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Thesis title in English:

Stabilization and motility mechanism of blebs in cancer cells

Keywords in English:

Actin flows, Cell polarity, Myosin, Actin, Microfluidics, Amoeboid migration, Bleb
Abstract in English:

Previously associated with apoptosis, blebs have arisen in the past decade as important
structures for amoeboid cell migration, particularly for cancer cells. Blebs form when
the plasma membrane detaches from the actomyosin cortex. They retract, exerting
friction forces and allowing cells to migrate. A few independent studies have reported
large and stable blebs in cells under non-adhesive confinement in recent years. This
universal switch to bleb-based migration has been found in amoeba, choanoflagellates,
immortalized cell lines, and primary cultures. Unlike previously described blebs, they can
overcome retraction and stabilize a constant flow. Stable blebs are a new type of
cellular structures that amoeboid cells use to migrate, analogous to filopodia or
lamellipodia for mesenchymal cells. In a single cell, multiple blebs form and compete
against each other, so that eventually, a single bleb drives the migration. Thus, it is
essential to know how single blebs stabilize to understand how single-bleb amoeboid
cells polarize. More generally, stable actomyosin flows constitute the basis of fast
migration in numerous cell types, including also immune cells.

During my Ph.D. | studied bleb morphogenesis and bleb stabilization in confined cancer
cells, using advanced microfluidic techniques to control the confinement of cells. The
first part of my project describes the bleb formation as an immediate response of cells
to confinement and what differentiates it from a classical retracting bleb. The second part
of my project focuses on the mechanism leading to the establishment of retrograde
flow. Based on the results | obtained with my experiments, we propose that bleb
stabilization depends on 1) the depletion of actin from the front by myosin contractility
and 2) the particular actin flament arrangement at the bleb tip caused by the membrane
topology of a confined cell. | completed this work with advanced high-resolution imaging,
which allowed observation of single actin filaments and tagged cytoskeleton-associated
molecules at the bleb tip, under different perturbations. My results show three cortex
regimes in blebs: 1) Assembling loose cortex: localized at the front, composed of single
filaments poorly attached to the membrane. If this region is lost, the bleb retracts. 2)
Crosslinked cortex: actin filaments and fibers bind together to form a network that
gradually gets denser and reticulated but does not contract (this region is devoid of
Myosin Il motors). 3) Contractile cortex: towards the base of the bleb. Myosin-Il starts
to get enriched, contracting the dense actin network, driving the entire retrograde actin
flow up to the tip of the bleb, generating new actin free regions at the front and
pressurizing the bleb, leading to membrane protrusion at the very front.
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This unique set of observations allowed to complete a model for the stabilization of motile
blebs, with conclusions that can be generally applied to any flowing actomyosin cortex.
My results present a negative role of actin-membrane attachment in protrusion
persistence and contribute to the recent findings in the cell migration field, pointing in this
direction. They also introduce an additional role for NMIIA contractility, which is essential
for maintaining intracellular pressure and depleting actin from the cell front.

Titre de la thése en frangais :
Mécanisme de stabilisation et motilité des blebs dans les cellules cancéreuses
Mots-clés en francais :

Flux d'actine, Polarité cellulaire, Myosine, Actine, Microfluidique, Migration amiboide,
Bleb

Résumé en francais :

Auparavant associées a l'apoptose, les blebs sont apparus au cours de la derniére
décennie en tant que structures importantes pour la migration des cellules
amiboides, en particulier pour les cellules cancéreuses. Les blebs se forment lorsque la
membrane plasmique se détache du cortex d'actomyosine. lIs se rétractent en exergant
des forces de friction et en permettant aux cellules de migrer. Ces derniéres années,
quelques études indépendantes ont observé des blebs volumineux et stables dans
des cellules sous confinement et en absence d’adhésion. Ce changement universel vers
la migration a base de blebs a été observé chez les amibes, les choanoflagellés, les
lignées cellulaires immortalisées et les cultures primaires. Contrairement aux blebs
précédemment décrits, ils sont capables de surmonter leur rétraction et de maintenir un
flux d’actomyosine constant. Les blebs stables forment un nouveau type de structures
cellulaires que les cellules amiboides utilisent pour migrer, analogues aux filopodes ou
lamellipodes pour les cellules mésenchymateuses. Dans une seule cellule, plusieurs
blebs se forment et se font concurrence, de telle sorte que finalement un seul bleb
entraine la migration. Ainsi, il est important de savoir comment les blebs simples sont
stabilisés pour comprendre comment les cellules amiboides se polarisent. Plus
généralement, des flux d'actomyosine stables constituent la base d'une migration rapide
pour de nombreux types de cellules, comprenant également des cellules immunitaires.

