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1. Preface

Cell migration is essential to many biological processes. In adult organisms, it is crucial for wound
healing, homeostasis, and immune response, whereas aberrant cell migration potentially leads to
pathology. For example, the onset of cell migration in cancer cells can lead to metastasis, where cancer
cells escape from the primary tumour confinement, intravasate the blood vessels and circulate
through the bloodstream to ultimately extravasate and colonize distant organs. In the context of
development, processes such as morphogenesis and organogenesis occur because of cell migration:
for an embryo to become an adult organism, cells migrate either as single cells or epithelial sheets to
give rise to functional organs and recurrent tissue shapes in a very well-orchestrated and reproducible
manner both in time and space. Given its relevance, the regulation mechanisms underlying cell

locomotion are highly controlled both at a transcriptional, protein localization and functional level.

The study of cell migration from a biological perspective provided scientists with knowledge on key
molecules, effector proteins and signalling pathways that play a crucial role during this process.
However, with the emergence of the field of mechanobiology, the fact that physical parameters were
no longer neglected shed light on the mechanics behind cell locomotion and enabled us to convey a
more accurate idea of this extremely complex process. That is mainly because no matter which
signalling cascade is triggered by whatever myriad of protein-ligand interaction driving cell migration,
the end-result is a cell or a collective of cells translocating their bulk to a position different than the
original one. Therefore, the simplest consideration of cell migration is a physical phenomenon where
cells must be subjected to the most basic laws of physics. Consequently, to fully understand the
complexities of cell migration, its study must be tackled both from the molecular biology and physical

point of view.

In the introduction of this thesis, | will cover the mechanisms regulating cell migration from the
molecular to the tissue level, focusing on collective cell migration and durotaxis, the ability of single
cells and groups to follow mechanical cues. Next, | will review previous work tackling tissue spreading
and migration as a wetting phenomenon, emphasizing on the active gel theory. Finally, although cell
migration has been primarily studied when mediated by focal adhesions at the extracellular matrix
(ECM) interface, important migratory processes during development or metastasis take place in
contexts lacking ECM. Recent studies suggest that E-cadherin, a cell-cell adhesion protein essential to
maintain tissue integrity, promote coordination and establish cell polarity, could govern cell migration
in ECM-depleted environments. In the last section of this thesis, | will comment on the scarce cadherin-
dependent cell migration events published to date, discussing the emerging role of E-cadherin in

mediating cell migration.
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2. Single cell migration

Individual cells migrate to specific locations within our bodies through a process called single cell
migration. Cells integrate physical?, chemical?, or electrical external stimuli? to set a front-rear polarity
that will ultimately define the direction of motion. In the absence of external clues, polarity arises
randomly* and can either be maintained in highly persistent cell types® or change stochastically at

short timescales in cell types displaying low persistence®.

Essentially, two general types of single cell migration have been characterized: mesenchymal and
ameboid migration*’. The interplay between cell morphology, the tractions they exert and the
adhesive interactions with their respective microenvironments dictates whether cells undergo one or
the other characteristic migratory behaviour®. Despite the different migration mechanisms adopted
by cells in motion, some general requirements need to be met: cell polarization, dynamic cytoskeletal
reorganizations enabling adhesion to the substrate, and traction forces powered by cytoskeletal
contractions represent the minimum ingredients for cell migration to effectively take place®. In all
migratory events, the cytoskeleton is the ultimate cellular structure responsible for providing the cells
with the ability to exert traction forces on the substrate to propel themselves. In the next section, |

will review how the different cytoskeletal structures are able to regulate the motion of cells.
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2.1 The cell cytoskeleton

The cell cytoskeleton is a complex 3D network composed of three different types of protein filaments:
microtubules, actin filaments and intermediate filaments (Figure 1-1). The growth of cytoskeleton
filaments is powered by the repetitive non-covalent assembly of small subunits of the different
filaments stored in a cytoplasmic pool. The assembly and disassembly of cytoskeleton filaments is
tightly regulated by a plethora of accessory proteins that not only bind the cytoskeleton filaments to
specific cell components, but also bind them to one another, making the cytoskeleton a very adaptable

and highly regulated structure at the global scale®.

The cell cytoskeleton is crucial for many cellular processes such as cell division®, organelle
rearrangement within cells!! and cell migration®?. In this chapter, | will summarize the role of the

cytoskeleton filaments in the context of cell migration.

N ;
Figure 1-1. The cytoskeleton is composed by actin filaments, microtubules and intermediate filaments. (a) Monomers of
G-actin polymerize into polar, helical actin filaments of 8 nm in diameter that organize into linear filaments (i), 2D networks
or 3D gels formed beneath the plasma membrane, specializing in different functions. Stress fibers are contractile 1D actin
bundles labelled in red in (ii). (b) Monomers of tubulin polymerize into long, hollow cylinders of an outer diameter of ~25nm
(i) often with one end attached to a microtubule-organizing centre (MTOC). Microtubules (labelled in green in (ii)) display
a radial organization within the cell. Organelles are labelled in red. (c) Intermediate filaments are built by the lateral
assembly of octamers that organize forming rope-like filaments constituting the intermediate filament network (i).
Intermediate filaments network in neurons is shown in (ii). Adapted from Alberts et al.*

Microtubules are structures made of a- and B-tubulin subunits that assemble into 13 parallel
protofilaments forming hollow, cylindrical structures presenting a polarity, with the negative end of
the filament anchored to the microtubules organization centre (MTOC), typically located near the cell
nucleus. Microtubules constitute the tracks for long-distance intracellular transport of cargos carrying
e.g. new membrane components, adhesion proteins and signalling molecules to the leading edge of a
migrating cell, thus representing a crucial component for the establishment and maintenance of cell
polarity®3. The dynamics of assembly and disassembly of microtubules is controlled by Rho GTPases,
which also control actin polymerization, myosin contractility and the local turnover of cellular

adhesions, directly affecting cell polarity and thus their migratory outcome®*.
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Intermediate filaments are rope-like structures forming a helical array built up by the lateral packing
of octamers of intermediate filaments monomers. They present strain-hardening, meaning that they
become stiffer with increasing strains®, thus potentially providing cells with the required mechanical
and structural support to bear the usually high strains built up in migrating cells. Intermediate
filaments are responsible for regulating the formation of actin stress fibers and membrane protrusions
mediated by p38?°® (a protein of the MAPK family). Five different types of intermediate filaments exist,
each of which specialized in a different function and cellular localization. For example, lamins
represent a type V intermediate filament and form a filamentous support inside the inner nuclear
membrane, whereas keratins represent a type I-ll intermediate filament and form junctions that

either hold cells together at the desmosomes or anchor cells to the ECM through hemidesmosomes?®.

Actin monomers (G-actin) are soluble proteins stored in a cytoplasmic pool, whereas its ATP-
dependent polymerization results in the formation of actin filaments (F-actin). Its diameter is
approximately 8 nm, and they are composed of helical polymers formed by an ordered array of actin
monomers assembled head-to-tail*. Because of their assembly dynamics, actin filaments are polarized
and capable of generating force!’. Even though their location is ubiquitous across the whole
cytoplasm, there is an enrichment in actin filaments beneath the cell membrane, whose association

with actin binding proteins (ABPs) and molecular motors constitutes the cell cortex?’.

On the one hand, ABPs modulate the dynamics of the cell cortex in many ways: different specialized
ABPs induce actin polymerization, depolymerization, capping or branching. On the other hand,
molecular motors such as myosin bind different actin filaments in the cell cortex and promote the
sliding of filaments in an ATP-dependent manner, hence generating contractile stresses within the cell

cortex'’.

Actin filaments are not found isolated within cells, but the complex regulation of actin filaments by
ABPs and molecular motors allows for the formation of different supra-organization actin structures
within the cytoplasm specialized in different mechanical functions (Figure 1-2). On the one hand, the
1D bundling of actin filaments gives rise to either stress fibers or filopodia; stress fibers are contractile
due to their association with myosin motors and subjected to mechanical tension, whereas filopodia
arise from a spike-like plasma membrane projection that cells use to probe and explore their
surroundings*Y’. On the other hand, a high degree of actin filament cross-linking gives rise to a gel-
like network constituting the cell cortex, providing cells with the ability to mechanically adapt their
components to exert forces modulating cell adhesion, changes in cell shape and cell migration®®. Due
to the contractile nature of actomyosin, a constant pulling force on actin filaments is exerted from the

edge towards the centre of the cell, resulting in the typical actin retrograde flow!”*°. This process

6
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constitutes one of the minimum ingredients for cell migration to take place, as it allows for the

generation of the traction forces that will ultimately propel cell migration.

Importantly, actin filaments play a fundamental role in mechanically coupling the actomyosin
cytoskeleton both to other cells’ cytoskeletons through cell-cell junctions, and to the extracellular

matrix (ECM) through focal adhesion complexes®? (FA).

contractiie bundie gel-flke natwvork dendritic network tight paraliel
bundia

100 nm

Figure 1-2. Actin structures during fibroblast crawling. Enlarged areas show different actin organization structures (actin is
shown in red, where arrowheads point towards the minus end of the filament) that emerge during fibroblast migration.
Stress fibers are contractile due to their association with myosin motors and are under tension. The cell cortex constitutes a
gel-like or dendritic network that allows for the formation of specific membrane protrusions such as the lamellipodia.
Filopodia allow cells to explore their environments through the formation of tight, parallel actin bundles. Adapted from
Alberts et al.*
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2.2. Cell-ECM adhesions

The pulling force resulting from the interplay between actin polymerization and myosin motors is
transmitted to the extracellular environment through tension across stress fibers tethered to the
attachment sites. This in turn promotes the maturation of those anchoring sites into focal adhesions
(FA), which are very dynamic protein complexes whose main function is to mechanically couple the
actin cytoskeleton of the cell to the ECM%. Focal adhesions are formed by heterodimers of a and B
subunits of a family of transmembrane proteins called integrins, whose combination allows for
adhesion on different ECM protein compositions??. Paxillin, talin and vinculin are part of the myriad of
the so-called adaptor proteins that interact with the cytoplasmic domain of the integrin subunits,
constituting FA complexes and thus allowing for the transmission of force from the cytoskeleton to
the ECM. Therefore, adaptor proteins are under tension, which arises from the contractile forces

exerted by the actomyosin cytoskeleton??2,

Mechanical signals found in the extracellular environment are integrated at the FA complexes and
translated into biochemical intracellular signals, such as phosphorylation events that trigger the onset
of signalling cascades or conformational changes that allow for additional protein interactions®*. For
example, the phosphorylation of the Y-118 tyrosine residue of paxillin in nascent adhesions generates
interaction sites for the binding of SH2 domain-containing signalling proteins such as CRK, which in
turn regulate paxillin localization to FA complexes in a feedback loop, thus promoting adhesion®®.
The integration of mechanical signals in cells is referred to as mechanosensing, whereas the term
mechanotransduction refers to the activation of intracellular processes as a response to mechanical

signals?’.

Actin stress fibre

Actin regulatory layer

Force transduction layer

Integrin signalling layer

Plasma membrane
Integrin extracellular domain

ECM

(¥ = V 4 L 2 c % o®

Integrin o, FAK Paxillin Talin  Vinculin  Zyxin VASP  «o-Actinin Actin

Figure 1-3. Cartoon illustrating the interactions between the ECM, integrins, adaptor proteins and actomyosin. ECM'’s
resistance to deform results in the built-up of tension transmitted to actomyosin through mechanosensory adaptor proteins
such as talin, which undergoes conformational changes enabling the recruitment of vinculin, triggering the further
recruitment of additional actin filaments to FA complexes. Adapted from Kanchanawong et al.?8
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Some adaptor proteins at the FA complexes have been reported to display mechanosensitive features.
Take talin as example: above a given tension threshold, talin undergoes conformational changes that
result in the presentation of a previously cryptic vinculin binding site (VBS). Hence, above such tension
threshold, an increased number of vinculin molecules are able to bind talin, and this in turn allows for
an increased recruitment of actin filaments?? (Figure 1-3). Other adaptor proteins at the cell-ECM
interface have also been reported to play a role during cell mechanosensing; some include vinculin®®,

zyxin3%31, p130Cas®?, and actinin?,

The phosphorylation and conformational changes experienced by mechanosensitive proteins at the
FA complexes often enable the recruitment of additional proteins to the complexes, which in turn
reinforces the adhesions and allows for the transmission of force generated by the actomyosin

cytoskeleton to the ECM?2,

The dynamics of integrin adhesion to the ECM, ECM ligand density and substrate stiffness dictate the
traction forces cells exert®3. Different theoretical approaches have emerged to model cellular traction
forces as a function of all the aforementioned parameters, which can be easily tuned to predict the
evolution of traction forces in different environments for different cell lines and ECM ligands®*. An
example of such theoretical approaches is the molecular clutch model, which excels at predicting cell
traction forces for different substrate stiffnesses and ligand spacings2%3%%. Below, | will briefly explain

the generation of traction forces at the FA complexes according to the clutch model.

The molecular clutch model relies on a series of clutches that constantly engage and disengage the
ECM at the FA complexes. As the actin cytoskeleton pulls on FA complexes with a given actin
retrograde flow, integrins dynamically bind and unbind to ECM ligands with a certain Kon/Kog binding
dynamics. The molecular clutch model predicts that FA complexes will cause large ECM deformations
at low substrate stiffnesses that will not allow for fast force loading rates, as most of the integrin
dimers (modelled as clutches) detach before significant forces are built up?, resulting in the
generation of low traction forces on low stiffness substrates. In contrast, FA complexes will yield very
fast force loading rates at high stiffness substrates, leading to catastrophic FA disengagement events
that will not allow cells to exert high tractions if talin unfolding is not considered. However, traction
forces have been reported to increase with increasing substrate stiffness (Figure 1-4 a, b). This
behaviour is explained by the clutch model by means of a reinforcement event triggered by talin

unfolding, resulting in the maturation of FA, which is discussed below®.
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Firstly, integrin-ligand bindings form a catch bond whose stability increases with tensile force®.
Secondly, FA complexes display mechanosensitive abilities that trigger mechanotransduction events:
as stated before, talin unfolds above a certain tension threshold, which is reached above a given
substrate stiffness value, resulting in the presentation of a previously cryptic Vinculin binding site
(VBS). This confers vinculin an increased affinity for FA complexes, ultimately triggering signalling
cascades that result in an increased recruitment of integrins, adaptor proteins and actin fibers at the
FA complexes. Therefore, talin unfolding enables a reinforcement of the cell-ECM adhesions, which
not only affects the size of the adhesions, but also enables the generation of larger traction forces
with increasing substrate stiffness?? (Figure 1-4 c,d). Interestingly, abrogation of talin unfolding
resulted in the traction forces presenting a biphasic relationship with substrate stiffness, as predicted
by the molecular clutch model (Figure 1-4 a, b).
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Figure 1-4. Talin unfolds upon a stiffness
threshold increases force transmission,
adhesion maturation and YAP nuclear
translocation. (a) Cell traction showed a
biphasic relationship with stiffness in
Talin 2 shRNA or Talin 1 Head L325R
conditions. Traction forces exerted by
control cells increase with stiffness as a
result of talin unfolding, which triggers
the reinforcement of the adhesions. (b)
Color-coded traction force maps showing
the low generation of traction forces
under Talin 2 shRNA or Talin 1 Head
L325R conditions in 29 kPa gels. (c) Focal
adhesion length increases in control cells
above a stiffness threshold. (d)
Representative examples of vinculin
immunostainings in cells plated on 5 and
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conditions. (e) Nuclear/cytoplasmic YAP
ratio increases in control cells above a
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examples of YAP immunostaining
showing YAP nuclear translocation in
control conditions on 29 kPa stiffness
substrates. Adapted from Elosegui-Artola
et al.?
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In all, talin unfolding enables cell-ECM adhesions to bear fast force loading rates that would otherwise
result in the collapse of FA at high stiffness, ultimately explaining the increase of traction forces with

increasing substrate stiffness.

A recent study has unveiled the importance of ligand density on the generation of traction forces. On
substrates displaying large ligand spacings, individual FA must bear much higher traction forces than
for smaller ligand spacing due to a limited number of available ligands. Therefore, a third regime for

traction force generation was described, which is characterized by the collapse of FA on high stiffness

10
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substrate and high ligand spacings, as the active reinforcement of FA is prevented by the inaccessibility

of new integrin subunits to the ligands®.

The study of the localization of YAP, a transcription factor involved in cell proliferation and apoptosis,
has been historically used as a reporter of the reinforcement at the FA complexes. Briefly, the build-
up of tension upon reinforcement at the FA complexes is transmitted to the nucleopores via the cell
cytoskeleton®. As a response, the nucleopores undergo conformational changes that enable YAP to
translocate form the cell cytoplasm to the cell nucleus. Therefore, a high nuclear to cytoplasmic ratio

of YAP indicates reinforcement of the FA complexes® (Figure 1-4 e,f).

Besides explaining the generation of traction forces by single cells in varying ECM-coated substrate

stiffness, the molecular clutch model can also model processes such as cell spreading or cell migration

38,39
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Figure 1-5. iPSC differentiation in response

to substrate stiffness. (a) The physiological ECM stiffness and thus traction force generation were found
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kPa in brain tissues to over 60kPa in bones. to be sufficient to impact on the fate of mesenchymal stem
(b) iPSC cultured on soft substrates

differentiated into  neurons, whereas Cells (MSCs). Interestingly, MSCs cultured on soft substrates
differentiation to osteoblasts was promoted
in rigid substrates. Thus, iPSC differentiated
according to their native environment’s
stiffness. Adapted from R Smith et al.**> and

Even-Ram et al.* cultured on rigid substrates (whose stiffness resembled that

(whose stiffness resembled physiological stiffness values of

brain tissue) differentiated into brain cells, while MSCs

of osseous tissues) differentiated into osteoblasts* (Figure 1-5). Moreover, an increase in ECM

stiffness was shown to be sufficient to trigger a malignant transformation in the breast*.

Summing up, the mechanical properties found in the ECM represent cues of paramount importance
for a very wide range of cellular processes. Importantly, cellular traction forces constitute the
cornerstone of cell migration, arising from the interplay between actin polymerization, adhesion

dynamics and cell contractility. This matter will be addressed in the next section.
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2.3 Actin polymerization, adhesion dynamics and cell contractility regulate cell

migration

As introduced in the previous section, cell migration arises from the interplay between actin

polymerization, cell-ECM adhesion dynamics and cell contractility®*®

. Together with myosin
contractility, the cell membrane opposes to actin polymerization, prompting the generation of an
actin retrograde flow from the cell periphery towards the cell body®®. Under circumstances that do
not allow for high adhesiveness such as soft or poorly coated substrates where cell-substrate force
transmission is minimal, actin retrograde flow is fast. In contrast, on adhesive surfaces such as stiff or
densely coated substrates, force transmission through FA slows down actin’s retrograde flow*. The
reduction in actin’s retrograde flow, paralleled by further actin polymerization and branching
promoted by ABPs, favours the formation of actin structures such as the lamellipodia and filopodia at
the leading edge of cells*®. Hence, slow actin retrograde flows result in the fast growth of actin
protrusions, and consequently, actin retrograde flow and cell speed are inversely correlated®.

Remarkably , the net actin polymerization is equivalent to the effective translocation of the cell body

towards the leading edge.

The role of contractility in cell speed varies greatly depending on the adhesiveness of the substrate.
On the one hand, myosin contractility enables traction force generation and thus favours integrin
reinforcement and cell motility, but an excessive increase in contractility could result in the collapse
of FAs and would be counterproductive for cell migration, as predicted by the molecular clutch
model®®. On the other hand, and also in line with the molecular clutch model predictions, below the
stiffness threshold required for integrin reinforcement (and thus for virtually non-adhesive
substrates), reducing contractility would result on a slower actin retrograde flow, providing the cells
with the ability to exert higher force loading rates and thus ultimately favouring cell migration on
those soft substrates®. Therefore, a tight interplay between cell contractility, actin polymerization

and cell-substrate adhesion dynamics dictates the outcome of cell migration.
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2.4 Directed cell migration

During single cell migration, cells acquire a front-rear polarity that can either arise randomly or be
established by the presence of external gradients. The acquisition of a front-rear polarity is crucial to
trigger the onset of migration in a wide range of biological processes including development®®>3 and
homeostasis®*. In front-rear polarized cells, a lamellipodia can generally be observed in the leading
edge where nascent FA are formed, resulting in a decrease in the retrograde flow of actin, permitting
the growth of membrane protrusions®>*. Behind the lamellipodia, long and stable stress fibers
connect the front with the trailing edge. Consequently, the trailing edge is submitted to high tension,

5536 |n all, the architecture of the cell

which favours cell retraction through the disassembly of FAs
cytoskeleton is different in both leading and trailing edges in polarized cells. Microtubules serve as
railways through which cargos containing different proteins are transported across a cell ensuring the
availability of those proteins in the target locations®. For example, cargos carrying membrane
components and proteins involved in cell adhesion are brought to the leading edge. Therefore,
microtubules ensure the maintenance of cell polarity by transcytosis events where “incorrectly”-

localized membrane proteins are re-located to their “correct” position®.

In the absence of external cues, cell migration generally follows a random pattern. Polarity is randomly
acquired, and after some time, cells spontaneously re-polarize and the direction of migration
changes®’. Therefore, cells do not display a preferential migratory direction. The parameter
“persistence” can be estimated experimentally in order to assess the directionality of cell migration,
and it is defined as the quotient of the Euclidean distance into the total distance a cell migrates within
a given time interval. Hence, it ranges from 0 to 1, where the closest to 1, the more directed motion
cells exhibit®®. While some cell types such as fish keratocytes tend to display a more directed motion
over time and thus a higher persistence®, other cell types such as fibroblasts re-polarize in multiple

occasions at very short time scales in the absence of external gradients®.

Alternatively, when external gradients are presented to cells, migration follows a directed motion
towards or against such gradients. Many types of gradients have been found to be used as external
cues to establish polarity, and thus to direct cell migration. Chemotaxis is a kind of directed cell
migration event where cells follow external soluble biochemical gradients?; haptotaxis occurs when
cells direct migrate in response to immobilized ligand density gradients®; the ability to direct
migration towards or against an electric field is referred to as electrotaxis®, whereas durotaxis refers
to the preferential migration towards stiff regions in the presence of a gradient of stiffness?, which

will be reviewed in the next section.
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2.5 Single cell durotaxis

In our work, we focus on the ability of cells to polarize and direct their migration following mechanical
gradients. As mentioned above, this phenomenon is called durotaxis, which was named after the latin
word durus (translated as “hard”) and the Greek word taxis®® (meaning “logical arrangement”). It was
first used in the literature at the start of the 21% century by Lo et al.®%, after early studies demonstrated
that mechanical stimuli could influence cell elongation®, cell polarization®® and cell migration®.
Studies spanning the last 2 decades contributed to a better understanding of durotaxis in vitro3%643,
whereas recent research studies put in vivo durotaxis in the spotlight, suggesting that mechanical cues
also guide cell migration during development®%%%7, fibrosis®® and cancer**%°. Whereas | will further

discuss on relevant durotaxis examples in the following sections of the thesis, in this chapter | will

focus on the proposed cellular mechanisms behind durotaxis.

Most knowledge on the mechanisms that drive durotaxis derives both from in vitro and in silico

13839646570  Experimentally, the use of hydrogels coated with different ECM proteins

approaches
provided scientists with the first notions on durotaxis. For example, fibroblasts seeded on gradients
of stiffness presented durotaxis when the gradients were coated with fibronectin, but this
phenomenology was abrogated in laminin-coated stiffness gradients®, suggesting that fibronectin-
mediated migration triggers mechanosensing mechanisms hindered during laminin-mediated

migration. Therefore, the nature of the ligand affects the migratory outcome of cells.

Historically, the kind of hydrogels that were initially used to characterize durotaxis displayed isotropic
mechanical properties, whereas the latter development of microfabrication and microfluidics
techniques enabled the generation of anisotropic hydrogels displaying a stiffness gradient3¥%>7%, Both
isotropic and anisotropic hydrogels provided insights into the rationale behind durotaxis, and to date,
the mechanisms through which cells integrate mechanical stimuli to trigger a directed migratory
behaviour have not been fully elucidated, and thus there are several proposed hypotheses to explain
durotaxis. While some propose that the mechanical signal that triggers durotaxis is the absolute value
of stiffness®®72, others state that it is the slope of the gradient of stiffness®#®>7%73 To better understand
these assumptions, it is important to focus on the experiments both carried out on uniform stiffness

and on stiffness gradient hydrogels.
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On the one hand, experiments performed on

Soft substrates Stiff substrates

Cadherin-coated surfaces Intermediate stiffness Fibronectin-coated surfaces uniform stiffness gels showed that cells on stiff

Early times of cell adhesion Long time scales

substrates of physiological ranges displayed

£ /’f\%«'«;;mi increased velocity’ and spreading area’’®,
— > // : =
/el \ / compared to cells seeded on softer hydrogels.
Additionally, it was also shown that the
rheology of the cell cytoskeleton changes from
Circular shape Assembly of stress fibers Polarized cytoskeleton
Low friction Orientation of actin domains High friction . . . . . . .
Actin flow Stable stress fibers fluid-like to solid-like with increasing

Low forces High forces
Nematic order

[ i ol stiffness”’, where an orientational order in the

Figure 1-6. The cell rheology changes from a fluid-like to a  actin cytoskeleton emerges on stiff gels (Figure
solid-like with increasing stiffness as a consequence of a higher . . .
actin orientational order. Cells seeded on non-adhesive 1'6)' Therefore, some scientists hypOtheS|Ze
substrates display a circular shape with circumferential actin
retrograde flow, displaying hallmarks of fluids. Cells seeded on
intermediate stiffness substrates display stress fibers, whereas
an orientational order of actin domains appear. Cells seeded on
very adhesive substrates show a highly polarized actin  gn 3 theoretical stiffness gradient would be
cytoskeleton with stable stress fibers, displaying the hallmarks

of a nematic order. Adapted from Ladoux et al.>® biased towards the stiff edge by the increased

that the absolute value of stiffness alone is

enough to drive durotaxis, as migration of cells

speed and higher actin orientational order cells exhibit on stiffer gels’>78,

On the other hand, work carried out on stiffness gradients showed that the slope of the gradient
dictates to what extent cells durotax, yielding increased durotactic behaviours in steep stiffness
gradients3264657073 Mechanistically, the authors propose that the difference in stiffness between both
cell edges (the absolute stiffness value on the soft edge versus the one on the stiff edge) is integrated
by the cell cytoskeleton to promote tissue polarity towards the stiff edge. Such a polarity induction
would be driven by an asymmetry on actin protrusion and FAs stability in both cell edges. On the stiff
edge, higher force loading rates would result in higher FA stability, yielding slower actin retrograde
flow and thus allowing for the formation of lamellipodial structures®. In contrast, the same traction
forces exerted at the cell’s soft edge would result in higher substrate deformations, favouring the
collapse and decreased stability of FA, as well as faster actin retrograde flows®>38. This hypothesis was
validated by Sunyer et al., whose work reported that cell monolayers covering higher differences in
stiffness than single cells displayed an increased durotactic behaviour®. However, those experiments
implied an additional degree of complexity, as they proved that the integration of mechanical signals
during the migration of an epithelia happens at the supracellular level rather than at the cell level. In
this case, a new kind of migratory behaviour typically referred to as collective cell migration (CCM)

emerges, constituting the main subject of study of this thesis.
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3. Collective cell migration

The collective migration of a group of cells is referred to as collective cell migration (CCM). Like single
cells, collectives of cells guide their migration by sensing gradients of different types of cues such as

17, chemical®® or mechanical®. Interestingly, directed collective migration events are far more

electrica
efficient than the migration of their isolated constituents®, indicating that gradient sensing is
enhanced during CCM>°. Collective cell migration events are of paramount importance in many

biological processes including homeostasis, pathology and development.

