Integrins as biomechanical sensors of the microenvironment
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Abstract | Integrins, and integrin-mediated adhesions, have long been recognized to provide the main
molecular link attaching cells to the extracellular matrix (ECM), and to serve as bidirectional hubs
transmitting signals between cells and their environment. However, recent evidence has shown that their
combined biochemical and mechanical properties also allow integrins to sense, respond to, and interact
with ECM of varying properties with exquisite specificity. Here we review this work first by providing an
overview of how integrin function is regulated both from a biochemical and mechanical perspective,
affecting integrin cell surface availability, binding properties, activation, or clustering. Then, we address
how this biomechanical regulation allows integrins to respond to a broad set of ECM physicochemical
properties and signals, such as rigidity, composition, and spatial distribution. Finally, we discuss how this
sensing process impacts on major cell functions, by taking cell migration and cancer as examples.

Introduction

By crossing the plasma membrane and linking the extracellular matrix (ECM) to the cell cytoskeleton,
integrins are one of the protein families with a more obvious and intuitive structural role. This role as ECM-
cytoskeletal linkers in fact inspired their name (from their function as “integrators”), and was predicted
before the proteins were even identified'”. Since their discovery in the 80s, integrins have emerged as
fundamental cell adhesion receptors, in turn mediating cell and tissue function in a very wide range of
scenarios in health and disease™”. Integrin function is enabled by a very tight and complex regulation of its
properties, both from a biochemical perspective (activation) and a mechanical perspective
(mechanotransduction).

Several recent reviews have analysed the details of both biochemical®’ and mechanical®'? integrin regulation,
which have been studied extensively. Precisely due to this maturing body of work, it is becoming
increasingly possible to elucidate not only how integrins are affected by biochemical and mechanical signals,
but also how this sensitivity allows integrins to act as sensors of their environment, the ECM. Due to their
binding to ECM proteins, integrins can indeed sense ECM parameters such as its molecular composition and
conformation, its physical presentation, its stiffness, or forces transmitted through it. In this review we aim to
describe how this sensing occurs. Rather than going into detail about the intricate possibilities of integrin
regulation, we will lay out their fundamental biochemical and mechanical principles. Then, we will discuss
how those principles enable integrins to sense ECM properties. Finally, we will discuss implications of this
process in physiological scenarios, by picking two highly relevant examples: cell migration, and the
regulation of dormancy and invasion in cancer.

Biochemical regulation of integrins.
Before integrins can exert their role as cell adhesion receptors, they need to be transported to the plasma
membrane, and activate (that is, change their conformation to enable ECM binding). These steps are

directly related to integrin structure, and also provide different means to regulate integrin function.

Integrin structure



Integrins relay signals between the extracellular environment to intracellular response pathways, in both
directions'""'?. These heterodimeric receptors bind different ECM proteins, in a specific manner that derives
from at least 24 unique combinations of non-covalently interacting 18 alpha and 8 beta subunits. This
facilitates binding to a wide variety of extracellular matrix components as well as counter receptors on other
cell types®. Although some subunits appear only in a single heterodimer, 12 integrins contain the p1 subunit,
and five contain the aV subunit”. Both integrin o- and B-subunits are type I transmembrane proteins
composed of a large extracellular domain, single pass transmembrane helices and short cytoplasmic domains
(with the exception of the large intracellular domain of the B4-subunit). Newly synthesized integrin o~ and -
subunits heterodimerise in the endoplasmic reticulum and are expressed on the cell surface as obligate
heterodimers'* (Fig. 1). Importantly, the B1-subunit is translated in excess, resides in the ER as an immature
precursor that matures, and is transported to the plasma membrane only following heterodimerisation™'*".
The integrin ECM-ligand binding sites either comprise epitopes from both subunits (for example in the case
of a5B1 and avP3 integrins that recognise the RGD-motif in proteins like fibronectin and vitronectin'®'®) or
reside on a specific inserted domain of the a-subunit (collagen-binding integrins 11, o231, ct10B1 and
a11B1" and the o/B2-integrins® expressed specifically on hematopoietic cells). A characteristic feature of
integrins is their ability to bind to several different ECM ligands. ECM ligands, in turn, can also engage
different integrin heterodimers'’. Thus, there is significant redundancy between specific integrins, which has
for example complicated the evaluation of the in vivo relevance of these receptors in animal models.
However, as discussed here in detail, an emerging theme is that integrins with overlapping ligand specificity
possess markedly distinct biomechanical properties. In addition, integrin coupling to other membrane
spanning molecules, such as growth factor receptors®', proteoglycans™ and tetraspanins influence integrin
assemblies and their cellular functions. In the specific case of the laminin-binding integrins, their high affinity
to tetraspanin CDI151 effectively provides them with a “third subunit” that regulates their ECM-binding
properties”. Thus integrin functions, which have previously been deemed redundant based on shared ligands
or joint downstream signalling functions, may emerge as fundamentally distinct biomechanical sensors of the
microenvironment.

Regulation of integrin activation by inside-out signalling

Integrin inside-out signalling (i.e., activation of integrin-ECM binding by cytoplasmic events) has been
intensively studied for more than two decades. Originally the focus was on integrins specific for cell types,
which, in their unstimulated state, are non-adherent: olIf3 in platelets and B2-integrin heterodimers in white
blood cells. In a resting cell, these integrins adopt a bent inactive conformation but become activated upon
stimulation by both agonist stimulation®* and force. We will first discuss biochemical signalling pathways
inducing integrin activation. The role of force in integrin activation will be discussed in the section
“mechanical regulation of integrin conformation/activation” below. The integrin B-subunit cytoplasmic tail
binds to the intracellular adaptor protein talin, which induces separation of the integrin o- and B-subunit
cytoplasmic domains (opening) and triggers a global conformational change in the extracellular domain
(which unbends and becomes extended, fig. 1). This leads to a conformational change from a “bent-closed” to
an “extended-open” conformation, which has high affinity for ligands, and initiates firm adhesion® (Fig. 1).
Talin binding plays a key role in the first steps of integrin activation in all cell types, which is then further
supported by the binding of additional cytoplasmic effectors, which mediate not only integrin activation but
also the clustering of integrins into many different types of adhesive complexes. Such complexes range from
very early nascent adhesions to mature focal adhesions, and are strongly force-sensitive as discussed in more
detail below. A major effector is kindlin, which supports integrin-mediated cell spreading via two
mechanisms. First, it supports integrin activation through binding to the integrin B-subunit cytoplasmic tail.
Second, kindlin recruits a key focal adhesion component, paxillin, to nascent adhesions to activate Rac, and it
directly associates with the actin polymerising Arp2/3 complex to induce Racl-mediated membrane
protrusions®’. Upon adhesion maturation, the talin-induced integrin activation can be maintained by tensinl
and 3 binding to the B1-subunit cytoplasmic tail and coupling the integrin to actin®™?’. Interestingly, the talin



and tensin binding sites on the B1-subunit cytoplasmic tail overlap, indicating that integrins switch from talin
binding to tensin binding during adhesion maturation. Tyrosine phosphorylation of the cytoplasmic tail has
been suggested to favour integrin-tensin interaction and abrogate talin binding. However, the mechanistic
details of the talin-tensin switch in maintaining integrin activity and coupling to actin remain unclear.
Conversely, integrin inactivation can be induced by cytoplasmic effectors that compete with talin either
directly through binding to overlapping residues on the B-subunit cytoplasmic tail (these include proteins like
ICAP’! and filamin) or indirectly by binding to the integrin o-cytoplasmic tail (SHARPIN, MDGI)"". Overall,
work from adherent cell types such as fibroblasts, epithelial and cancer cells has revealed that spatial
regulation of the balance of integrin activating and inactivating proteins modulates cell adhesion, spreading
and motility*.