Pendant mon doctorat, j'ai étudié la morphogenése et la stabilisation des blebs dans des
cellules cancéreuses confinées, en utilisant des techniques microfluidiques
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avanceées pour controler le confinement des cellules. La premiére partie de mon projet
décrit la formation de blebs comme une réponse immédiate des cellules au confinement
et ce qui les différencie des blebs rétractables classiques. La deuxiéme partie de mon
projet se concentre sur le mécanisme conduisant a I'établissement d'un flux
rétrograde. Sur la base des résultats que j'ai obtenus avec mes expériences, nous
proposons que la stabilisation d’un bleb dépend de 1) I'épuisement de I'actine par la
contractilité de la myosine et 2) la disposition particuliere des filaments d'actine a
I'extrémité du bleb causée par la topologie de la membrane. J'ai complété ce travail avec
une imagerie avancée qui a permis l'observation de filaments d'actine uniques et des
molécules associées au cytosquelette a I'extrémité du bleb, sous différentes
perturbations. Cet ensemble unique d'observations a permis de compléter un modele
pour la stabilisation des blebs motiles, avec des conclusions qui peuvent étre plus
largement appliquées a tout flux de cortex d'actomyosine.

Mes résultats montrent trois régimes de cortex dans les blebs : 1) Assemblage de
cortex lache : localisé a l'extrémité, composé de filaments simples mal fixés a la
membrane. Si cette région est perdue, le bleb se rétracte. 2) Cortex réticulé : les
filaments et les fibres d'actine se lient pour former un réseau qui se densifie et se réticule
progressivement mais ne se contracte pas (cette région est dépourvue de moteurs
Myosine-Il). 3) Cortex contractile : vers la base du bleb. La myosine-Il commence a
s'enrichir en contractant le réseau dense d'actine, entrainant tout le flux d'actine
rétrograde jusqu'a l'extrémité du bleb, générant de nouvelles régions sans actine a
I'extrémité et comprimant le bleb, conduisant a une avancée de la membrane a 'avant.
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Introduction

Part Il:




Chapter 2: The molecular machines of cell migration.

ells are intriguing, beautiful, and complex systems. This thesis's
topic is cell migration, which is a fundamental behavior of cells
in every ecological niche, including higher metazoans. Even
when a cell is not producing forces for movement, it can be pulled
by others like in wound healing events or just pushed by the

growth of the bulk in a tissue. The morphogenesis of multicellular

organisms includes both cell-autonomous and collective migration, such as the
development of central nervous systems in mammals. In prokaryotes or single-cell
organisms, cell migration becomes essential for survival. Inhomogeneities in food
sources make it vital for many cells to be able to be attracted by gradients. Prokaryotic
migration is controlled by flagella and cilia, which can control the rate and direction
of beating to direct the cell. Simple "run and tumble" migration trajectories can yield
efficient chemotaxis and collective behavior strategies such as the establishment of
colonies and biofilms. In contrast, metazoan cell migration is far more complex and
relies on cytoskeletal scaffolds of the scale of the cell and membrane-substrate
interactions.

Mammalian cells migrate thanks to a dynamic scaffold called the cytoskeleton, and an
army of crosslinkers, active motors, and modulators of cytoskeleton dynamics. The
cytoskeleton comprises three main components: actin, microtubules, and intermediate
filaments such as vimentin. Briefly, cells will need to push their membrane forward and
retract the rear to move. However, there is a diversity of physical strategies to achieve
this goal, and the motors and the specific molecules for each different cell type vary. The
two main force generation mechanisms are polymerization (Dogterom et al., 2005;
Footer et al.,, 2007), and contraction or transport by molecular motors, such as
myosins or kinesins. Membrane anchoring for cytoskeleton proteins is fundamental
to transmit forces and a coupling mechanism to the outside.

The cellular structure most relevant for this work is the cortex, an active viscoelastic
material beneath the membrane whose primary scaffold is actin. The active properties of
actin depend on motors such as myosins. Non-muscular myosin II-A (NMIIA) is a plus-
end actin motor that assembles into force dipoles contracting the actin network. We often
refer to the cortex as a composite material called "actomyosin." For this reason, actin is
a central player in cell migration (Olson and Sahai, 2008) and a highly conserved among
species. As the topic of my Ph. D. thesis involves the assembly of the cytoskeleton at the
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front of a cell, | will introduce the molecular machines involved in cell migration,
particularly related to the actin cytoskeleton.

