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Abstract: Directed cell migration is an essential building block of life, present when an embryo
develops, a dendritic cell migrates toward a lymphatic vessel, or a fibrotic organ fails to restore its
normal parenchyma. Directed cell migration is often guided by spatial gradients in a physicochemical
property of the cell microenvironment, such as a gradient in chemical factors dissolved in the medium
or a gradient in the mechanical properties of the substrate. Single cells and tissues sense these
gradients, establish a back-to-front polarity, and coordinate the migration machinery accordingly.
Central to these steps we find physical forces. In some cases, these forces are integrated into the
gradient sensing mechanism. Other times, they transmit information through cells and tissues to
coordinate a collective response. At any time, they participate in the cellular migratory system. In
this review, we explore the role of physical forces in gradient sensing, polarization, and coordinating
movement from single cells to multicellular collectives. We use the framework proposed by the
molecular clutch model and explore to what extent asymmetries in the different elements of the
clutch can lead to directional migration.

Keywords: cell migration; molecular clutch model; cell traction forces; haptotaxis; durotaxis; contact
guidance; curvotaxis; mechanotaxis; cytoskeleton

1. Introduction

Much like ants self-organize to build living bridges [1], sheep herds coordinate their
movements to escape from a predator [2], or emperor penguins rearrange within the huddle
to survive the winter [3], cells in our body coordinate their movement to achieve many of
their main physiological functions. Essential to this self-organization, we find the capacity
of cells to migrate in a directed form. Directed cell migration is present in most biological
processes. For example, in the early stages of neocortical development, many neurons and
interneurons migrate radially in a directed form to build highly laminated structures in
the central nervous system, including the cerebral and cerebellar cortices, as well as other
structures such as the spinal cord, striatum, and thalamus [4,5]. During the early stages
of an immune response, dendritic cells migrate directly toward the lymphatic vessels to
present antigens collected to T cells [6]. Directed cell migration also has a crucial role in
tissue repair. After establishing a temporary basement membrane composed of plasma
proteins, cells at the periphery of the wound directly migrate toward the injured site. Only
after the migration has restored a coherent monolayer, proliferation and differentiation
begin, leading to a functional epithelium [7].

In the above examples of directed cell migration, cells are tightly coordinated. When
coordination fails, directed cell migration backfires and mediates devastating diseases.
This is the case with some birth defects during development. For example, insufficient
directionality of neural crest cells in early development has been pinpointed as the cause
of neurocristopathies, a family of diseases that comprise a broad spectrum of congenital
malformations [8]. At other times, these diseases are caused by excessive cell directionality.

Biophysica 2022, 2, 548–563. https://doi.org/10.3390/biophysica2040046 https://www.mdpi.com/journal/biophysica

https://doi.org/10.3390/biophysica2040046
https://doi.org/10.3390/biophysica2040046
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biophysica
https://www.mdpi.com
https://orcid.org/0000-0001-7624-1108
https://orcid.org/0000-0003-0777-3973
https://doi.org/10.3390/biophysica2040046
https://www.mdpi.com/journal/biophysica
https://www.mdpi.com/article/10.3390/biophysica2040046?type=check_update&version=1


Biophysica 2022, 2 549

This is the case with cancer, in which directed cell migration is associated with a poor
prognosis. To colonize distant organs, carcinoma cells must invade the surrounding tissue,
intravasate into blood vessels, and extravasate into healthy tissue. While cancer cells can
move both randomly and directly, the above steps are more effective when cancer cells
move with directionality [9,10].