For example, homeostatic processes such as wound healing are enabled by an orchestrated collective
3 C By £ 52 min

200 migration of cells: epithelial tissue
100

injury results in a discontinuity in the

o
(ed) %L

-100
200 cell monolayer, triggering the cells on

Figure 1-8. Traction forces during wound healing, where cells migrate the edge to polarize towards the

collectively towards the centre of the wound. In order to illustrate the
process of wound closure, three timepoints were represented (a,b,c).

Adapted from Brugués et al.5! migrate towards it, ultimately

centre of the wound and collectively

terminating the discontinuity in the

cell monolayer8#? (Figure 1-8).

Teell Primary tumor

Tumor cell
{  Blood vessel

B 1/05C or tumor In pathological contexts such as

" associated macrophage

Cancer-
associated
fibroblast

[Pi‘h“’“““*” cancer, metastasis occurs as a result

of cancer cells escaping the

Tumor
secreted —
factors

confinement of the primary tumour,
intravasating and extravasating the
blood vessels to finally migrate
towards a distant body tissue and
colonize it¥ (Figure 1-7). Recent

research on cancer biology concluded

that, compared to single cancer cells

Figure 1-7. A model for the multistep metastatic process. Briefly, cancer infiltrating the blood
cells that escape the confinement of the primary tumor intravasate to

blood vessels and flow within the bloodstream. Eventually, cancer cells infiltrated clusters of cancer cells
extravasate, potentially resulting in a metastatic colonization in a distant

organ. Adapted from Crownbio, Bourré®s. display at least a 23-fold metastatic

vessels,

potential®*®, and thus generally represent a major threat compared to isolated migrating cancer cells.
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More importantly, collective cell migration constitutes the cornerstone of development®’. In order to
give rise to a correct shape and function during morphogenesis and organogenesis, cells must undergo
very drastic and well-orchestrated tissue rearrangements both in time and space within the embryo.
For example, the lateral line primordium formation in zebrafish relies on the posterior caudal
migration of a group of approximately 140 cells that are to give rise to neuromasts, which constitute
sensory elements to detect water flow in fish and aquatic amphibians®® (Figure 1-10). Another example
of the paramount importance of CCM in development is in D. melanogaster oogenesis, during which
a group of cells (named border cells) migrates from anterior to posterior of the egg to give rise to a

functional oocyte®.

Figure 1-10. Lateral view with anterior to the left and ventral down of Zebrafish lateral line primordium migration. The
migrating lateral line primordium (red arrows) leaves behind clusters of cells that differentiate into neuromasts, constituting
a crucial sensory element in fish and amphibians. Claudin B-GFP fusion protein represents cell membranes. Adapted from The
Company of Biologists®.

As noted in the previous section, CCM entails an additional degree of complexity compared to single
cell migration, since the integration of signals and the migratory outcome occurs at the supracellular
level rather than the single cell level***. Therefore, collective migratory events require a tight
coordination at the tissue level as well as the maintenance of tissue integrity, which are ultimately
enabled by cell-cell junctions. In the next chapter, | will give an overview on the different types of cell-

cell junctions focusing on the role of E-cadherin, a key component of adherens junctions, in the context

of cell migration.
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3.1 Cell-cell junctions

The appearance of a primitive version of the currently known E-cadherin protein occurred over 600
million years ago and enabled the emergence of multicellularity in metazoans®'. Later on, around 525
million years ago, the origin of vertebrates was paralleled by a large increase in the number of genes
encoding cadherins and other cadherin-interacting proteins®’. Primitive versions of such proteins were
submitted to evolutionary pressure and consequently evolved into the current variety of more than
100 cadherin and cadherin-related genes participating in different types of cell-cell junctions®?, each

of which specialized in different processes (Figure 1-11).

For example, tight junctions are found in endothelia and epithelia and are crucial to separate different
tissue compartments within multicellular organisms, behaving as selective gates controlling
paracellular diffusion of ions and solutes*®3. Gap junctions are found quite ubiquitously throughout
our bodies and act structurally like channels through which molecules, ions and electrical impulses
pass, allowing for functions such as metabolical and electrical coupling between adjacent cells**,
Desmosomes constitute one of the strongest types of structures at cell-cell junctions. Consequently,
they are mostly found in tissues submitted to high mechanical stresses such as cardiac, bladder, and
epithelial tissues®, and their role is to mechanically couple the intermediate filament network of

neighbouring cells through E-cadherin and desmoplakin®®®.

Figure 1-11. Cartoon depicting a
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summary of the various cell
[ w . ; . . . .
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complex et T the et el Below, adherens  junctions
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T — — I':VE'QHTG(U\T\F' connects \n’Prme‘l ate CytoSkeIEtons Of neighboring
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connect intermediate filaments
of neighboring cells at medial

CHATSEE.:.:I%?"MING — — gap junction allows the passage . i ) )
L1 L of small water-soluble molecules — positions. Gap junctions typically
— 1 from cell to cell L. .
CELL-MATRIX f/ occupy basal positions in
SUEHERIE JLOIETUELS epithelial cells and act as
” .
BASAL / \ channels that metabolically and
/ \ . .
actin-linked cell-matrix junction hemidesmosome anchars Intermediste electrically couple adjacent cells.
anchors actin filaments in cell filaments in a cell to extracellular matrix 4
to extracellular matrix AdaptEdfrom Alberts et al.

Finally, adherens junctions are protein complexes formed by the interaction of E-cadherin molecules
of adjacent cells that are in turn bound to the actin cytoskeleton through adaptor proteins®, whose
main function is thought to be related to the maintenance of tissue integrity®’. Different structures of

adherens junctions have been reported, which will be discussed below (Figure 1-12).
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The term focal adherens junctions was proposed by Huveneers et al.%, serving to describe nascent
adherens junctions in epithelia and endothelia. Upon cell-cell contact, E-cadherin molecules in
adjacent cells form a punctate pattern and align perpendicularly with radial actin filaments,
mechanically coupling both cells’ cytoskeletons. Force transmission is thought to stabilize focal
adherens junctions by recruiting regulatory proteins such as vinculin and members of the Arp2/3
complex proteins. Remarkably, the activation of Rho-associated protein kinase (ROCK) is crucial for

the formation of focal adherens junctions®.

Next, during focal adherens junction maturation, an expansion of the cell-cell contact areais paralleled
with the formation of membrane protrusions and lateral rearrangement of E-cadherin, resulting in the
formation of linear adherens junctions®. Myosin-ll-generated force is thought to enable the
maturation of focal adherens junctions into linear adherens junction, as its activity is maximal near
both cells’ adhesion sites. In these junctions, actin bundles align in parallel to the membrane, albeit
their interaction with linear adherens junctions and downstream effects are to date still unclear.
EPLIN, a protein that binds a-catenin- and F-actin, is required for the maintenance of linear adherens
junctions®. Finally, a higher order of structure of adherens junctions appears in apico-basally polarized
epithelia, where cells grow in height and form zonula adherens junctions in the apical region, typically
localized below tight junctions®*%, Thick, myosin-ll-dependent actin bundles aligh with zonula

adherens junctions together with actin linkers such as a-catenin, EPLIN and vinculin®.

Beyond maintaining tissue cohesiveness, E-cadherin has been reported to be involved in a wide range
of mechanical processes at different levels®®!9171%4 |n the next sections | will molecularly dissect E-
cadherin interactions, focusing on their role in regulating both internal and external forces to which

cells within tissues are subjected.
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Figure 1-12. Adherens junction structures associated with the actomyosin cytoskeleton. Adherens junctions display different
structures depending on the maturity of the junction, epithelia polarity or junction remodelling mediated by hormones. (a)
Focal adherens junctions are found during the formation of junctions. Remarkably, its punctate morphology is reminiscent of
the architecture of nascent focal adhesions. In focal adherens junctions, cadherin adhesions are typically pulled by
perpendicular actomyosin bundles, likely triggering the presentation of a-catenin VBS concomitant with vinculin recruitment
to the forming junctions. (b) Focal adherens junctions mature into linear adherens junctions, where cadherin localization
adopts a linear rather than punctate morphology. Actomyosin bundles align in parallel to cell-cell contacts, although they do
not co-localize. Vinculin typically lacks in linear adherens junctions, suggesting that these structures are not under tension.
(c) In polarized epithelia, linear adherens junctions mature into zonula adherens junctions, where actomyosin bundles co-
localize with cadherin. The formation of zonula adherens depends on the recruitment of vinculin and Eplin to the junctions,
evidencing that those junctions transmit intracellular tension across epithelia. Adapted from Huveneers et al.??
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3.1.1 E cadherin: structure and adhesion dynamics

E-cadherin is a transmembrane protein bearing an extracellular N-terminal domain that contains 5
similar ectodomains named from EC1 to EC5, whose interaction with other E-cadherin ectodomains
presented by adjacent cells allows for the formation of adherens junctions in a calcium-dependent
manner!®>1%, E-cadherin’s c-terminal is cytosolic, whereas its interaction with the so-called adaptor

proteins enables for cytoskeleton coupling between neighbouring cells*107/108,

The cadherin familiy includes a number of proteins whose role is to participate in the formation of
different types of cell-cell junctions*. In this thesis, we focus on a “classical” cadherin, specifically E-
cadherin. The type of bond cadherins form is important to understand their mechanosensory role,

and although they werewere historically thought to interact homophilically, recent research showed

109

that they also mediate heterophilic interactions'®®, whose tensile strengths and force generation

spectrum is very similar to that of homophilic interactions, as experimentally reported in%%11°,

The conformational state of classical cadherins is very dynamic and changes between the X-dimer and
the strand-swap dimer conformation both stochastically and according to external mechanical stimuli
(Figure 1-13). The X-dimer cadherin conformation behaves as a catch bond, and thus its lifetime
increases with increasing tensile forces. In contrast, the strand-swap dimer conformation acts as a slip

bond, which becomes short-lived with increasing tension!!?,

A third type of E-cadherin binding

conformation was described, during which
the bond becomes insensitive to force!'!1?,

Therefore, besides forming typical catch and

X-Dimer = Intermediate = Sand-swap
Dimer

bonds, E-cadherin conformational

slip

interactions also form ideal bonds. The latter

Cadherin monomers

Figure 1-13. Cadherin-based conformational bindings. In their are developed while cadherins undergo an X-
closed configuration, cadherin monomers present a tryptophan
residue in their respective pockets. Upon cadherin-based

interactions, the EC1-2 domains of adjacent cadherins interact

to strand-swap dimer conformational change,

constituting the X-dimer conformation, behaving as a catch bond.
The X-dimer configuration stochastically changes to the strand-
swap dimer conformation, where the aforementioned tryptophan
residue is inserted into the pocket of its adhesive partner,
behaving as a slip bond. Finally, during the transition from X- to
strand-swap dimer, an intermediate conformation behaving as an
ideal bond is adopted, providing cells with mechanical insensitivity
during very short time periods. Adapted from Rakshit et al.11?
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Besides the aforementioned conformational bindings a pair
of E-cadherin form, cells also form cis- and trans- interactions lheestiessssesstleaatls s stlsiiais
with their own and their neighbours’ EC1-5, respectively, thus
entailing a higher level of cell-cell contact regulation!®

(Figure 1-14).

At the cytosolic domain, cadherins interact with cell

33333
233883

Cell 2

cytoskeleton filaments through adaptor proteins, as sésiié;m m

previously noted. The protein family responsible to

Figure 1-14. Schematic cartoon of cis and trans

mechanically and biochemically couple the extracellular interactions between £-cadherin

environment with the cells’ inner protein networks in a ectodomains. Lateral cis interactions (yellow)
occur between adjacent E-cadherin

cadherin-dependent manner is referred to as the cadherin ectodomain expressed in the same cell. Trans
interactions (red) occur between E-cadherin
adhesome!®. Of all the myriad of adaptor proteins that ectodomains expressed in neighbouring cells. A
combination of cis and trans interactions is also
constitute the cadherin adhesome, the ones belonging to the  gepicted on the right, where an E-cadherin
ectodomain of a cell interact with a neighbour
cell’'s ectodomain that is undergoing cis
interactions. Adapted from Fichtner et al.113

catenin family play a crucial and very well-described role in E-

cadherin interactions?’.

For example, E-cadherin endocytosis is impaired by the binding of catenin p-120 to its juxtamembrane
domain, resulting in a decreased turnover and thus an increased binding lifetime!'4. Catenin p-120 is
also involved in cytoskeletal filaments remodelling near the E-cadherin interactions, where it recruits
microtubules to promote junction maturation in parallel to regulating the activity of Rho GTPases

ultimately modulating the actin cytoskeleton dynamics!“.

B-catenin constitutes another example of the outstanding role of the catenin family in the context of
adherens junctions. Briefly, E-cadherin cytoplasmic domain interacts with B-catenin, which in turn
binds a-catenin, ultimately allowing for coupling between E-cadherin molecules and the actin
cytoskeleton!?’. a-catenin constitutes a mechanosensitive protein at the cell-cell adhesion complex,

whose role will be discussed in the next section.

Summing up, the cadherin-catenin complex is found in interactions involving all classical cadherins
and represents the minimal functional protein complex to allow for cadherin adhesions'®.
Recruitment of additional proteins results in different interacting cadherin adhesomes, providing the
cells with further complexity in adhesion structures as well as the ability to carry out different

functions®>19>.
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3.1.2 E-cadherin regulates cell contractility

During recent years, an important number of research studies have shed light on the mechanics of
cadherin adhesion. Namely, Buckley et al. made use of an in vitro optical trap-based assay to study
the binding dynamics of the E-cadherin/a-catenin complexes with F-actinl®. Briefly, tension was
applied to the complexes by means of an oscillatory movement of the stage in the direction parallel
to the orientation of F-actin filaments. Interestingly, the E-cadherin/a-catenin complex was reported
to form a catch bond with F-actin whose lifetime displayed at least a 20-fold increase in the presence
of tension, compared to a condition where the stage was immobile and thus tension was not applied.
Therefore, overcoming a minimum force threshold is required for a-catenin to bind F-actin, indicating
that the transmission of force is necessary for the formation and stability of cadherin-based cell-cell

junctions®?’,

In vivo, force enabling E-cadherin and F-actin coupling is conferred by the actomyosin cytoskeleton.
Research studies showed that an enrichment of E-cadherin at the adherens junctions is paralleled with

115

a local increase in RhoA activity triggered by a conformational activation of a-catenin''>, resulting in

116 (

the local recruitment and activation of myosin Il motors specifically at the cell-cell junctions'*® (Figure

1-15).

Whereas three myosin Il isoforms are expressed in mammals, only myosin lIA and myosin |IB are found
at the cell-cell junctions'®. Recruitment of myosin IIA and myosin 1IB at those junctions is mediated
by signalling cascades and feedback loops involving ROCK-1 and Rap1, respectively®. Remarkably, a
decrease in cell contractility by inhibiting myosin light-chain kinase (MLCK) either by addition of
Blebbistatin or ML-7 resulted in a decreased cell-cell adhesiveness as a consequence of an impaired
ability of the cells to locally concentrate E-cadherin at the cell junctions (Figure 1-15 b). Additionally,
removal of either myosin-ll or E-cadherin from the cell-cell junctions resulted in an impaired
localization of the other, suggesting that both myosin-Il (and thus a local increase in contractility) and
E-cadherin are crucial for the generation and maintenance of cadherin-based cell junctions'® (Figure

1-15).

In the same line, a direct correlation between E-cadherin expression levels and cell contractility was
found in a recently published work: Pérez-Gonzalez et al. used an experimental set-up where a
dexamethasone-inducible increase in E-cadherin expression resulted in a three-fold increase in the di-
phosphorylated myosin light chain (ppMLC), resulting in 2D epithelial cell monolayers eventually
rounding up and detaching from the experimental substrates!'’. Therefore, an increase in E-cadherin

expression is paralleled by an increase in ppMLC and thus increased cell contractility. Taken together,
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these results indicate that E-cadherin ultimately mediates the generation of forces at the cell-cell

interface through regulating cell contractility.
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Figure 1-16. E-cadherin and Myosin IIA are mutually required for the formation and stability of E-cadherin-based junctions.
(a) Upon addition of E-cadherin-blocking antibody, both E-cadherin and Myosin IIA show an impaired localization at the cell-
cell junctions. (b) E-cadherin immunostaining in controls and blebbistatin-treated cells. Upon treatment with a light myosin

chain inhibitor (Blebbistatin), E-cadherin localization at the cell-cell junction is impaired. (c) Junctional E-cadherin decreases
with time upon treatment with Blebbistatin. Adapted from Shewan et al.116
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Finally, a FRET-based experimental set-up carried out by Borghi et al. showed that myosin Il is
constitutively active near the cell membrane both in bound and unbound E-cadherin molecules, and
thus membranal E-cadherin is under constitutive actomyosin-generated tension regardless of its
binding with E-cadherin molecules presented by adjacent cells!®. This could possibly confer an
additional role for E-cadherin in the transduction of mechanical forces between the actomyosin
cytoskeleton and the plasma membrane. Moreover, stretch experiments showed that tension was
further increased at bound E-cadherin localized to cell-cell junctions compared to unbound E-

cadherin®®

, indicating that cells sense other cells’” mechanical properties through cadherin-based
interactions and adapt to the force they exert accordingly. Therefore, through the tight control of the
regulation of internal force generation mediated by myosin Il activation, cadherins constitute a
mechanosensitive complex to sense and adapt to extracellular forces'®!°. This point will be
addressed in the next section, where we will review the molecular mechanisms behind E-cadherin-

mediated force generation, sensing and adaptation in response to extracellular mechanical stimuli.
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3.1.3 E-cadherin at the tissue level: maintenance of tissue cohesiveness and mechanosensing

to adapt to extracellular forces

As introduced in the previous chapters, E-cadherin plays a crucial role in the maintenance of tissue

integrity during collective cell migration. In this section, | will focus on the molecular mechanisms that

enable the coordination of tissues and the maintenance of their cohesivity.
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Figure 1-18. a-catenin is needed during E-
cadherin-dependent mechanotransduction.
(a) Cartoon depicting a magnetic twisting
cytometry experiment. (b) Stiffness change
mediated by E-cadherin during the magnetic
twisting cytometry experiment. In contrast to
a-catenin KD MDCK cells, wild-type cells
underwent a cell stiffening event in response
to force applied through an E-cadherin-coated
magnetic bead. This phenomenology was
abrogated in PLL-coated magnetic beads or
EGTA treatment. Adapted from Barry et al.1%8
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In the same line, Barry et al. showed that MDCK cells

carrying a deletion in a-catenin’s VBS failed to actuate

the force-dependent

junctions!®, suggesting that vinculin binding to the

unfurled conformation of a-catenin allows for a local

reinforcement of

Prior to Buckley et al.’s finding on the catch bond formed
between the E-cadherin/a-catenin complex and F-actin
discussed in the previous section!?’, Leduc et al. made use of
an experimental set-up based on magnetic beads aiming to

unravel the mechanosensitive role of a-catenin'®

. Briefly,
magnetic beads were embedded on top of cells, which were
next placed under a magnetic field. The amplitude of the
oscillation of E-cadherin-coated magnetic beads decreased
with time compared to that of pLL-coated beads, indicating
that a local cell stiffening event occurred upon the
transmission of force at E-cadherin junctions. Even though the
underlying mechanisms were then unknown, vinculin was
reported to be required for the E-cadherin-mediated cell
stiffening event'®’, Two years later, Rangarajan et al reported
for the first time a crystal structure of a-catenin’s vinculin
binding site (VBS) with a unique unfurled conformation when
bound to vinculin?.
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myasin Il pulls on actin

Figure 1-17. a-catenin unfolds upon tension
transmission in E-cadherin-based junctions,
presenting a previously cryptic VBS and allowing
for vinculin recruitment concomitant with actin
bundles recruitment to the cell junctions. Adapted
from Alberts et al.*
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threshold where a previously cryptic VBS domain is then accessible to vinculin'?® (Figure 1-17). In all,
Barry et al.’s results further corroborated the important role of the cadherin-catenin complex in

allowing for mechanosensing events at the cell-cell interface.

Another striking example of the role of the adherens junctions in the transmission of force across
tissues was provided by Sunyer et al.*°. In an experimental set-up enabling the measurement of
cellular traction forces, E-cadherin was reported to allow for the long-range transmission of force
across an epithelial cell monolayer during its asymmetric expansion on a gradient of stiffness coated
with fibronectin, evidencing that cadherin-based junctions enable the mechanical coupling across
tissues. Remarkably, either deletion of a-catenin or inhibition of myosin-II resulted in a compromised
tissue integrity and an impaired outcome in their associated CCM*° (Figure 1-19). Taken together,
these results indicate that the a-catenin mechanosensor plays a crucial role in the context of CCM,
providing cells with the ability to adapt to extracellular forces derived from cadherin-based adhesions

to ultimately maintain tissue integrity and ensure coordination during CCM events.
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Figure 1-19. Tissue cohesivity and collective durotaxis are impaired upon silencing of a-catenin. Whereas control MCF10-A
cells expanded asymmetrically (a,c) on a gradient of stiffness, a symmetric expansion was observed upon silencing a-catenin
(b,d), paralleled with the loss of tissue integrity. Adapted from Sunyer et al.3?

In analogy with the previously discussed increase in traction forces with increasing stiffness reported
on ECM-coated substrates?”34, the development of in vitro techniques to coat hydrogels of varying

stiffness with E-cadherin'®®121-124

provided researchers with further evidence of E-cadherin-mediated
mechanosensing. However, unlike substrate functionalization with ECM proteins, substrate
functionalization with E-cadherin extracellular domains (EC1-5) needs to contemplate their
orientation. In elastic hydrogels coated with oriented EC1-5 using different approaches, traction forces
were systematically higher in stiff gels compared to soft gels'%*?® (Figure 1-20). Interestingly, Collins
et al. reported that gels displaying a stiffness below 30kPa did not support MDCK cell adhesion or

119

spreading'??, attributing this phenomenology to the physiological stiffness value reported for an MDCK

cell monolayer, which is in the range of 33kPa?.
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Whereas most of the published techniques to coat hydrogels with oriented cadherins make use of a
chimeric molecule consisting of the EC1-5 with a C-terminal fused to a human IgG-Fc tag!'124127,
whether the 1gG domain conforming the Fc/E-cadherin chimera undergoes conformational changes
potentially hindering the readout traction forces under cadherin-transmitted tension has not been
studied. A minor number of research studies coated either glass surfaces'?'?® or hydrogels'?! with
oriented EC1-5 fused to a histidine tag (Histidine-tagged EC1-5) by means of a double bivalent ion
chelation through N-alpha,N-alpha-Bis(Carboxymethil)-L-Lysine (NTA) and Histidine-tagged EC1-5,
where the Fc tag is lacking and thus no unfolding of the IgG domain potentially alters the readout of

traction force generation.
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Figure 1-20. Traction forces exerted by cells seeded in E-cadherin-coated hydrogels increase with substrate stiffness.
(a) Color-coded traction force maps of MDCK a-catenin KD and MDCK rescued cells on 1 kPa and 34 kPa stiffness gels.
(b) E-cadherin-generated cell tractions increase with substrate stiffness in an a-catenin-dependent manner. Adapted
from Barry et al.108

In all, a significant number of research studies indicate that E-cadherin ultimately provides cells with
the ability to mechanically sense other cells’ forces and respond to them by internally modulating their
force generation spectrum to equal the forces generated by their neighbours. However, cells in vivo
are usually surrounded by other cells as well as ECM. Therefore, cells typically establish both cell-cell
and cell-ECM adhesions at the same time, triggering different signalling pathways that share common
protein effectors such as vinculin?>12°, necessarily implying a biochemical crosstalk between cell-cell
and cell-ECM adhesions. Finally, cell-ECM traction forces were reported to modulate endogenous
tension at cell-cell contacts®®®, implying that a mechanical crosstalk between those adhesions also
exists likely due to the similarities in their architecture, as both types of adhesions are regulated by

the cell cytoskeleton®®,
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3.2 Collective cell migration mechanics

The mechanics of collective cell migration have been increasingly studied during the last years.
Previous research showed that CCM arises from the interplay between cell-cell adhesion, cell-

substrate adhesion and cell contractility®3!