Actin as a polymer

Actin is the most abundant intracellular protein in a eukaryotic cell, and it is the one with
most protein-protein interactions known. It typically comprises 10 percent by weight of
the total cell protein in muscle cells and 1 to 5 percent of the other cells' protein. Actin
exists in a soluble globular form called G-actin and in an F-actin flamentous form (Figure
1). Cells typically bear concentrations of ~1mM of polymerized actin and few tens of yM
of globular actin (Abraham et al., 1999). Compared to microtubules (1-10 mm), actin is
much more flexible (10 um of actin versus 1-10 mm persistence length of microtubules),
thinner (6 nm diameter of actin versus 25 nm for microtubules), and forms generally
shorter filaments (35 nm in the erythrocyte cortex to 10—100 pm in ear hair cells for
actin versus <1 ym in S. pombe, 100 ym in R. norvegicus to even >1 mm in insect sperm

cells for microtubules). Actin can produce forces to push membranes thanks to
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Figure 1: Molecular aspects of actin assembly. Left top: actin monomers are relatively small proteins
of a few hundred aminoacids that assemble into filaments. Left middle: Actin filament decorated with
human meromyosin and photographed with uranyl acetate 1% by EM, scale bar = 0.1 um. Left bottom:
assembly rates of ADP-actin and ATP-actin from the barbed ends as measure in vitro. The barbed ends
polymerize spontaneously at lower concentration than the pointed end. Right: molecular structure of the
actin network in the lamellipodium of a fish keratocyte, as shown by EM of detergent-extracted cells. The
front of the lamellipodium has a dense network of actin filaments oriented +35/-35 degrees respective to
the cell front. The network remodels as it flows back, so that the back of the lamellipodium has longer
filaments which are arranged by tropomyosin and myosins. Scale bar in (b) = 1 mm. Adapted from (Milo
and Phillips, 2016; Phillips et al., 2013; Pollard, 1986; Svitkina et al., 1997; Woodrum et al., 1975)
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polymerization at the filament ends, but can also stall above a specific force applied
by membrane tension (7.7 £1.3 pN /filament). Filaments can withstand forces, but also
rupture if subjected to stress (~3.5 N/m?) (Abraham et al., 1999; Janmey et al., 1991).

As microtubules, actin filaments have a polarity and have a "pointed" end and a "barbed"
end. These were called this way due to the shape of heavy meromyosin heads decorating
actin in vitro, which look like arrows pointing towards one end (Figure 1). Actin monomers
can be ATP-bound or ADP-bound. Typically, ADP-bound monomers are more prone to
stay in the globular form than ATP-bound monomers. The binding affinities of ATP- and
ADP-bound monomers to the pointed and barbed ends of a flament have been well
characterized in vitro (Figure 1). We also know that the actin filaments keep an ATP-
bound cap, which controls polymerization (Carlier, 1990; Jégou and Romet-Lemonne,
2016; Korn et al., 1987; Neuhaus et al., 1983; Pollard, 1986; Vavylonis et al., 2005). Pure
actin monomers can spontaneously polymerize in vitro above a critical concentration,
which is lower for barbed ends. However, the cells keep monomeric concentration for
up to 1500 times higher than the critical concentration of 0.1 yM. G-actin in a cell is
sequestered by proteins such as thymosin-beta-4 and profilin, making it available to
actin nucleators to be polymerized in specific places. The sequestering prevents
spontaneous actin polymerization in a disorganized manner. For this reason, profilin is a
crucial regulator of actin and lamellipodial cell migration, broadly modulating actin
polymerization (Funk et al., 2019; Pernier et al., 2016).

Cellular control of actin polymerization

The in vitro behavior of actin is very well studied, but it is less understood how this
translates to situations inside the cell. As mentioned previously, actin is the protein with
the most known protein-protein interactions. These interactions modulate
polymerization rates, mechanical properties, and interaction with other filaments
(Pollard, 2016; Pollard et al., 2000; Welch and Mullins, 2002). Rather than a network of
actin filaments, cellular actin structures are composite materials of actin with many
accessory proteins, crosslinkers, and the membrane. For example, spontaneous
nucleation of actin in vitro has a costly initiation step. Analogous to the polymerization
core of microtubules, actin monomers need to form a core of few elements before
polymerizing steadily. However, spontaneous formation of a nucleation core in vivo is
skipped by nucleators proteins. Arp2/3 complex contains a variant of G-actin monomers
that can branch on the side of an existing filament, creating a new filament without
the need of a nucleating core. The other prominent family of nucleators is formins, a
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group of dimeric proteins involved in actin polymerization, associated with the barbed
end. They can promote the elongation of pre-existing filaments by removing barbed end
capping proteins and capable of actin nucleation. Nucleators can be cell type-specific. In
Hela cells, the two main actin nucleators are the formin mDia1 and Arp2/3. Increases
in one nucleating factor can partially compensate for the other's depletion, suggesting
that both factors cooperate in building the cortex (Isogai et al., 2015). However, there are
some differences: mDia1 can nucleate F-actin twice as fast (Bovellan et al., 2014),
and mDia1 typically participate in elongating filaments linearly, whereas Arp2/3 in
branching new filaments.