Directed cell migration is usually guided by spatial gradients in a physicochemical
property of the cellular microenvironment, such as gradients in chemical factors dissolved
in the medium (chemotaxis), gradients in the stiffness of the extracellular matrix (durotaxis),
gradients in the density of proteins immobilized on the substrate (haptotaxis), variations
in substrate topology (contact guidance), or gradients in substrate curvature (curvotaxis)
(Figure 1). To directly migrate, cells must first sense the gradient, establish a back-to-front
polarity, and coordinate the migration machinery accordingly. Central to these steps we find
physical forces. Sometimes, these forces are integrated into the gradient sensing mechanism.
Other times, these forces transmit information through the cell to coordinate a collective
response. At any time, they are involved in the cell migration machinery. There are many
excellent reviews addressing the fundamental principles of directed cell migration [11–16].
While some of them address some aspects of force transmission and sensing, a review
focusing on the global role of forces in directed cell migration is missing. We designed this
review to fill this gap.
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Figure 1. Common types of directed cell migration. (a) In chemotaxis, cells follow gradients of 
chemical factors dissolved in the medium. (b) In durotaxis, cells follow gradients of stiffness in the 
extracellular matrix. (c) In haptotaxis, cells follow gradients of chemical factors immobilized in the 
matrix. These gradients can be made of ECM proteins such as fibronectin or collagen. (d) In contact 
guidance, cells orient to geometrical patterns such as grooves on the substrates. (e) In curvotaxis, 
cells avoid convex regions and position themselves in concave valleys. The force balance imposed 
by a curved cell–substrate interface could play a role in this migration. On a curved substrate, planar 
forces at both edges of the cell cannot cancel out vertically unless actin filaments press down on the 
nucleus (see arrows). 
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Figure 1. Common types of directed cell migration. (a) In chemotaxis, cells follow gradients of
chemical factors dissolved in the medium. (b) In durotaxis, cells follow gradients of stiffness in the
extracellular matrix. (c) In haptotaxis, cells follow gradients of chemical factors immobilized in the
matrix. These gradients can be made of ECM proteins such as fibronectin or collagen. (d) In contact
guidance, cells orient to geometrical patterns such as grooves on the substrates. (e) In curvotaxis,
cells avoid convex regions and position themselves in concave valleys. The force balance imposed by
a curved cell–substrate interface could play a role in this migration. On a curved substrate, planar
forces at both edges of the cell cannot cancel out vertically unless actin filaments press down on the
nucleus (see arrows).

2. The Molecular Clutch Framework

To understand the role of forces in the diverse phenomenology displayed by migratory
cells, we need to use the conceptual framework proposed by the molecular clutch model.
The ideas behind this model were expressed as early as 1978 in a Croonian Lecture given
by M. Abercrombie [17]. However, it was not until 1988 that Mitchison and Kirschner
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introduced the term ‘molecular clutch’ to explain the transmission of force between the
cytoskeleton and the extracellular matrix (ECM) in analogy to a clutch that engages and
disengages the power transfer between a shaft and an engine [18]. Twenty years after these
early works, Chan, C.E. and Odde, D.J. adapted these ideas into a mathematical model
and validated their predictions experimentally [19]. Later, A. Elosegui, P. Roca-Cusachs,
and others complimented the model by introducing adhesion reinforcement [20,21]. In
2016, we used the molecular clutch model to explain collective durotaxis [22], and a year
later Odde and colleagues generalized the molecular clutch to explain how cellular forces
affected single-cell migration in substrates of different rigidities [23].

In the clutch model, cells exert forces on their ECM primarily by contracting the actin
cytoskeleton through myosin molecular motors (Figure 2a and inset). Force is transmitted
from the actin cytoskeleton to the ECM through integrins and through a series of adaptor
proteins that link integrins to actin [24,25]. The amount of force transmitted to the substrate
is controlled by a key parameter, the loading rate, which is defined as the speed at which
force in the clutches builds up when they are engaged [24]. The loading rate depends on the
substrate stiffness; the number of myosin motors pulling on actin; the molecular properties
and quantity; and the distribution of adaptor proteins, integrins, and ECM ligands [25].
The myosin-powered contractility produces an actin retrograde flow that moves from the
cell edge (where cell–ECM adhesions form) toward the cell center. The direction of this
retrograde flow opposes that of actin polymerization (also referred to as cell protrusive
activity), which pushes the cell membrane outward (Figure 2a and inset).

