploration and exploitation
approaches in a completely hands-free process. Further,
Bayesian methodologies may be appropriate even when
the optimal parametrization is input dependent [386].
They may even be suitable when the optimal parametri-
zation is not constant over time [387].

On the other hand, bioimage analysis includes
a myriad of methods and techniques for different pur-
poses, such as object detection, localization, and seg-
mentation [388-391]. Some of these procedures are
based on artificial intelligence. For instance, convolu-
tional neural networks in particular, and deep learning
algorithms, in general, have been widely used for image
recognition [392-395]. By automating image proces-
sing and analysis, experimental researchers and techni-
cians can boost their productivity. It may drastically
reduce the time spent by these professionals processing
the data generated during their experiments. This auto-
mation could also improve the statistical significance of
their findings by increasing the number of experiments
performed. Experimentalists might even evaluate dif-
ferent hypotheses and study distinct scenarios more
quickly. Notably, researchers have gone a step further
with the emerging field of computer-assisted imaging
known as smart microscopy [396]. Algorithms analyze
the incoming data and guide the instrument accord-
ingly (e.g., which events to image, how to do it, or
compensating for any optical or physical noisy pertur-
bations). For example, the AutoPilot platform is
a light-sheet microscopy framework for spatiotempo-
rally adaptive live imaging [397]. Still, smart micro-
scopy is just an example of a broader movement
focused on using computational techniques to make
the most out of imaging experiments. Machine learn-
ing may help design better microscopy experiments
[398-401], overcome limitations in imaging quality
[402], and boost the performance of an instrument
beyond the limits of its optics [403,,404]. Note that,
as with any machine learning-based technique, users
should always keep in mind that using well-trained
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neural networks is not enough to avoid bias. Therefore,
implementing quality control measures and data audits
is paramount so that appealing but inaccurate results
do not mislead us.

In summary, a century of research in cell migration has
allowed us to answer many (but not all) of the emerging
questions about cell migration. A comprehensive under-
standing of how cells probe and respond to the surround-
ing microenvironment would greatly improve our quality
of life. For example, it would enable us to create synthetic
organs and find the cure for some of the leading causes of
death worldwide. Developing new methods and techni-
ques to increase the scale and resolution of our experi-
mental analyses is essential to uncover some of the
remaining mysteries that lie ahead. In silico modeling
has proven fundamental to advance our knowledge in
many fields, including cell biology and motility. The inte-
gration of other computational tools (e.g., machine-
learning, Bayesian optimization, bioimage analysis) in
our workflows has demonstrated to be a very promising
venue in our quest for a complete and detailed picture of
cell migration.

Abbreviations

1D One-Dimensional

2D Two-Dimensional

3D Three-Dimensional

AMT Amoeboid to Mesenchymal Transition
Arp2/3 Actin Related Protein 2/3

CAT Collective to Amoeboid Transition

Cdc42 Cell Division Control Protein 42 Homolog
DNA Deoxyribonucleic Acid

EAT Epithelial to Amoeboid Transition

ECM Extracellular Matrix EGF Epidermal Growth Factor
EGFR Endothelial Growth Factor Receptor

EMT Endothelial to Mesenchymal Transition
Ena/VASP Enabled/Vasodilator-stimulated Phosphoprotein
FAK Focal Adhesion Kinase

GAP GTPase-activating Protein

GEF Guanine Nucleotide Exchange Factor

GPCR G Protein-coupled Receptor

GTPases Guanosine Triphosphatases

IAC Integrin Adhesion Complex

LINC Linker of Nucleoskeleton and Cytoskeleton
LOX Lysyl Oxidase

MAT Mesenchymal to Amoeboid Transition
mDial Diaphanous-related Formin-1

mDia2 Diaphanous-related Formin-2

MEC Mammary Epithelial Cells

MMP Matrix Metalloproteinases

mRNA Messenger Ribonucleic Acid

MSC Mesenchymal Stem Cell

MT1-MMP Membrane Type 1 Metalloprotease
MTOC Microtubule-organizing Center

PDGF Platelet-derived Growth Factor

P1(4,5)P, Phosphatidylinositol 4,5-bisphosphate
PI3K Phosphoinositide 3-kinase(also called Phosphatidylinositol

3- kinase)

Racl Ras-related C3 Botulinum Toxin Substrate 1
RhoA Ras Homolog Family Member A

RhoB Ras Homolog Gene Family, Member B
RhoBTB1 Rho-related BTB Domain-containing Protein 1
ROCK Rho-associated Protein Kinase

RTK Receptor Tyrosine Kinase

Src Proto-oncogene Tyrosine-protein Kinase Src
SUN1/2 Sadl and UNC84 Domains Containing 1 and 2
TAZ Tafazzin

TG2 Tissue Transglutaminase

TGFp Transforming Growth Factor Beta

VEGF Vascular Endothelial Growth Factor

VEGEFR Vascular Endothelial Growth Factor Receptor
YAP Yes-associated Protein
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