There exists a rich regulation of actin barbed ends (Shekhar et al., 2016). Actin cappers
bind barbed ends to block further addition of monomers. They are divided into
Capping protein versus proteins of the gelsolin family (Ca%*-dependent), such as
gelsolin, adseverin, villin, advillin, supervillin, flightless | homolog, and CapG in
mammals. Capping protein is the main capper in mammalian cells, being very abundant
(1-2 uM). As expected by its function, it binds with high affinity to barbed ends and
dissociates very slowly. Capping-protein-interacting proteins control the capping
protein activity and can "uncap" actin to allow for actin nucleation. Given the affinity and
the concentration of capping protein in a cell, if there were no negative regulators of
actin capping, polymerization would be frozen inside a cell (Hug et al., 1995).
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Figure 2: Overview of functions of actin-binding proteins. This includes: monomer binding, filament
polymerization, capping, severing, cross-linking, and branching. Filaments can joint end-to-end
(annealing), but not proteins are yet known to perform this function. Adapted from Pollard, 2016.
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While we know the individual functions of barbed-end-binding proteins, the interaction
between the different nucleators inside a cell is still an intense research area. For
example, the nucleation-promoting factor WishDIP/spin90 and Arp2/3 could also start
polymerization with no pre-existing actin filament (Wagner et al., 2013). Recently, a novel
interaction between Arp2/3 and mDia1 was identified through the nucleation-promoting
factor SPIN90. Recruitment of mDia1 to SPIN90-Arp2/3 nucleated filaments or formation
of a ternary SPIN90-Arp2/3—mDia1 complex can yield rapid nucleation of filaments
bearing mDia1 at their barbed ends and SPIN90—-Arp2/3 at their pointed ends (Cao et al.,
2020).

The Rho family of small GTPases such as RhoA, Rac1, and Cdc42 control the assembly
and organization of actin upstream of the nucleators. They are small (~21 kDa) signaling
G proteins belonging to the Ras superfamily. They are the main "molecular switches" that
control cell migration, polarity, and cytoskeleton dynamics. RhoA activation by calcium
(via calmodulin) or other pathways has implications both in myosin activity (via
phosphorylation of MRLC) and in actin (via cofilin inactivation) (Figure 5). Moreover,
most formins are Rho-GTPase effector proteins. Recently, the development of the
FRET-based sensors has allowed for live measurements of the different GTPases'

Phalloidin _. anti-Vinculin

Figure 3: RhoA, Rac1, and Cdc42 control the assembly and organization of the actin cytoskeleton.
Quiescent, serum-starved Swiss 3T3 fibroblasts with overexpression of different small GTPases, and
stained for actin (phalloidin) and vinculin (anti-vinculin). RhoA overexpression creates thick ventral tress
fibers and large focal adhesions. Rac1 overexpression increases the actin at the lamellar regions, and
decreases the size of focal adhesions. Cdc42 promotes the creation of filopodia and the rounding of the
cell. Adapted from (Hall, 1998).
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activity. The three GTPases are active at the leading edge of fibroblasts, where their
activity is finely controlled temporally and spatially (Machacek et al., 2009; Martin et al.,
2016). The development of optogenetics has allowed for precise tuning of their activity in
live cells by recruiting specific GEFs and GAPs to the membrane and establishing
gradients of activity within cells (de Beco et al., 2018): ArhGEF11 for RhoA, TIAM1 for
Cdc42, and intersectin (ITSN) for Rac1. In migrating RPE1 or HelLa cells, RhoA activation
will cause edge retraction, whereas Rac1 activation will generate an actin-rich protrusion.
Extraordinarily, in suspended leukocytes, optogenetic activation of RhoA/Rac1 at the
membrane creates a flow that can drive an adhesion-independent swimming migration
purely by hydrodynamic interactions (O’Neill et al., 2018)

As a summary, purely free G-actin is absent from the cell, as is always bound to
sequestering proteins that control nucleation. Nucleation is mainly restricted to signaling
factors located at membranes. Even in what is often called “bulk filament assembly,” as
in fish oocytes, the actin nucleation happens at the surface of small vesicles (Montaville
et al., 2014). As the filament forms, they tend to be capped, although some elements can
negatively regulate capping. There is a particular "time" for actin stability, which is the
exchange of the ATP-bound to ADP-bound states for the F-actin monomers. ABP (actin-
binding proteins) such as ADF/cofilin preferentially attack ADP—actin and compromise
the stability of the ADP-bound F-actin portions. All these factors cooperate to form a
constant actin network treadmilling from the tip of a lamellipodium to the rear, and from
the membrane towards the center of a non-migrating cell. This way, actin polymerization
occurs on the membrane and disassembly in bulk. The flow creates an equilibrium so
that the cortex keeps an equilibrium density and thickness depending on the activity of
small GTPases and actin-binding proteins. As an exception at larger scales, researchers
described that regions of the cell periphery with high negative curvature display actin
anterograde flow, as actin fibers that push towards the membrane (Chen et al., 2019).