A key question related to the first steps of integrin activation has centred on how talin is recruited to the
plasma membrane. Single-molecule studies indicated that, unlike integrins that diffuse along the membrane,
talin is recruited directly from the cytoplasm® but the mechanism has remained controversial. The prevailing
view, largely based on studies in platelets, has been that agonist-induced stimulation of the small GTPase
Rap1 recruits the effector protein RIAM that then binds and targets talin to the plasma membrane and
integrins®. However, an alternative mechanism was recently described where direct interaction between
Rapl and the FO domain of talin head was suggested to recruit talin to integrins independently of RIAM™.
This mechanism has previously been dismissed due to the very low affinity of talin—Rapl interaction in
solution. However, in the context of an intact membrane, Rapl-membrane anchoring increases the strength
of the interaction, triggering direct membrane targeting of talin by Rapl. Very recently, these data were
disputed by a study showing that point mutations within the talin FO Rap1-binding site have minimal effect
on olIB3 integrin activation in vitro and in vivo®. Therefore, the exact mechanism of talin recruitment to
integrins remains to be clarified. Nevertheless, the specific cellular lipid microenvironment is likely to be an
important modulator of talin recruitment to integrins. For example, on proteoliposomes, reconstituted [1-
integrin fragments (membrane-embedded transmembrane-cytoplasmic tail domain) synergized with
negatively charged membrane phospholipids (phosphoinositides PI(4,5)P, and PI(3,4,5)P;) to recruit talin
head FERM-domain to the membrane®™. Taken together, these studies indicate that the strength and
specificity of integrin proximal protein-protein interactions is strongly influenced by the plasma membrane
and this is important to take into account when evaluating the biological relevance of the often weak binary
protein-protein interactions of adhesion proteins. Regardless of whether Rapl recruits talin directly or
indirectly via RIAM, this integrin activation step can be inhibited by a family of scaffolding proteins called
SHANKSs. SHANK1 and SHANK3 share an N-terminal Ras-association (RA) domain with high affinity for
Rap1-GTP. By this virtue, SHANKs sequester active Rapl and limit talin recruitment to the plasma
membrane, resulting in reduced integrin activity in cancer cells, primary mammary epithelial cells and
hippocampal neurons™. Interestingly, at least in the mouse mammary gland, SHANK3 is not expressed in
resident fibroblasts. On the same note, in addition to the key role of Rapl, another mechanism of integrin
activation has been described in fibroblasts. Here, the central integrin downstream signalling protein, focal
adhesion kinase (FAK)®’, can bind talin directly and recruit it to integrins in newly forming nascent
adhesions®. Altogether, these important observations suggest that cell-type and/or tissue specific mechanisms
may exist to fine-tune integrin activity.

Regulation of integrin cell-surface availability

Cell-ECM interactions, mediated by integrins, are regulated on multiple levels. As discussed above, the
ligand-binding affinity of integrins is under dynamic regulation by inside-out integrin signalling.
Furthermore, integrin engagement with ECM ligands and their subsequent clustering triggers accumulation of
complex adaptor and signalling protein hubs®® regulating integrin downstream outside-in signalling pathways
such as activation of FAK, SRC, Akt and ERK pathways and regulation of small GTPases of the Rho-
family’. These signalling pathways are essential for many integrin-dependent processes such as cell survival
(i.e., prevention of programmed cell death). However, inhibition of FAK or SRC kinase signalling does not
trigger gross changes in integrin adhesion complex (IAC) components, indicating that adhesion composition



is not a reflection of its ability to relay kinase-dependent integrin outside-in signalling®. In addition to inside-
out and outside-in signalling pathways, both active and inactive integrin heterodimers are constantly
endocytosed from the cell surface and either continue signalling from endosomes®’, are recycled back to the
plasma membrane to facilitate generation of new adhesion sites*'™, or are trafficked for degradation in
lysosomes*™® (Fig. 1). Integrins are endocytosed from the cell surface via multiple distinct pathways
including clathrin-dependent and independent routes. Clathrin-adaptor proteins can mediate integrin uptake
and focal adhesion turnover by binding directly to integrin cytoplasmic tails (e.g. clathrin adaptors Dab2 and
ARH to B-tail motifs*; the p2 subunit of the AP2 clathrin adaptor complex to a subset of a-subunit tails™).
Clathrin-independent integrin uptake is less well understood mechanistically, although it is known that
integrin clustering through extracellular lectins induces receptor uptake through the clathrin-independent
carrier (CLIC) pathway’'. The dynamics of integrin traffic play well-established roles in processes such as
cell migration and adhesion turnover*>. However, the crosstalk between integrin endosomal traffic and
mechanical factors is less clear. While studies directly addressing the effects of cell stretching and plasma
membrane tension on integrin endocytosis are largely lacking, membrane tension has strong implications in
plasma membrane uptake in general. Increased membrane tension, triggered by osmotic shock or in cells
subjected to mechanical stretching, inhibits flat-to-curved transition in clathrin-mediated endocytosis™ and
also attenuates CLIC fluid-phase endocytosis™. Conversely, reduced cell-surface tension induces BAR-
protein GRAF1-mediated clathrin-independent endocytosis of the plasma membrane™. How these relate to
regulation of integrin endocytosis or recycling is largely unknown. However, there are some interesting
examples of tension/force-dependent regulation of integrin uptake. A study using mobile RGD ligands on
supported lipid membranes (RGD-membranes) and rigid RGD ligands on glass (RGD-glass) demonstrated
that traction forces inhibit the endocytosis of ligand-bound B3-integrins. On RGD-glass, force transmitted
from the matrix to integrins blocked Dab2 recruitment to activated B3-integrins and the clathrin-mediated
myosin II-dependent uptake of these receptors. In contrast on RGD membranes, Dab2 was recruited to
integrin adhesions™, promoting endocytosis. Interestingly, this contractility dependent clathrin-mediated
endocytosis is B3-specific and not implicated in the endocytosis of RGD-binding o.5B1-integrin®. This is in
line with the notion that Bl-integrin turnover from adhesions is insensitive to force’’. Interestingly, bone
marrow mesenchymal stem cells (BMMSCs) respond to substrate elasticity by regulating the endocytosis and
subcellular localisation of collagen-binding B1-integrins. On stiff collagen-coated substrates B1-integrins are
primarily on the plasma membrane, whereas on soft substrates 1-integrins are primarily endocytosed via a
caveolae/raft-dependent endocytic pathway’’. In addition, a theoretical analysis based on atomic force
microscopy (AFM) data indicated that integrin—ligand complexes are more easily ruptured on soft substrates;
this outcome may contribute to the enhancement of integrin internalization on soft substrates". Thus, it is
possible that the regulated uptake of different B-subunit-containing integrins is subject to matrix forces but is
mediated by alternative endocytic routes (clathrin-mediated vs clathrin-independent) and may additionally be
dictated by other ECM properties, such as matrix constituents; however, these concepts remain to be
investigated. Indeed, deciphering the mechanisms bridging mechanobiological signalling to the availability of
integrins on the cell surface will be an exciting area of investigation in the future.