. Whereas cell-substrate adhesions provide new anchoring
points for migrating groups of cells at the leading edge, myosin-ll-driven contraction of actin filaments
anchored to those newly-formed cell-substrate adhesions drives the generation of traction forces in a
stiffness-dependent manner that results in the build-up of intracellular tension®!. In this scenario,
cell-cell adhesions enable the formation and mechanical coupling of front-to-rear supracellular actin
filaments that transmit tension intercellularly across the whole migrating cohort(38). Manipulation of
cell-cell adhesions or inhibition of myosin-ll activity leads to the abrogation of intercellular
coordination and thus impaired CCM3%!3! (Figure 1-19), indicating that tension transmission
throughout a migrating cohort is mediated by the coupling of contractile forces between neighbouring
cells®. Therefore, the mechanical properties of substrates are integrated at the cell-substrate

interface in an interplay with cell-cell adhesion dynamics and cell contractility ultimately regulating

CCM.

In order to migrate with a certain direction to ultimately reach their target location, collectively

migrating cohorts must establish a front-rear polarity*3?

, just as explained for migrating single cells. In
migrating cell collectives, cells at the edges constitute the so-called leader cells, whereas cells
occupying central regions in the cell collectives represent the follower cells'*3. To advance, leader cells
set the direction of migration by polarizing and extending lamellipodia towards spaces devoid of other
cells. Similarly, follower cells protrude frontal cryptic lamellipodia (c-lamellipodia) below anterior cells
that not only result in traction forces generation but also increases cell-cell contact area, hence
strengthening cell-cell adhesion®34. Despite leader cells exert higher traction forces than follower cells
likely due to their marked polarization, collective cell migration requires the active mechanical

contribution of both leader and follower cells®%3>,

Tissue polarity is set along the whole cell monolayer through the establishment of gradients of Rho-
GTPase activity from the front to the rear of the collective, triggered by leader cells’ initial
polarization®3. Together with tissue cohesivity, this is achieved through intercellular junctions that
enable the transmission of tension from the front to the rear of a migrating cohort through emerging
actin supracellular organization structures that obviously lack in single cell migration®®”138, As a
consequence, in contrast to single cell migration, traction forces are not balanced within cells
undergoing CCM, where normal tractions (tractions perpendicular to the leading front) become

systematically lower from the edge of the cohort to the centre, whereas intercellularly transmitted
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tension follows the opposite trend>® (Figure 1-21). Therefore, the force balance occurs globally at the

supracellular scale rather than at the single cell scale during CCM.
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Figure 1-21. Traction forces generated by a collectively migrating sheet. (a) Phase contrast image with the leading edge of
the monolayer to the left. (b) Tractions normal to the leading edge. (c) Tractions parallel to the leading edge. (d)
Quantification of normal (black) and parallel (white) tractions to the leading edge as a function of distance from the leading
edge. (e) Quantification of stress within the migrating monolayer as a function of distance from the leading edge. (f) Cartoon
depicting the quantification of stress within the advancing cell monolayer. The average stress parallel to the leading edge
(ox) was calculated by integrating tractions Ty along hy. Adapted from Trepat et al.”°

Besides ensuring tissue cohesivity and coordination, the transmission of tension at the cell-cell
junctions opposes to CCM: high intracellular tension transmission results in fast actin retrograde flows
with a concomitant decreased actin net polymerization at the leading edges, thus slowing CCM. In line
with this, P. Hoj et al.»** showed that MDCK monolayers treated with HGF underwent cell scattering
caused by the rupture of intercellular junctions when seeded on stiff substrates, whereas the
cohesivity of the monolayers remained unaltered on soft substrates. pMLC levels were reported to
decrease dramatically upon HGF treatment, paralleled with an increase in integrin-mediated
adhesions. Strikingly, pMLC levels recovered after 2 h, concomitant with intercellular junction
disruption only in MDCK monolayers on stiff substrates'®®. The fact that MDCK monolayers treated
with HGF and seeded on soft substrates did not undergo cell scattering indicates that the interplay
between the tension transmitted at the cell-cell junctions with the stiffness-dependent forces
generated at cell-substrate adhesions dictates the outcome of CCM. Sunyer et al.*® provided further
evidence of this, as monolayers of epithelial MCF10A cells seeded on gradients of stiffness expanded
asymmetrically on the stiff and soft edge. This work represented the first evidence of collective

durotaxis, which will be reviewed in the next section.

29



Study of collective cell durotaxis as an active wetting phenomenon Introduction

3.3 Collective durotaxis

Collective durotaxis refers to the migration of a group of cells towards stiffer regions when presented
to a gradient of stiffness. In their work, Sunyer et al.®® reported that the expansion of epithelial
monolayers of MCF10A cells occurred asymmetrically on gradients of stiffness coated with fibronectin,
whereas single MCF10A cells displayed a random migratory behaviour when presented to the same
experimental substrates. Therefore, similarly to chemotaxis®®!*® and electrotaxis’®, collective
durotaxis is far more efficient than single cell durotaxis®®. The underlying mechanisms for single cell
durotaxis previously explained in this thesis also apply to collective durotaxis, albeit signal integration
occurs at the supracellular level rather than the single cell level. According to Sunyer et al.’s work®’,
collective durotaxis emerged as a result of the integration of a higher difference in stiffness comprised

between the soft and stiff edge in MCF10A monolayers compared to single MCF10A cells.
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Figure 1-22. MCF10A epithelial cell monolayers undergo collective durotaxis by asymmetrically expanding on a gradient
of stiffness coated with fibronectin. (a) Symmetric expansion of a monolayer on a uniform stiffness gel. (b) Asymmetric
expansion of a monolayer on a gradient of stiffness. (c,d) Angular distributions of cell trajectories for experiments shown in
(a) and (b), respectively, show that monolayers durotax on gradients of stiffness. (e, f) Maps of the Traction component Ty
for experiments shown in (a) and (b), respectively. (g) As a result of the global balance in tractions, gel deformations are
equal in both edges of an expanding monolayer on a uniform stiffness. (h) Gel deformations are higher in the soft edge of a
monolayer expanding on a gradient of stiffness. (i,j) Maps of the intercellular tension component oy for experiments shown
in (a) and (b), respectively. Adapted from Sunyer et al.??

The asymmetric expansion of MCF10A cell monolayers occurred as a consequence of the global
traction balance within the monolayer, resulting in higher substrate deformations at the soft edge of
a monolayer expanding on a gradient of stiffness coated with fibronectin, compared to the stiff edge®®
(Figure 1-22 g,h). This phenomenology was abrogated both upon disruption of cell-cell contacts either

by genetically manipulating a-catenin, through the addition of blebbistatin (a myosin-Il specific
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inhibitor) (Figure 1-19), or by laser-ablating cell-cell adhesions, evidencing the pivotal role of

intercellular junctions during collective cell migratory processes such as collective durotaxis®.

Interestingly, a cell monolayer expanding asymmetrically on a gradient of stiffness can be modelled as
a one-dimensional contractile unit exerting forces on its underlying deformable substrate through
discrete focal adhesions and viscous friction, where a generalized clutch model predicts the observed
durotactic phenomenology. Briefly, each FA is modelled as a single clutch where traction is exerted.
In order to maintain force balance throughout the expanding cell monolayer, substrate deformations
at the soft edge are larger than at the stiff edge, ultimately driving an asymmetric expansion of the
monolayer towards stiffer regions when seeded on a gradient of stiffness due to the higher stability

of the FA formed in the stiff edge®°.

In all, Sunyer et al.’s work unveiled that collective durotaxis emerges from long-range intercellular
force transmission within an expanding cell monolayer seeded on a gradient of stiffness®®. However,
the observed durotactic behaviour was an asymmetric expansion rather than the net translocation of
cell collectives, likely due to the high spreading displayed by epithelial cell monolayers on ECM-coated

substrates.

Recent research studies suggested that durotaxis might play a crucial role during development. For
example, Zhu et al. reported that a gradient of stiffness appears concomitantly with the limb bud
formation during mouse development®’. Also, Barriga et al. found that the head mesoderm underlying
the cephalic neural crest in Xenopus stiffens during morphogenesis, concomitant with the onset in the
migration of neural crest cells*! (NC). Briefly, by grafting pre-migratory NC onto the head mesoderm
of non-migratory stage embryos and vice-versa, Barriga et al.'*! reported that the in vivo gradient of
stiffness generated at the head mesoderm is necessary and sufficient to trigger the directed migration
of NC. Even though there was no evidence of in vivo collective durotaxis up to recently, these studies
suggested that collective durotaxis could represent a potential candidate to explain biological
processes involving the collective migration of cells whose drivers remain largely unknown. In fact,
Shellard and Mayor extended Barriga et al.’s work*! and reported the first evidence of in vivo
durotaxis during the NC migration in Xenopus laevis®?. By combining in vitro and in vivo approaches,
Shellard and Mayor reported that the NC self-generates a gradient of stiffness in the adjacent placodal
tissue, which is then used as a mechanical cue to guide their migration together with a chemotactic
gradient of Sdf1 secreted by cranial placoids, where both types of gradients synergistically define the

migratory direction. Finally, rear actomyosin contraction was reported to be required for this
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phenomenology? (Figure 1-23 e), further indicating that the interplay between cell contraction and

cellular tractions dictates the outcome of collective cell migration.
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Figure 1-23. Polarized actomyosin contraction enables the synergistic durotactic/chemotactic migration of the developing
neural crest. (a) Neural crest expressing fluroescently tagged LifeAct and a membrane marker (Scale bar is 50 um), showing
a supracellular actin organization. (b) Actomyosin contraction is enhanced at the rear of the cohort during the in vitro
migration of the neural crest. (c) Scheme depicting actomyosin cable ablation (yellow arrowheads). (d) Lifeact images of the
ablation in the actomyosin cable (top) at the rear (Abl-Rear) and front (Abl-Front) of neural crest clusters on a gradient of
stiffness (Scale bar is 10 um). Time-coded projection of clusters (bottom) is shown for each condition (Scale bar is 100 um).
(e) Quantification of migration, which halts upon the ablation of rear actomyosin cables. Dashed line indicates the timepoint
of the ablation. (f) Immunostaining of Rac-GTP (cyan) and DAPI (magenta) in neural crest clusters on a polyacrylamide
substrate of uniform stiffness (top) or a stiffness gradient (bottom) (Scale bar is 50 um). (g) Quantification of Rac-GTP polarity,
indicating an increase in the contraction at the rear of a migrating neural crest cluster. Adapted from Shellard et al.*?

Remarkably, migrating NC adopted a shape reminiscent to that of a drop of water expanding on a
surface (Figure 1-23 a). In this line, computational and active gels-based approaches modelling
collective cell durotaxis within the framework of active wetting have been proposed!4214370144145 |y
the following section of this thesis, | will introduce active gels and comment on active gels-based
models that tackle collective cell migration as an active wetting process, in analogy with the physics

of active polar fluids.
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4. Active matter to model the living

Historically, the study of collectively migrating cells dates back to the early twentieth century, when

146,147 or the pulling forces generated by cells at the edges of

scientists initially proposed pressure
tissues® as the drivers of CCM. Therefore, the initially proposed mechanisms of cell migration were
largely physical, whereas relevant biological aspects were mostly ignored. With the discovery of genes
and proteins during the twentieth century, the subject of study changed towards individual molecules
rather than the tissue level, causing a halt in the study of CCM from a physical point of view.
Nevertheless, recent conceptual advances as well as the development of cutting-edge experimental
techniques have motivated scientists worldwide to re-tackle the study of CCM from a physical
perspective: the study of traction forces, velocimetry fields and strain tensors is now more accessible
than ever, and computational calculations have become extremely effective. Such technological
advances were paralleled by the proposal of the theory of active matter, constituting an ideal
framework to study different biological processes that reside in an out-of-equilibrium state spanning
all the scales of the living®®. For example, active matter theories can capture the flocking motion of

birds'*8, as well as out-of-equilibrium subcellular elements such as the cell cytoskeleton®,
4.1 Active gels

The rheology of the cell cytoskeleton changes
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retrograde flow is observed in cells seeded on soft

formed in cells on stiff substrates’’. This change in

the rheology of cells emerges as a consequence of Figure 1-24. Cartoon depicting isotropic-to-nematic phase
transitions in liquid crystals. In their isotropic phase, liquid
crystals orientation is random. However, upon externally
supplied energy, an isotropic-to-nematic phase transition
occurs, where different orientational orders depending on

transitions occurring in passive materials such as ~ the nature of the liquid crystals emerge. Adapted from
Ladoux et al.>®

the higher orientational order of actin filaments

on stiff substrates, highly resembling phase

liquid crystals® (Figure 1-24).

Liquid crystals undergo phase transitions upon the application of an external stimuli. In a context
providing insufficient energy, liquid crystals are in an isotropic phase, where individual particles show
no preferential order. However, upon the input of energy in the form of temperature, magnetic or
electric fields, liquid crystal’s individual constituents align and adopt a long-range directional order®®.

Depending on the polarity of liquid crystals and the nature of the external stimuli, particles align in a
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nematic or polar order. Due to the polarity of actin filaments and the orientation of filaments with
increasing substrate stiffness, the change in cell rheology can be modelled as an analogy of an
isotropic-to-nematic phase transition experienced by liquid crystals. In this line, Gupta et al.”” showed
that with increasing substrate stiffness, actin filament density increased up to a critical value above
which a nematic order emerged, resulting in an anisotropy in the stress. This phenomenology directly
affects intracellular polarization, as the orientational order of actin filaments in cells allows for a
cooperative effect of pulling forces generated by the molecular motors along the same direction.
Therefore, the actomyosin cortex itself is mechanosensitive as a result of the higher nematic
orientational order of actomyosin cables in stiffer substrates®. This in turn affects cell polarization,
with cells generating anisotropic stresses when seeded on a gradient of stiffness and thus potentially
triggering durotactic responses. In these contexts, cells move along the lines where tension is maximal

in a process called plithotaxis®®.

Originally, active polar gel models were motivated to describe the behaviour of the actin

cytoskeleton®®0-152

, but recently, they have also succeeded in describing cell monolayers in motion.
Despite the maintenance and adaptation of intercellular junctions, migrating groups of epithelial cells
undergo cell rearrangements resulting in changes in their relative position within the migrating tissue.
As a result, hydrodynamic patterns in cell rearrangements such as cell swirling, swarming, motion
correlation between subgroups of cells or the propagation of waves arise over long time periods*3,
Therefore, CCM entails the emergence of fluid-like behaviours in migrating groups of cells over time
scales of several hours or days, presenting a high resemblance to the motion of two-dimensional
complex fluids. However, in contrast to the dynamics of inert fluids, cells proliferate and require

energy to propel themselves, obtained from ATP hydrolysis and transduced into mechanical work,

constituting a hallmark of active matter®®,

As opposed to other approaches to model CCM at the molecular level, the study of living matter in
terms of active fluids integrates the intrinsic molecular effects of subcellular elements through a
coarse-grained approach. In such, migrating groups of cells are modelled as an active fluid whose
shape is determined by a tight interplay between the tissue’s active properties and tissue-substrate
adhesion®?. For example, Pérez-Gonzalez et al.'” recently proposed a theoretical framework based
in active matter to explain tissue expansion and retraction as the interplay between intercellular
contractility and cell tractions within the framework of active wetting. Whereas this model understood
tissue spreading as an active wetting process, in the next section | will summarize the literature on

tissue spreading studied from the classical wetting paradigm approach.
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4.2 Tissue spreading as a wetting process

As previously stated, tissues behave like fluids at long timescales, where hydrodynamic patterns in cell
rearrangements such as cell swirling, swarming, motion correlation between subgroups of cells or the
propagation of waves arise'®>>'>>, The fluid-like behaviour of tissues led researchers to understand the
spreading and migration of collectives of cells as a wetting process, in analogy with the spreading of a

passive fluid droplet on a surface.

Initial models of tissue wetting relied on theories where interfacial free energy minimization was the
driving force of tissue spreading, leading to the development of the “Differential adhesion
hypothesis”°®. The experiments that led to this hypothesis were based on the mixture of embryonic
cells of different amphibian species with different adhesion strengths, which spontaneously
reaggregated to form germ layers in their developmentally correct positions®®, highly resembling the
separation of immiscible liquids. According to the differential adhesion hypothesis, cells reorganized
to adhere to other cells of similar adhesive strengths aiming to maximize the bonding strength and

thus generate more thermodynamically stable structures.

Later studies involving genetic tools (enabling the tuning of the adhesiveness of S-180 cell aggregates
-derived from a Mus musculus murine sarcoma- by modulating the expression of E-cadherin) as well
as fabrication tools (enabling the tuning of the adhesiveness of substrates) provided a more accurate
idea of the wettability of tissues'’. Briefly, according to approaches based in a classical wetting
paradigm, the outcome of tissue wetting would be dictated by the interplay between cell-cell and cell-
substrate adhesion strengths. In cell aggregates showing high cell-cell adhesion and low cell-substrate
adhesion, tissue wetting would be hindered by the low cell-substrate adhesion strength, resulting in
the formation of spherical cell aggregates resembling a spherical droplet of water on a hydrophobic
surface. Conversely, cell aggregates presenting low cell-cell adhesion and high cell-substrate adhesion
would undergo faster and more efficient spreading events, in analogy with a droplet of water
expanding on a hydrophilic surface. By observing the process of wetting of cell aggregates displaying
different cell-cell adhesion strength on surfaces of varying adhesiveness, Douezan et al.’*® proposed

the spreading parameter (S) to predict the wetting state of a cell aggregate, which is defined as:
S =Wes — Wee,

where Wes and Wee refer to the cell-substrate and cell-cell adhesion energies per unit area,
respectively. If cell-substrate adhesion energy is higher than cell-cell adhesion energy (W¢s > Wcc), the

spreading parameter will be positive (S > 0) and thus cell aggregates will wet the substrate. In contrast,
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if the cell-substrate adhesion energy per unit area is lower than that of cell-cell adhesion (We¢s < W),
the spreading parameter will be negative (S < 0) and thus cell aggregates will tend to either dewet or

partially wet the substrates, resulting in spherical-shaped cell aggregates®.

Douezan et al. suggested that S-180 cell aggregates spread like a viscoelastic drop at short timescales,
whereas a precursor film from the aggregate appeared at longer timescales in adhesive clusters
seeded on adhesive substrates'® (Figure 1-25 a,b), highly resembling a “liquid phase” state of cells.
Conversely, cell aggregates expressing low levels of E-cadherin seeded on adhesive substrates
underwent cell scattering (Figure 1-25 c), highly resembling a “gaseous phase” state of cells. Besides
dictating the adhesiveness of clusters, the expression levels of E-cadherin dictate the viscosity of cell

aggregates: E-cadherin contributes to increasing the friction experienced between cells, and thus high

expression levels of E-cadherin oppose to the wetting process of cell aggregates®®.

Figure 1-25. Tissue spreading on a surface in analogy with a wetting transition. (a) Lateral phase contrast view of adhesive
S-180 cell clusters spreading on an adhesive substrate show the formation of a film precursor of cells expanding from the cell
aggregates (green arrow). (b) Top phase contrast view of adhesive S-180 cell clusters spreading on an adhesive substrate
highly resembling a drop of water wetting a hydrophilic surface, featuring liquid-like state of matter. (c) Top phase contrast
view of non-adhesive S-180 cell clusters spreading on an adhesive substrate, where cell scattering is observed, featuring gas-
like state of matter. Adapted from Douezan et al.>7
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The adhesiveness of substrates can be modulated by tuning either ligand density or substrate
stiffness®®!Y’. In line with the previous discussed study, Beaune et al. reported that varying substrate
stiffness impacted on the wetting state of cell aggregates as well as their migratory outcome!®,
Indeed, murine sarcoma E-cad cell clusters were seeded on substrates of different stiffness (Figure
1-26). Cell clusters seeded on soft substrates (2-10 kPa) were not able to fully wet, whereas a net
translocation of the partially dewet cluster was observed paralleled with single cell scattering. Cell
clusters seeded on intermediate stiffness substrates (10-16 kPa) displayed a partially wet state, where
a precursor film of cells started forming. With time, the dewetting of the precursor film started
stochastically on one side of the cell clusters and they translocated by either adopting a penguin or
giant keratocyte shape. Conversely, cell clusters seeded on stiff substrates (40 kPa) underwent full
spreading with an initial precursor film of cells ultimately wetting the substrates'*® (Figure 1-26).
Therefore, cluster migration showed a biphasic relationship with substrate stiffness, where the
migration of clusters was optimal at intermediate stiffness values, correlating with a partial wetting

state of cell clusters (Figure 1-26).
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Figure 1-26. Substrate stiffness impacts on the wetting state and the migratory outcome of murine sarcoma cell clusters
expressing E-cadherin. (a) Scheme showing the different migratory modes as a function of substrate stiffness. (b) Phase
contrast images of murine sarcoma cell clusters expressing E-cadherin on substrates of different stiffness. Adapted from
Beaune et al.’43

In all, the research studies presented above suggest that tissue spreading and migration can be
understood by means of a classical wetting paradigm approach. However, these processes require the
supply of energy and thus tissues reside in an out-of-equilibrium state, where the active source of
tissue contractility and traction forces is not recapitulated explicitly in the cell-substrate adhesion
energies of passive wetting processes. In the next section, | will give an overview on a recently
proposed theoretical framework to explain tissue expansion and retraction within the newly proposed

framework of active wetting.

37



Study of collective cell durotaxis as an active wetting phenomenon Introduction

4.3 Tissue spreading as an active wetting process

As mentioned in the previous section, the cell-substrate and cell-cell interface adhesion energies in
theoretical models within the classical framework of wetting do not explicitly incorporate the
contribution of the active properties of living tissues. However, the contribution of active parameters
such as tractions and contractility can be inferred from experimental data aiming to develop more

accurate models of tissue wetting based on active matter.

By combining experimental data with theoretical approaches, Pérez-Gonzalez et al. reported that
tissue expansion and retraction could be modelled using a coarse-grained approach from an active
matter perspective, describing the monolayers as 2D active polar fluids, with cells at the periphery
polarized outwards. In this polarized region there were two sources of activity: a contractile stress
(due to cell-cell pulling forces), which promoted tissue retraction, and a traction force (due to cell-
substrate pulling), which promoted tissue spreading. The competition between these two forces gives
rise to the active wetting transition, where monolayers larger than a critical size spread or wet,
whereas smaller clusters retract or dewet the substrate®'’. Passive cell-cell and cell-substrate adhesion
forces were encoded in an effective fluid viscosity and tissue-ECM friction respectively. Remarkably,

substrate stiffness is important in determining all the substrate-dependent parameters.

In this study, MDA-MB-231 cells presenting low-expression levels of E-cadherin were transfected with
a dexamethasone-inducible vector containing the human E-cadherin coding sequence. Cells were then
seeded on size-tunable confined circles functionalized with different concentrations of collagen. The
endogenous expression of E-cadherin increased linearly upon the addition of dexamethasone during
24h and reached then a plateau. The increase in E-cadherin expression was paralleled by a 3-fold raise
in the di-phosphorylated myosin light chain (ppMLC), resulting in an increase in the overall cell
contractility hence enabling tension transmission from the cell-ECM interface to the rest of the tissue

through E-cadherin-based junctions.

Cells within the monolayer polarized and aligned radially, whereas traction and tension increased in
parallel with the increase in E-cadherin expression. During the experiments, the increase in cell
contractility eventually triggered tissue dewetting events by causing a random symmetry breaking in
the tractions generated by radially spreading circle-shaped tissues. As predicted by the model,
increased substrate stiffness, cell-ECM adhesiveness and tissue size were experimentally reported to
favour tissue wetting, whereas increased tissue contractility favoured tissue dewetting!'’ (Figure

1-27).
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Figure 1-27. Tissue spreading as a function of cell contractility, substrate adhesiveness and tissue size. (a) A monolayer of
MDA-MB-231 cells undergoes an active dewetting event, which is inhibited in the presence of Blebbistatin (b) and can be
reversed upon addition of Y-27632 (c). (d) Quantification of monolayer area, which decreases in controls (red, remains
constant in the presence of Blebbistatin (blue) and increases upon addition of Y-27632 (green). (e) Active dewetting occurs
earlier in non-adhesive substrates. (f) Active dewetting occurs earlier in smaller clusters. Dewetting events are marked in an
orange background colour in (e) and (f). Adapted from Pérez-Gonzdlez et al.11”

In their work, Pérez-Gonzalez et al. unveiled fundamental features of tissue wetting that differed
qualitatively from the classical wetting paradigm, specifically attributing the wetting properties of
tissues to the generation of active cellular forces. Even though other studies modelled tissue

expansion in analogy with a fluid wetting its underlying substrate using a framework of adhesion
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energies® %8, this research study constitutes the first subject of work where tissue expansion is

explicitly modelled as an active wetting event of a polar fluid'!’ (Figure 1-28).