In the clutch model, force transmission is maximized for a specific value of stiff-
ness [25] and protein ECM density (Figure 2b). In this paragraph, we will focus on the
optimal stiffness case, but most of this analysis is valid for different ECM densities. At low
rigidities, force is minimal as clutch engagement is unable to significantly slow retrograde
flow. This regime is known as ‘frictional slippage’ and is characterized by high retrograde
flow and low forces (Figure 2b, blue zone). On the contrary, at high substrate rigidities, the
simultaneous engagement of several clutches leads to repeated cycles of the progressive
buildup of force, followed by catastrophic disengagement and force release. This regime is
known as ‘load and fail’ or ‘stick-slip’ and is characterized by the failure of the cell to sup-
port large forces (Figure 2b, orange zone). In between these two regimes, the clutch model
predicts the existence of an optimal stiffness in which the traction forces are maximal [20,25]
(Figure 2b). Although this optimal stiffness is predicted, its experimental observation is
often overshadowed by talin/vinculin-mediated reinforcement [20,24,26]. Reinforcement
occurs above a certain stiffness threshold when the actin–integrin adaptor protein talin
unfolds, exposing binding sites to vinculin. After reinforcement, focal adhesions grow
and the clutch binding rate increases simply because there are more integrins to bind
to (Figure 2c). Reinforcement dominates over the ‘load and fail’ regime, obscuring the
observation of the predicted optimal stiffness (Figure 2b, dashed line). Using the conceptual
framework proposed by the molecular clutch, we will explore the role of physical forces
during the different steps of the directed cell migration: gradient sensing, integrating the
sensing information, establishing the back-to-front polarity, and locomoting.
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contraction creates a retrograde flow from the cell edge toward the cell center. The direction of this 
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(b) The clutch model predicts the existence of an optimal stiffness/protein density in which cells’ 
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Figure 2. The molecular clutch model provides a framework to understand the role of forces in
directed cell migration. (a) Cells exert forces on their ECM largely through the contraction of the
actin cytoskeleton by myosin molecular motors. (inset) Representative scheme of the clutch model.
Substrate deformation is represented as a spring. The integrins/accessory proteins at each edge of
the cell/cluster are modeled as clutches with given binding and unbinding rates. Myosin-driven
contraction creates a retrograde flow from the cell edge toward the cell center. The direction of this
retrograde flow opposes that of actin polymerization, which pushes the cell membrane outwards.
(b) The clutch model predicts the existence of an optimal stiffness/protein density in which cells’
force and migration are maximal (solid line). This optimal stiffness/protein density, however, is
frequently eclipsed by talin/vinculin-mediated reinforcing (dashed line). Adhesion reinforcement has
been measured as a function of stiffness [20,21,23] but, as far as we know, not as a function of protein
density. (c) Reinforcement takes place above a certain stiffness threshold, when the actin–integrin
adaptor protein talin unfolds, exposing binding sites to vinculin. After reinforcement, focal adhesions
grow, and the rate of clutch binding increases simply because there are more integrins to be bound to.
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3. Forces during Gradient Sensing

The first step in undergoing directed cell migration is to sense differences in the
magnitude of the stimuli across the cell body or tissue. For most forms of directed cell
migration, physical forces have a minor role in gradient sensing. This is the case of
single-cell chemotaxis (Figure 1a), in which signal detection is achieved through specific
receptors such as G-protein-coupled receptors in neutrophils and Dictyostelium cells [27]
or by tyrosine kinase receptors in breast cancer cells [28]. However, when directed cell
migration is driven by mechanical cues such as stiffness, topology, or substrate–ligand
density, physical forces have a major role in signal detection. In such cases, the same
structures that allow the cells to transmit forces to the substrate also allow the cells to detect
variations in the properties of the ECM.