Actin crosslinkers

Actin crosslinkers are essential proteins that define the mechanical properties of actin
bundles and the network properties. Actin filaments can buckle in force and length-
dependent fashion: the force of actin polymerization can buckle actin filaments longer
than 700 nm (Kovar and Pollard, 2004). Crosslinkers increase the bending stiffness
of the network filaments by bundling filaments or forming a network. Actin crosslinkers
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have a broad range of sizes and functions, and some results even suggest that they
can work synergistically to define cell mechanical properties (Tseng et al., 2005). Motors
such as myosins also join actin filaments together, but they are not defined as
crosslinkers because they consume ATP and move. Smaller globular crosslinkers (e.g.,
fascin) or crosslinkers with more than one actin-binding site (e.g., fimbrin, alpha-actinin
dimers) will more likely form actin bundles. In contrast, larger crosslinkers (e.g.,
spectrin, filamin, dystrophin) can allow more space between filaments and form actin
networks.

Crosslinkers can have different expression levels and functions related to a specific cell
type, protrusion, or model organism. Crosslinkers can have alternative genes that encode
for different versions of the protein that are tissue-specific. For example, filamin and
fimbrin drive cellularization in Drosophila embryos. Filamin facilitates hexagonal
patterning of actin fibers, and fimbrin promotes the hexagonal network's remodeling into
contractile rings (Krueger et al., 2019). In budding yeast, fimbrin is phosphorylated by
metaphase cyclin-dependent kinase 1 (Cdk1), promoting actin cable assembly. In HeLa
cells migrating by a "stable ble" or "leader bled" migration, the crosslinkers EpsS8,
filamin, and alpha-actinin are fundamental to maintaining the bleb structure (Logue et
al., 2015). Still, the reason why they contribute to bleb migration is not yet known. Cellular
signaling regulates crosslinkers: Erk activates Eps8 at the front of leader bleb cells
(Logue et al., 2015). In vitro studies on Eps8 activation show that it can have a double
activity: bundling when activated, and capping when inactivated. These results suggest
that Eps8 might promote different actin organizations in the front versus the rear
of migrating blebbing cells, but this has not yet been shown in cells. The
consequences of the crosslinker activity in actin organization in stable blebs and the
mechanism by which crosslinking contributes to cell migration are one of the topics of my
Ph.D. thesis.

Actin crosslinkers and motors share some functional characteristics. Myosins have a
catch-bond with actin so that the dissociation lifetime increases with the tensile force
applied to the bond (Guo and Guilford, 2006; Inoue and Adachi, 2013). Similarly, it was
recently reported that the crosslinking time of a-actinin-4 homodimers increases twofold
within the typical range of cortical tension found in cells (Hosseini et al., 2020).
Crosslinking can support the activity of motors by modulating the connectivity and the
order of the actin network (Ennomani et al., 2016). In fish egg extracts, actin crosslinkers,
and not only myosin motor activity, can trigger contractile waves (Field et al., 2011).
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Actin-membrane attachment

The crosslinking of actin with the plasma membrane is ensured mainly by the ERM
protein family, including ezrin, radixin, and moesin. ERM proteins have actin-binding
domains and FERM domains. FERM domains contain binding motifs with integral
proteins at the membrane, such as receptors, and can exist in closed or open (active)
conformations. Ezrin (also known as cytovillin or villin-2) is encoded in humans by the
EZR gene and is one of the main ERM proteins. It binds the sodium-hydrogen exchanger
regulatory factor (NHERF) once it is in the active open state. The activation of ezrin
involves two steps: first, binding of the N-terminal domain to PIP2 and second,
phosphorylation of threonine T567 in the C-terminal domain by Rho-kinase and
several PKC isoforms (Fievet et al., 2004). Ezrin is a major regulator of membrane
tension: constitutively active ezrin or an increase of PIP2 levels increases membrane
tension in epithelial cells and lymphocytes, and a decrease of ezrin phosphorylation will
promote the formation of blebs and decrease in membrane tension (Liu et al., 2012;
Rouven Brlckner et al., 2015). Similarly, microinjection of constitutively active ezrin
(T567D) into filamin-deficient M2 cells stops blebbing (Charras et al., 2006).