0.6~ = Figure 1-28. Active polar fluid model of
g . .
il Wetting T,L/h /'/,/ ~ tissue wetting. (a) scheme of the model.
o s Traction generated at the monolayer edges
& ol fc/ /;/,\' & : as a result of a radially acquired polarity
= = determining a nematic length is transmitted
Bl =i Dewetting as tension throughout the whole cell
41 Mcreesng ~¢ monolayer by means of cell-cell junctions. (b)
-0.6 T T T T T 1 fi

S o S e s e he sprea.dmg pz.Jramelter of a (nonola.yer (S)
R (um) as a function of tissue size with increasing cell
€ 50y P contractility (blue to green), predicted by the
40 ' 2Tyh model. The point at which S=0 represents the
F - De:i“;"g 7 critical radius for tissue wetting on 12 kPa
< - 5 uniform stiffness gels. (c) Predicted critical
: ’ Wetting contractility for the wetting transition as a
105 > S0 function of monolayer radius. Adapted from

0 - : : . Pérez-Gonzdlez et al. 17

B Focal adhesion == Cell-cell junction = Friction 0 50 100 150 200
== Traction <= Tension ® Polarity R (um)

Additionally, Alert et al. recently published an in silico model based in active polar fluids to study the
role of substrate stiffness on CCM. Interestingly, their model was adapted to predict collective cell
migration on gradients of stiffness, identifying three possible scenarios depending on the intercellular
contractility magnitude(60): for small contractility, both edges of the tissue spread but the stiff edge
moves faster, resulting in an asymmetric expansion of the tissue; if contractility increases, spreading
and retraction can occur simultaneously at the stiff and soft edge respectively, resulting in a net
translocation of the tissue; finally, for a sufficiently large contractility, the retraction of both edges
takes place with the soft edge moving faster, resulting in the rounding-up and detachment of the
tissue. Not only contractility is a key parameter, but also the viscous transmission of forces across the
tissue would ultimately drag the soft edge of the cohort of cells towards stiffer regions even if no
intercellular contractility is assumed, thus moving against its spreading tendency. In all, the centre of

mass of the monolayer is predicted to be always directed towards regions of increasing stiffness’4,

The detailed study of durotaxis as a cohort of cells translocating its bulk to a stiffer position than the
original has been likely hindered by the high wetting characteristics undergone by tissues in relatively
low stiffness migrating on ECM-coated substrates. Interestingly, research studies based on cadherin-
coated hydrogels showed that cell spreading was not supported in gels below 30 kPa in stiffness!®.
This finding, together with the fact that E-cadherin regulates cell contractility, made us hypothesize
that cell clusters presented with cadherin-coated substrates would experience an active wetting
transition at higher stiffness values compared to ECM-coated substrates. Thus, the seeding of clusters
on cadherin-coated substrates could potentially enable a detailed study of the active wetting

transitions of cellular aggregates. Given the lack of research groups studying cadherin-on-cadherin-
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based cell migration, the role of E-cadherin in guiding cell migration besides enabling cell-cell junctions
has been largely ignored. In the latter section of this thesis, | present an overview on E-cadherin-
mediated cell collective migration events, ultimately raising controversy in proposing stiffness sensing
through E-cadherin (possibly in cooperation with other types of cues) as a guiding cue in

mechanistically ignored collective migratory processes.
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5. E-cadherin-mediated collective cell migration

To date, only a few physiological examples where E-cadherin drives collective cell migration events in
environments depleted of ECM have been reported. Most studies featuring collective cell migration
have been performed in adult tissues, where cells exhibit both cell-cell and cell-ECM adhesions. The
reason behind this experimental bias relies on the technical difficulties related to studying collective
cell migration events in contexts lacking ECM, that mainly take place during the early stages of
development. Those experiments represent a challenge for scientists, as they imply a higher degree
of complexity both in manipulation and measuring techniques, given the size of developing embryos
and the few techniques available for in vivo force measurements in embryos®’. Interestingly, E-
cadherin has been recently brought to the spotlight as the key protein potentially mediating cell
migration in some contexts during development and cancer metastasis®®>38488103,159-161 | thjg

section, | will present physiological examples where E-cadherin guides collective cell migration events.

During the early stages of development in Zebrafish, ECM is virtually inexistent, whereas the
enveloping layer (EVL) and the yolk syncytial layer (YSL) undergo a series of orchestrated cell migration
events resulting in the onset of the epiboly®. E-cadherin mutation resulting in a hypomorphic allel
(thus, partial loss in E-cadherin function due to cdh1™ mutation) led to epiboly arrest in deep cells
(DC), a group of cells positioned in between YSL and EVL®*1%3, However, the mechanisms through

which E-cadherin enables the collective migration of DC to undergo epiboly are still to be elucidated.

Border cell migration in Drosophila
melanogaster represents another example

of E-cadherin-mediated collective cell
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Figure 1-29. Border cell migration in Drosophila melanogaster is ECM®°. As they delaminate, border cells
E-cadherin-dependent. (a) Temporal color-coded image of border

cells migrating in between nurse cells within D. melanogaster €Xperience drastic morphology transitions
oocytes. (b) The chosen path is where multiple nurse cells junctions
meet (sectional cut 1), through which border cells extend
protrusions (sectional cut 2). (c,d) Border cell migration in controls
(c) and E-cadherin KD nurse cells (d) shows that E-cadherin is
dependent for border cell migration. Adapted from Dai et al.161

and migrate as a cohesive cluster towards
the posterior part of the egg to give rise to
a functional oocyte (Figure 1-29). Further

research studies found that border cells guide their migration by establishing E-cadherin interactions
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at junctures where multiple nurse cells meet, in which tiny openings prior to border cell migration pre-
exist. Thus, border cell migration is energetically favoured towards those junctures, minimizing the
number of nurse cell adhesions to break during border cell migration®!. E-cadherin abrogation in
either border cells or nurse cells resulted in an impaired migration (Figure 1-29), indicating that E-

cadherin plays a role in guiding the migration of border cells*.

Similarly, E-cadherin has also been reported to be crucial during zebrafish primordial germ cell (PGCs)
migration. PGCs migrate through embryonic tissues towards the region where the gonad develops.
Although PGCs migrate as single cells guided by chemotactic cues, inhibition of E-cadherin results in a

160

less effective migratory behaviour®”. Moreover, PGCs migration is impaired upon E-cadherin

160

depletion in the cells that surround the PGCs**®, evidencing that E-cadherin-based adhesions play a

role in guiding the migration of PGCs.

To sum up, above are listed known migratory processes where E-cadherin potentially mediates
collective cell migration. However, many other early occurring developmental processes involving cell
migration might rely on E-cadherin, as differential expression of cadherins leads to embryonic cell

segregation®,

Besides participating in developmental collective cell migration events such as the ones
aforementioned, E-cadherin also plays a fundamental role in the context of cancer metastasis, during
which single cancer cells and/or clusters of cancer cells that manage to escape the tumour
confinement potentially intravasate and later extravasate the bloodstream to ultimately colonize a
target organ®. Even though E-cadherin is thought to behave as a tumour suppressor protein'®,
Padmanaban et al. reported that breast cancers expressing E-cadherin display increased cell
proliferation and survival, circulating tumour cell (CTC) number, seeding of cancer cells in distant
organs and metastasis outgrowth, compared to genetically modified non-expressing E-cadherin
tumours® (Figure 1-30). Despite the survival role of E-cadherin in breast cancer metastasis is clear,
the mechanisms behind this phenomenology are still to be deciphered. However, given the abundance

of different cancer types and their intrinsic heterogeneity, one cannot find a general rule for the role

of E-cadherin in cancer metastasis.
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Figure 1-30. E-cadherin plays a crucial role in the contexts of cancer and metastasis. (a) Cartoon illustrating the transplant
of either E-cad** or a mosaic of E-cad*/* / E-cad”- tumoroids in mice. Tumor growth and invasion were monitored, where the
transplanted mosaic tumoroids display smaller sizes than E-cad*/* tumoroids (b). (c) Tumours in mice transplanted with mosaic
tumoroids show a decrease in E-cad” cells compared to tumours in E-cad*/* -transplanted mice. (d) Cartoon depicting the
formation of mosaic tumours for its in vitro study. (e) E-cad** tumoroids show a conserved morphology without invadopode-
like structures (No Cre), in contrast to mosaic tumoroids (+Cre). (f) Circularity quantification of E-cad** and mosaic tumoroids
shows that E-cad*/* tumoroids are more circular. (g) Mosaic tumoroids display more dissemination events than E-cad*/*
tumoroids. (h) Cartoon depicting E-cad*/* or mosaic tumoroids transplantation to mice’s kidneys. Mice were monitored and
potential macrometastases in the lung were quantified. (i) Mice bearing mosaic tumours developed less macrometastases,
compared to mice bearing E-cad** tumours. (j) Cartoon depicting E-cad** or mosaic tumoroids transplantation into mice’s
tails. Mice were monitored as in (h). (k) Mice bearing mosaic tumours developed less macrometastases, compared to mice
bearing E-cad*/* tumours. Adapted from Padmanaban et al.103

In all, whereas the examples mentioned above highlight the requirement of E-cadherin for the
successful migration and coordination of cohorts of cells during development as well as their survival
and metastatic potential in the context of cancer, the mechanisms behind E-cadherin-mediated cell
migration remain unclear. One limitation of these studies is that the mechanical properties of ECM-
depleted environments are not well characterized. On the one hand, tumours constitute extremely
complex and de-regulated contexts featuring high heterogeneity as to adhesome expression, matrix
deposition and activated signalling pathways'®®. On the other hand, the mechanical properties of
developing embryos, potentially constituting the other scenario where E-cadherin could mediate

migration, have been scarcely studied. This problem has recently been overcome with the emergence
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of in vivo stiffness measuring techniques in embryos(128,153), which could potentially shed light on

migratory processes during development whose driver is largely unknown.

In this line, Zhu et al. developed a magnetic device to perform 3D stiffness mapping in embryos that
enabled them to report the presence of a stiffness gradient paralleled with the emergence of the
mouse limb bud in a fibronectin-dependent manner(128), indicating that gradients of stiffness could
be the drivers of cell migration even during early stages of development. This assumption is consistent
with a recently published study showing that in vivo durotaxis allows for the correct migration of the

neural crest during Zebrafish development®?,

In summary, the current knowledge on cadherin-based cell-cell adhesions is robust enough for us to
hypothesize that cadherin-mediated stiffness sensing might be key to some developmental and
pathological processes. In this thesis, we show that E-cadherin mediates the collective durotaxis of
A431 cell clusters in an active wetting transition-dependent manner. Importantly, we propose a
theoretical framework based in active gels to explain collective cell durotaxis as a function of cell
contractility, traction forces, local stiffness, surface tension, tissue viscosity and friction, whose
interplay directly affects the wetting state of migrating epithelial cell clusters. Finally, we report that
this phenomenology also arises in epithelial cell clusters migrating on fibronectin-coated gradients of
stiffness, suggesting a general mechanism where stiffness sensing becomes optimal for clusters in the

vicinity of an active wetting transition.
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2. Aims
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1. To functionalize mechanically tuneable polyacrylamide gels with oriented E-cadherin
1.1. To validate the functionalization protocol

1.2. To assess the specificity of cell adhesion on E-cadherin-coated gels

2. To characterize the dynamics of A431 cell clusters seeded on uniform stiffness E-cadherin gels
2.1. To study the collective migration of A431 clusters seeded on E-cadherin gels of different
stiffness
2.2. To quantify the contact angle 8 and the 3D shape of A431 clusters seeded on E-cadherin gels
of different stiffness

2.3. To study the generation of traction forces by A431 clusters seeded on E-cadherin gels

3. To adapt the E-cadherin-coating protocol developed in the Aim 1 to functionalize polyacrylamide
stiffness gradients
3.1. To characterize how gel stiffness and slope depend on the fabrication parameters

3.2. To quantify the variation of protein incorporation in regions of different stiffness

4. To study durotaxis of A431 clusters migrating on E-cadherin-coated gels with stiffness gradients
4.1. To study the effect of stiffness, cluster size, stiffness slope and cell contractility on cluster

durotaxis

5. To explain the migratory behaviour of A431 clusters within the novel framework of active 3D
wetting
5.1. To explain the 3D geometry of the clusters using a surface tension parameter
5.2. To explain the durotaxis of A431 clusters on E-cadherin-coated stiffness gradients
5.3. To explore if this interpretation could be generalized to migration mediated by other

adhesion proteins such as fibronectin
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3. Materials and Methods
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Cell culture techniques

Cell maintenance

A431 cells were cultured in Dulbecco’s Modified Eagle’s Medium containing high glucose and pyruvate
(11995, Thermofisher) supplemented with 10% fetal bovine serum, 100 units-ml? penicillin and 100
pg-ml? streptomycin, cultured in a humidified atmosphere containing 5% CO; at 372C. Cells were
starved for 24 hours in starvation media (Dulbecco’s Modified Eagle’s Medium containing high glucose
and pyruvate supplemented with 1% FBS, 100 units-ml™? penicillin and 100 ug-ml* streptomycin) prior
to experiments. Versene (15040066, Gibco) was used to collect cells from flasks as a non-enzymatic
cell dissociation reagent aiming to preserve membranal E-cadherin integrity prior to cell seeding on

gels functionalized with E-cadherin.
Cell clusters formation

A431 cell clusters were obtained by seeding 5-102 cells/well in Corning Costar Ultra-Low Attachment
Multiple Well Plate (CLS3474-24EA) in starvation media. 24 hours later, clusters were mechanically
disaggregated into smaller clusters exhibiting heterogeneous sizes by pipetting up and down with a
series of pipette tips of different sizes. Cellular debris was discarded by centrifuging disaggregated

clusters at 0.3 rpm for 0.5 min.
Cell clusters seeding

Cell clusters were resuspended in media containing 5 uM Rho/ROCK pathway inhibitor (Y-27362) and
seeded on stiffness gradients in a total volume of 50 uL to allow for cluster adhesion to the entire
surface of the gels, thus covering the whole range of stiffness in a gradient. 45 minutes later, 1 mL of
media containing 5uM Rho/ROCK pathway inhibitor (Y-27362) was added to prevent the gels from
drying out. 30 min later, Y-27362 was carefully removed by slow aspiration and 1.5mL of fresh
starvation media was added. Clusters were imaged 2 hours later after cluster contractility was fully

recovered.
Lentiviral transfection for stable Lifeact-mCherry expression

HEK293T cells were transfected as previously described'®® to produce lentiviral particles inducing
stable expression of Lifeact-mCherry. A431 wild type cells were infected as previously described!®®,
Two weeks later, infected cells were sorted using an ARIA fluorescence-activated cell sorter (BD)

aiming to select those cells exhibiting similar fluorescence intensity.
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Cell adhesion assay

A431 cells were resuspended at a concentration of 10° cells/mL and incubated for 15min in ice-cold
starvation media containing either 40 pg/mL a-GFP antibody (A10262, Life technologies; Control) or
40 pg/mL DECMA-1 antibody (U3254, Sigma Aldrich). Cells incubated with control or DECMA-1
antibody were seeded on gels functionalized with E-cadherin. Cell adhesion was allowed for 15min
before gently washing three times with 1xPBS containing calcium and magnesium, and the remaining
adhered cells were fixed with 4% PFA in 1xPBS containing calcium and magnesium, followed by Hoesch
staining for nuclei quantification. An inverted microscope (Nikon Eclipse Ti) equipped with a 2x 0.06NA
objective was used to image the entire gel surface. An intensity threshold was set on Fili software to
binarize the images and automatically count the number of adhered cells per condition. The cell

density of Control and DECMA-1 groups was compared through non-parametric statistical tests.
Contractility enhancement and inhibition experiments

To study the effect of contractility on cluster migration, 0.5 UM Y-27632 ROCK inhibitor (Merck,
688001) and 1.65 nM human epidermal growth factor (hEGF, Peprotech AF-100-15) were used to

inhibit and enhance cell contractility, respectively.
Histidine-tagged GFP and histidine-tagged mCherry production and purification

Histidine-tagged GFP and histidine-tagged mCherry were produced in Rosetta E. coli strain and

purified using Ni-NTA columns, as previously described?®,

Preparation of polyacrylamide gels

Glass-bottom dish silanization

Glass-bottom dishes (P35-0-20, Mattek) were silanized using a 2:1:80 solution of acetic acid/bind-
silane (M6514, Sigma)/ethanol for 30 min. The dishes were washed twice with ethanol and dried by

aspiration.
Uniform stiffness polyacrylamide gels

1 mL gel premix solution containing 2% bis-acrylamide and 40% acrylamide (proportions vary

according to desired stiffness; see Table 3-1), 15uL irgacure 5% w/v (BASF, Germany), 6 uL acrylic acid
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(147230, Sigma Aldrich), 102 pL 1M NaOH and 10 pL 500nm-diameter yellow-green fluorospheres
(F8813, Thermofisher) was prepared. A drop of 16 uL of gel premix was added to the center of the
previously silanized glass-bottom dish, and an 18-mm diameter glass coverslip treated with Repel
Silane (General Electric, USA) was placed on top to distribute the volume evenly and flatten the gel
surface. Glass-bottom dishes containing a “sandwich” of gel premix were placed under UV light (lamp
XX-15L series, Black Ray 15W, UVP) for 5min to allow for gel polymerization. Next, a solution of 10x
PBS was added to facilitate coverslip peel off. Round-tip tweezers were used to separate top coverslips

from the gels polymerized on glass-bottom dishes.

Stiffness (kPa) | 40% Acrylamide (uL) | 2% Bis-acrylamide (uL)
0.2 100 30
1 87 33
6 187 70
24 244 125
200 480 187

Table 3-1. Stiffness and corresponding Acrylamide/Bis-acrylamide concentrations for 1mL gel premix.

Stiffness gradient polyacrylamide gels

A 25uL drop of gel premix containing 15% acrylamide, 1% bis-acrylamide, 0.75 mg-mLirgacure, 0.60%
acrylic acid (v/v), 100mM NaOH and a dilution of 1:100 from stock of 500nm-diameter fluorescent
beads (F8813, Thermofisher) was added to the center of previously silanized glass-bottom dishes and
covered with an 18mm-diameter glass coverslip treated with Repel Silane (General Electric, USA).
Gradients of stiffness on polyacrylamide gels were obtained as previously described!’®'’, Briefly,
making use of an opaque sliding mask during UV-triggered gel polymerization we polymerized gels
exhibiting a gradient of stiffness. To obtain “shallow” and “steep” gradients, the opagque mask was
moved at rates of 50 um-s? and 30 um-s’, respectively, and UV-mediated gel polymerization was
allowed for 4 min. Finally, 10xPBS was added to facilitate the removal of top coverslips using round-

tip tweezers. Gel stiffness was measured with AFM after every experiment.
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Gel functionalization with oriented E-cadherin

To functionalize uniform and stiffness gradient gels we used a previously described method involving
carbodiimide reactions'’? (See Appendix 1). Briefly, a mix of 20 mM NTA-NH; and 25 mM CuSO; in
1xPBS buffer was brought to pH=10.0 and centrifuged at 4500 rpm for 15min. The pellet was discarded
while the supernatant (formed by a solution containing NTA-NH,/Cu?*) was brought to pH=7 and
filtered using a 0.20 um diameter filter. In parallel, previously polymerized polyacrylamide gels were
incubated with 100mM EDC and 200mM NHS in 20mM Hepes pH=7.0 buffer at 372C for 20min. Then,
gels were quickly washed twice with 1xPBS and incubated at 372C with filtered NTA-NH,/Cu?* solution
aiming to bind it covalently to carboxyl groups on the gel surface. Two washes with 1xPBS were
performed 45min later, followed by addition of 1M Tris pH=8.0 for 30min to hydrolyze unreacted
active carboxyl groups. Next, the gels were washed twice with 1xPBS and incubated at room
temperature with a drop of 25uL of 0.01mg-mL™? histidine-tagged E-cadherin (8505-EC-050, R&D
Systems) covered with rectangles of parafilm, ensuring an even distribution of the drop across the
entire surface of the gel. E-cadherin orientation through ionic bindings on the gel was achieved after
1 hour of incubation, and excess E-cadherin were rinsed with two washes of 1xPBS. Then, gels were
incubated with 50mM EDC and 75mM NHS in 20mM pH=7.0 Hepes buffer at 372C for 45 min aiming
to covalently bind E-cadherin to the gels. Next, the gels were washed twice with 1xPBS and incubated
with 1M imidazole/1mM EDTA in PBS for 20min to chelate copper ions and thus rinse non-covalently
bound E-cadherin, followed by two 1xPBS washes. Finally, gels were passivated with 0.1 mg-mL? pLL-

g-PEG and used for experimental purposes within 24h after the functionalization process.

Gel functionalization with fibronectin

Polyacrylamide gels were functionalized performing carbodiimide reactions. Briefly, gels were
incubated with 100 mM EDC and 200 mM NHS in 20 mM Hepes pH=7.0 buffer at 372C for 20 min.
Next, gels were quickly washed twice with 1xPBS and incubated at 372C with a dilution of 0.1 mg/mL
fibronectin (33016015) in 1xPBS for 45 min. Finally, gels were washed twice with 1xPBS and incubated
with 1M Tris pH=8.0 for 30 min at RT, followed by two 1xPBS washes. Gels were kept overnight at 42C

prior to UV-sterilization and cluster seeding.

Protein incorporation quantification in polyacrylamide gels

To study the protocol’s functionalization efficiency, histidine-tagged E-cadherin was replaced by
Histidine-tagged GFP/mCherry, whose functionalization and orientation are achieved likewise,

offering a direct fluorescence readout for the protocol validation. Aiming to provide a realistic idea of
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the extent of protein incorporation, their molar concentrations were normalized. Fluorescence images
were taken from functionalized gels using an inverted microscope (Nikon Eclipse Ti) equipped with a
10x 0.30 NA objective (for stiffness gradient gels) or a 20x 0.45 NA objective (for uniform stiffness
gels). Briefly, 3 images covering approximately the first 3 mm of stiffness gradients from the soft edge

were stitched, followed by fluorescence normalization and quantification for every gradient tested.

Imaging techniques

Time lapse microscopy

Multidimensional acquisition routines were performed on automated inverted microscopes (Nikon
Eclipse Ti) equipped with thermal, CO, and humidity control using MetaMorph, Micromanager and
NIS-Elements softwares. Time-lapse experiments started approximately 4h after cell seeding. The
image acquisition interval was set to 10 min, and a typical experiment was run for more than 10 h.
Images were acquired using a 10x 0.3 NA objective, and an automated stage was used to save 3
overlapping stage positions that covered approximately 3 mm of the stiffness gradients starting from

the soft edge.
High-resolution images of cell clusters

An inverted Nikon microscope equipped with a spinning disk confocal module (CSU-WD, Yokogawa)
was used to acquire high resolution images of A431 mCherry-Lifeact cell clusters seeded at different
stiffness. A z-step equal to 0.2 um was acquired for every cluster, ensuring to capture whole cell

clusters.

Traction force microscopy

Traction forces were computed using Fourier transform based traction microscopy with a finite gel
thickness as previously described!’®. Gel displacements experienced between any experimental
timepoint and a reference image of the relaxed state of beads after cluster trypsinization were
computed using home-made particle imaging velocimetry software!’®. Traction forces in xy were
plotted in overlapping fluorescent images, whereas orthogonal traction forces in z were represented

by averaging the value of 10 traction pixels along the represented lines within the x and y axis.
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Stiffness gradient profile measurement with Atomic Force Microscopy

Stiffness gradients and uniform stiffness gels were mapped individually using a commercial Atomic
Force Microscope (AFM) (JPK Nanowizard, Germany) operated as previously described’*17>, Briefly, a
V-shaped cantilever (Bruker) with a triangular tip and a spring constant of k = 0.03 N-m™ was used to
indent the gels to ensure the cantilever deflection resulted within the linear detection range of the
AFM. The cantilever spring constant was calibrated using a thermal fluctuation method. The
relationship between the photodiode signal and cantilever deflection was computed from the slope
of the force displacement curve obtained at a region without gel sample. For each sample, 5 force-
displacement (F-z) curves (where F= k-d, d being the deflection and z being the piezotranslator
position) were acquired by ramping the cantilever forward and backward at a constant speed (5 um
amplitude, 1 Hz and approximately 1 um of indentation). Each experimental F-z curve was fitted to

the four-sided pyramidal indenter model:

o E -tan @ 52

S22z (1—w2)
where E is the Young’s modulus, v is the Poisson’s ratio, 9 is the semi-included angle of the pyramidal
indenter and 6 is the indentation depth. Following previous studies3, the parameter v is assumed to
be 0.5, and the indentation depth is calculated as 6 =z — z, —d , where z, is the tip-gel contact point.

E and z, were estimated by least-squares fitting of this equation to the F-z curve recorded on each gel

point. Young’s modulus was measured every 200 um along the axis of maximum gel stiffness change.

Analysis techniques

Contact angle measurement

To compute the contact angle 6 formed between the substrate and the line tangent to the edge of
the cluster (Figure 4-7 a) we acquired high resolution stacks of mCherry-Lifeact A431 cell clusters
seeded on 0.2, 1, 6, 24 and 200 kPa E-cadherin-coated polyacrylamide gels (the z-step was 0.26 um
after correcting for the focal plane shift). Figure 3-1 shows the basic strategy used to calculate the
contact angle as a function of the cluster radius (Rsprere), the contact radius (R) and the cluster height
(H). For dewetted clusters, we estimated Rsphere from the maximum z projection of all the images (Rpro;)

in the stack and R from the basal plane (Figure 3-2 a). Then, the contact angle was given by § = 180 —
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asin( ) For wetted clusters, we estimated Rsphere from the height H and R (Figure 3-2 b). Both

sphere

H and R were obtained from the z stack. Then, the contact angle was given by 8 = asin ( R )
sphere
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Figure 3-2. Contact angle () measurement as a function of cluster radius (Rsphere), contact radius (R) and cluster height
(H). The calculation varied for dewet (a) and wet (b) clusters. All parameters were estimated from high resolution z-stacks
of LifeAct-mCherry A431 clusters seeded on E-cadherin substrates.

Cluster tracking using phase images

Custom-made Matlab scripts combined with “Grid/Collection stitching” plug-in from FiJi software
were used aiming to register and stitch three overlapping images covering 3 mm of the stiffness
gradients. Briefly, time-lapse images from the green fluorescent channel containing fluorescent beads
(F8812, ThermoFisher) were registered using a custom-made Matlab script. “Grid/Collection stitching”
plugin from FiJi was used to stitch registered maximum intensity images from fluorescent beads, and
a custom-made matlab script was run to stitch phase contrast images using the xy coordinates

provided by Fili.

Stitched phase contrast images were used to segment clusters. Images were treated with gaussian
and standard deviation filters to find cluster edges. After applying automatic thresholding and
detection algorithms we detected cluster position. Clusters were linked based on proximity, and tracks
were generated and labelled with increasing numbers. Segmented images with cluster labels were
merged with phase contrast images, and clusters were manually selected using the label number.
Inconsistently tracked and incorrectly segmented clusters were discarded for analysis. Clusters whose

tracks left the field of view were kept until the timepoint in which their outline merged with the image
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boundary, whereas clusters whose tracks interacted were kept until the timepoint in which the
interaction took place. Final tracks contained the x and y coordinates for each cluster at the measured

timepoints. Noise in trajectories was estimated at 1.5 um by tracking pieces of immobile debris.

Image processing of high-resolution images of clusters

Acquired images of mCherry-Lifeact A431 cell clusters were processed using Imaris software. A
gaussian filter to the images was applied aiming to smoothen the fluorescence signal before

generating a surface to visualize the tridimensional shape of clusters.