The mechanics of integrins.

Precisely because they connect cells to their microenvironment, integrins are continuously submitted to
forces transmitted between cells and the ECM. As such, they are ideally positioned to serve as sensors of
mechanical signals. To carry out this function, integrins harness the fact that force applied to macromolecules
strongly influences protein conformation and function™. In general terms, this mechanical regulation can
affect three fundamental integrin properties: i) ligand-binding kinetics, ii) conformation and activation, and
iii) clustering and diffusion.

Mechanical regulation of integrin-ECM binding kinetics.



Perhaps the most obvious effect that force can have at a molecular scale is on the stability of a bond between
two molecules. In the simplest case, known as a slip bond, pulling on two molecules forming a bond will tend
to dissociate the bond. That is, applied force decreases bond lifetime (or equivalently, increases its off-rate).
In physical terms and as first introduced by Bell in the seventies®, an applied force will tend to reduce the
energy barrier between bound and unbound states, thereby promoting unbinding. However, molecular bonds
in general, and integrins in particular, can also exhibit a more counter-intuitive behaviour termed catch bond,
or more precisely, catch-slip bond. In a catch-slip bond, applied force first strengthens the bond (catch
regime), but once the force surpasses a given threshold it starts weakening the bond (slip regime). Different
bond configurations can explain this behaviour®, but the most intuitive example is that provided by the
analogy of two attached hooks. If no force is applied, the hooks are loosely bound. As one pulls the hooks
apart, the hooks first become locked in place, and therefore tightly bound (catch regime). However, if one
pulls with sufficient force, the hooks themselves deform and let go (slip regime). Lastly, a final type of bond
is that of ideal bonds, in which bond lifetimes do not depend on force. Theoretically, such a regime can be
explained by the fact that integrin-ligand bonds involve a complex interaction surface between both proteins,
which can be affected by force in more than one way. This can lead to opposing effects of force, that can
potentially cancel each other out®.

Despite their less intuitive nature, catch bonds seem to be a common feature among integrins (fig. 2a). They
occur for instance in different integrin bonds involving RGD-containing ligands, such as those between
fibronectin to both a5p1%, and avp3***. Catch bonds have also been widely reported among integrin bonds
involved in cell-cell adhesion, such as the bonds between alLB2 and ICAM-1%, a4p1 and VCAM-1%, and
aMp2 and ICAM-1%. The specific structural mechanisms underlying integrin catch bond behaviour have
been challenging to elucidate, largely because the relatively long times involved in integrin bond dissociation
(up to the order of seconds) preclude the use of steered molecular dynamics simulations. In the specific case
of a5PB1 integrin, the presence of a secondary “synergy” site for integrin binding in fibronectin (other than the
main binding site containing the RGD motif) could also influence bond dynamics®’’. More generally,
structural data have shown that in extended integrins, the progressive change in orientation from the closed to
the open conformation increases affinity for RGD ligands by enabling the formation of hydrogen bonds’".
Force applied to integrins could thus reduce fluctuations in integrin conformation, locking them in their open
state, and prolonging bond lifetimes™”*. As we will discuss in the next section, this mechanism exemplifies
that any change in integrin conformation will also affect bond response to force, potentially even shifting
behaviour from that of catch to that of slip bonds. With respect to the final type of bonds — force-insensitive
ideal bonds — they have so far been reported for cadherins’™, but not integrins. Finally, it is important to note
that whereas the properties under force of integrin-RGD bonds have been intensely studied, there are no
reports characterizing force-dependent lifetimes of bonds between integrins and important non-RGD ECM
ligands such as collagens or laminins. Thus, whether those highly important physiological interactions behave
as catg? or slip bonds remains an open question, although indirect data suggest some of them could be catch
bonds”.

Mechanical regulation of integrin conformation/activation.

Once an integrin is bound to its ligand and force is applied, this is bound to affect not only binding
kinetics, but also integrin conformation itself. Since integrins experience major conformational changes
during their activation that are essential to their properties, this is very likely a fundamental means to
regulate integrin function. Unlike the biochemical “inside-out” activation explained above, this
mechanism would operate from the ECM, being classified thus as “outside-in” activation. This hypothesis
is supported by molecular dynamics simulations, which have shown that forces can trigger several of the
steps involved in integrin activation, essentially by pulling integrins open’®” (Fig. 2¢). Indeed and as
predicted, experiments pulling on single bonds between fibronectin and integrins aLp2” and avp3®
showed that force induces integrins to transition from their bent to their extended configuration. This leads
to a drastic change in bond lifetimes under force: ECM bonds with extended integrins exhibit not only
overall longer lifetimes, but also a more pronounced catch bond behaviour, which is almost unappreciable



for the bent configuration. In T cells, force applied to aLP2 integrins by actin flows switches the integrin
to an active conformation ***'. For a5Bl-integrin bonds, force application also changes integrin
activation®, even after force is released®. This last feature is interesting in that the effects of force persist
after application, suggesting a “memory” of applied force encoded in integrin conformation.

Thus, there is feedback between mechanical regulation of integrin conformation and binding dynamics:
applied forces will tend to activate integrins and stabilize bonds, and in turn more stable bonds will better
resist force and allow it to be transmitted through integrins to further affect their conformation.
Additionally, any biochemical interaction affecting integrin conformation/activation (as discussed above)
is bound to impact how integrins respond to force. For instance, different conformations of integrin a5p1
induced by varying ionic conditions can lead the a5B1-fibronectin bond to behave as either a catch or a
slip bond®, binding of semaphorin 3E to the a4f1/VCAM-1 bond drastically reduces lifetimes under force
and almost abolishes the catch portion of the catch-slip bond”’, and binding of ZO-1 to o5 integrins
decreases the lifetime of a5B1-fibronectin bonds under force®. Such tight integration between biochemical
and mechanical control of integrin function has recently been proposed to be fundamental and required for
the process of integrin activation®. In this hypothesis, small forces in the low pN range would be required
to decrease the energy barrier between the bent and extended-open conformations, and enable activation.
Such a system could be more sensitive to the activating factor than one in which integrin activation was
regulated only by the concentration of cytosolic binding partners such as talin. This is because force would
decrease the energy barrier linearly, whereas ligand binding would only do so logarithmically (thereby
drastically lowering sensitivity).

Mechanical regulation of integrin clustering.