The regulation of actin-cortex attachment and membrane protrusion is tightly linked to
the regulation of the lipid composition, in particular, the presence of PIP2 and PIPs at the
plasma membrane. The activation of PI3K phosphorylates PIPz to yield PIPs at the
plasma membrane. This is often upregulated in cancer cells, and it is associated with cell
motility and local inactivation of ezrin (Insall and Weiner, 2001). The enzyme performing
the reverse reaction, the phosphatase and tensin homolog (PTEN), is considered a tumor
suppressor. Other enzymes regulating PIP2 levels at the membrane are responsible for
the detachment and inactivation of ezrin, such as PLC, which hydrolyzes Pl (Hao et al.,
2009). Supplementary to their role in cortex-membrane attachment, ERM proteins can
bind to microtubules and have a role in regulating spindle organization (Solinet et al.,
2013). In D. discoideum, microtubules indirectly regulate cortex-membrane attachment
and ERM activity, positioning the enzyme PI3K on the cortex and promoting lamellipodia.
Without microtubules, the absence of PIP3 and the upregulation of PIP2 increases cortical
contractility and promotes bleb-based migration (Sugiyama et al., 2015).

Nonmuscle myosin II: a fundamental motor for cell migration

Albert Szent-Gyorgyi, Bruno Straub, and colleagues discovered the molecular nature
of muscle contraction by experiments with rabbit muscle extracts performed during WWII
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in Szeged, Hungary. One year after his 1937 Nobel prize award, Szent-Gyorgyi began
work on the biophysics of muscle movement. His team found that muscles contain actin,
which contracts when combined with myosin and ATP (Kihne and Kihne, 1864; Rall,
2018; Szent-Gyorgyi, 1942; Szent-Gyorgyi, 1968). This discovery preceded in 30 years
the discovery of the cross-bridge mechanism of contraction of muscle myosin (Huxley,
1969), and the discovery of nonmuscle myosin Il (NMIl) in platelets (Adelstein and Conti,
1975) and amoebae (Pollard and Korn, 1973a, 1973b).

Myosins contain 18 classes of proteins. Some classes are well studied, such as myosin
| and V, ubiquitous proteins that participate in vesicle transport. Other myosins classes,
such as llIl and XII, are less explored. Some classes are absent from animals such as
myosin VIII. Most myosin molecules are composed of a head, neck, and tail domain that
typically dimerizes. The head domain binds F-actin and uses ATP hydrolysis to
generate a power stroke to move on the filament. The neck domain acts as a linker to
transduce the force from the motor domain and as a binding site for the myosin light
chains, which form a molecular complex with the heavy chain. The tail domain can play
a role in regulating motor activity, binding to cargo, or interacting with other myosin
subunits. Nonmuscle myosin Il (NMII) is a major motor-related to cell migration and has
three heavy chain isoforms named NMIIA, NMIIB, and NMIIC, encoded in mammals by
the genes MYH9, MYH10, and MYH14, respectively. The heavy chain determines the
type of paralog, but the light chain types are shared. NMIl is analogous to the
conventional muscle myosin but found in the cortex of all cells. Myosin Il motors are
hexamers with two heavy chain subunits containing the head and tail domains and four
light chain subunits, belonging to a family of calcium-binding proteins and necessary for
the assembly of the macromolecular complexes, named minifilaments (Figure 4).

Compared to other myosins, class Il myosins are non-processive motors. They have
a high ATPase rate and a low duty ratio, which means they spend only a small fraction
of the ATPase cycle attached to its track. NMIIA motors need to work together in a
bipolar minifilament to perform their function. In human cells, motors assemble to a
stereotypic size of 30 molecules, corresponding to a rod of approximately 300 nm long
(Billington et al., 2013; Niederman and Pollard, 1975), which is a considerable size for
the scale of an actin cortex (100-350 nm thick).

NMIIA and NMIIB are broadly expressed, while the expression of NMIIC is restricted to
some differentiated tissues. These paralogs have a very similar amino acid sequences
but bear significant differences in motor kinetics, structure, and regulation (Shutova and

Page 25



Svitkina, 2018): for example, NMIIA is a faster motor than NMIIB. NMIIA is required
specifically to drive membrane retraction in blebs in HelLa cells, particularly the
motor domain and nonhelical tailpiece of NMIIA (Taneja and Burnette, 2019). The two
paralogs are also regulated in different ways, depending on the cellular context. For
example, the metastasis-associated protein mts1 specifically regulates the assembly of
NMIIA in vitro and is known to change cancer cells' migration properties (Ford and Zain,
1995; Li et al., 2003). The most common regulators of myosin Il activity in cells, Rho-
associated protein kinase (ROCK) (Figure 5) and Myosin light chain kinase (MLCK)
discriminate between NMIIA and NMIIB.