Statistics

Statistical analyses and plotting were performed using R v 4.0.3 (R Core Team). 95% confidence
intervals of medians were estimated using bootstrap intervals of 10,000 resamples. Whenever data
followed a non-normal distribution (according to Shapiro-Wilk normality test), analyses were

conducted using non-parametric permutation and bootstrapping tests (R-MKinfer library).
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4. Results
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1. Validation and specificity of E-cadherin coating protocol

First, we adapted a previously published protocol to functionalize glass surfaces with oriented E-
cadherin'? to functionalize polyacrylamide gels. Since carboxyl groups were required for the

functionalization protocol, acrylic acid was added to the gel premix prior to gel polymerization, as

described in the Materials and Methods chapter.
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Figure 4-2. Functionalization of polyacrylamide gels with oriented E-cadherin extracellular domains (EC1-5). (a) Scheme
showing the protocol to covalently attach E-cadherin fragments on the surface of a polyacrylamide gel. Briefly, polyacrylamide
gels containing acrylic acid and thus presenting free carboxyl groups were activated with EDC/NHS and incubated with a
solution of NTA/Cu?* complexes (step 1) aiming to form a covalent amide bond between carboxyl groups in the gels and amino
groups from NTA/Cu ?* complexes. Next, gels were incubated with histidine-tagged E-cadherin extracellular domains EC1-5
(step 2), which spontaneously oriented along NTA/ Cu?* complexes through their histidine tag. A covalent amide bond between
histidine-tagged E-cadherin extracellular domains EC1-5 and NTA/Cu 2* complexes was formed upon a second round of
EDC/NHS activation (step 3). Finally, imidazole was used to rinse non-covalently bound histidine-tagged E-cadherin fragments
and Cu?* (step 4) prior to gel passivation with pLL-g-PEG (step 5). Histidine-tagged E-cadherin was replaced by histidine-tagged
mCherry in (b) and (c) as a direct readout of protein incorporation to assess the yield of the protocol. (b) Fluorescence intensity
as a readout of protein incorporation in polyacrylamide gels with varying acrylic acid concentration (row 1) containing (+) or
lacking (-) carboxyl beads (row 2). (c) Fluorescence intensity as a readout of protein incorporation in polyacrylamide gels
lacking carboxyl beads, including (+) or omitting (=) steps in the protocol. First row indicates whether gels underwent a second
EDC/NHS treatment to covalently bind E-cadherin to the gels; second row indicates concentration of acrylic acid; third row
indicates whether gels were rinsed with imidazole to remove non-covalently histidine-tagged mCherry. Each point in (b) and
(c) represents the fluorescence quantification of one field of view. n > 33 (b), n 2 60 (c). Bars in (b) and (c) indicate mean + 95%
Cl. Non-parametric Mann Whitney tests were performed (**** indicate p-value < 0.0001 ).

63



Study of collective cell durotaxis as an active wetting phenomenon Results

We functionalized polyacrylamide gels of uniform stiffness with oriented E-cadherin extracellular
domains (from now indistinctively referred to as E-cadherin or EC1-5) using a series of bivalent ion
chelation and carbodiimide reactions (Figure 1 a). Briefly, we made use of carbodiimide reactions
(mediated by EDC/NHS) to functionalize polyacrylamide gels containing acrylic acid with NTA/Cu?*.
Next, we incubated the gels with E-cadherin, which oriented spontaneously through a histidine tag-
mediated Cu®* chelation, followed by a second EDC/NHS activation to covalently bind E-cadherin to
NTA. Then, we incubated the gels with imidazole to rinse Cu?* along with non-covalently-bound E-
cadherin. Finally, pLL-g-PEG mediated the passivation of E-cadherin-coated polyacrylamide gels

(Figure 4-1 a).

Aiming to obtain a readout of E-cadherin functionalization of polyacrylamide gels, we replaced
histidine-tagged E-cadherin by histidine-tagged mCherry, thus providing a direct fluorescence readout
of protein incorporation, as the functionalization of substrates with both histidine-tagged E-cadherin
and histidine-tagged mCherry rely on the same protocol. Whereas no correlation between protein
incorporation and acrylic acid concentration was observed in polyacrylamide gels containing carboxyl
groups, protein incorporation in polyacrylamide gels lacking carboxyl beads increased with increasing

carboxyl groups provided by varying concentrations of acrylic acid (Figure 4-1 b).

Next, aiming to evaluate the yield of the functionalization with the developed protocol, we
functionalized polyacrylamide gels lacking carboxyl beads omitting different steps in the protocol, as
shown in (Figure 4-1 c). As expected, protein incorporation was very low either in the absence of
acrylic acid or upon imidazole rinse in the absence of a second EDC/NHS activation. These results
indicate that carboxyl groups are required for the functionalization of polyacrylamide gels with
oriented E-cadherin, whereas the second round of EDC/NHS activation covalently binds oriented
histidine-tagged mCherry to polyacrylamide gels. Also, the fact that protein incorporation decreased
upon imidazole rinse in the presence of a second EDC/NHS activation indicates that imidazole
incubation successfully rinses non-covalently bound histidine-tagged mCherry. In all, here we report
that polyacrylamide gels were successfully functionalized with oriented E-cadherin making use of their

histidine tag’s chelation properties.

Even if substrates are coated with E-cadherin, cells can secrete ECM and form adhesions with it, which
could impair a clear interpretation of our results. To assess this potential limitation, we screened four
cell types (MDCK, MCF 10A, A431 and C2C12) on either fibronectin or E-cadherin-coated
polyacrylamide gels and stained paxillin (Figure 4-3). Across all the cell lines tested, we selected the

A431 cell line for further experiments due to the absence of large FA-like complexes on E-cadherin-
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coated polyacrylamide gels . To avoid the problem of ECM deposition, we focused our experiments on

the shortest possible time window after seeding.
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Figure 4-3. Cell lines screening. MDCK, MCF 10A, A431 and C2C12 cells were seeded on 30 kPa polyacrylamide gels
functionalized either with E-cadherin or fibronectin, fixed 24 hours later and stained against phospho-paxillin in a screening
aiming to choose the cell line for further experiments.

Next, aiming to assess the specificity of the adhesions made by A431 cells on E-cadherin-coated

polyacrylamide gels, we performed 3 control experiments, as shown in Figure 4-4.

Firstly, we made use of an E-cadherin-blocking antibody (DECMA) aiming to impair the adhesion of
A431 cells on E-cadherin-coated substrates, as explained in the Materials and Methods chapter. As
shown in Figure 4-4 a, a decreased cell density count was reported in DECMA-treated cells, compared

to controls.

Secondly, we performed a morphology assessment in A431 genetically modified cells seeded on E-
cadherin-coated gels lacking essential proteins involved in the formation of cadherin-based adhesions.
As shown in (Figure 4-4 b), both 5 and 24 hours after A431 cell seeding, wild type cells displayed more
membrane protrusions, compared to either alfa-catenin KO or E/P-Cadherin KO A431 cells, which
displayed a rounder shape. Additionally, wild type A431 cells formed cell aggregates 24 hours after
cell seeding, whereas alfa-catenin and E/P-cadherin KO cells displayed a rounder morphology and

didn’t form cell aggregates.

Finally, we performed immunostainings as explained in the Materials and Methods chapter aiming to
study the type of adhesions formed by A431 cells on E-cadherin-coated substrates. To this end, p-

paxilin and E-cadherin were immunostained. Interestingly, we found that focal adhesions only formed
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on fibronectin-coated substrates (red arrows, Figure 4-4 c). Also, an accumulation of E-cadherin was

observed in the periphery of A431 cells on E-cadherin-coated substrates.
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Figure 4-4. The adhesions made by A431 cells on E-cadherin-coated polyacrylamide gels are E-cadherin-dependent.
(a) A431 cells were incubated with DECMA antibody as explained in the Materials and Methods chapter. Representative
images of the nuclei (labelled with Hoechst) of cells attached in controls (i) and DECMA-treated cells (ii). (iii) Cell density count
in controls and DECMA condition (Each dot represents the cell density in one field of view. n= 36 in each condition (4 fields of
view per gel, with a total of 9 gels per condition). Data is mean + 95% Cl). Mann Whitney tests were performed (**** indicate
p-value < 0.0001 ) (b) Representative phase contrast images of wild type, alfa-catenin KO and E/P-Cadherin KO A431 cells
seeded on 30 kPa E-cadherin-coated polyacrylamide gels after 5 and 24 h. (c) Representative immunostaning examples
performed in single A431 cells seeded either on E-cadherin-coated or fibronectin-coated polyacrylamide gels at t= 10 h. P-
paxilin, E-cadherin and the nuclei were stained as explained in the Materials and Methods chapter. Red arrows point at focal
adhesions made on fibronectin-coated polyacrylamide gels (Green: E-cadherin; Red: phospho-paxilin. Blue: Nuclei -labeled

with Hoechst).
Taken together, these results indicate that A431 cells form specific E-cadherin-based adhesions with
the developed E-cadherin-coated polyacrylamide gels. We next proceeded to study the migration,

morphology and traction forces of A431 cell clusters on E-cadherin-coated polyacrylamide gels.
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2. A431 cell cluster dynamics, morphology and traction forces on E-

cadherin-coated polyacrylamide gels of uniform stiffness

We first studied the spontaneous migration of A431 cell clusters on polyacrylamide gels of uniform
stiffness functionalized with oriented E-cadherin (Figure 4-5 a, b). A431 cell clusters were generated
as explained in the Materials and Methods chapter, seeded on E-cadherin-coated polyacrylamide gels
of uniform stiffness (0.2, 6, 24 and 200 kPa) and tracked with a custom-made algorithm for a minimum
of 14 hours at 10 min intervals. The dependence of cluster velocity with stiffness was biphasic (Figure
4-5 d): cluster velocity was minimal at low stiffness (0.2 kPa), peaked at intermediate stiffness (24 kPa)
and finally decreased at high stiffness (200 kPa). Cluster persistence followed the same behaviour,

peaking at intermediate stiffness (6 and 24 kPa) (Figure 4-5 e).
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Figure 4-5. A431 cell cluster velocity and persistence show a biphasic dependence with stiffness. Representative phase
contrast images of A431 cell clusters seeded on E-cadherin-coated uniform-stiffness gels of 0.2, 6, 24 and 200 kPa. Scale bar,
100 um. (b) Representative trajectories of clusters migrating on the E-cadherin-coated gels shown in panel (a). Timepoints
were acquired every 10 min. (c) Cartoon representing the workflow to track cluster trajectories, velocity and persistence.
Velocity and persistence were computed at 100 min intervals. (d) Cluster velocity at different substrate stiffness. (e) Cluster
persistence at different substrate stiffness. Each dot in (d) and (e) represents 1 cluster. For the sake of visualization, points
represented are within the percentile 99.5%. n > 266 clusters. Kruskal-Wallis tests were performed, where all groups displayed
significant differences in (d). No significant differences were observed between 6 and 24 kPa in (e).
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Since the biphasic behaviour of cluster velocity with stiffness seemed to correlate with different
regimes of cluster spreading (Figure 4-5 a), we next acquired high resolution confocal images of A431
cell clusters transfected with LifeAct-mCherry seeded on E-cadherin-coated polyacrylamide gels of
varying stiffness to study the wetting state of clusters (Figure 4-6). Cluster spreading increased with
stiffness, where clusters displayed a virtually non-spread state on 0.2 kPa and a highly spread state on
200 kPa E-cadherin-coated polyacrylamide gels. We thus interpreted A431 cell cluster spreading

within the conceptual framework of active wetting, in line with previously published studies!'’.

100 pm
200kPa

Figure 4-6. 3D cluster profile. Z-stack of A431 clusters expressing LifeAct-mCherry seeded on 0.2, 6, 24 and 200 kPa uniform
stiffness gels coated with E-cadherin. Slices are shown with a z-step size of 10 um. Basal plane is z = 0.
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We next quantified the contact angle 8 formed between the line tangent to the edge of A431 cell
clusters and E-cadherin-coated polyacrylamide gels of different stiffness (Figure 4-7) to better

characterize the wetting state of clusters, as explained in the Materials and Methods chapter.
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Figure 4-7. A431 cell clusters actively dewet soft and wet stiff E-cadherin-coated gels, respectively. (a) Measurement of the
contact angle formed between the substrate and the line tangent to the edge of clusters on different substrate stiffness (see
the Materials and Methods chapter). Each dot is the averaged contact angle for 1 cluster. Circle size is proportional to cluster
average diameter. n= 43 clusters. (b) 3D rendering of clusters seeded on different substrate stiffness. (i: 0.2 kPa, ii: 6 kPa, iii:
24 kPa, iv: 200 kPa, v: lines in the reference tridimensional axes represent 20 um.

At low stiffness, clusters were nearly spherical and the contact angle 8 between the substrate and the
line tangent to the edge of the cluster was close to 1809, indicating full dewetting (Figure 4-6, Figure
4-7 a, b-i). By contrast, at high stiffness, clusters spread to form a monolayered epithelium with a low
contact angle 8, indicating a high wetting state (Figure 4-6, Figure 4-7 b-iv). At intermediate stiffness,
the contact angle 8 was close to 902, and hence the tissue is close to the active wetting transition that
was defined in the introduction between monolayer spreading and retraction!'’. In this regime,
Supplementary video 2). Aiming to better characterize these protrusions, we imaged clusters
transfected with actin mCherry-Lifeact at high spatial and temporal resolution. The resulting movies
revealed that membrane protrusions were dynamic filopodia (Supplementary video 3), in which actin
flowed retrogradely towards the core of the clusters (Supplementary video 4). Taken together, these
data suggest that at the proximity of a wetting transition, clusters become motile by rapidly

assembling and disassembling actin-rich protrusions with the substrate.
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Next, we examined whether these local protrusions generated traction forces. We performed 3D
Traction Force Microscopy (TFM) experiments on clusters seeded on polyacrylamide gels of 1 and 6
kPa in stiffness (Figure 4-8). At higher stiffness, TFM showed insufficient resolution to robustly
measure the three components of tractions. We characterized traction profiles through their radial
component, defined as the component perpendicular to the cluster edge in the xy plane, and through
the normal component to the substrate in the z axis (Figure 4-8 c). Both on 1 kPa and 6 kPa substrates,
radial tractions pointed towards the center of the cluster (Figure 4-8 a,b). Also, radial tractions were
higher on 6 kPa gels and decreased from the cluster edge towards its core (Figure 4-8 d). Normal
tractions were positive near the cluster edges and became negative towards the cluster core in both
stiffnesses (Figure 4-8 e). These data indicate that the cluster surface tension pulls the cluster edge
upwards at the contact line with the substrate. Consistent with this picture, cell protrusions at the
edge often formed acute angles with the substrate (Figure 4-6, Figure 4-7). Upwards traction at the
cluster edge is balanced by a pressure that pushes the cluster core into the substrate. As commonly
seen in single cells seeded on ECM and E-cadherin coated substrates, traction forces increased with

substrate stiffness (Figure 4-8 d,e).
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Figure 4-8. Normal and radial traction forces exerted by clusters on E-cadherin-coated uniform stiffness polyacrylamide
gels increase with stiffness. (a, b) Traction forces exerted by representative clusters on 1 and 6 kPa E-cadherin-coated gels.
Yellow vectors represent traction forces in the xy-plane whereas red vectors represent traction forces projected on the
corresponding lateral planes (xz and yz) along the gray lines shown in the central panels (reference vectors are 50 Pa, scale
bar is 25 um). (c) Cartoons depicting radial and normal traction forces. (d) Average of the radial projection of traction forces
in the xy-plane for 1 (orange) and 6 kPa (blue) gels as a function of distance from cluster edge. n > 19 clusters. (e) Average of
the vertical component of the force for 1 (orange) and 6 kPa gels (blue) as a function of distance from cluster edge. n > 7
clusters.
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3. Clusters migrating on E-cadherin-coated substrates display robust

durotaxis

The increase in A431 cluster’s traction forces with stiffness on E-cadherin-coated gels, together with
the highly dynamic state of epithelial clusters close to the active wetting transition led us to

hypothesize that they might be particularly responsive to gradients in substrate stiffness.

In order to test this hypothesis, gradients of stiffness with different slope were polymerized and
measured by atomic force microscopy (AFM) as described in the Materials and Methods chapter. The
resulting gradients of stiffness were functionalized as in (Figure 4-1) with histidine-tagged mCherry to

rule out a possible effect of stiffness-dependent protein incorporation (Figure 4-9).
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Figure 4-9. Stiffness profile and protein incorporation on shallow and steep gradients of stiffness. (a) Stiffness profiles of
steep (n=12, blue) and shallow (n= 13, orange) gradients as a function of distance from soft edge of gradient measured by
AFM. (b) Normalized histidine-tagged mCherry intensity signal as readout of protein incorporation as a function of stiffness
for shallow (orange) and steep (blue) gradients of stiffness. (c,d) Representative fluorescence images of shallow and steep
gradients of stiffness functionalized with histidine-tagged mCherry, respectively. Soft edge is to the left, measured stiffness is
indicated below.

Approximately, the first 3 mm of the stiffness gradients starting from the soft edge were imaged and
measured by AFM (Figure 4-9 ¢, d). Within this distance, polyacrylamide gels covered a range of

stiffness up to 135 + 30 kPa and 22 + 4 kPa in steep and shallow gradients (mean * SE), respectively
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(Figure 4-9 a). We then quantified histidine-tagged mCherry incorporation in steep and shallow

gradients of stiffness, which we found to be independent of substrate stiffness (Figure 4-9 b, c, d).

Next, we functionalized steep and shallow gradients of stiffness with oriented E-cadherin, followed by
A431 cell cluster seeding to study durotaxis. Clusters were tracked as explained in (Figure 4-5 c) for a
minimum of 14 hours at 10 min time intervals (Figure 4-10 a). Using this approach, we built a large
dataset matching the local mechanical properties of the substrates with the migratory data for each
cluster and time point. In order to estimate cluster durotaxis, we quantified cluster velocity parallel to
the gradient of stiffness (v,), which was not significantly different from O for clusters seeded on
uniform stiffness E-cadherin-coated gels. In contrast, v, was higher than 0 for clusters seeded on
gradients of stiffness (Figure 4-10 b), indicating that A431 cell clusters displayed robust durotaxis when

seeded on E-cadherin-coated gradients of stiffness.
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Figure 4-10. Differential active wetting enables collective durotaxis. (a) Representative phase-contrast image of A431 cell
clusters migrating on a stiffness gradient coated with E-cadherin. Image was taken at 10h. The original position (Oh) of each
cluster is represented by a purple outline. The red line represents the trajectory obtained by time-lapse microscopy. Bottom
scale indicates the stiffness at each point of the image. (b) Cluster velocity on uniform and gradient stiffness gels. Horizontal
bars represent mean + 95% Cl. Each dot represents a cluster. n > 366 clusters. *** indicates p-value < 0.001 (Permutation
tests were performed). (c-d) Distribution of the angle a between the instantaneous velocity vector and the x-axis (see Figure
4-5 ¢) for uniform stiffness gels (c) and stiffness gradients (d).
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This biased migration was also evident when comparing the angular distribution (depicted in Figure
4-5 c) of cluster trajectories for uniform (Figure 4-10 c) and gradients of stiffness (Figure 4-10 d) coated
with E-cadherin. These experiments show that durotaxisis not restricted to integrin mediated
migration on ECM substrates. Rather, the cell migration machinery can drive durotactic responses

through cadherin receptors.

To characterize durotaxis, we studied the role of local substrate stiffness, cluster size,

cell contractility and stiffness slope.

We first explored whether durotaxis depended on local substrate stiffness E. Like for substrates of
uniform stiffness, clusters dewetted regions of low stiffness and wetted those of high stiffness (Figure
4-10 a, Supplementary video 5). In these two extreme cases, cluster durotaxis was low (Figure 4-11
a). However, in regions of intermediate stiffness, clusters were found to be close to the wetting
transition and durotaxis peaked (Figure 4-11 a, Supplementary video 6). Thus, the stiffness
dependence of cell dynamics on substrates of uniform stiffness was recapitulated on stiffness
gradients (Figure 4-5), but migration was directed towards regions of higher stiffness rather than

following random motions.
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Figure 4-11. Cluster durotaxis depends on local stiffness and cluster size. (a) Cluster durotaxis (assessed by the median
velocity along the x-axis obtained from the analysis of individual displacements of clusters seeded on E-cadherin-coated steep
gradients of stiffness) as a function of local stiffness and cluster size. Light brown indicates cluster velocity along the x-axis
(v,) for small clusters (diameter < 60 um), whereas dark brown shows cluster velocity (v, ) for big clusters (diameter > 60 um).
Vertical bars indicate 95% interval confidence. n > 136 cluster displacements per stiffness bin. (b) Cluster velocity v, as a
function of cluster size for clusters seeded on shallow gradients of stiffness coated with oriented E-cadherin. Each point
represents a cluster. Vertical bars represent 95% Cl. n > 102 clusters per bin. Small sized clusters (<50 um group) are less
durotactic than large sized clusters (>100 um group, p-value < 0.01, permutation t-test). All these three groups display a
similar local stiffness (c) and stiffness slope (d).
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We next studied the role of cluster size on cluster durotaxis on steep gradients of stiffness
functionalized with oriented E-cadherin. We found that durotaxis of clusters depended on the local
stiffness, with larger clusters (diameter > 60 um) durotaxing more efficiently than smaller clusters
(Figure 4-11 a). Also, the peak in durotaxis for small clusters (diameter < 60 um) took place at stiffness
below 40 kPa, whereas the durotactic peak of large clusters was higher in magnitude and took place

at around 40-80 kPa in stiffness (Figure 4-11 a).

An additional analysis of the effect of cluster size on cluster durotaxis was performed in shallow
gradients of stiffness, where clusters did not fully wet the stiff regions. We report that cluster durotaxis
on those gradients also increased with cluster size (Figure 4-11 b), with all size groups showing no

differences with local stiffness (Figure 4-11 c) or stiffness slope (Figure 4-11 d).

Next, in order to study the role of cell contractility in cluster durotaxis, we treated A431 cell clusters
with a low dose of ROCK inhibitor (0.5 uM Y-27632). We found that, in large clusters, a decrease in
contractility = reduces  durotaxis and  shifts the  durotactic peak to lower
stiffness compared to untreated clusters (Figure 4-12 a, Supplementary video 7). Finally, to study
whether durotaxis depended on stiffness slope, we segmented our large data set in regions of
low, middle, and high steepness. Since durotaxis depends on local stiffness ofset, we measured cell
velocity on each gradient substrate for a fixed substrate stiffness (18 + 5 kPa, Figure 4-12 c). We found
that clusters located at larger slopes showed significantly more durotaxis than clusters located on

milder slopes (Figure 4-12 b).
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Figure 4-12. Cluster durotaxis depends on cell contractility and stiffness gradient slope. (a) Cluster durotaxis as a function
of cell contractility and local stiffness. Data comes from clusters > 60 um. Vertical bars represent 95% interval confidence. n

2 69 cluster displacements per stiffness bin. (b) Velocity along the gradient (v,) grouping cluster displacements that occurred
in different gradient slopes. Each data point represents a cluster displacement. n > 141 cluster displacements. Permutation
tests were performed. (c) Corresponding stiffness distribution for each grouped slope in (b).

Taken together, these results establish a mode of durotaxis that is optimal in the vicinity of an active

wetting transition and depends on cluster size, contractility, stiffness and stiffness gradient.
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4. An active polar fluid model of tissue wetting describes cluster migration

and durotaxis

So far, our data has established that the peaks in cluster speed and durotaxis correlate with the
wetting state of the cell clusters. To understand how the tissue wetting properties might lead to
collective durotaxis, we collaborated with Irina Pi-Jauma (UB), Ricard Alert (MPI) and Jaume
Casademunt (UB) to model clusters as active fluid droplets that partially wet the substrate.
Accordingly, we describe a cluster as a spherical cap of radius Rsphere, Whose contact surface with the
substrate is a circular cell monolayer of radius R (Figure 4-13 a). We assume that the dynamics of the
droplet is controlled by the in-plane forces in this basal monolayer, which we model as a 2D active
polar fluid, extending previous work 70117144176 The cells at the periphery of this monolayer are
polarized outwards and exert two types of active forces (Figure 4-13 a, inset): cell-substrate traction
with a maximum value {; , which promotes tissue spreading, and cell-cell contractility with magnitude
¢ < 0, which promotes tissue retraction. Previous work showed that the competition between
traction and contractility in this 2D model gives rise to an active wetting transition between monolayer

spreading (wetting) and retraction (dewetting)’®!17:144,

Here, we extend the theory of active wetting to 3D droplets (Appendix 2). We propose that the
equilibrium droplet shape, and hence its contact angle 6, are determined by a generalized Young-
Dupré force balance between the active forces in the basal cell monolayer and the out-of-plane
surface tension y of the cell cluster (Figure 4-13 a, Appendix 2). The horizontal component of the
surface tension, —y /R cos 6, combines with the monolayer active forces to drive either spreading or
retraction, damped by both monolayer viscosity n and substrate friction £. For sufficiently large y, this
tissue reaches a state of partial wetting with either high (6 <902) or low (6 >902) wettability (Appendix
2). Because it lacks a horizontal component of surface tension, the equilibrium state with 6=902
corresponds to the active wetting transition in the 2D model. In turn, the vertical component of
surface tension is balanced by the Young-Laplace pressure P = 2y/Rsphere €xerted on the contact
surface (Figure 4-13 a). We use this relation to infer the value of y in our experiments from measured

vertical traction forces (Figure 4-8), which provide a direct measurement of P (Appendix 2).

To capture collective durotaxis, we take into account that cellular forces depend on substrate stiffness.
Following previous work’®77177-181 " \ye assume that both the active traction {; and the friction
coefficient & increase and saturate with the substrate’s Young modulus E. This is consistent with our
measurements, which show that radial in-plane tractions increase with substrate stiffness (Figure 4-8).

In addition, our measurements reveal that out-of-plane tractions also increase with stiffness (Figure
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4-8), implying that the tissue surface tension features an active mechanosensitive response82183,

Consistently, we assume that the tension y, and thus the pressure P, are increasing functions of E,

which we take as linear for simplicity. Altogether,

G(E) = §(E) = Y(E) =vo +¢E,

CEvE E+E

where {;” and £* are saturation values, E* is a characteristic stiffness of force saturation, y, is the

bare surface tension, and {’y is a length associated with its mechanosensitive response.