Another fundamental integrin property that can be directly affected by force is the clustering of integrins
into adhesion complexes, which can occur through different mechanisms. First, once a given cluster of
integrins (crosslinked to each other and to actin through adaptor proteins) is submitted to force, it will be
subjected to a given elastic strain. It has been hypothesized that incorporating an additional integrin into
the cluster will be energetically favourable, simply because overall strain will be distributed among more
integrins and thereby relaxed®™ (fig. 2b). Second, the ability of ligand-bound integrins to diffuse laterally
may be restricted by the underlying mechanical properties of the substrate, affecting their ability to
cluster®’. Finally, the glycocalyx has also been shown to mechanically promote integrin clustering®** (fig.
2d). Because the glycocalyx extends from the membrane well beyond the 20 nm” length of a typical
integrin, it serves as a steric barrier impairing integrin-ligand binding. Due to this barrier, once an integrin
binds it needs to locally bend the membrane towards the ligand. Subsequent mechanical resistance from
the membrane leads to the application of a pulling tensile force on the bound integrin, and a corresponding
compressive force on surrounding glycoproteins. Applied force on integrins can then feed back to affect
their conformation or binding kinetics. Further, the local membrane deformation induced around the
bound integrin acts as a “kinetic trap” where diffusing integrins are closer to the substrate, and thereby
have a higher probability to bind ligands. This then promotes integrin clustering, in a way that is also
sensitive to the rigidity of the underlying substrate, and ligand density™. Other than these three potential
mechanisms, mechanical regulation of integrin binding kinetics and conformation can also feed back to
affect clustering, as will be discussed in the next section.

Integrins as environmental sensors.

The exquisite sensitivity of integrins to both biochemical and mechanical signals makes these molecules ideal
probes of the cell microenvironment. Interestingly, in most cases combined mechanical and biochemical
effects are required to explain cell response. Here we will discuss how integrin properties allow them to
respond to three fundamental parameters of the microenvironment: force, rigidity and the presentation and

spatial arrangement of the ECM.



Force.

Tissues in vivo are continuously subjected to mechanical forces, generated by cells (largely through the
contractile action of the actomyosin cytoskeleton), and by indirect factors such as blood flow in endothelia,
air flow in respiratory epithelia, or hydrostatic pressure in the mammary gland and bladder’*®. Such forces
lead to complex tensile and compressive stresses, which cells must sense and respond to in order to maintain
homeostasis”’. Accordingly and because a large fraction of force is transmitted from the ECM to cells
through integrins (see box 1), these receptors are considered essential mechanosensors within tissues. Several
different single-molecule force sensors have placed the forces experienced by individual integrins within live
cells in the wide range of 1 — 100 pN**'% well within the range where integrin catch bonds (in a5p1 or avp3)
have their maximum lifetimes (20-30 pN). Once force is applied to integrins, they respond by the processes
of reinforcement and adhesion maturation, which are often used interchangeably but refer to slightly different
concepts. Reinforcement describes the increase in the mechanical resistance of integrin-mediated adhesions
upon force application. This is usually measured by attaching an ECM-coated probe (such as an AFM
cantilever or a microsphere) to cells through integrins, and checking that once force is applied it becomes
increasingly difficult to either move the probe or detach it from the cell'®"'%. This initial process can happen
within a second of force application'”, and can likely be explained by the catch bond properties of integrins,
without requiring further protein recruitment.

In contrast, adhesion maturation refers to the process by which force application to an integrin-ECM adhesion
results in the recruitment of further integrins and adaptor proteins, which link integrins to the cytoskeleton
and increase the size of the adhesive complex''®''%. This process of adhesion maturation is intricate (see®'"”
for recent reviews) and can lead to many different types of integrin-ECM adhesive complexes, such as
nascent adhesions, focal adhesions, or fibrillar adhesions'"*. However, the general view is that initial, nascent
adhesions (with sizes in the order of 100 nm) form independently of force'”®, and then mature in response to
force application by actin structures®''*'"''° resulting in the alignment between adhesions, actin fibres, and
the orientation of forces and integrins themselves''”""°. This process of course also results in reinforcement of
the adhesion, which may be explained partially by direct regulation of integrin clustering as explained above.
However, it also involves mechanosensing events at the level of adaptor proteins within adhesive complexes,
such as talin, focal adhesion kinase (FAK), or SRC'® (fig. 3a). Taking talin as an example, its unfolding is
triggered by force'>”'*! and leads to vinculin binding to both talin and actin, strengthening of the adhesion,
and eventually adhesion growth®'*2. However, it is important to note that even if the mechanosensing event
does not occur directly in integrins, it is still strongly regulated by the integrin mechanical response. Indeed,
forces reach talin through integrins, and the force response of the integrin-ECM bond will determine whether
talin experiences forces sufficient for its unfolding. Thus, any event regulating integrin activation or force
response (as described above) will also control force response in integrin-mediated adhesive complexes.
Because integrin response to force is highly subtype-dependent (as characterized extensively by comparing
a5pl to avp3 integrins® 1?3312 and also a5Pl to o2pl integrins'>) this is also a means to provide
molecular specificity to mechanical responses.

An important caveat to consider in this scenario is that, once a given level of force is surpassed, the size of
adhesion complexes and the level of force they experience no longer correlate'*®. This shows that adhesions
can also grow through force-independent mechanisms, likely mediated by the actin template provided by
stress fibres'””'?. A potential explanation for this is that once adhesions surpass a certain size, force no
longer reaches all the parts of the adhesion®, leading to a weaker relationship between adhesion size and
force. Further, in certain conditions, forces above a given threshold can also disrupt adhesions'’. In any case,
once adhesions form, this then affects cell downstream responses in different ways. Adhesion maturation
involves the recruitment and activation of proteins such as FAK B3 paxillin 132 sre') or ERK''"?. Mature
focal adhesions also lead to actin polymerization and the formation of actin stress fibres, which leads to two
types of effects. First, actin polymerization directly affects the nuclear localisation and function of
transcriptional regulators such as MRTF-A (by releasing it from unpolymerized G-actin**) or YAP (by
releasing it from its binding to the inhibitory SW1/SNF complex '*°). Second, stress fibres mechanically



connect the ECM and integrins to the nucleus via the LINC complex'*, leading to force transmission from
the ECM to the nucleus. This leads to several outcomes, including changes in nuclear pore conformation
leading to YAP nuclear import'’’, exposure of specific sites to transcription factors'*®, and changes in the
unfolding'?’, accessibility'*’, or phosphorylation'*' of nuclear proteins (see'* for a recent review).

ECM rigidity.