An example of force-driven sensing is observed during durotaxis (Figure 1b) [29],
in which gradient detection is impaired by disrupting the activity of some proteins that
mediate force transmission within the clutch. These proteins include integrins, the two
isoforms of myosin II (A and B) [30], focal adhesion kinase (FAK) [31], and actin [32]. There
is conflicting evidence about the role of the Arp2/3 complex in durotaxis. Arp2/3 inhibition
impairs single-cell durotaxis in cancer cells [33] but not in human retinal pigment epithelial
cells [34]. Intriguingly, recent studies show that durotaxis requires Zyxin [35,36] but is
independent of Rho kinase, Arp2/3, and fascin; yet, the dual inhibition of Arp2/3 and
fascin impairs it [35]. While the molecular details of durotaxis remain elusive, the molecular
clutch framework can be used to shed some light on the stiffness detection mechanism.
In its simplest form, durotaxis can be understood as two sets of identical clutches, one
attached to a stiff region and the other attached to a soft one (Figure 3). A critical aspect of
this model is how the force balance is imposed across these two clutches. There are two
alternatives. In the first one, the force generated by actomyosin motors in each clutch is
transmitted from one clutch to another (global force balance, Figure 3a). In the second
one, the force generated in each clutch is balanced at the cell center (local force balance,
Figure 3b). The stiffness gradient is detected because each clutch pulls a substrate with a
different rigidity. Both clutches, therefore, will display unequal dynamics. How cells and
tissues integrate these unequal dynamics will depend on whether the forces are balanced
locally or globally, and this will be explored later in the review.
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stiff one, shifting the cell towards the stiffer side. Similar principles can be applied to explain
haptotaxis. The forces in the low- and high-protein clutches are identical. However, the force per
adhesion will be greater in the low-protein part. Therefore, the clutch will collapse more frequently
in low-protein regions compared to the high ones, biasing the movement of the cell. Under the
global force balance scheme, the actin reward flow will be faster at the softer/low-protein side
compared to the stiffer/high-protein one. (b) In a local force balance scheme, each extreme of the
cell is independent. The side that transfers more force to the substrate has more stable protrusions
and guides cell migration. Therefore, rather than necessarily favoring the stiffer edge, the movement
will be biased towards that portion of the matrix. This concept has been explored in durotaxis [37]
but not in haptotaxis. (c) The global force balance scheme depicted in panel (a) has been applied to
clusters of cells to explain collective durotaxis. The panels in this figure have been adapted from
references [38,39].

The framework we have applied to understand the mechanical forces at play during
gradient sensing in durotaxis can be readily applied to other forms of directed cell migration.
A convenient one is haptotaxis when it is mediated via density gradients of ECM ligands
(Figure 1c) [40]. Haptotaxis is impaired by disrupting different elements of the clutch, such
as actin polymerization [41], FAK [42], and Arp2/3 [42]. However, there is conflicting
evidence for the role of Rho-kinase. Rho-kinase inhibition impairs single-cell haptotaxis
in fibroblasts migrating on discrete haptotactic matrices, but not in fibroblasts migrating
on continuous ones. In addition to differences in cell lines, this discrepancy could reflect
differences in the experimental settings. Although the molecular details of haptotaxis have
not yet been elucidated, the molecular clutch framework can provide insight into the role
of forces in the detection of ECM gradients. As in durotaxis, a minimal model consists of
two sets of identical clutches (Figure 3). This time, however, one of these clutches will be
attached to a lower protein density region, while the other to a higher density one. The
gradient is detected because each clutch pulls a substrate with a different ECM density, and
this leads to unequal dynamics in both clutches. Again, the transmission of force within the
cell (global or local) will be critical in integrating the information sensed by both clutches.

Physical forces are also thought to play a role during contact guidance, a form of
directed cell migration in which cells and tissues are guided by topological features in the
substrate (Figure 1d) [15,43]. These features can be straight or curved, reflecting the fact that
healthy stromal tissue has wavy extracellular fibers, while metastasis-prone tissue has more
linear ones [44]. Although the detection mechanisms for this type of directed cell migration
are not fully understood, several studies point out that substrate topology may provide a
template in which focal adhesion orient and actin-rich protrusions push the cell membrane
outward along a privileged axis. Consistent with this view, cells polarize independently
of myosin II [45], while Arp 2/3 inhibition increased topological detection, presumably
by decreasing the protrusion area and improving the localization of protrusions along the
lines [46]. In addition to protrusive activity, a recent study suggests that cortical tension
at the cell–substrate interface could also play a role in contact guidance, at least in the
ameboid migration of T cells [47]. In that study, T cells had their ability to follow grooves
increased by seeding them on soft-grooved substrates or disrupting their microtubules with
nocodazole [47]: treatments that decreased cortical tension at the cell–substrate interface.
Contrariwise, other studies report an opposing effect of nocodazole and stiffness [48],
suggesting intriguing differences in contact guidance between ameboid and mesenchymal
migration.