Irrespective of the wettability of the 3D droplet, the balance of in-plane forces at the basal monolayer
yields two basic predictions. First, as predicted by Alert et al.”, the durotactic velocity v, increases
with the difference between the active traction at the front (stiff edge) and at the rear (soft edge)
(Appendix 2). Hence, v, increases with the stiffness gradient, consistently with our measurements
(Figure 4-12). Second, at high stiffness, active traction forces saturate, and friction increases. As a
result, the durotactic velocity decreases at high stiffnesses (Figure 4-13 b), which explains our
experimental measurements (Figure 4-11). Figure 4-13 b shows that this slowdown at high stiffnesses

can arise either at E > E* due to traction saturation, or at E < E* due to increased friction.

However, our experiments also show that the durotactic velocity v, increases at low stiffness, which
is not accounted for by the 2D force balance only (Figure 4-11). Using our 3D active wetting theory,
we predict that this feature arises from the wettability of the tissue. Consistently with our
measurements (Figure 4-7), at low stiffness we find that the tissue has low wettability (6>909, Figure
4-13 c). As a result, the contact radius R is small (Figure 4-13 a). This leads to a small active traction
difference across the tissue, and hence a small durotactic velocity. Also consistent with experiments
(Figure 4-7), wettability increases at higher stiffness, yielding larger contact areas and hence faster
durotaxis. This velocity increase at low stiffness is thus controlled by all the forces that determine the
contact angle. For example, as it promotes dewetting, higher contractility yields higher contact angles
(Figure 4-13 c), and hence slower durotaxis. In contrast, as the contact angle is higher than 90° at low
stiffness, surface tension points outward, favouring spreading (Figure 4-13 a left). Therefore,
increasing surface tension , for example by increasing stiffness or pressure sensitivity to stiffness,
yields smaller contact angles and hence faster durotaxis (Figure 4-13 d). Altogether, the combined
effects of three-dimensional active wetting and the saturation of cellular forces at high stiffness
explain why the durotactic velocity first increases and then decreases with substrate stiffness (Figure

4-13 b, d), as observed in our experiments (Figure 4-11).
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Figure 4-13. A three-dimensional model of active wetting explains non-monotonic tissue durotaxis. (a) Scheme of the model
for a cell cluster with a constant projected radius R, ;, placed on different substrate stiffness E. Ry, ;_is the experimentally
measured size, which coincides with the contact radius only for clusters with low contact angles (6 < 902). (a, inset) Zoom-
in of the basal monolayer in contact with the substrate (represented with darker cells for visualization), where the interfacial
cell-substrate forces and cell-cell tension are drawn. (b) Non-monotonic behaviour of the durotactic velocity v, with stiffness,
for a constant Ry, cluster (see Methods). For large stiffness magnitudes, the decrease is governed by the saturation
crossover stiffness E* (here E* = 50,80,140,260,450 kPa from lighter to darker blue, and sp = 4.52 - 1072 is fixed). (c)
Equilibrium contact angle 6 of a fixed-volume droplet on mono-stiffness substrates, from which we vary the stiffness. Different
curves show how an increasing contractility maintains the clusters with a higher contact angle for higher stiffness (here —{ =
2,5,7,10 kPa, from lighter to darker red). (d) Non-monotonic behaviour of the durotactic velocity v, with stiffness, for a
constant Ry, . cluster. For low stiffness magnitudes, the stiffness response of the pressure controls this increase (here P' =
(0.6,0.8,1.0,1.5,2.0,3.0) - 10™3 kPa/um which gives sp = (1.81,2.41,3.02,4.52,6.03,9.05) - 1072, from lighter to darker
green, and E* = 140 kPa is fixed). The surface tension characteristic values are obtained from pressure Eq.(S14-517) with the
Rgphere factor, which is not constant for these plots (see Methods). (e,f) Representative example of the velocity and shape
dynamics of a migrating cluster with a constant volume, with initial contact radius R(t = 0) = 20 um and height H(t = 0) =
50 um (Rgppere(t = 0) = 29 um and so 6(t = 0) = 136.4°), and initial stiffness of E = 23.7 kPa. Since the cluster is
migrating towards stiffer regions of the substrate, the stiffness axis is also representing the time evolution.

Other model parameters are: L, = 15 um, Ryyoj. = 45 um, A = 424.266 um, n = 20 MPa-s, E, = 0.5 kPa, E' = 0.03317
kPa/um and Py = 4.2 - 1073 kPa. In b-d), { = —5 kPa and saturated traction and friction profiles are assumed with E* =
140 kPa, {;° = 0.2 kPa/um, §* = 0.2 kPa-s/um? and &, = 0.222 kPa-s/um? (summed to the saturated friction to avoid too
low values which would give rise to an ill-defined problem). In c,e-f), linear traction, friction and surface tension profiles are
taken for simplicity, with {0 = 6.8 - 10™* kPa/um, ] = 5 - 1075 kPa/um? &, = 0.222 kPa-s/um? &' = 10~* kPa-s/um3. In
e-f){ = =2 kPa and P' = 0.6 - 1073 kPa/um, whereas in c) P' = 1.5 - 1073 kPa/um.

A representative time evolution of the cluster morphology predicted by the model is illustrated in
Figure 4-13 e-f (see also Appendix 2). The cluster starts with a low wettability at a soft region and then
it expands and increases its wettability as it advances towards stiffer regions at increasing velocity.
Upon reaching stiffer substrates, the tissue slows down when it reaches a high wettability (as friction
and force saturation become more important). Therefore, according to the model, a given interplay
between cell contractility, cluster size, stiffness, and cell traction forces could position clusters near

their wetting transition regime and thus provide them with the sweet spot where cluster durotaxis is

maximum, regardless of the coating of the underlying substrate.

In order to validate this prediction, A431 cell clusters were seeded on gradients of stiffness coated
with fibronectin and treated with EGF aiming to increase contractility and thus place clusters’ wetting

state in the vicinity of an active wetting transition where durotaxis was predicted to be optimal.
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5. Clusters durotax on ECM ligands close to the wetting transition on

fibronectin substrates

According to our theory, the emergence of durotaxis at the wetting transition should be independent
of the nature of the adhesion ligand. We thus tested whether a similar phenomenology can be
observed on ECM ligands rather than on E-cadherin. Cell clusters were seeded on polyacrylamide gels
of 0.2, 6, 24 and 200 kPa functionalized with fibronectin. To push the wetting transition to an
intermediate stiffness range, we treated clusters with 10 ng/mL of human Epidermal Growth Factor
(EGF). With this treatment, cluster morphology showed a dependence with stiffness similar to that
observed on E-cadherin substrates: full dewetting on soft substrates and a wetting transition on

intermediate stiffness (Figure 4-14 a,b).

Next, we tracked A431 cell clusters as explained in Figure 4-5 c. Cluster velocity and persistence were
maximum at this intermediate regime, displaying a biphasic relationship with stiffness similar to that

observed on E-cadherin substrates (Figure 4-5, Figure 4-14 c, d, Supplementary video 8).
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Figure 4-14. A431 clusters challenged with EGF on fibronectin-coated uniform stiffness substrates display similar wetting
state, velocity and persistence profiles as A431 cell clusters seeded on E-cadherin-coated uniform stiffness substrates. (a)
Representative phase contrast images of control and EGF-treated clusters seeded on uniform stiffness gels coated with
fibronectin. (b) Area distribution for controls (red) and A431 cell clusters treated with EGF (blue) on uniform stiffness gels
coated with fibronectin. (c) Speed profiles of controls (red) and A431 cell clusters treated with EGF (blue) on uniform stiffness
gels coated with fibronectin. (d) Persistence profiles of controls (red) and A431 cell clusters treated with EGF (blue) on uniform
stiffness gels coated with fibronectin. Each dot in (c) and (d) represents 1 cluster. n > 68 clusters.
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We then studied whether EGF-treated clusters display durotaxis on gradient substrates coated with
fibronectin. In order to test this hypothesis, we seeded A431 cell clusters on stiffness gradients coated

with fibronectin and treated them with EGF (Figure 4-15 a, Supplementary video 9).
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Figure 4-15. A431 cell clusters treated with EGF undergo a wetting transition concomitant with he onset of durotactic
migration on fibronectin-coated stiffness gradients. (a) Representative phase contrast image of EGF-treated A431 cell
clusters migrating on a fibronectin-coated gradient of stiffness. Image was taken at t = 10 h. Original position (time = 0 h) of
each cluster is represented by a purple outline. The red line represents the migratory trajectory obtained by time-lapse
microscopy. Bottom scale indicates the local stiffness at each point of the image. (b) Velocity within the x-axis of controls and
EGF-treated A431 cell clusters on uniform stiffness gels (pooled data from 0.2, 6, 24 and 200 kPa gels) and stiffness gradients.
Horizontal and vertical bars represent mean + 95% Cl, respectively. Each dot represents the mean of a cluster. n > 128 clusters.
Velocity towards stiffer regions is significantly larger than 0 in A431 cell clusters seeded on gradients (bootstrapping t-test, p
< 0.001). Conversely, migration of A431 cell clusters on uniform stiffness was random. EGF-treated clusters seeded on
gradients showed an enhanced durotactic migration compared to untreated clusters. (c) Analysis of individual displacements
of EGF-treated clusters seeded on fibronectin-coated stiffness gradients display a durotactic peak in the 30-200 kPa bin
(median + 95% confidence interval estimated by bootstrapping; n > 222 cluster displacements).

Whereas neither controls nor EGF-treated A431 cell clusters migrated following a preferential
direction on uniform stiffness gels coated with fibronectin, both controls and EGF-treated A431 cell
clusters durotaxed on gradients of stiffness coated with fibronectin (Figure 4-15 b). Remarkably,

cluster durotaxis was higher in EGF-treated clusters compared to controls (Figure 4-15 b).

Together with the biphasic dependence of cluster durotaxis with stiffness (Figure 4-15 c), these results
indicate that the proximity to an active wetting transition provides epithelial cell clusters with an
enhanced durotactic migration. Thus, a wetting state close to the vicinity of an active wetting
transition provides epithelial cell clusters with enhanced mechanosensing and migratory outcomes

regardless of the underlying substrate composition proteins.
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6. Catastrophic detachments of protrusions give rise to durotactic hops

Finally, we studied the statistics of cluster migration. To this aim, we computed the probability density
of the displacements p undergone by migrating clusters on E-cadherin-coated gradients of stiffness
(see inset in Figure 4-16 a). We found that most displacements were well described by an exponential
distribution (Figure 4-16 a, dark line). However, this distribution failed to capture displacements > 25
um, which were much more frequent than captured by the exponential fit. This fat tail in the
distribution (which accounted for 0.4% of the total displacements), corresponded to hops that
followed from sudden retraction of cluster protrusions (Figure 4-16 b, Supplementary video 10).
Strikingly, we found that these large hops were more durotactic than smaller displacements (Figure

4-16 c,d).
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Figure 4-16. Catastrophic detachments of filopodia-like protrusions give rise to fast migratory events. (a) Probability
density of the radial displacements (p) undergone by migrating clusters on stiffness gradient gels (see inset). Dark line is an
exponential fit. Around displacements of 25 um, probability density deviates from the exponential fit. Therefore,
catastrophes were defined as those displacements p > 25 um. (b) Example of sudden detachments of filopodia-like structures
that trigger a catastrophe. The initial cluster image is represented in green, whereas magenta shows the same cluster after
10 min. Distribution of the angle a between the instantaneous velocity vector and the x-axis (see inset panel a) for non-
catastrophic (c) and catastrophic (d) events.

Previous research showed that the cell cytoskeleton undergoes sudden reconfiguration events, highly
resembling the dynamics of earthquakes in the Earth’s crust!®. Our results show that epithelial
clusters in the vicinity of an active wetting transition also feature these dynamics, resulting in the

emergence of rare but fast migratory events.
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5. Discussion

83



Study of collective cell durotaxis as an active wetting phenomenon Discussion

84



Study of collective cell durotaxis as an active wetting phenomenon Discussion

1. General discussion

Recent research studies indicate that E-cadherin could mediate migratory events in contexts depleted
of ECM®0°3161185 Dye to the mechanosensory properties of the E-cadherin/a-catenin complex'’, we
hypothesized that cells might be able to direct their migration by following mechanical cues through
E-cadherin-based interactions. To test this hypothesis, we adapted a protocol to coat polyacrylamide
gels with oriented E-cadherin (Figure 4-1). Since gradient sensing is generally enhanced in collectives
of cells compared to single cells*®, we generated cohesive clusters of epithelial A431 cells and seeded
them on E-cadherin-coated polyacrylamide gels of uniform stiffness (Figure 4-5). We found that both
velocity and persistence followed a biphasic dependence with stiffness, peaking at intermediate
stiffness values (Figure 4-5, Supplementary video 1). Interestingly, we found a correlation between
the wetting state of clusters and their migratory outcome: the closer the clusters were to an active
wetting transition, the higher their velocity and persistence were (Figure 4-7, Supplementary video 2).
We then seeded clusters of cells on gradients of stiffness coated with E-cadherin and found that they
cohesively migrated from low to high stiffness (Figure 4-10, Supplementary video 5), exhibiting a
migratory phenotype characterized by dynamic transitions in tissue morphology (Supplementary
video 6). This finding constitutes the first evidence of cadherin-based migration and cadherin-based
durotactic events. Our data showed that E-cadherin-mediated durotaxis increased with cluster size
and stiffness slope (Figure 4-11, Figure 4-12). We also found that cluster durotaxis showed a biphasic
relationship with stiffness, where durotaxis was optimal in intermediate stiffness (Figure 4-11),
similarly to the observed dependence of cluster velocity with stiffness on uniform stiffness E-cadherin-
coated polyacrylamide gels (Figure 4-5). Finally, partial inhibition of cell contractility resulted in a
decreased durotactic outcome as well as a shift of the durotactic peak towards lower stiffness (Figure

4-12, Supplementary video 7).

We next adapted a previously published theoretical framework based in active matter'” to describe
cluster durotaxis by combining experimental data with theoretical approaches’®'"145 We propose
that the equilibrium droplet shape, and hence its contact angle 6 (Figure 4-7), are determined by a
generalized Young-Dupré force balance between the active forces in the basal cell monolayer and the
out-of-plane surface tension y of the cell clusters (Figure 4-8). In summary, the model describes cluster
durotaxis as a function of active cellular tractions, cell contractility, cluster size, monolayer viscosity,
friction with the substrate and surface tension. Importantly, the addition of the surface tension y
parameter to the model constitutes the first active matter-based model to interpret the durotactic
migration of clusters in a three-dimensional picture of active wetting. Previous works modelling cluster

durotaxis in the framework of active matter did not account for the three-dimensional geometry of
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clusters, as well as the biphasic dependence of durotaxis with stiffness’®'*. The fact that a similar
durotactic behavior was recapitulated in clusters close to an active wetting transition migrating on
fibronectin-coated gradients of stiffness (Figure 4-14, Figure 4-15) suggests that cell clusters might be
more responsive to mechanical cues when they are close to an active wetting transition. Therefore,
our results suggest that mechanical cues could be key to directing the migration of collectives of cells
in the vicinity of an active wetting transition during their in vivo migration. Since many developmental
processes rely on the collective migration of cells displaying a three-dimensional shape resembling a
droplet of water0°25388159,161185 = \ya hereby propose that those clusters could be particularly

responsive to mechanical cues to direct their migration.

Finally, we showed that most individual displacements of cell clusters whose wetting state was close
to a wetting transition were well recapitulated by an exponential distribution, but a small fraction
underwent rarely large migratory behaviors (Figure 4-15, Supplementary video 10). Cytoskeletal
rearrangements were previously reported to feature sudden reconfiguration events, in analogy with
the dynamics of earthquakes in geologic systems®*. Our data suggests that these dynamics also take
place in clusters whose wetting state is close to an active wetting transition, ultimately enabling the

emergence of rare and fast migratory events.
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2. Experimental set-up development and validation

During the last decade, the development of different techniques to coat substrates with E-cadherin
enabled scientists to study the generation of traction forces at the cell-cell interface®®?°, Importantly,
unlike substrate functionalization with ECM proteins, substrate functionalization with E-cadherin
needs to contemplate its orientation. Whereas most studies make use of a Fc tag contained in a
chimeric EC1-5 peptide to achieve its orientation'>24127 (Fc-tagged EC1-5), a small number of
research studies achieve orientation through a histidine tag fused to the extracellular domain of E-
cadherin'?1128172 (histidine-tagged EC1-5). Despite E-cadherin orientation being achieved in both
approaches, the presence of an IgG-Fc tag mediating the binding of E-cadherin to the substrate in the
first approach might hinder the readout of the generation of traction forces. That is because IgG
domains adopt tertiary protein structures that unfold over a critical tension*®®, thus diminishing the
transmission of E-cadherin-mediated traction forces to the substrates. In contrast, histidine tags
consist of 6 linear histidine residues that do not adopt a secondary or tertiary protein conformation.
Therefore, force transmission on histidine-tagged E-cadherin-coated substrates does not trigger
protein unfolding events and thus the readout of traction forces is more accurate. For this reason, we
decided to adapt a previously published histidine-tagged E-cadherin-coating protocol from glass
surfaces to polyacrylamide gels, as explained in the Materials and Methods and Results chapters

(Figure 4-1).

As explained in the Results chapter, the A431 cell line was chosen from a cell line screening experiment
based on paxillin immunostaining due to the apparent lack of FA-like structures on E-cadherin-coated
gels (Figure 4-3). This cell line derives from a 85-year-old skin squamous cell carcinoma patient, and
thus it constitutes a cancer epithelial cell line®®’, tending to form monolayers when seeded at high

cell density.

In order to assess the specificity of our experimental substrates, we performed controls employing
genetic tools, DECMA (an E-cadherin blocking antibody) and immunostainings against paxillin to stain
for the generation of FA complexes, combining the different approaches from previous research
carried out on cadherin-coated substrates!!®12128 (Figure 4-4). Firstly, we found that A431 cell count
decreased upon the addition of DECMA antibody (Figure 4-4 a). Secondly, a-catenin KO A431 cells and
double E/P-cadherin KO A431 cells seeded on E-cadherin-coated polyacrylamide gels displayed a
rounder morphology than wild type A431 cells (Figure 4-4 a). Importantly, we used double E/P-
cadherin KO A431 cells as the epidermoid carcinoma A431 cell line naturally expresses P, N and E-

cadherin®, possibly leading to the formation of heterotypic cadherin-based adhesions. Finally, A431
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cells failed to form FA complexes on E-cadherin-coated polyacrylamide gels for up to 24 h (Figure 4-4
c).

Taken together, these results indicate that A431 cells make specific cadherin-based adhesions with
our experimental E-cadherin-coated substrates. We hereby developed a robust protocol to coat

polyacrylamide gels with E-cadherin enabling the study of mechanical processes driven by E-cadherin.
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3. Spontaneous migration of epithelial cell clusters of different wetting states

on E-cadherin-coated uniform stiffness substrates

In this thesis, we aimed to study how cell clusters migrating via E-cadherin respond to mechanical
cues. Therefore, we seeded clusters of A431 cells on E-cadherin-coated polyacrylamide gels of 0.2, 6,
24 and 200 kPa. A custom-made semi-automatic tracking algorithm enabled us to study the dynamics
of A431 cell clusters seeded on the E-cadherin-coated polyacrylamide gels. Cluster velocity and
persistence followed a biphasic dependence with substrate stiffness, with those parameters peaking
at intermediate stiffness values (24 kPa) (Figure 4-5). Next, the acquisition of high-resolution images
of mCherry-Lifeact A431 cell clusters seeded on E-cadherin-coated polyacrylamide gels revealed that
they dewetted soft gels, wetted stiff gels and presented a seeming wetting transition on intermediate
stiffness gels (Figure 4-6, Figure 4-7). Therefore, we provided a direct correlation between the wetting
state of clusters and their dynamics, with cell clusters in the vicinity of a wetting transition displaying
higher velocity and persistence (Figure 4-5, Figure 4-7). Our results are consistent with previous
literature, where cluster velocity was optimal at the proximity to a wetting transition understood

within the framework of active wetting®3.

We then studied the generation of traction forces by A431 cell clusters seeded on 1 kPa and 6 kPa E-
cadherin-coated polyacrylamide gels. As previously reported by Pérez-Gonzélez et al.'*’, we found that
clusters exerted radial traction forces systematically decreasing from the cluster edge to the cluster
core (Figure 4-8). In line with previous findings'®®12°, we also found that clusters exerted higher

traction forces on stiffer E-cadherin-coated substrates (Figure 4-8).

In the study by Douezan et al.’®, the spreading parameter S predicted the wetting state of clusters
and depended on the cell-substrate and cell-cell adhesion energy per unit area (Wc and Wc,
respectively). As commented in the introduction of this thesis, a precursor film of cells wetting the
substrates formed when $>0 (and thus Wc¢s > Wec). In our work, only clusters seeded on 200 kPa E-
cadherin-coated polyacrylamide gels displayed a precursor film-like structure, whereas clusters
seeded on 6 and 24 kPa E-cadherin-coated polyacrylamide gels exhibited membrane protrusions in
the z axis forming acute angles with the substrates (Figure 4-6, Figure 4-7). 3D traction force
microscopy experiments revealed that clusters actively exerted upwards pulling forces in the sites
where membrane protrusions adhered to the substrates, balanced by the generation of pressure in
the centre of clusters measured in the form of negative traction forces (Figure 4-8). Therefore, the
measured traction forces in the z axis shifted from positive to negative from the cluster edge to the
cluster centre, and their magnitude increased with substrate stiffness (Figure 4-8). The fact that partial

inhibition of cell contractility resulted in clusters wetting the polyacrylamide gradients at lower
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stiffness suggests that membrane protrusions forming acute angles with the substrates contributed
to increasing the wetting state of clusters in a tight interplay with cell contractility (Figure 4-12,

Supplmentary video 7).

Taken together, these results suggest that E-cadherin-coated polyacrylamide gels constitute an
experimental framework challenging epithelial cell clusters with an unstable regime characterized by
highly dynamic active wetting transitions. We think that this phenomenology arises from the low cell-
substrate adhesion strength: traction forces exerted by single cells on cadherin-coated substrates are
generally lower than those reported for ECM-coated substrates?>19%81%5  Additionally, the limited
availability of E-cadherin at the cell-substrate interface in epithelial clusters due to the competence
between cell-cell junctions and cell-substrate adhesions for the recruitment of membranal E-cadherin
might result in the generation of even lower traction forces. Nevertheless, we propose that the
reported increase in traction forces with increasing substrate stiffness drives the observed durotactic
migration of A431 cell clusters on E-cadherin-coated gradients of stiffness (Figure 4-10,

Supplementary video 5).
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4. Durotaxis is enhanced in the vicinity of an active wetting transition

The study of collective durotaxis has been hindered by the high wetting state displayed by groups of
cells seeded on ECM-coated gradients of stiffness. In fact, the first evidence of collective durotaxis
consisted on a preferential expansion of an epithelial cell monolayer towards stiffer regions when
plated on a gradient of stiffness coated with fibronectin®, rather than a net translocation of the bulk
of the monolayer. In our study, we showed that three-dimensional clusters exhibit robust durotaxis,
constituting the first evidence of cadherin-on-cadherin durotactic migration. Remarkably, both cluster
edges moved in favour of the direction of the gradient of stiffness, thus resulting in net translocations
of clusters often larger than their respective size (Figure 4-10, Supplementary video 5, Supplementary
video 6). This phenomenology is enabled by the partial wetting state of cell clusters seeded on
relatively stiff E-cadherin-coated substrates: clusters seeded on fibronectin-coated substrates fully
wetted at a stiffness range comprised between 0.2 and 6 kPa (Figure 4-14), whereas they kept a partial
wetting state when seeded on E-cadherin-coated substrates of 24 kPa and above. On those substrates,
clusters presented dynamic assembly and disassembly events of membrane protrusions
(Supplementary video 3, Supplementary video 6) that mediated the generation of traction forces and
contributed to increasing the wetting state of clusters in a tight interplay with contractile cellular

forces and friction with the substrate.

Due to the observed spherical cap shape of clusters on E-cadherin-coated substrates (suggesting that
clusters displayed a partial wetting state) (Figure 4-7) and their active generation of traction forces
(Figure 4-8), we interpreted cluster durotaxis within the framework of active wetting. We adapted a
previously published theoretical framework that explained cluster spreading as a function of cluster
size, traction forces, contractility and friction'” to successfully describe the durotactic migration of
three-dimensional cell clusters. For this, we added the out-of-plane contribution of the surface tension
y, whose component on the substrate plane and normal to the edge of clusters plane was encoded in

the 2D active polar fluid model ultimately accounting for the three-dimensional geometry of clusters.

Below, | will discuss on the contribution of the different model parameters on cluster durotaxis,

combining both theory and experimental results.

117143 we found that the contact angle 6 formed between the E-

Consistent with previous studies
cadherin-coated substrates and the line tangent to the edge of clusters decreased with stiffness, and
thus the wettability of clusters increased with stiffness (Figure 4-7). Interestingly, we reported that
clusters seeded on intermediate stiffness were close to an active wetting transition (8 =~ 902) and
displayed enhanced motility (Figure 4-5) and durotaxis (Figure 4-10). In contrast, clusters seeded on

lower stiffness displayed a more dewet state, and their durotactic migration increased with increasing
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stiffness up to the peak in durotaxis observed on intermediate stiffness substrates (Figure 4-11, Figure
4-12). Remarkably, this phenomenology could not be accounted for by the 2D force balance only’®4,
Conversely, the observed increase in z tractions (modelled as pressure) with increasing stiffness
indicated that clusters’ surface tension was mechanosensitive (Figure 4-8), which led us to hypothesize
that the increase in durotaxis with increasing stiffness in dewetted clusters arose from the wettability
of clusters. Therefore, we included this effect in the model by means of an active surface tension

parameter ¥, which enabled us to explain the observed increase in durotaxis with increasing stiffness

in dewetted clusters (6 > 902).

Following previous studies’®’7144177-179,181 ‘the saturation of tractions together with the high friction
experienced by clusters on high stiffness explained the experimentally reported decay in durotaxis on

high stiffness (Figure 4-11, Figure Appendix 2-5 a).