In fibroblasts, ROCK preferentially regulates phosphorylation of MLC20, which is
associated with NMIIA. In these cells, MLCK activity is concentrated at the cell periphery
and ROCK at the cell center. As in fibroblasts, ROCK-mediated contractility promotes
stress fibers and focal adhesions rather than protrusions. Rho-kinase inhibition prevents
the formation of focal adhesions and accelerates fibroblast migration (Sandquist et al.,
2006; Totsukawa et al., 2000). In SV1 cells (immortalized fibroblasts), NMIIA localizes to
stress fibers throughout cells, while NMIIB is excluded from the peripheral region. This
pattern occurs at the level of individual minifilaments: in U20S cultured cells, NMIIA, and
NMIIB isoforms coassemble. Still, there is a gradient in the relative quantity of
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Figure 4: Molecular organization of myosin motors and of actin-myosin arrays. A NMIl motor
consists of two heavy chains (230 kDa), two regulatory light chains (20 kDa) controlling the myosin activity,
and two essential light chains (17 kDa), stabilizing the structure. Myosin assembly then into large
macromolecular motors called minifilaments which enhance motor processivity. Myosin is a plus-oriented
motor, so it is able to sort actin filaments by polarity, forming asters. Myosin bipolar minifilaments can also
have supramolecular interactions with other minifilaments and form stacks, somewhat analogous to what
myosin organization in muscle cells.
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NMIIA/NMIIB from the periphery to the cell center (Figure 6). Similarly, in migrating
keratocytes, MLCK activity influences cell polarity by increasing myosin accumulation in
lamellipodia. In contrast, ROCK regulates myosin accumulation at the cell rear and does
not determine protrusion size (Lou et al., 2015).

Myosin assembly

The polymerization of NMIl molecules into minifilaments is fundamental for its function,
and assembly is regulated to control contractility. The phosphorylation of the light chains
and the heavy chains (Dulyaninova and Bresnick, 2013) can set the myosin molecules
into an open conformation, at which they will be able to polymerize. The interaction of
myosin molecules depends on parallel and anti-parallel interactions between rod
domains, specifically at assembly competence domains (ACD1 and 2) at the end of the
heavy chain (Ricketson et al., 2010; Shutova and Svitkina, 2018).

Several cooperative effects occur at the level of myosin assembly. First,
minifilaments can change in vitro the conformation of closed myosins and recruit them.
Second, myosin minifilaments will change the actin network structure and create asters
(Wollrab et al., 2019). Myosin is a plus-end-oriented motor, so actin's plus-ends will be
at the center of the aster (Figure 4) (Kreten et al., 2018). This arrangement will direct
new motors that come in contact with actin towards the filaments at the aster's center.
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Figure 5: Regulation of myosin and actin by ROCK. Rho small GFPases are a family of proteins
regulating a large number of cellular processes. Their activity is controlled by guanine nucleotide
exchange factors (RhoGEFs) and GTPase-activating proteins (RhoGAPs), which mediate the GTP/GDP
state of the protein. RhoA, Cdc42 and Rac1 are the most known small GTPases in humans. RhoA
activates ROCK, which in turn can have a double effect: ) activating contractility through MLC
phosphorylation and ii) stabilizing actin filaments, through cofilin inactivation by LIMK phosphorilation.
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Myosins' force is so important that it can bend and break actin filaments in vitro (Vogel et
al., 2013). Gradually, an actomyosin network evolves from a disorganized state to a
mature state where the myosin organizes in sequential stacks, analogous to muscle
myosins (Fenix et al., 2016; Fenix and Burnette, 2018; Hu et al., 2017). Other proteins
such as myosin 18 and alpha-actinin cooperate to establish sarcomeric NMIIA arrays in
U20S cells, and alpha-actinin and fimbrin (also a large molecule like myosin) collaborate
with myosin Il to organize actomyosin bundles during contractile-ring assembly in S.
pombe (Laporte et al., 2012).

Moreover, the long-range stresses in contractile networks can create convective flows
that attract other filaments, which is the more classical network assembly mechanism by
contraction. Convective flows have been observed in migrating cells and reproduced in
vitro, where myosin clusters can undergo active coarsening, attracting each other at ~18
um/min (Soares e Silva et al., 2011). Finally, NMIIA displays mechano-accumulative
behavior (Schiffhauer et al., 2016). Theory predicts that increasing actin concentration
and network tension can promote minifilament assembly due to the myosin-actin
interaction's catch-bond properties, by actively lowering the critical aggregation
concentration of the monomers (Grewe and Schwarz, 2020).