Cells respond not only to grooved topological features but also to smooth sinusoidal
substrates that present modulations of curvature in all directions (Figure 1e). Cells on these
substrates avoid convex regions and position themselves in concave valleys [49–51]. This
form of directed cell migration is called ‘curvotaxis’ and is currently the focus of intense
study [52,53]. Substrate curvature affects focal adhesion organization and dynamics, nu-
clear shape, and gene expression [49,51]. Curvotaxis depends on actin dynamics, increases
with Lamin A expression, and requires nucleoskeleton to cytoskeleton (LINC) complexes,
but not microtubules [51]. There are at least two models to explain curvotaxis, both backed
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up by numerical simulations. In the first, the curvature of the substrate favors the extension
of the lamellipodium towards concave regions [54]. In the second, the curvature of the
substrate induces a pressure gradient inside the cell that triggers the internal motion of the
nucleus, leading the cell toward concave curvatures [55]. A central part of both models
is the role of the actin cortex and the membrane, which drive the cytoskeleton’s pressure
gradient, polarizing either actin polymerization or nucleus movement. In addition to
the actin cortex and the membrane, the force balance imposed by a curved cell–substrate
interface could also play a role. On a curved substrate, planar forces at both edges of the cell
cannot cancel out vertically unless actin filaments press down on the nucleus (Figure 1e).
This mechanism could amplify the effect of the pressure gradient proposed in [55]. Future
quantification of traction forces in curved substrates might clarify the contribution of force
balance in this form of directed cell migration.

4. Forces during the Integration of Gradient Sensing Information

So far, we have discussed signal detection in various forms of directed cell migration
in which force plays a role. More generally, in any directed cell migration mode, a gradient
is detected by specialized proteins at the front and the back of the cell or tissue. After this
detection, cells and tissues must integrate the information gathered across the body to
establish polarity. The way this information is integrated will depend on the cell type, mode
of directed migration, and whether the cell is migrating individually or collectively. Some-
times this information is integrated chemically. This is the case of single-cell chemotaxis, in
which the response to a chemoattractant is mediated by the activation of second messenger
pathways that eventually lead to polarization. Apart from these chemical strategies, we
will argue that in certain conditions, forces are also relevant forms to transmit and integrate
this information.

Perhaps the clearest evidence of the role of force in integrating gradient information
takes place during collective migration. In such systems, blocking force transmission by per-
turbing cell–cell adhesions often compromises the collective ability to follow signals. This
is the case for plithotaxis [56,57], collective chemotaxis [58], and collective durotaxis [22],
in which disrupting cell–cell adhesions reduces directed migration and polarization. To
understand how force transmission integrates the signal information gathered across the
tissue, we will focus on collective durotaxis. In its simplest form, collective durotaxis has
been modeled by the two-clutch framework with the global force balance described above
(Figure 3c). Under these circumstances, both clutches are subjected to the same loading rate
as the forces in the system are balanced. Since the loading rate determines the behavior
of the clutch [24], the dynamics of the two clutches will be identical with just one crucial
difference: for the same force, the soft clutch will deform the substrate more than the
stiff one, shifting the cluster towards the stiffer side. A simple analogy captures this idea.
Consider a skateboarder holding two springs, one stiff and one soft. If she contracts her
arms, the stiff spring will deform less than the soft one, and she will move toward it [38].
The idea that forces integrate gradient sensing information was tested by disrupting force
transmission using siRNA against α-catenin (an adaptor protein of the cell–cell adhesion
complex). On α-catenin depleted clusters, traction forces at the edges declined, together
with the capacity of the cluster to follow stiffness gradients [22]. Alternatively, physically
cutting the cell cluster with a laser also impaired durotaxis, providing further proof that
collective durotaxis requires force transmission within the cluster.

Collective durotaxis is an example of collective guidance in which each cell makes
a measurement of the signal magnitude, and the cluster estimates the overall gradient
by comparing the resulting single-cell measurements in a tug-of-war. In addition to this
form of integration of signal information, collectives use other sensing strategies, such
as collective susceptibility, in which a few informed cells sense the gradient while the
majority only follow, or ‘many wrongs make right’, in which each cell makes a noisy but
independent estimate of the gradient [59]. In these alternative strategies, force appears
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again as an effective way to transmit information across the cluster and integrate both
chemical and mechanical information [60].