The fact that large clusters were more durotactic than small clusters (Figure 4-11) is explained by the
means of a higher contact radius R with the substrate for larger clusters with the concomitant
generation of larger traction forces, ultimately increasing the v, and therefore the durotactic outcome
of large clusters. The experimental observation of the durotactic peak in large clusters shifting to
higher stiffness was not recapitulated by the model, as it predicted that small clusters would
experience a wetting transition at higher stiffness and hence their durotactic peak would be shifted in
this direction (Figure Appendix 2-5 a). This discrepancy with the model’s predictions and the
experimental measurements can be explained using two different approaches. Firstly, the model
assumed that clusters exert the same pressure P on a fixed substrate stiffness regardless of cluster
size, therefore assuming that the surface tension parameter y is increased in big clusters (extracted
from the Young-Laplace equation P = 2¥/ Rshere ). In contrast, assuming that clusters exhibit a
constant surface tension y on a fixed stiffness substrate would imply that the pressure exerted by
clusters decreases with cluster size. With this hypothesis, the peak of durotaxis for large clusters would
be probably shifted towards higher stiffness (Figure 4-13 d) compared to small clusters, ultimately
explaining our experimental results (Figure 4-11). The second approach that could be adopted to
better capture our experimental results implies tuning the contractility parameter — {. This matter will

be addressed after discussing the role of contractility on cluster durotaxis.

Regarding intercellular contractility — {, we reported that the durotactic peak shifted to lower stiffness
upon the partial inhibition of contractility (Figure 4-12). This phenomenology was recapitulated by the
model, but not the magnitude of the durotaxis: whereas the model predicted that clusters would
display a more durotactic behaviour upon the partial inhibition of cell contractility, control clusters

durotaxed more efficiently. A plausible explanation for this discrepancy is that the ROCK inhibitor used
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to partially inhibit cell contractility might not only affect the contractility parameter of the model, but
also the other active components that are related to actomyosin activity. For example, previous

20,170,189—191’ and so the

research indicates that inhibition of ROCK and MLCK decreases traction forces
model should contemplate a reduced parameter in those experiments. Concomitantly, surface
tension mechanosensitivity might be reduced, which could also be included in the model. Therefore,
to capture our experimental results upon Y-27632 addition, the model should probably contemplate

a reduction in all the active components.

Remarkably, the model’s predictions were made assuming a constant value of contractility -¢.
However, changes in cell contractility might occur for different cluster sizes and stiffness due to the
nature of E-cadherin-based adhesions: RhoA concentrates at the cell-cell junctions in an E-cadherin-
dependent manner, where it activates myosinllA and myosinlIB resulting in the generation of
contractile forces near the junctions!'®!%2, Therefore, larger clusters exhibiting increased overall
junctional E-cadherin might present a higher activation of RhoA and thus an increased intercellular
contractility. Besides, myosin VI was recently identified as a force sensor, whose association with E-
cadherin was enhanced with increasing junctional tension within a cell monolayer'®*®*, In this
scenario, myosin-IV promotes the recruitment of the heterotrimeric Gal2 protein to E-cadherin,
where it signals for p114 RhoGEF to activate RhoA ultimately increasing cell contractility to protect
epithelia against rupture upon acute tensile stress'®*. This finding, together with the fact that the E-
cadherin/a-catenin complex is mechanosensitive and thus traction forces generated at E-cadherin-

101,107,108,125 - syggests that cell contractility follows a similar

based junctions increase with stiffness
trend: through the establishment of E-cadherin-dependent adhesions with substrates, clusters on stiff
substrates might present an enhanced activation of cell-substrate-localized RhoA and thus present an
increased contractility. This could be assessed experimentally by the quantification of junctional RhoA
in cell clusters seeded on E-cadherin-coated substrates of different stiffness, but it represents a
technical challenge due to the weak adhesions made by clusters on those substrates. In all, these
findings suggest that an increase of cell contractility with cluster size and stiffness could be
contemplated in the model. In this picture, larger clusters would probably display a durotactic peak
shifted towards higher stiffness due to a size-dependent and a stiffness-dependent increase in cell

contractility, ultimately providing clusters with a higher range of the critical stiffness at which a

wetting transition occurs.

Finally, the increase in durotaxis with stiffness slope E’ (Figure 4-12) was recapitulated by the model
(Figure Appendix 2-5 c), which is consistent with previous research showing and predicting that

durotaxis increases with increasing stiffness slopes396465145,
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Interestingly, the model predicted that clusters in the vicinity of an active wetting transition would
present an enhanced mechanosensitivity and thus an increased durotaxis on stiffness gradients
regardless of the coating of the underlying substrate. To test this hypothesis, clusters were seeded on
fibronectin-coated gradients of stiffness (which present a higher friction than E-cadherin-coated
gradients due to the higher adhesiveness) and treated with EGF to promote contractility and thus push
the wetting transition towards stiffer regions (Figure 4-14, Supplementary video 9). As predicted by
the model (Figure Appendix 2-5 b, Figure 4-13 c), we found that the active wetting transition of clusters
was shifted to stiffer regions upon EGF addition, concomitant with a decrease in durotaxis and a shift
of the durotactic peak towards higher stiffness (Figure 4-15). This finding suggests that our proposed
3D active wetting theory is not only valid for E-cadherin-coated substrates, but it can also be
generalized to clusters migrating on ECM whose interplay between cellular traction, intercellular
contractile stresses, friction, surface tension and viscosity position their wetting state in the vicinity of

an active wetting transition.

Finally, it is important to highlight that our observations and predictions are consistent with those
from the only research study recently demonstrating that durotaxis occurs in vivo, specifically during
Xenopus laevis neural crest migration®2. As explained in this thesis, the study of durotaxis has been
hindered by the high wettability of tissues on relatively low stiffness; consequently, the first
observation of collective durotaxis relied on an asymmetric expansion of a cell monolayer on a
stiffness gradient rather than a net translocation'®. In the study by Shellard and Mayor, mechanical
and chemotactic gradients synergistically drive the net translocation of neural crest clusters on a fine
layer of fibronectin presented on the surface of adjacent placoidal tissue®?. Even though the authors
avoid making an analogy of the neural crest shape within the framework of wetting, their data shows
that neural crest clusters retain a spherical-capped shape reminiscent of the phenomenology
observed in A431 cell clusters seeded on E-cadherin-coated gels (Supplementary video 6).
Remarkably, the ablation of cortical actin cables in the rear of neural crest clusters resulted in an
impaired migratory outcome. This finding evidences the important role of cell contractility in
positioning cell clusters in the vicinity of an active wetting transition, potentially providing them with
the ability to undergo net translocations. Taken together, these data suggest that our study could
bridge the theoretical gap between Sunyer et al.3* and Mayor and Shellard®? works, with active wetting

as the main candidate to induce the durotactic migration of cellular clusters.

Summing up, in this thesis we propose a novel theoretical framework to explain cluster durotaxis as a
function of cellular tractions g, intercellular contractility -, surface tension y, monolayer viscosity n,

stiffness slope E’ and friction & in a 3D picture of active wetting. Remarkably, through the addition of
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an active surface tension parameter y, our conceived model constitutes the first active matter-based

model to describe the durotactic migration of clusters in a three-dimensional picture of active wetting.

During development and cancer metastasis, tissues experience drastic morphology changes which are
usually encompassed with the onset of cell migration®%5367.1591851% |nterestingly, some migratory
events during embryogenesis such as the epiboly can be studied within the theoretical framework of
active wetting!®’. However, the underlying mechanisms of many developmental processes remain
largely unknown due to the complexity in the environments of developing embryos as well as the
rarity of the migratory events leading to cancer metastasis!®®. In our work, we showed that through
the establishment of weak E-cadherin-dependent adhesions in a context depleted of ECM, viscosity
tends to dominate over friction resulting in the hydrodynamical coupling of both migrating leading
and trailing cluster edges. Besides, the fact that the expression of different proteins of the cadherin
family can be detected at very early developmental stages!®21%9-201 together with the enhanced
abilities of E-cadherin-expressing CTC in generating metastasis®19, suggests that E-cadherin could be
the driver of the migration in those processes. In this picture, the interplay between the
aforementioned parameters could potentially position the migrating cell clusters in the vicinity of an

active wetting transition, resulting in the maximization of cell migration.

With our model, we can also provide hypotheses for the mechanisms regulating cell migration in the
context of cancer metastasis: bone metastases are much more common than primary bone
cancers?22%3, Dye to the high Young’s modulus of bones, veins and capillaries irradiating the bones
could constitute stiffness gradients, with the inner and the outer part of the capillaries representing
the low and high stiffness regions, respectively. Spherical CTCs within the bloodstream could use the
proposed gradients in stiffness potentially presented in veins irradiating bone structures to initiate an
extravasation process (in cooperation with a myriad of other effector proteins such as
metalloproteases) ultimately metastasizing into the bones, where the migration would stop due to a
critical increase in the friction experienced by cancer cell clusters. Even though cancer metastasis
constitutes a very complex matter involving the cooperative effect of different cellular processes, our
hypothesis could be tested experimentally by combining microfluidics and imaging techniques, where
CTCs would be injected into porous channels adjacent to substrates of different stiffness simulating

the different Young’s modulus within the different tissues of our bodies.

Further work needs to be carried out on further characterizing the mechanical contexts of migrating
cell clusters and their dynamics in order to fully comprehend the complex process collective cell

migration represents. In this line, the model we hereby propose could shed some light on this matter.
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6. Conclusions

97



Study of collective cell durotaxis as an active wetting phenomenon Conclusions

98



Study of collective cell durotaxis as an active wetting phenomenon Conclusions

10.

11.

12.

13.

14.

15.

16.

A431 cells seeded on polyacrylamide gels coated with histidine-tagged E-cadherin form specific
cadherin-based adhesions with the substrates

A431 cell cluster velocity and persistence on E-cadherin-coated polyacrylamide gels show a
biphasic dependence with substrate stiffness

The contact angle 8 formed between E-cadherin-coated substrates and the line tangent to A431
cluster edges decreases with stiffness

A431 cell clusters seeded on E-cadherin-coated polyacrylamide gels undergo a wetting transition
at intermediate gel stiffness (6-24 kPa)

A431 cell clusters seeded on E-cadherin-coated polyacrylamide gels exert radial tractions in the
xy plane that systematically decrease from the edge of clusters to their core

A431 cell clusters seeded on E-cadherin-coated polyacrylamide gels extend membrane
protrusions in the z axis that actively generate traction forces

A431 cell clusters seeded on E-cadherin-coated polyacrylamide gels exert positive normal
tractions in the z direction close to the cluster edge that are balanced with negative tractions in
the z direction at the centre of clusters

A431 cell clusters respond to E-cadherin-coated polyacrylamide gradients of stiffness by
systematically migrating from low to high stiffness regions, constituting the first reported
evidence of cadherin-mediated durotaxis

E-cadherin mediated durotaxis of A431 cell clusters shows a biphasic dependence with stiffness,
peaking at intermediate stiffness and correlating with an active wetting transition

E-cadherin mediated durotaxis increases with cluster size and the durotactic peak is shifted to
higher stiffness in larger clusters

E-cadherin mediated durotaxis decreases upon partial inhibition of cell contractility, peaking at
lower stiffness

E-cadherin mediated durotaxis increases with stiffness gradient

A model within the framework of active 3D wetting explains E-cadherin-based cluster durotaxis as
the interplay between cellular traction forces, cell contractility, friction, stiffness slope and surface
tension

The incorporation of a surface tension parameter to the model successfully recapitulates the
dynamics and the shape of migrating A431 cell clusters

The model used to describe E-cadherin mediated durotaxis can also we applied when adhesion is
mediated by other ligands, such as fibronectin

The critical stiffness for the wetting transition of A431 clusters migrating on fibronectin substrates

shifts towards stiffer regions upon increasing the contractility with EGF
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17. A431 cell clusters close to an active wetting transition migrate by undergoing simultaneous
wetting and dewetting events on both cluster edges
18. The proximity to an active wetting transition provides epithelial cell clusters with an enhanced

durotactic behaviour and thus higher mechanosensitivity
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7. Appendices
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Appendix 1. On the polyacrylamide gel functionalization with EC1-5

1. EDC/NHS chemistry basis

Carbodiimide (EDC/NHS) reactions rely on a nucleophilic attack exerted by an amino group (-NH.).
This is possible because amino groups, when unprotonated (-NH), have an unpaired pair of electrons

which can exert a nucleophilic attack towards a more electrophilic atom (Figure Appendix 1-1).
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Figure Appendix 1-1. Amino groups have no nucleophilic power when positively charged. (left) unprotonated amino group
exhibiting a pair of unpaired electrons (red arrowhead). (right) protonated (and thus positively charged) amino group with
no free electrons. Both molecules coexist in an equilibrium dependent on the pH.

The aim of EDC/NHS reactions is to covalently bind two molecules through an amide bond. The
reagents are two molecules, one displaying an amino group (-NH) and the other one presenting a
carboxyl group (-COOH). Generally, the molecule containing the carboxyl group is attached to a bigger
structure (e.g. polyacrylamide gel, carboxylated surfaces), and is the one desired to functionalize with
the molecule containing the amino group. This appendix describes how to functionalize a carboxylated

polyacrylamide gel with oriented cadherins.
Important considerations:

Since EDC/NHS reactions depend on the nucleophilic power of a molecule, ensuring that this molecule
is nucleophilic is key to succeeding at using EDC/NHS technique for coating surfaces. In our case, the
nucleophilic molecule is an amino group, and therefore it is vital to ensure that such group is not

positively charged.

The isoelectric point of a protein (pl) is the pH at which this protein presents no net charge (Q = 0). At
a pH>pl, proteins will be negatively charged, and amino groups will be -NH,. At a pH<pl, proteins will

be positively charged, and thus amino groups will be in the form of -NH3* (Figure Appendix 1-2).
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Amino groups are positively charged at a pH below the isoelectric point (pl) of a protein. Therefore,

working at a pH higher than the pl is of paramount importance when coating a substrate using an

EDC/NHS-based protocol.
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Figure Appendix 1-2. Proteins’ charge depends on pH. Amino and carboxyl groups are the groups responsible for a protein’s
charge; therefore, controlling the pH is crucial when controlling a protein’s charge. (Left): at a pH<pl, proteins are positively
charged. (Centre): at a pH=pl, proteins have a net charge equal to zero. (Right): at a pH<pl, proteins are negatively charged,
and thus carbodiimide reactions should take place at a pH > pl.

2. Functionalization of carboxylated polyacrylamide gels with oriented cadherins

N-alpha,N-alpha-Bis(Carboxymethil)-L-Lysine (NTA-NH;) is a molecule needed for cadherin
orientation. It contains three carboxyl groups and one amino group. Carboxyl groups are oriented in
a way which permits the chelation of bivalent ions such as Copper (Cu?*) or Nickel (Ni**) (Figure

Appendix 1-3).
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Figure Appendix 1-3. NTA-NH; chelates bivalent metal ions. Carboxyl groups belonging to NTA-NH; electrostatically attract
copper ions.

NTA-NH; was incubated with CuSO, at pH= 8.0 at a concentration of 20mM and 25mM, respectively,
aiming to form NTA-NH,\Cu?* complexes. Once all the carboxyl residues of the NTA-NH, were
saturated with copper ions, pH was raised to 10.0, resulting in the precipitation of the non-chelated
copper ions and thus forming CuSO,. The supernatant contained exclusively copper ions chelated by
NTA-NH, (in the form of NTA-NH;\Cu?*) and thus was recovered and used to functionalize the

polyacrylamide gels.
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Polyacrylamide gels were polymerized as previously described®. However, since polyacrylamide gels
naturally lack carboxyl groups, acrylic acid was added to the gel premix prior to gel polymerization,

resulting in the polymerization of gels containing carboxyl groups.

Polyacrylamide gels were incubated with 100mM EDC, 200mM NHS and 20mM Hepes at pH=7.0 for
20 minutes at 372C. Such an incubation results in the formation of an unstable reactive o-acylisourea
ester, which is later substituted by an amine-reactive NHS-ester in the carbon atom belonging to the
carboxyl group. Therefore, this incubation with such a high concentration of the reagents EDC/NHS
leads to an extensive activation of carboxyl groups, making them more electrophilic and thus more
susceptible to be attacked by an unpaired pair of electrons belonging to a more nucleophilic molecule.
Since the amine-reactive NHS-ester formed from the EDC/NHS activation is a relatively unstable group
that spontaneously hydrolyzes, parameters such as pH and incubation time need to be accurately

controlled specially during the following steps.

After the EDC/NHS activation, polyacrylamide gels were incubated with the previously conjugated
NTA-NH,/Cu? for 45 min at pH=7.0 and 379C, resulting in the generation of a covalent amide bond
between the carboxyl groups presented by the polyacrylamide gel and the amino group belonging to

the NTA-NH,/Cu?* complex (Figure 4-1, step 1).

The used E-cadherin extracellular domains (EC1-5) presents a histidine tag in the c-terminal consisting
of 6 histidine residues. Since histidine has an imidazole group, the histidine tag enables for an
electrostatic chelation of bivalent metal ions. Therefore, histidine-tagged EC1-5 would spontaneously

orient on a surface presenting NTA-NH,/Cu?'.

Polyacrylamide gels functionalized with NTA-NH,/Cu®** were incubated with his-tagged EC1-5 at a
concentration of 0.1mg/mL (diluted in PBS) for 60 minutes at room temperature, and because of the
aforementioned properties of His-tags, EC1-5 spontaneously orientated (Figure 4-1, step 2). Sodium
chloride was added aiming to mask positively and negatively charged residues and thus avoid
electrostatic interactions between cadherins and the functionalized surfaces in an undesired manner

(non-oriented).

After cadherin orientation, polyacrylamide gels were incubated with 50mM EDC, 75mM NHS and
20mM hepes at pH= 7.0 and at 372C aiming to covalently bind carboxyl groups belonging to the NTA
to amino groups belonging to the histidine tag of EC1-5 (Figure 4-1, step 3). Therefore, most of EC1-5
covalently bound to the gels, but a few remained covalently unbound, although electrostatically

bound to the NTA-NH2/Cu?* and thus chelating copper ions.
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Aiming to get rid of non-covalently bound cadherins and copper ions, polyacrylamide gels were rinsed
with imidazole and 1M (Figure 4-1, step 4), which because of its small size, is much more efficient at
chelating bivalent metal ions than a histidine tag. This resulted in the elution of imidazole-chelated
copper ions and non-covalently bound cadherins, and thus the polyacrylamide gels contained only and

specifically covalently bound cadherins to NTA-NH,.

Finally, in order to avoid unspecific binding between cells and polyacrylamide gels, PLL-gPEG was used

to block carboxyl groups (Figure 4-1, step 5).

106



Study of collective cell durotaxis as an active wetting phenomenon Appendices

Appendix 2. Supplementary note for the active polar fluid model to describe tissue

durotaxis

The model described in this section and in the Results chapter was developed by Irina Pi Jauma, Jaume
Casademunt Viader and Ricard Alert Zendn. This appendix was written by Irina Pi Jauma, Jaume

Casademunt Viader and Ricard Alert Zenén for the submission of our results to a scientific journal.
An active wetting transition enables optimal collective durotaxis

Our aim here is to present a theoretical framework to explain collective durotaxis of cell clusters in
terms of a continuum mechanical model of the tissue, described as an active fluid droplet that partially
wets the substrate. To this aim we first develop a theory of 3D active wetting for a uniform substrate,
that builds upon a previous 2D description of cell monolayers. In this framework the contact angle of
the droplet arises as a balance of contractile stresses, traction forces and surface tension. We then
apply this effective theory to describe the durotactic response of a partially wetting cell droplet in the
presence of a stiffness gradient of the substrate. We explain the generic nonmonotonic dependence
of the durotactic velocity to substrate stiffness observed in experiments, in connection to the presence
of a wetting transition, and predict how the durotactic response varies with different parameters. We

finally use this approach to predict the evolution of cell clusters in time for a variety of situations.
1. Theory of 3D active wetting
1.1 Rationale for a mechanical model of an active droplet

We describe the cell cluster in contact with a substrate as a liquid droplet that partially wets a solid
surface with a contact angle 6. The droplet has a surface tension y with the fluid environment, so that
it is shaped as a spherical cap of radius R. This regular shape is assumed to average out the shape
fluctuations of the tissue and capture the mean effect of active forces located at the tissue surface in
the form of an effective surface tension, which in general we will assume to change as a
mechanosensitive response to variations of the substrate stiffness. The liquid inside the droplet is
assumed to be a static, incompressible fluid, which passively transmits the Young-Laplace pressure
associated to curvature of the droplet, in particular to the solid substrate, where it can be directly
measured. We further assume that the dynamics of the droplet is solely determined by the forces that
are present at the basal monolayer, which will then be modelled as a 2D active polar fluid extending
previous work in''” to include the effect of the droplet surface tension. With this new ingredient, a

finite contact angle for the droplet will be determined by the appropriate balance of active forces.
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1.2 2D model of the basal cell monolayer

The basal monolayer is modelled as a 2D active fluid following the model studied in’%'14> This is a
continuum model for two fields, cell polarity p(r, t) and velocity v(r, t). The polarity field is assumed
to follow a purely relaxational dynamics, since the timescale of repolarization through contact
inhibition of locomotion (7, ~10min)?**?% is much smaller than flows in the monolayer
(Tci,~109min)Ye. Thus, dpe x —8F /5pa, where the tendency of cells to align with their neighbors

is enforced in the effective free energy

a K
F :f[zpapa +§(6apﬁ)(aapﬁ)] d?r,

Equation 1

being K the Frank constant that defines the energetic cost of the polarity gradients?®®, and a > 0 a
restoring coefficient that favours the unpolarized state p = 0 in the bulk. We further assume a

quasistatic evolution of the polarity d;p, = 0, hence
L%‘vzpa = Pa>
Equation 2

where L, = \/K_/a is the nematic length that defines the thickness of a polarization boundary layer at
the periphery of the monolayer. Since cells at the edge are polarized normally where they present
maximal traction forces, we will solve 2, with the condition p, = n,, where n is the outward normal
vector. The modulus of the polarity decays from one at the edge to zero in the bulk with a

characteristic length L.

We describe tissue flow based on the force balance equation
aBO'aB + fa = 0,

Equation 3

where g, is the stress tensor and f, the external force density originated at the tissue-substrate
interface. Note that g,zh and T, = —f,h are the experimentally measured tension and traction,
being h the height of the monolayer. In Equation 3 we have neglected inertia, consistently with the
small values of Reynolds number, and contributions from pressure gradients. The latter is consistent

with the assumption of high compressibility of the 2D fluid, which results from the fact that in-plane
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compression or expansion is naturally accommodated in the real tissue by local changes in the

monolayer thickness, without significant changes in pressure.

For the characteristic time scales of observation of the tissue dynamics, we may neglect elastic effects
and assume the constitutive equations for the stress tensor as that of a compressible active viscous
polar fluid®®%*>12%7 This includes two main contributions: active contractile stresses originated in cell-
cell pulling forces and quantified by the contractility parameter { < 0, and viscous stresses that result

from passive cell-cell adhesion forces and are weighted by an effective viscosity 7.

Similarly, we consider that f, has two main contributions: an active traction force due to cell-substrate
pulling, proportional to polarity and with a maximum value {;, and a friction coefficient £ as a result
to passive cell-substrate adhesion forces. While both { and 7 are intrinsic properties of the tissue, for
a given set of conditions, the contact force parameters of friction & and active traction {; should
depend on substrate properties. The force balance equation (Equation 3) is thus made explicit by

substitution of

0ap = 1(0avp + 9pVa) — {Pabp,
Equation 4
fa = —$Va + $iDa,
Equation 57

To complete the model we need to specify the boundary conditions for the stress. This is the point
where the effect of the 3D shape of cell cluster will be incorporated, so we defer this discussion to

section 1.4.
1.3 The 2D active wetting transition for cell monolayers

It was shown in'” that the above model predicts the existence of an active wetting transition in cell
monolayers. This transition has no analogue in classical theory of wetting, and results from the
competition between active traction that favours the spreading and contractile stresses of the tissue,
which favour its retraction. We may define a characteristic active length of polar tissues as the ratio
L, « |{|/¢;. Then, the wetting transition identifies a critical value L, such that for L,, < Ly, the tissue

spreads and for L, > L’;, it retracts.

208

In the literature of active mater?® it is customary to define two limiting situations, characterized by

the so-called screening length 1 « .,/n/&, which defines an effective range of hydrodynamic
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interactions. The limit A >> R, where R is the scale of observation, is referred to as the “wet” limit, for
which hydrodynamic interactions are long-ranged, and the limit A << R as the “dry” limit, for which
hydrodynamic interactions are screened out. The study of 2D active wetting in''” was applied to
situations in the “wet” limit. In that case, it was shown that L;; ~ R, with R being the radius of a
circular monolayer, so the wetting transition defined a critical radius R*, such that R > R* implied
spreading (wetting) and R < R* implied retraction (dewetting). The existence of a critical radius
illustrates the non-local character of the “wet” limit, in the sense that, in contrast to classical wetting
theory, the advance or recession of the front is not determined locally, but by the system as a whole.