Another fundamental mechanical property of tissues is their rigidity, and more specifically, that of the
ECM (fig. 3b). ECM rigidity results from the combined effect of the composition, degree of crosslinking,
and density of ECM components'*, and it is a major regulator of tissue function. Different tissues and
organs within the human body have different levels of rigidity, spanning from very soft tissues in the brain
(as low as 10" Pa in their Young’s modulus, a measure of stiffness) to very stiff structures in bone (up to
10° Pa)'*. Modifications in ECM rigidity are associated with, and drive, several physiological processes,
both in healthy scenarios (such as embryonic development'**'**) and in pathological ones (such as
cancer'**'*"). Whereas forces are actively transmitted through integrins, rigidity is a passive mechanical
parameter, which cannot be directly sensed by cells. To probe rigidity, cells need to actively employ their
actomyosin cytoskeleton to deform their surrounding ECM through integrin bonds. The resulting forces
will depend on ECM rigidity, since a given actomyosin contraction applied by a cell will result in higher
or lower forces depending on whether the surrounding matrix is stiff or soft’’. Thus, cells detect rigidity
indirectly by measuring forces, and understanding this process requires dissecting how rigidity regulates
force transmission, and how force transmission (as reviewed in the former section) in turn triggers
mechanotransduction events in integrins or other proteins.

The processes of both force transmission and subsequent mechanotransduction have largely been studied
within the framework of the molecular clutch theory (see box 2, also recently reviewed in detail’"). In this
regard, the properties of integrin bonds (and their regulation by integrin activation and conformation) are a
key determinant of force transmission. For instance, we have shown that integrin-fibronectin bonds are
only able to sustain the forces required to unfold talin on substrates with rigidities above a given
threshold®. Thereby, integrin mechanical properties control talin mechanosensing, and set a rigidity
threshold for it. Accordingly, cells attaching to fibronectin through different integrins with different
mechanical properties (a5p1 versus avp6) exhibit different rigidity thresholds for mechanosensing, and
subsequent adhesion formation''®. Different rigidities can also alter the dynamics of force transmission
through the actin-adaptor protein-integrin-ECM “clutch”, leading to stable versus spatially fluctuating
forces, which then alters cell response'**'*. Such dynamic force transmission through integrins and
associated proteins takes place even at the nanoscale, since actomyosin contractile units at the 100 nm
scale bound to the ECM via integrins have been shown to detect and respond to substrate rigidity'*"".

Other than bulk rigidity, whether the ECM behaves as a purely elastic material or has viscous and plastic
components (as in physiological ECMs) also strongly determines integrin-mediated responses'>*'™.
However, recent work shows that cell response to viscous or viscoelastic environments can also be
understood through the clutch theory, simply by considering how the change from elastic to viscous
properties affects force transmission'>*'.

ECM presentation and distribution.

The specificity of integrins towards distinct ECM ligands implies that different integrins will sense the type
of ECM protein they are exposed to. Because some ECM binding motifs are only exposed upon
conformational changes (which can be triggered by force) this also implies that integrins can detect the
presentation or conformation of specific ECM proteins, and potentially also applied forces through this
mechanism. For instance, upon MMP cleavage of triple helical collagen to generate the classic 3/4 and 1/4
fragments'*® collagen unwinds and can become denatured at physiological temperatures'”’. Partial denaturing
of collagen I leads to the exposure of RGD domains, enabling binding to a5f1 and av integrins'>®. Similar



cryptic domains exist in fibronectin'®, fibrinogen'®, and potentially other ECM molecules (see'™ for a
review). However and regardless of conformational changes, another important mechanical (or at least
physical) ECM parameter is the spatial distribution of ligands. Of course, parameters such as ECM density
will not only regulate rigidity but also ligand availability and spatial distribution. There are several works
indicating that ECM ligand density and spatial distribution can affect cell responses per se, independently of
rigidity. Specifically, it has been shown by using nanopatterned substrates that integrin clustering and
adhesion maturation on stiff environments only occur when integrin binding sites are placed closer than a
given threshold, of the order of a few tens of nm'®'"'®. This led to the hypothesis that a putative crosslinking
molecule of that size crosslinks integrins to each other, thereby serving as a “molecular ruler” measuring
ligand spacing'®"'*"'7 However, recent work has shown that this effect of ligand spacing is also mechanical.
Indeed, it is straightforward to predict that the transmission of actin contractility to the ECM will result in
different forces per integrin if the overall distribution and concentration of available binding sites is altered
(Fig. 3c). This has indeed been confirmed'®® using single-molecule force probes. Consequently, the effect of
ECM ligand distribution on integrin forces determines the specific thresholds of both ligand spacing and

substrate rigidity that will enable mechanotransduction, and subsequent adhesion maturation'™".

Rolesin physiology and disease.

As both a structural scaffold and a conveyor of biochemical and mechanical signals, the ECM regulates a
very wide range of processes, from single cell events driving cell cycle progression'> ' to complex events
in cancer or embryonic development. In such in vivo scenarios where processes occur over the long term,
it is interesting to note that integrins not only sense the ECM, but are also able to regulate it, thereby
setting up feedback systems. For instance, in ventricular fibrosis force transmitted through integrins can
lead to secretion of TGF-P to the microenvironment, initiating signalling'®*'™. In migration and cancer,
such forces can also remodel ECM architecture, as we will discuss below. Whereas covering all such
relevant physiological scenarios would not be feasible within the scope of this review, we will discuss two
cases exemplifying the importance of integrin-mediated ECM interactions: cell migration within
morphogenetic events, and the control of cell dormancy and invasion in cancer.

Cell migration and morphogenesis.

Cell migration is essential for a wide range of biological processes such as embryo morphogenesis, wound
healing, or regeneration. It is also fundamental in pathological conditions such as cancer, where cells
migrate either as individual entities or as highly coordinated collectives in response to molecular and
mechanical cues from their environment. Directional cell migration is guided by gradients of different
environmental cues, such as diffusible ligands (chemotaxis), substrate-bound ligands in the ECM
(haptotaxis), or ECM rigidity (durotaxis)'’""'’? (fig. 4a). Integrins play an essential function in haptotaxis
and durotaxis, which naturally derives from their capabilities to sense ECM rigidity and distribution as
described above. Indeed, integrin-mediated molecular clutch mechanisms have been proposed to explain
cell migration speeds in response to ECM rigidity'”, and directional migration in response to ECM
rigidity gradients (durotaxis), in the context of both single cells'** and collective migration'”. In all cases,
the integrin response would be regulated (among other parameters) by the type of integrin-ECM bond
being formed, integrin activation state, and myosin contractility levels, providing precise molecular and
cell-type specificity to the ECM response.

In vivo, there are different examples highlighting the importance of migration. In the developing
mammary gland, mammary epithelial cells migrate collectively into the fat pad, and this process is guided
by cell-extrinsic stromal cues'” (fig. 4b). The major structural protein of the mammary gland is fibrillar
type I collagen, which underlies the basement membrane that separates the epithelium from the less
structured underlying collagen I-rich stromal compartment'’®. Aligned collagen fibres, deposited and
remodelled by the mammary gland stromal macrophages'” and fibroblasts'”®, guide the invading epithelial
cells giving rise to the nascent ducts which are led by the specific tip structures called terminal end bud



(TEB)'”. Collagen alignment in the mammary gland provides topological cues to guide migration. It also
correlates with tissue rigidity during development'™ and during cancer progression'**'®', suggesting that
integrin-dependent rigidity and ECM sensing could be fundamental to the process. Highlighting the
involvement of integrins, stromal deletion of the integrin inhibitor SHARPIN gives rise to impaired
alignment and reduced tissue stiffness in vivo, possibly switching ECM rigidity away from the stiffness
optimum of the collectively migrating mammary epithelial cells.