Although in most collective systems force transmission within the cluster is necessary
to integrate sensing information, its role within single cells is more elusive. Part of this lack
of knowledge is due to the difficulty of specifically blocking mechanical communication
within different parts of the cell. In collective systems, force transmission is often impaired
by disrupting cell–cell adhesions or cutting the tissue with laser ablation. These strategies
are no longer available in single cells, as pharmacological interventions targeting the
cytoskeleton are likely to disrupt not only force transmission, but also basic migratory
structures. The evidence that single cells need long-range forces to integrate the mechanical
information of the environment—let alone other types of information—is still controversial.
There is evidence of rigidity sensing on both scales, either locally, by contractile filaments
operating at the micrometer scale [61,62], or globally, by actin stress fibers operating at
the whole cell scale [63–65]. Studies on single-cell-directed migration emphasize both. For
example, haptotaxis has been suggested to be caused by the global balance of traction
forces [66] or by the local protrusive activity of actin-rich lamellipodia [42]. Future work
will establish a more comprehensive picture of how the cytoskeleton balances forces.

Perhaps the most surprising results of this local versus global controversy have been
provided by applying the molecular clutch framework to single cell durotaxis. In a re-
cent study, A. Isomursu and co-workers challenged the well-established notion that cell
migration in durotaxis always moves from soft to stiff regions on the matrix. The molec-
ular clutch framework predicts an optimal stiffness peak in which the cell traction forces
are maximal [21,25] (Figure 2b). However, this peak is often overshadowed by adhesion
reinforcement. Isomursu et al. then used U-251MG cells, a cell type lacking adhesion
reinforcement [37]. They found that when these cells were seeded in a softer region than
their optimal stiffness, they migrated towards stiffer regions (Figure 2b, blue zone). On
the contrary, when they were seeded in a stiffer region than their optimal stiffness, they
migrated to softer regions in what authors called ‘negative durotaxis’ (Figure 2b, orange
zone). When modeling this behavior using the clutch framework, a critical detail emerged.
For the molecular clutch to explain the data, forces needed to be balanced locally, as in
Figure 3b. If forces are balanced globally at the cell periphery, force balance implies that
substrate deformation will always be higher on the soft (rather than the stiff) clutch and the
cell will always move towards the stiff [39]. Prior studies had reported evidence of axon
guidance towards softer environments [67] and adurotactic cells [68]. The new data on
negative durotaxis explain such observations and suggest that the interpretation of stiffness
patterns may be more complicated than initially thought.

5. Establishing Polarity

The integration of the sensing information culminates in the establishment of a polarity
that will bias movement along a particular axis. This polarity involves an asymmetric
distribution of signaling molecules between the front and the back of the cell [69]. At the
front, the small GTPases Rac and Cdc42 promote actin branching by nucleation-promoting
factors (NPF) that activate the complex Arp2/3 [70–74] and trigger lamellipodia protrusions.
At the back, the small GTPase Rho triggers ROCK, which phosphorylates the myosin light
chain and causes the contraction of the actomyosin and the retraction of the back [72,75–78].
Rho and Rac are often considered antagonists of each other. Besides Rac and Rho, other
proteins such as PI3K and PTEN are also distinctly distributed at the front and the back of
the cell and participate in the polarization process [79–82]. In this section, we will explore
how this remarkable asymmetric distribution of signaling proteins is often achieved by a
combination of biochemical pathways and forces.

During neutrophil and Dictyostelium polarization, this asymmetric protein distri-
bution is achieved by local excitation/global inhibition (LEGI) mechanisms [83]. LEGI
mechanisms can be explained by Alan Turing’s seminal work on patterns [84], and consist
of two elements: a local excitation signal that tends to induce polarization and a diffusive
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inhibitory signal that tends to oppose it [85]. Because the inhibitory signal rapidly diffuses
across the cell, only the areas with the highest chemotactic stimulus create a large enough
excitation signal to overcome global inhibition, leading to polarization. While LEGI mech-
anisms were initially conceived in the context of diffusive species interacting chemically,
it is becoming clear that mechanical forces may play a role as well. In neutrophil cells,
the membrane tension generated by actin polymerization at the leading edge acts as an
inhibitory element for Rac activity [86]. The precise mechanism has not yet been fully
elucidated, but it may be related to tension-gated ion channels [87] or intermediary proteins
that sense membrane curvature [88]. Such as in neutrophils, membrane tension appears
to antagonize protrusion in other cell lines such as fibroblasts [86], keratocytes [89], and
Dictyostelium [90], suggesting an increasing role of membrane tension in cell polarization.