More recently, in**

, it has been shown that, in the “dry” limit, when friction forces are dominant over
viscosity, then L; ~A. In this case, there is no critical size for the wetting/dewetting transition. In this
limit the advance or recession of the front is determined by the local conditions, irrespective of what
happens in other parts of the tissue. For intermediate situations between the two limits, the prediction
of the model is more complicated and must be found numerically, since an explicit analytical

expression is usually unavailable. More details on analytical predictions and numerical solutions for a

variety of situations can be found in”%%17:145,

The 2D problem with radial symmetry (a circular monolayer), for which the fields depend on the radial
coordinate only, is physically very similar to a 2D problem with translational invariance in one
direction, which depends on one cartesian coordinate only. We refer to this semi-infinite case the as
the 1D reduction of the problem. The physics of the wetting transition is indeed the same in this 1D
formulation, at least when the radius R of the circular monolayer is not too small, and predictions
differ typically on geometrical factors. The analysis of the 1D reduced problem, however, is much
simpler in particular to study situations driven by external gradients, either chemical or mechanical,
such as in the study of durotaxis. This rectangular geometry was studied experimentally'®®, and

70,195

analytically in the context of monolayer durotaxis in , and has been systematically exploited to

obtain explicit approximations and numerical results in a variety of situations in'*®. All our numerical
and analytical calculations in the present work have also been carried out for simplicity in this 1D

effective reduction of the radially symmetric 2D problem.
In the 1D formulation along the x-direction, Equations 3-5 reduce to

2n0Zv = 2{pdyp + év — {ip,

Equation 6
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where

B sinh((x — X)/LC)
PO) = —Gnh(R/L)

Equation 7

with X being the instantaneous position of the center-of-mass position. To obtain the full spatial
velocity profile v(x) we need to solve Equation 6 assuming appropriate boundary conditions for the
stress tensor. For cell monolayers one may assume stress-free boundary conditions, but to account
for the out-of-plane contribution of surface tension in the case of 3D cell clusters (see Equation 11)
we will modify this condition, as explained in section 1.4. With the two edges of the monolayer at
positions x, and x_, the instantaneous center-of-mass will be given by X = (x, + x_)/2 and its
radius by R = (x, — x_)/2. With the solution of the velocity profile v(x) at a given time, the velocity

of the center-of-mass vy and the spreading velocity vg are simply

_ o v + o) _p o vl —v@)

Equation 8

In the absence of an external gradient we have vy = 0. However, vg may be positive, when the
monolayer is spreading (wetting), or negative when it is retracting (dewetting). The 2D wetting

transition is thus defined by vg = 0.

It is particularly informative to express the solution of vs obtained in the 1D reduced case in both wet

and dry limits, assuming L. < R,. With the specific definitions L, = |{|/(2{;) and 1 = ,/2n/¢, the

spreading velocity in the absence of an external gradient (for stress-free boundary conditions), reads,

in the two corresponding limits45,

vyt = ch_gl(R —Lp)
Equation 9

vsdry ~ ch_gl(/1 —Lp)
Equation 10

(general exact expressions can be found in Appendix A in%.
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1.4 Generalized Young-Dupré equilibrium condition

In the present model we extend the theory of active wetting to 3D cell clusters, modelled as liquid
droplets with surface tension y and shaped as spherical caps. We have seen that, for stress-free
boundary conditions, the basal monolayer either retracts or spreads indefinitely. However, for 3D
droplets, the surface tension y introduces an additional force, tangent to the liquid free surface. As a
consequence, an additional horizontal force component must enter the balance between contractility
and traction, and this additional contribution will favour spreading or retraction depending on the
contact angle 8. For 8 > 90° the tension will favour spreading/wetting, while for 8 < 90° the tension
will favour retraction/dewetting. Consequently, for sufficiently large surface tension, we may expect
that a stable equilibrium will be reached for a finite contact angle 8, for which all active forces are
balanced. In classical wetting theory, the equilibrium contact angle is determined by the Young-Dupré
condition, which establishes the balance of the three surface tension forces tangent to the three
surfaces at the contact line. In the context of cell aggregates, a similarly energetic approach has been
proposed to define the wetting conditions in terms of the balance of the different adhesion energies

157,188

at play

In our approach here, following!!’, the contributions from equilibrium properties of the interfaces are
assumed to be negligible in front of the active contributions. In this context, we propose a generalized
Young-Dupré condition defined by a balance of the active forces. Note that in our case both contractile
stresses and traction forces are distributed in the polarized layer of thickness L., and this balance is,
in general, non-local, as described in our 2D model for the basal monolayer. However, the additional
contribution from surface tension enters as a local force at the contact line, and consequently, we can
include it in our non-local force balance in the form of a boundary condition. In place of the stress-

free boundary condition, we then impose,

OqpNp = —%cosﬁ =+

Equation 11

where ng is the unit normal vector at the monolayer edge and the + and — are the conditions for 6 >
90° and 8 < 90°respectively. In turn, the vertical component of the surface tension is balanced by
the Young-Laplace pressure P = 2)//Rsphere as a normal force exerted by the substrate on the liquid
droplet. Consequently, we may infer the value of y by measurements of vertical traction forces (Figure

4-8), which provide a direct measurement of P (Figure Appendix 2-4 d).
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The equilibrium contact angle will be determined by the condition v = 0 when the equations are
solved with the boundary condition Equation 11 (Figure 4-13 a). In situations where the 2D active
wetting transition predicts dewetting, an equilibrium contact angle 8* > 90° will be reached, a
situation that is referred to classically as low wettability. On the contrary, whenever the 2D model
would predict spreading of basal monolayer, the equilibrium contact angle 8* < 90° will correspond
to the high wettability case. From this analysis we see that the active wetting transition of the 2D
problem defines the situation with contact angle 8 = 90°, for which vg = 0 with no horizontal
component of the tension y. Therefore, we may refer to the point with 8* = 90° in the 3D problem
as the location of the wetting transition, in the sense that it corresponds to the location of the active
wetting transition in the associated 2D problem. Accordingly, the passing through the 8* = 90° does

not imply an equivalent dynamical transition in 3D.

Similarly, the equilibrium contact radius R*, will satisfy 8* = 180 — arcsin(R*/Rsphere) > 90° for low-
wettability clusters or 8* = arcsin(R*/RSphere) < 90° for high-wettability clusters. Clusters with a
contact radius R < R* will be dewetting whereas if R > R* they will be wetting the substrate. An
approximate expression of the equilibrium contact radius for low-wettability (in the absence of

external gradients) taking the limits R < L, <and R < Rgppere, takes the form

2

Rsphere 6y
‘a gl— ¢z - 2R ere = 37) |
2(iRszphere - 3)/ R?phere ( ©sphere )

Equation 12

which increases for an increasing {;, upon reaching R* = Rgpper. for a right angle cluster. Therefore,
the equilibrium contact angle decreases with the traction value. The above expression is just an
analytical approximation for certain parameter ranges. The exact value must be found numerically
and it is shown for instance in Figure 4-13 c as a function of the stiffness of the substrate. For more
complex traction and friction dependencies with stiffness see section 2. For initial conditions that are
not at the equilibrium, our model predicts the evolution towards the equilibrium contact angle. In

Figure Appendix 2-1 we show the evolution of the contact angle and for a variety of situations.

The determination of the contact radius R and the radius of the spherical surface Rgppere from
experimental data differs depending on the wettability conditions. From the projection of the phase-
contrast image of the cluster on the surface, one can measure the apparent cluster radius R,; (Figure
4-13 a). Simple geometrical considerations imply that, for high-wettability clusters (68 < 90°) we have

R = Ryroj < Rsphere Whereas, for low-wettability clusters (6 > 90°), we have R < Ry,.oj = Rgphere-
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Therefore, either Rgppere (6 < 90°) or R (for 8 > 90°) must be inferred or estimated from additional
considerations. For instance, a good estimation of R in the second case may be given by the

equilibrium value R*.
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Figure Appendix 2-1. A stable equilibrium is reached for a sufficiently large surface tension y. Evolution of the position of
the edges (green for right and purple for left) and the contact angle of a cluster on a mono-stiffness substrate (computed with
the analytical results for the cluster's velocity from'4). Cluster's volume is constant, and the parameters are those from Table
Appendix 2-1 except for { = —2, a constant {; = 0.05 kPa/um and friction & = 0.2222 kPa-s/ um?. Simulation time is T =
500 hours, and At = 360s. In a-d, initial conditions are R(t = 0) = 20 um and H(t = 0) = 50 um, giving an initial contact
angle 6(t = 0) = 136.4° (low-wettability). For y = 0 mN/m (a), the cluster does a full dewetting (defined as such that
reaches a contact radius R < 0.1 um) after 114.6 hours. Increasing the surface tension values to y = 0.8,3,6 mN/m, the
cluster reaches a finite size R* = 1.41,5.91,14.20 um and angle 6* = 177.16,168.03,150.24 (b,c,d respectively). Similarly,
in e-h the initial conditions are R(t = 0) = 60 um and H(t = 0) = 50 um, giving an initial contact angle 8(t = 0) = 79.6°.
Fory = 0 mN/m (e), it evolves to a full wetting (defined as such that reaches a height H < 0.1 um) after 87 hours. Increasing
the surface tension values to y = 40,50,60 mN/m (f,g,h respectively), the cluster reaches a finite size only if y is enough
strong, with R* = 72.55,66.36 um and angle 8* = 55.91,67.0 (in g and h). In f), it reaches the full wetting state at 164 hours.
For larger vy, larger R* if the equilibrium relaxes to a low-wettability cluster (6 > 90°), whereas smaller R* if it relaxes to a
high-wettability cluster (8 < 90°).
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2. Collective durotaxis of 3D clusters

2.1 Stiffness gradient and durotaxis for 2D monolayers

Description Typical value
h monolayer height 5 pm
L. nematic length 15 pm
il viscosity 20 MPa-s
C contractility —5 kPa
A hydrodynamic length 424.266 pun
Fy  substrate’s softest stiffness 0.5 kPa (Fig. 2a)
F' stiffness gradient 0.0332 kPa/pm (Fig. 2a)
E*  characteristic stiffness of saturation 140 kPa
(;7° traction saturation value 0.2 kPa/um
£%°  friction saturation value 0.2 kPa-s/pm?
o friction at & — 0 0.2222 kPa.s/um?
Py bare pressure 421072 kPa
1" pressure gradient 1.5-1072 kPa/um

Table Appendix 2-1. Symbols and typical values of model parameters.

We now consider the presence of a stiffness gradient in the substrate to model collective durotaxis of
cell clusters. Parameters that encode tissue-substrate interactions will generically depend on the local
stiffness of the substrate, and their actual relationship must be determined independently of the
hydrodynamic model. Following previous work, we assume that both friction and traction parameters
saturate to maximal values at large stiffness due to biological limitations of the cells””177-18! 5o one

may consider profiles of the generic form

E
GE)=§" o0 S(E) =87

E+E*’ <o

E+E”

Equation 13

where {° and £* are saturation values, and E™ is a characteristic stiffness of force saturation. The &,
value is only added in some cases, when we are at very low stiffness values, to avoid the strict “wet”
limit A = oo (¢ — 0), which is ill-defined for the case of a nonzero traction gradient, since global force
balance cannot be satisfied in the absence of friction. In our experimental measurements, not only
radial in-plane tractions increase with substrate stiffness but also out-of-plane tractions (Figure 4-8).
Due to a lack of other experimental evidence of out-of-plane tractions with stiffness, we assume a

linear increasing function of the pressure -and hence surface tension- with E,
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P(E) = P, + s, E,

Equation 14

Rsphere
2

y(E) = P(E) =yo +¢,E,

Equation 15

where yo = PyRgphere/2 is the bare surface tension, and £, = spRyphere/2 is the stiffness response
length of a surface tension. Note that in cases where the radius of the spherical cap is not constant
(either for constant volume V or constant projected radius Ry;;. plots), y, and £,, are not constant.
Since P is the quantity directly measured in experiments, we will usually parametrize variations of
other quantities in terms of P. For simplicity, we will always assume a linear stiffness profile with the

position on the gel E(x) = Ey + E'x, being E, and E' the stiffness offset and gradient, respectively.

Then,
P(x) = Py + P'x = (Py + s,Ep) + spE'x
Equation 16
Y(x) = YoxtV'x = (yo +4,Ep) +£,E'x.
Equation 17

In some cases, to reduce the number of parameters and gain physical insight, it is convenient to
consider traction and friction as linear increasing functions with stiffness, or equivalently, with the

position on the gel:

) =30 +qx, E(x)=§& +&'x

Equation 18

145 in the simplest situation, that is solving

Analytical solutions for the velocity field were obtained in
Equation 6 with a constant traction gradient {; > 0 and with constant friction (¢’ = 0). In the dry and
wet limits, and assuming L. < R, the center-of-mass velocity does not depend on the boundary

conditions of the stress-tensor and gives
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LA LA
dry c / c + -
=~ —R . = — =),
v g oRG = G =80
Equation 19
2
U;,Vet CZL ( ) LC/1
Equation 20

where (;—r are the local values of the traction at the respective edges. In both cases, the spreading

velocity is the same that in the mono-stiffness situations, ve">/"" = v;"drwwet((i(X)), with ;(X)
the traction at the center-of-mass X. In the dry limit, the spreading dynamics is local in the sense that
the two edges behave independently from the other, and the traction difference then directly drives
tissue durotaxis. However, in the wet limit the velocity depends on the system size R and the traction
gradient {;, which illustrates that the two edges are hydrodynamically coupled. As a reference for the
discussion of the following sections, it is important to remark that for a constant traction gradient and
for constant friction, the durotactic velocity of a 2D monolayer does not depend on the traction offset
(and hence the local stiffness)*. As we will see in the following sections, the contribution from the
out-of-plane surface tension will produce the increase of vy with the stiffness offset, and both the
introduction of a gradient of the friction coefficient &' > 0 and the saturation of traction with stiffness

will both contribute to the decrease of vy at larger stiffness.
2.2 Non-monotonic behaviour of durotaxis for 3D clusters

The presence of a stiffness gradient generically produces a durotactic response, with vy being the
durotactic velocity’®* (vy > 0, directed to stiffer regions of the substrate). Consistent with the
experimental results (Figure 4-10, Figure 4-11), and for more realistic traction and friction
dependencies with stiffness than those assumed for deriving Equation 19 and Equation 20, we observe
a non-monotonic behaviour of vy with the stiffness of the substrate, for clusters of the same

experimentally measured size R, . This is understood as a competition between two mechanisms,

proj.
which make the velocity either increase or decrease, determining an optimal velocity of durotactic

migration in an intermediate stiffness.

Focusing on the results for the 2D monolayer without introducing the out-of-plane surface tension
(y = 0), the effect of changes in tissue size R and active traction difference between the stiff and soft
edges A(; are illustrated in Figure Appendix 2-2. Importantly, vy increases both with R (Figure

Appendix 2-2 a,d, and Figures 6 and 7a in* for the analytical results), and with A{; (Figure Appendix

117



Study of collective cell durotaxis as an active wetting phenomenon Appendices

2-2 b). In fact, an increase in size brings to an increase in the active traction difference, although not
in a linear relationship with the stiffness since it depends on the position or local stiffness value, and
so the velocity increases. However, for the same A{;, we can see that vy is larger for smaller tissues
(Figure Appendix 2-2 b). This is because with a saturated active traction increase with stiffness, if Ry <
R, and A{;(Ry, E;) = A{;(R,, E,), necessarily the stiffness offsets obey E; < E, (Figure Appendix 2-
2 c), and so the local traction gradient is larger for the smaller tissue. Since vy increases with local

145

traction gradient (Figure 7d in'* and Equation 9 for the analytical results), this corresponds to a

velocity increase.

Allin all, the decrease in velocity vy with stiffness offset is explained irregardless of the wettability of
the 3D droplet (Figure Appendix 2-2 a,d), due to both a decrease in traction difference and local
traction gradient with E (Figure Appendix 2-2 c), and a friction increase. In Figure Appendix 2-3 a and
Figure Appendix 2-4 b, we can see how this decrease is controlled by the friction increase and the
characteristic stiffness of force saturation E*, respectively. For simplicity in the interpretation of
results, the active traction and friction are linear functions of E in Figure Appendix 2-3, but
qualitatively, the tendencies are equal than those assuming saturated profiles, with the obvious effect
of saturation which brings the system asymptotically to the uniform case, that is, with vanishing vy

due to a symmetric behaviour of both edges of the basal monolayer, and hence no durotaxis.

On the other hand, the increase in velocity must be deciphered making use of our 3D active wetting
theory. Low stiffness corresponds to low-wettability clusters, with 8 > 90° (Figure 4-13 ¢, is consistent
with experimental measurements in Figure 4-8). Thus, the equilibrium contact radius R* is small, and
from what we argued before, this implies a small velocity. Increasing the stiffness, the contact angle
decreases and so R* increases (Figure Appendix 2-4 c,f), yielding to faster durotaxis. As it affects the
contact angle, surface tension y (and thus pressure P) controls the velocity increase, as we see in

Figure Appendix 2-3 b and Figure Appendix 2-4 e.
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Figure Appendix 2-2. The durotactic velocity increases with contact radius R and traction difference A{; and decreases
with stiffness, irrespective of the wettability of the 3D droplet. (a,b) vy versus stiffness E (a) or active traction difference
AQ; (b), for a fixed contact radius in each curve, with values R = 20,50,100,200 um, from lighter to darker brown. (c) A{;
decreases as the stiffness offset increases, since we are reaching the saturation zone, and the difference is larger for larger
sizes. (d) vy versus contact radius R, for a fixed stiffness offset in each curve with values Ex = 25,50,75,100 kPa, from lighter
to darker blue. Saturated active traction and friction profiles with stiffness are assumed, y = 0, and the other model
parameters are in Table Appendix 2-1.
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Figure Appendix 2-3. Non-monotonic behaviour of the durotactic velocity, assuming linear active traction and friction
functions with stiffness. vy versus stiffness E, for a cluster with a fixed R,.,; =45  um, assuming linear traction, friction
and pressure (hence surface tension) profiles. (a) Effect of an increasing friction gradient ¢’ = (0,1,4,8,10,20,40,80) -
10~3kPa-s/um? (from lighter to darker purple). Effect of an increasing pressure gradient P’ = (7,8,10,15,20,25,30)-10"* kPa/
um (from lighter to darker green), either with a constant friction (continuous lines, not presenting a decrease in vy) or with a
friction gradient of ¢’ = 0.0001kPa-s/ um? (dashed lines). Model parameters are those in Table Appendix 2-1.
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Figure Appendix 2-4. Non-monotonic behaviour of the durotactic velocity, assuming saturated active traction and friction
functions with stiffness. (a,d)Traction and pressure profiles with stiffness, changing the saturation crossover stiffness E* =
50,80,140,260,450 kPa (form lighter to darker blue) in (a) and the increase of pressure slope P' = (6,8,10,15,20,25,30) -
10~*kPa/um (from lighter to darker greens) in (d). The two red points correspond to the average of the experimental values
from Figure 4-8. (b, e) vy versus stiffness E, for a cluster presenting a fixed R,,,; = 45 um, with saturated profiles for
traction and friction (a) and linear pressure (and hence surface tension) (d). The saturation of cellular forces at high stiffness
is characteristic of the vy decrease, whereas the effect of three-dimensional active wetting, controlled by the pressure
(equivalently surface tension), is characteristic of the vy increase. (c,f) Corresponding stable contact radius R for each case.
The point where the continuous and the dashed line of the same colour meet represents the critical 2D active wetting
transition ( R = R,.q.and so 6 = 90°). Other model parameters are those in Table Appendix 2-1.

2.3 Interplay of model parameters on the durotactic velocity

As seen in our experimental results (Figure 4-8), durotaxis depends on other variables such as cluster
size, cell contractility and stiffness gradient. In our model, those parameters play an important role in
determining the wetting transition and thus the stable contact radius R at each stiffness offset, and
so they affect the durotactic migration of the clusters. The interplay of the cluster size, contractility

and stiffness gradient in the model is shown in Figure Appendix 2-5.

An increasing projected size of the clusters increases the velocity magnitude (Figure Appendix 2-5 a,d),
consistent with our experimental results (Figure 4-11), in spite of the displacement of the peak of the
velocity. Experimentally, we find that this peak is localized towards higher stiffness offsets for clusters
bigger than than 60 um in diameter, in comparison to smaller clusters. According to the model this
peak is displaced towards softer offsets since the wetting transition takes places sooner for larger

clusters.
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Decreasing (or inhibiting) the contractility |{|, we predict a displacement to lower stiffness offsets of
the peak of the velocity (Figure Appendix 2-5 b,e), consistent with our experimental results (Figure
4-12). However, the magnitude is increased in the model whereas decreased in experiments. A
plausible explanation for this discrepancy is that the ROCK inhibitor used to partially inhibit cell
contractility might be reducing traction forces as well, and so the model should contemplate a reduced
parameter (;, which would lower the velocity. Another reason could be the sampling window that is
looked at in the experiments. At 6 kPa with a fibronectin coated substrate, many clusters are already
wetting the substrate and so the fraction of clusters near the wetting transition or dewetting it are
just a few. Thus, when doing the average (taking into account all the wet clusters as well), the
magnitude of the velocity is lowered. However, when increasing contractility with EGF, there are many

more dewetting clusters or at least closer to the transition, which makes the velocity to increase.
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Figure Appendix 2-5. The durotactic velocity depends on cluster size, cell contractility and stiffness gradient. vy and
corresponding stable contact radius R against stiffness offset E, for a cluster with fixed R, assuming saturated profiles
for traction and friction and a linear pressure. The point where the continuous and the dashed line of the same colour meet
(in d-f) represents the critical 2D active wetting transition R = R, and so 8 = 90°). In (a,d), the projected radius is Rpo; =
20,45 um, and so velocity is larger for bigger clusters. In (b,e), contractility values are { = —2,—5,—7,—10 kPa, and so
velocity is smaller for more contractile clusters, having the peak displaced towards stiffer offsets. In (c,f), stiffness gradients
are E' =0.01,0.02,0.03,0.05,0.07 kPa/um, yielding to an increase of velocity and displacement of its peak towards stiffer
offsets for larger stiffness gradients. The constant model parameters in each case are those in Table Appendix 2-1.

Finally, the stiffness gradient of the gel affects both the traction and friction offset but in a nontrivial
way. In the experiments it is seen how a larger stiffness slope increases the magnitude of the
durotactic velocity (Figure 4-12). According to our model, not only this is true but also the peak of
durotaxis is displaced towards stiffer offsets (Figure Appendix 2-5 c,f). Even if the wetting transition
occurs at the same offset, a larger difference of stiffness at both edges yields to a lower contact radius

R in the low-wettability region. However, this is compensated with the fact that we have larger
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traction values, and so the velocity is not decreased in these regions for larger stiffness gradients.
Once the wetting state is reached, then the latter effect is the only one important, and so the

durotactic velocity is larger for larger stiffness gradients.
2.4 Dynamics of migrating clusters

Our model explains the non-monotonic durotactic behaviour of tissues placed at different stiffness,
but we can also use it to predict the evolution of a migrating cluster towards stiffer regions. Through
time-integration of the velocity, we obtain the dynamics and shape over time of a cluster with a
constant volume. Apart from the typical evolution (Figure 4-13 e,f which corresponds to Figure
Appendix 2-6 d), we show the effect of changing other model parameters in the dynamics, such as the
initial stiffness offset (Figure Appendix 2-6), the contractility (Figure Appendix 2-7 a,b), the pressure

offset (Figure Appendix 2-7 c,d) or the pressure gradient (Figure Appendix 2-8).

The non-monotonic behaviour of the durotactic velocity for these migrating clusters is understood in
a similar way as we argued for static plots of clusters with constant R.,; (Figure Appendix 2-3-5): a
cluster which starts with a low wettability at a soft region of the substrate, advances towards stiffer
regions increasing its wettability (lowering the contact angle 8) and so expanding the contact radius
R, hence increasing its durotactic velocity. It slows down when it reaches a high wettability on stiff

substrates, where the relative importance of friction increase is higher.

However, in many cases, we can see an initial decrease of the velocity, corresponding to a decrease
of the contact radius R. This happens when in the initial stages of the evolution, the cluster (which
both in Figure Appendix 2-6, Figure Appendix 2-7 and Figure Appendix 2-8 starts in a low-wettability
configuration with 8 = 136.4°), is under conditions of contraction of its basal radius, that is,
presenting a negative spreading velocity vs < 0. In a softer initial position (Figure Appendix 2-6), with
higher contractility (Figure Appendix 2-7 a,b) or with smaller values of the pressure and thus the
surface tension (Figure Appendix 2-7 c,d and Figure Appendix 2-8), this effect is accentuated, since all
those parameters favour the “dewetting” of the cluster. Instead, a larger pressure minimizes this
effect because it favours the expansion of R instead of its contraction at the initial stages and when

6 > 90°.

Finally, if the pressure does not increase with stiffness (Figure Appendix 2-7 c,d), it does not difficult
that much the expansion of the cluster once in a high-wettability state (6 < 90°), and the contact size
keeps increasing (note that vs is not exactly zero in those cases). Nevertheless, the decrease of

durotactic velocity is still present due to the increase of friction forces.
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Observing and characterizing this full dynamical evolution in experiments remains a challenge for

future work.
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values are the same as in Table Appendix 2-1, except for { = —2. Initial conditions are R(t = 0) = 20 um and H(t = 0) =
50 um, giving a low-wettability state with 6(t = 0) = 136.4°, and the initial stiffness offset changes to Ex(t = 0) =
7.1,13.8,20.4,27.0 and 50.3 kPa.
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Figure Appendix 2-7. Dynamics of a migrating cluster when varying the contractility and pressure. Evolution assuming a
linear traction, friction and pressure profiles, with (L-O = 0.00068 kPa/um, {{ = 0.00005 kPa/ um?, £° = 0.2222 kPa-s/ um?
and &' = 0.0001 kPa-s/ um?3. Simulation time is T = 500 hours and At = 360 s. The other values are the same as in Table
Appendix 2-1. Initial conditions are R(t =0) =20 um and H(t = 0) =50 um, giving a low-wettability state with
6(t =0) = 136.4°, and Ex(t = 0) = 27.0 kPa. In (a-b), Py = 0.0042 kPa and P' = 0.0006 kPa/um and the contractility is
either { = —3 or —1 kPa respectively. In (c-d), a constant pressure is assumed to be either P = 0.55 or 0.75 kPa, and the
contractility is fixed to { = —2. The plots can be compared as well with Figure Appendix 2-6 d.
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Figure Appendix 2-8. Dynamics of a migrating cluster when varying the pressure gradient. Evolution assuming a linear
traction, friction and pressure profiles, with ZL-O = 0.00068 kPa/um, {; = 0.00005 kPa/um?, &° = 0.2222 kPa-s/um? &' =
0.0001 kPa-s/um3, and P, = 0.0042 kPa. Simulation time is T = 500 hours and At = 360 s. The other values are the same
as in Table Appendix 2-1, and { = —2. Initial conditions are R(t = 0) = 20 um and H(t = 0) = 50 um, giving a low-
wettability state with 6(t = 0) = 136.4°. Ex(t = 0) = 27.0 kPa is fixed and the pressure gradient changes to P’ =
(0.05,0.2,0.4,1.0,2.0) - 10~3 kPa/um. The plots can be compared as well with Figure Appendix 2-6 d.
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