Another example of rigidity guided tissue morphogenesis is the migration of the Xenopus laevis neural
crest cells (fig. 4c). This embryonic cell population undergoes developmental epithelial-to-mesenchymal
transition (EMT) and become migratory'®*; a process with many parallels to invasive migration of human
carcinomas'®. In the developing embryo, tissue rigidity increases locally coinciding with the onset of
EMT and collective cell migration from the neural crest. Remarkably, rigidity governs the migration
response to chemotactic cues from a critical morphogen SDF-1, enabling only cells on a sufficiently rigid
fibronectin support to respond. Furthermore, tissue stiffening above the critical threshold is sufficient to
trigger premature migration of non-migratory neural crest cells in vivo. In this setting, mechanosensing
was reported to be dependent on Pl-integrin/vinculin/talin-mediated mechanosensing and myosin
contractility'®, suggesting an involvement of the integrin-talin clutch mechanism described above. Thus,
mounting evidence suggests that the mechanobiological principles discovered initially in vitro, using
model systems, are valid in vivo and play fundamentally important roles during development and cancer.

Tissuerigidity and ECM remodelling in dormancy and invasion.

The ECM in tissue stroma is composed of a complex meshwork of highly cross-linked proteins. The
physical properties and architecture of the ECM are highly tissue specific, ranging from interstitial forms
within organs to specialized forms, such as basement membranes underlying epithelia and the vascular
endothelium'®. The chemical composition and the biomechanical properties of the ECM are key to
maintenance of tissue homeostasis and altered ECM properties underpin many human pathologies
including cancer progression and dissemination'®. As expected, the fundamental role of integrins as ECM
sensors places them as major players in this response. The most abundant ECM proteins are collagen and
fibronectin and assembly of a fibronectin network is often the “seed” and prerequisite for deposition of
10ibrillary collagen networks'®. Fibronectin network assembly requires fibronectin-binding integrins,
especially o5B1, and mechanical stimulation provided by cellular traction forces. Fibronectin has a high
degree of conformational flexibility and forces transmitted from o581 integrins to fibronectin expose
cryptic binding sites in fibronectin necessary for its polymerization'®’. During cancer progression, the
tumour stroma is remodelled in multiple ways resulting in increased tissue stiffness, altered biochemical
composition and cancer-specific fibre alignment'**'®, Activated fibroblasts in the cancer stroma, referred
to as cancer associated fibroblasts (CAFs), are the main architects of the cancer stroma through their
ability to deposit ECM and to physically remodel the stroma'®’ (fig. 4d). Increased collagen deposition and
crosslinking facilitate cancer progression by activating integrin downstream signalling pathways such as
FAK and YAP/TAZ. These have been reviewed extensively in several excellent reviews™'”" and we will
discuss here only some recent advances in how tumour stroma remodelling and CAFs drive invasion and
regulate awakening of dormant disseminated cancer cells.

Cancer dissemination requires the ability of cancer cells to break through the basement membrane and
navigate away from the primary tumour. In vivo imaging of breast cancer specimens has suggested that
CAFs contribute to this by remodelling “tracks” of collagen to facilitate invasion'®'. In addition, the
tumour stroma is enriched in secreted fibronectin and tenascin C that favour tumour progression'”"'*.
However, more recently, the role of physical remodelling of fibronectin has been highlighted in cancer
invasion (fig. 4d). In prostate cancer, CAFs assemble a fibronectin-rich matrix with anisotropic fibre
orientation. They remodel fibronectin through actomyosin-contractility driven traction forces and a5p1
integrin to generate aligned fibres that guide cancer cells to promote directed cell migration'”*. In contrast,
in models of colon cancer, CAFs induce invasion of cancer cells through increased fibronectin secretion



and ovPB3-driven matrix remodelling'**. Interestingly, in this system the two fibronectin binding integrin
ovP3 and o5B1 played sequential roles and both were required for invasion. In a collagen matrix, with
CAF-secreted fibronectin matrix, avp3 clustered first, in line with its role in force-dependent focal
adhesion maturation'®”'". a5p1 integrin was recruited to fibrillar adhesions later and was critical only at
later stages of fibronectin assembly and generation of myosin contractility at these sites'*’. Whereas not
directly addressed in these studies, it is interesting to speculate that the differences in force response
between the two integrin types could explain their different roles, for instance by triggering talin or FAK-
mediated signals at different force thresholds. These studies also highlight the fundamental “seeding” role
of fibronectin and suggest that it may be a key ECM mechanotransducer in the stroma owing to the effect
of force on its conformation.

CAFs are additionally implicated in the switch from carcinoma in situ to an invasive carcinoma. This step
involves cancer cells breaking through the underlying basement membrane to the underlying stroma and is
generally considered to be regulated by cancer cell secreted proteases such as the collagenase MT1-
MMP'”*. However, CAFs may contribute to this process through their unique biophysical properties. A
recent study, using decellularized mouse mesenteric basement membrane, demonstrated that CAFs interact
with the basement membrane presumably through integrins and pull and stretch the matrix, triggering
softening and eventually the formation of gaps that are permissive for cancer cell invasion'”. Another
barrier for tumour dissemination may lie within the mechanical properties of the polarized glandular
architecture of the mammary gland epithelium. It is composed of basal myoepithelial cells adhering to the
basement membrane and apically positioned luminal cells'”’. Several transcription factors involved in
EMT, such as TWIST, are linked to poor prognosis and metastasis in breast cancer'”®. Integrin-B1 is
upregulated by TWIST in breast cancer and contributes to increased invasion'’’?%, suggesting that
integrin-linked EMT-type changes contribute to breast cancer metastasis. Accordingly, expression of
TWIST! in mammary gland myoepithelial cells increases cancer cell dissemination into the surrounding
tissue®'. However, invasion induced by luminal-specific activation of TWIST was mechanically blocked
by the underlying genetically normal myoepithelial cells. These were capable of capturing the invading
luminal cells forcing them back into the epithelial structure®'. While the exact role of integrins was not
studied here, at least two potential biomechanical mechanisms could be at play here: first, activation of
TWIST downstream of integrin-mediated mechanosensing”?, and second, changes in mechanosensing
induced by a switch in integrins with different properties under force, from integrin types dominant before
EMT to upregulation of integrin B1. In any case, these data indicated that the biomechanics of the tissue
have the capacity to act against EMT-driven integrin-linked invasion.