Together with LEGI schemes, the asymmetric distribution of signaling proteins that
cause cell polarization has also been attributed to imbalances in actin rearward flow. This
flow, caused by myosin-powered contractility, moves from the cell edge toward the cell
center and pulls on focal adhesions anchored in the ECM. Therefore, differences in substrate
stiffness or focal adhesion density inevitably cause a speed difference between actin flow
at opposing sides of the cell. As such, this would direct the migration of cells to the side
with the slowest rearward flow, assuming equal actin polymerization on both sides [91].
Moreover, given that actin flows can also transport actin-binding proteins, flow imbalances
could reinforce an asymmetric accumulation of polarity cues across the cell. In cells
already polarized, the accumulation of proteins such as myosin and utrophin at the back
of the cell was correlated with the retrograde flow speed of the advancing front [92]. This
reinforcement mechanism has been modeled to explain persistence patterns in 1D cell
motility [93].

6. Forces during Migration

Once the polarization process assembles an asymmetric cellular architecture (Figure 4),
the underlying migratory machinery is ultimately responsible for the cellular motion. Mes-
enchymal migration is usually modeled as a continuous process that involves the steps
of protrusion (i), attachment (ii), contraction (iii), release (iv), and recycling (v) [94,95]. In
the molecular clutch framework, these steps take place simultaneously as the cell con-
verts a part of its traction forces into net cell displacements. Following the most basic
molecular clutch framework for migration—the conceptual model depicted in Figure 3a
polarized cell will advance due to asymmetries in actin retrograde flows, the front/back
polarization rates, or both. Cell advancement is ultimately caused by actin polymeriza-
tion, which pushes the cell edge forward. For a particular actin polymerization rate, the
cells that exhibit the slowest retrograde flow—and a maximal force transmitted to the
substrate—should migrate faster. Using this approach, Bangasser et al. [23] demonstrated
that a generalized clutch model predicts biphasic migratory behavior with an optimal
stiffness that depends on the number of clutches and motors. These predictions were
effectively tested on neurons and glioma cells, which lack adhesion reinforcement. For
most cell lines, however, adhesion reinforcement obscures this optimal stiffness, and the
speed of migration monotonically increases with rigidity [96,97].
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Figure 4. Front-rear polarization. During cell migration, a front-rear gradient is defined by Rho
GTPases activity. At the front, active Rac1 and Cdc42 (orange zone) promote actin polymerization via
Arp2/3 complex and formin to generate protrusions, such as lamellipodia or filopodia. At the rear,
active RhoA (blue zone) mediates cell contractility by stimulating focal adhesion maturation and the
formation of stress fibers.

7. Forces beyond the Clutch Model

We have used the molecular clutch model as a framework to understand the forces
that take place during directed cell migration, from detecting environmental cues to the
actual cytoskeletal forces that propel the cells. In addition to these clutch-induced forces,
other forces might contribute to the various steps of directed cell migration. The most
conspicuous ones are the forces regulated by membrane tension. In recent years, whether
cell membranes permit or resist membrane tension propagation has been a subject of debate.
A first study employed membrane tethers to simultaneously perturb and measure tension
with optical tweezers. They found that membrane tension was not propagated across
the membrane, compromising the role of membrane tension as long-range intracellular
signaling [98]. A recent study puts this controversy to rest by showing that when forces are
applied to the membrane alone, tension is poorly propagated [99]. However, when forces
are applied to both the plasma membrane and the actin cortex—for example, during cellular
protrusions—the membrane tension rapidly propagates undampened across the cell.
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The forces that deform cellular membranes are sensed by mechanosensitive ion chan-
nels. The activation of these channels induces a change in intracellular calcium levels.
Acting as a secondary messenger, calcium directly affects cell migration through calcium-
dependent proteins. The mechanosensitive ion channels are divided into two broad families:
the Piezo and the transient potential receptor (TRP) [100]. In general, channels from the
Piezo family are larger and respond faster to mechanical stimuli than the TRP family
channels. Numerous studies point out that both families participate in the detection of
mechanical signals, as well as in the migratory process. For example, during the retinal
ganglion of the development of the Xenopus optic pathway, cell axons grow towards softer
tissue. This negative durotaxis is mediated by Piezo channels [67]. In mesenchymal cell mi-
gration, the local influx of calcium triggered by mechanosensitive ion channels can promote
the extension of actin protrusions, such as lamellipodia and filopodia, through calcium-
induced activation of Rac1 [101,102]. Even chemotaxis is blocked when mechanosensitive
ion channels are chemically or genetically inhibited [103,104]. The mechanisms of action
seem to involve the re-localization of mechanosensitive ion channels to the direction of the
chemoattractant signal. Localized calcium regulates actin remodeling at the leading edge
of the cell, promoting directional cell migration [105]. More work needs to be conducted to
integrate mechanosensitive ion channels into a general molecular clutch model.