Disseminated cancer cells can remain dormant in tissue over extended periods of time, and the cues
triggering awakening are still largely unknown. However, integrin-mediated adhesion is key to several of
the mechanisms described thus far. 531 integrin association with the urokinase plasminogen activator
receptor (UPAR) can trigger FAK and ERK-dependent escape from dormancy®” and integrin-rich
filopodia-type adhesions driven by formin-mediated actin polymerization are linked to overcoming
dormancy””. In dormant breast cancer cells, contacts with fibrotic and stiffer collagen-rich ECM triggers
awakening through B1-integrin activation of SRC and FAK, leading to induced actomyosin contractility
and actin stress fibre formation in the cancer cells’”. Importantly, the transition from quiescence to
proliferation is initiated by fibronectin secretion into the ECM and can be overcome by inhibition of B1-
integrin or cellular contractility®®, suggesting that integrin-mediated forces regulate the transition from a
quiescent to a proliferative state in vitro. Sustained inflammation can also drive integrin-dependent
proliferation of dormant cells. B1-integrin-mediated cell adhesion to laminin can suppress proliferation
and malignant features on breast cancer cells””’. However, during sustained lung inflammation, neutrophil-
released proteases process laminin via a two-step processing giving rise to laminin fragments that activate
o3B1-integrin and its downstream signalling to induced proliferation of dormant cells in vitro and in
vivo™. This was linked to increased cell tension after binding to processed laminin, suggesting that
integrin-mediated mechanics are key regulators of disseminated cancer cells in the lung”®. This is



concordant with the notion that increased ECM stiffness in lung fibrosis models induces cancer cell
awakening from dormancy’”. Again, the involvement of different ECM and integrin types, and of
mechanical factors, strongly suggests that the different properties under force of each integrin-ECM pair
may be a fundamental driver of the specificity and context-dependence of dormancy and subsequent
awakening.

Conclusions and per spectives

By combining sensitivity to both biochemical factors and mechanical forces, integrins are poised to exert a
fundamental regulatory role not only in the examples described here, but virtually in any tissue remodelling
scenario. In this regard, a fundamental challenge is to link specific sensing mechanisms (precisely dissected
in simplified single molecule or cell culture systems) to observed effects in vivo. As exemplified in the last
section of this review, this link is often unclear, and unravelling it will require the development of engineered
setups combining sufficient levels of complexity while retaining the ability to perform precise mechanical
and biochemical measurements. This is critical not only to unravel the fundamental science involved, but also
to design potentially more precise integrin-based therapies in ECM-related diseases such as cancer or fibrosis.
Attempts to target integrins in the treatment of solid tumours have often failed in clinical trials, potentially
due to the very general, structural function of integrin adhesion in adherent cells, and their inherent
redundancy. Additional complications may have arisen from possible side effects such as promoting
angiogenesis®”’, or metastasis by aiding in cancer cell detachment from primary tumours*'’. In contrast, a
precise understanding of the combined biochemical/biophysical mechanisms involved in integrin sensing
could lead to more focused strategies. For instance, therapies specifically designed not to block adhesion, but
to inhibit or modulate integrin-mediated mechanosensing, have not been attempted so far and could open an
entirely new approach to the therapy of diseases like cancer.



Boxes and figure legends

Box 1. Force transmission through integrins. Because integrins link the ECM to the actin cytoskeleton,
they withstand and transmit cell-ECM forces. For instance, any force applied to an ECM fibre will pull on
ligand-bound integrins. Whereas integrins do not directly bind actin, their cytoplasmic tails bind to adaptor
proteins like talin. Several such integrin adaptor proteins (such as talin, tensin, filamin, or a-actinin) bind in
turn to actin, and thereby transmit applied forces from integrins to the actin cytoskeleton. Conversely, forces
applied to actin (via myosin contraction or actin polymerization) are transmitted to the ECM through adaptor
proteins and integrins. This general path of force transmission (ECM-integrins-adaptor proteins-actin) is
clear, and adaptor proteins like talin®''*'* and vinculin®”® have been measured to be submitted to force.
However, how force is distributed among the many adaptor proteins that directly or indirectly link actin to
integrins remains unclear. It is also important to note that the ability of integrins to transmit force is highly
regulated by their linkage to both ECM and actin. For instance, if an integrin is pulled through an ECM link
but the integrin is not linked to actin, the integrin will merely slide along the membrane and not effectively
transmit force. The same thing will happen if actomyosin contraction pulls on an integrin that is either not
attached, or attached to a very soft ECM.

Box 2: Molecular clutch theory. In essence, the molecular clutch theory considers how the activity of the
actomyosin cytoskeleton and its link to the matrix through, actin, adaptor proteins, and integrins results in
force transmission between the different elements, cytoskeletal dynamics, and cell migration. Because all the
bonds in the actin-adaptor protein-integrin-ECM link can dynamically form and break, this is referred to as a
“molecular clutch”, in an analogy to the dynamic connection between shafts in a mechanical engine. Myosin
contraction leads to a continuous flow of actin from cell edges towards their centre, known as retrograde
flow. Actin polymerization further contributes to this flow by pushing against the plasma membrane®'*?"".
Since the bonds linking actin to adaptor proteins, integrins, and the ECM continuously break and reform,
actomyosin flows and forces are only partially transmitted, and slow down progressively from actin to
integrins. Adaptor proteins exhibit lower speeds than actin, and in turn integrins exhibit even lower or
sometimes even negligible speeds®'®. If one considers how force affects myosin contraction (by slowing
it)!'*?'"” and the binding dynamics between the different molecular players involved (by affecting unbinding
rates as a catch or slip bond as described above), computational models can be built, which predict both the
dynamics of cytosleketal movement and of force transmission”’**°, If the respective speeds of actin
retrograde flows and actin polymerization are compared, predictions for cell migration or cell spreading
speeds can also be obtained®™® ''7*. Such models can be further refined by also including the force
sensitivity of mechanosensitive events in adaptor proteins (such as talin unfolding), leading to predictions of
how externgsl ltl“%%grs such as substrate rigidity or ECM ligand distribution regulate whether mechanosensing
is triggered ™ > .

Fig. 1 | Distinct levels of integrin regulation. Integrin transcription is regulated by multiple external signals
such as ECM composition or signalling from growth factor receptors. Integrin o- and [-subunits
heterodimerise in the ER/Golgi, mature through post-translational modifications, such as glycosylation, and
are transported as an inactive heterodimer (maintained inactive by intraluminal calcium) to the plasma
membrane™. On the plasma membrane, extracellular magnesium enables integrin activation in conjunction
with inside-out mechanisms'*'”. Inside-out signals regulate displacement of integrin inactivators and enable
talin binding to integrin B-tails, tightly controlling integrin affinity for ECM ligands®. In fibroblasts, FAK
recruitment to integrins has been suggested to precede talin recruitment’®. Subsequent ECM binding triggers
integrin clustering, and their coupling via talin and vinculin to the actin cytoskeleton. Traffic of integrins
regulates their cell surface availability. Integrins are constantly endocytosed from the plasma membrane and
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 signalling
pathways activated. Integrin cytoplasmic tails contain recognition motifs for clathrin adaptors, recruiting
them as cargo for clathrin mediated endocytosis (CME)*’. Microtubules and CME have been implicated in



focal adhesion turnover. Clathrin independent internalization mechanisms (CIE) include caveolin-dependent
pathways and clathrin-independent carriers (CLICs)’'**°.

Fig. 2 | Force regulates integrin properties. a) Integrin ligand binding follows a catch-bond behaviour®.
When force (F) is below the optimal bond force (Fg), the strength (lifetime) of the bond increases with force.
When force exceeds Fg, bond lifetime decays with force. b) If a given force is applied to an adhesion site,
further integrin clustering decreases the force applied to individual integrin dimers. This is energetically
favourable since it decreases the applied strain, and could thus be promoted. ¢) Conformational changes in
integrins (such as transitioning from the closed to the open state) can be induced by force, triggering outside-
in integrin signalling®. d) The glycocalyx acts a natural barrier impairing integrin-ligand binding. Once
integrins bind, they locally bend the membrane, decreasing integrin-ligand distance and promoting binding of
further integrins (and thereby clustering)®. This membrane bending also exerts a tensile force on bound
integrins due to its tendency to go back to its non-deformed state.

Fig. 3 | Integrins mediate response to ECM signals such as force, rigidity and ligand distribution. a)
External forces or internal actomyosin contractility affect integrin response via catch bond mechanisms,
integrin conformational changes, or clustering, as explained in fig. 2. Increased force can also extend integrin
bond lifetime sufficiently, enabling talin unfolding (or other mechanosensitive events), allowing vinculin
binding and the propagation of forces to the actin cytoskeleton®. These effects lead to the formation of focal
adhesions and stress fibres, allowing forces to reach the nucleus through actomyosin contractility. Forces then
influence nuclear shape, affecting nucleo-cytoplasmic transport and promoting the nuclear translocation of
transcriptional regulators such as YAP/TAZ, ultimately altering gene expression'>’. b) Cells continuously
pull on the ECM through integrins and actomyosin contractility. Higher rigidity results in increased force
transmission between actin, integrins, and the ECM, resulting in the same effects described in a). €) Ligand
distribution and density influence cellular mechanosensing through integrins by regulating integrin clustering
and the forces exerted to single integrin molecules. Lower ligand density results in the concentration of forces
in fewer integrin molecules'’, leading to the same force-mediated effects described in a).

Fig.4 | Integrin-mediated regulation of cell migration and morphogenesis. a) Directional cell migration of
individual cells and especially of cell clusters can be regulated by different gradients: Migration towards
increased ECM rigidity (durotaxis), increased concentrations of ECM ligands (haptotaxis), or increased
concentrations of soluble cues like growth factors of chemokines (chemotaxis)'’"'”. b) During puberty the
ductal outgrowth of the mammary gland involves a process of collective migration, generating the ductal tree
that fills the mammary fat pad. The ductal invasion is an integrin-dependent migration process led by a tip
structure called the terminal end bud. The process is regulated by stromal rigidity and collagen alignment,
features that are controlled by mammary gland stromal fibroblasts and integrin activation status'”'"®. c)
During development, mechanical cues regulate the collective cell migration (CCM) of the Xenopus laevis
neural crest cells (NC). As convergent extension (CE) progresses, the mesoderm stiffens prior to the onset of
NC collective migration. This generates a mechanoresponsive signal through an integrin f1-vinculin-talin
axis,,triggering epithelial-to-mesenchymal transition (EMT) of NC and signalling for collective cell migration
(CCM) to proceed'®. d) In carcinomas, fibroblasts in the tumor microenvironment become activated to give
rise to cancer-associated fibroblasts (CAFs). These contribute mechanically to cancer cell migration and
invasion via numerous distinct mechanisms. The more recently described ones include: increased fibronectin
(FN) secretion and avp3-integrin dependent alignment of the stroma, or increased contractility of activated
CAFs and a5fB1-induced alignment of fibronectin. CAF contractility is also crucial to remodel the BM,
making it permissive for cancer cell invasion'**"*°.



Glossary

TYPE | TRANSMEMBRANE PROTEINS
Proteins that span the cell membrane through a single transmembrane o-helix.

RGD-MOTIF
Is a peptide sequence consisting of an Arginine, Glycine and an Aspartate. It is found in ECM molecules such as
fibronectin and vitronectin and it serves as a binding site for integrins.

INSIDE-OUT INTEGRIN SIGNALING
Is the regulation of integrin activity by molecular interactions with the cytosolic domain of integrins.

INSIDE-OUT INTEGRIN SIGNALING
Is the regulation of integrin activity by molecular interactions with extracellular integrin ligands.

ADAPTOR PROTEIN.
In the context of integrin adhesions, “adaptor protein” refers to any of the several different types of recruited proteins
that directly or indirectly link integrins to actin.

TALIN

A high molecular weight protein (~270 kDa) that links the integrin § subunit to actin filaments, and promotes the
assembly of focal adhesions (FAs). It consists of an N-terminal head region with the FO and FERM domains, a flexible
rod domain and a C-terminal dimerization sequence.

NASCENT ADHESIONS
Clusters of activated integrin molecules with sizes smaller than 1um. They either undergo fast disassembly or they
progress to mature focal adhesions.

INSIDE-OUT INTEGRIN SIGNALING
Is the regulation of integrin activity by molecular interactions with the cytosolic domain of integrins.

OUTSIDE-IN INTEGRIN SIGNALING
Is the initiation of cell signaling cascades by integrins upon their interaction with ECM ligands.

FLUID-PHASE ENDOCYTOSIS
Is the continuous and non-specific uptake of extracellular fluid. This form of endocytosis is not mediated by a specific
receptor or solute distribution.

BAR-PROTEIN
Proteins with a BAR (Bin/Amphiphysin/Rvs) domain. The special banana-shape conformation of BAR dimers creates a
pocket of positive charges that could mediate phospholipid binding and curvature sensing or induction.

CELL TRACTION FORCE
Force per unit area that cells exert on a substrate.

GLYCOCALYX
Is a meshwork surrounding the cell membrane of many eukaryotic cells and bacteria. It consists of carbohydrates
(mostly proteoglycans and glycoproteins) that extend out of the cell membrane.

FIBRILLAR ADHESIONS
Cell-ECM adhesion sites rich in a5p1 integrin and tensin. They are located towards the cell center and usually form

along fibrils.

STRESS FIBRES



Actin bundles rich in non-muscle myosin II and a-actinin. They play an important role in force transmission and cellular
contractility in non-muscle cells.

MATURE FOCAL ADHESIONS
Nascent adhesions mature to FAs upon tension generated by actomyosin contractility or external forces. This leads to
protein recruitment and increase in FA length.

HAPTOTAXIS
Is the directional cell movement in response to a spatial gradient of ligand density.

DUROTAXIS
Is the directional cell movement in response to a stiffness gradient.

UROKINASE PLASMINOGEN ACTIVATOR RECEPTOR (UPAR)
Is a glycosyl-phosphatidylinositol (GPI)-anchored cell membrane receptor that acts as a receptor for urokinase
plasminogen activator promoting plasmin formation.

TERMINAL END BUDS
Are bulb-shaped structures at the tip of a growing duct that direct its growth during breast morphogenesis.

CHEMOTAXIS
Is the directional cell movement in response to a spatial gradient of chemical signals.

CONVERGENT EXTENSION (CE)
Is the process of collective cell movement, by which tissues undergo elongation over one axis and narrowing over the
other axis during embryonic development.
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