8. Concluding Remarks

Numerous studies acknowledge that the molecular clutch is one of the most useful
frameworks for understanding the underlying forces that drive cell migration. However,
motor-clutch models fail to incorporate several features present in directed cell migra-
tion. First, models assume in-plane forces, even though three-dimensional traction force
microscopy has shown that cellular adhesions display out-of-plane forces [106–108]. In
addition, most physiological environments are three-dimensional (3D), non-linear, and
structurally heterogeneous. Early work has shown that fibroblasts in such environments
do not show a continuous rearward flow, suggesting that the molecular clutch framework
should be adapted to such conditions [109]. Second, while the molecular clutch is largely
based on actomyosin activity, other cytoskeleton elements such as microtubules [110],
intermediate filaments [111], or membrane tension interact with the elements of the clutch.
For example, keratin has been shown to stiffen the cytosol network and shield the nucleus
from actomyosin-mediated mechanical deformation, altering the force pattern for different
stiffnesses [112]. Third, recent evidence shows that durotaxis and chemotaxis cooperate to
guide the Xenopus neural crest in vivo [113]. So far, it is unknown whether this cooperation
is synergistic or additive and whether other forms of directed cell migration utilize a similar
cooperation in vivo. Finally, recent results show that single cells are guided toward soft
environments (negative durotaxis). We do not know if negative durotaxis is restricted to
single cells or if it is a more general phenomenon affecting cell collectives. Addressing
these limitations and comprehending the force-induced molecular events will allow clutch
models to be refined to anticipate cell response in a much more comprehensive fashion.

In this review, we have explored the forces behind directed cell migration using the
molecular clutch framework. Now, we speculate that the clutch itself could be elevated to a
general mechanism of taxis. Most forms of directed cell migration commonly explained
by motor-clutch mechanisms, such as durotaxis or contact guidance, are referred to as
mechanotaxis. More generally, mechanotaxis refers to cell movement guided by mechanical
cues [114]. Here we propose that mechanotaxis could explicitly encompass all forms of
directed cell migration in which force participates in gradient sensing, integrating the
sensing information, establishing the back-to-front polarity, and locomoting. Defined this
way, mechanotaxis would rely on three ingredients: (i) a clutch or clutches at both sides
of the cell/cluster, (ii) a force transmission scheme (global or local) across the cell or a
cluster of cells, and (iii) an asymmetry in one of the elements of the clutch. Examples
of these asymmetries include a stiffness difference, a difference in protein density, or
even geometrical constraints that affect the number of focal adhesions at both sides of
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the cell/cluster. Through these asymmetries, force applied at the clutches will create a
difference in the cytoskeleton’s dynamics. Sometimes this will bias the movement toward
the increasing cue, for example, high stiffness or high protein density; sometimes, it will
bias toward the decreasing cue, for example, in negative durotaxis. A unique feature
of the mechanotaxis mechanism is that sensors and actuators are mechanically coupled.
In addition to the robustness that this kind of coupling implies, it might be a sign that
mechanotaxis could be one of the most rudimentary forms of gradient sensing. Although
mechanotaxis has not been defined in this way, it would be reasonable to use this term
to define how asymmetries in the molecular clutch bias the movement of single cells and
groups.
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