As an example of this cooperative behavior, single myosin nucleation events can
nucleate minifilaments. In MEFs and U20S cells, minifilaments can partition,
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Figure 6: Myosin organization in stacks in U20S cells. NMIIA and NMIIB can assemble togehter in
minifilaments while keeping a gradient in the cell, so that NMIIA is relatively more abundant at the cell
periphery and NMIIB at the cell center. SIM images from from Beach et al., 2014.
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concatenate, and spread to the neighboring cortex (Fenix et al., 2016). Interestingly, the
partition and maturation of minifilaments are spatially regulated in MEFs by ROCK and
MLCK, so that MLCK-dependent filament assembly in the lamella competes with ROCK
filament assembly at stress fibers (Beach et al., 2017).

All these mechanisms are not mutually exclusive, and they could happen at the same
time. There is currently a discussion in the field over the relative importance of the
expansion-concatenation mechanism of myosin filament arrays versus the
contraction-convection model. It might be possible that the dominant mechanism for
cluster formation depends on the cellular context (Fenix and Burnette, 2018). Without
being my main focus, | will address some aspects of NMIIA assembly in blebs in the
present thesis, in particular the role of convection versus expansion.

The molecular interaction of actin with myosin monomers or minifilaments in cells is an
intense area of research, particularly the role of steric hindrance in the behavior of
actomyosin networks. Recent theoretical work suggested that myosin and actin
layering is necessary to recapitulate cortex patterning and aster formation (Das et al.,
2020). They proposed that only the cortex's top layer is accessible by myosin Il
minifilaments and other large molecules such as certain actin crosslinkers. A myosin |l
minifilament can be up to 0.3um, which is less than the thickness of a lamellipodium,
leading to a steric hindrance to reaching the tip (Svitkina et al., 1997). In vitro actomyosin
reconstitutions on supported bilayers with continuous turnover confirmed the role of
stratification, but it has not yet been observed in cells (Sonal et al., 2018). Some works
suggest a role of steric hindrance in the localization of actin crosslinkers, particularly large
actin bundlers accessing the thin lamellipodial network. In FRAP experiments on the
lamellipodium of NG108-15 (a hybrid of mouse neuroblastoma N18TG2 and rat glioma
C6-BU-1 cells), it was observed that the recovery of actin fluorescence was from the
edge of the lamellipodium. In contrast, the recovery of the bundlers (fascin) was from the
base (Nakagawa et al., 2006).

The molecular machines that compose the cytoskeleton cooperate to produce forces and
control cell migration. The essential components such as actin and myosin are common
to all cells, but they can give rise to very different cell behaviors depending on their
dynamics and organization. In the next chapter, we describe the different migration
modes and how they produce forces to achieve locomotion.
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Chapter 3: Crawling or blebbing, that is the question

Crawling and blebbing are complementary and coexisting migration
modes

enerally, there are two strategies for cells to migrate: amoeboid
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migration and mesenchymal migration (Clark and Vignjevic,

/3) i 2015; te Boekhorst et al., 2016). These two modes are sometimes

)

referred to as friction- versus adhesion-based or bleb- versus
lamellipodium-based. Migrating cells are often divided into these

two rather broad categories based on cell shape, cytoskeleton

organization, mechanism of force generation, and type of interaction with the substrate
(Friedl and Wolf, 2010). Cell types, protrusions, and typical morphologies are also
conceptually placed in one of these two categories (Table 1, Figure 7).

Cell types Protrusions Cell characteristics
o Fibroblasts Crawllng motion
S : L Elongated or irregular cells
> @ Fish keratocytes Lamellipodia . :
59 : : Slow-motion (0.1-1um/min)
28 Neural crest cells Filopodia :
S : Spiky or fan-shaped front
= Sarcoma cells Invadopodia .
3 . . Strong substrate adhesion
= Dedifferentiated cancer cells : .
Actin stress fibers
5 D. discoideum Blebbing" motion
= : : Rounded cells
o 9 Zebrafish prim. germ cells
o o . Pseudopods Fast shape changes
3 Confined Hela cells . ,
0 ”» Blebs Fast motion (1-10um/min)
€ € | Immune cells (dendritic cells, Eriction-based miaration
< neutrophils) 9
Uropod formation

Table 1: General classification into "amoeboid" and "mesenchymal” categories of cell types, protrusions,
morphology, or modes of migration.

This dichotomy in cell motility and cell morphology of "blebbing" versus "ruffling" was
already identified in 1980 (Albrecht-Buehler, 1980). Amoebae were an early study model
for cell biologists. The study of other single cells such as zebrafish melanocytes,
keratocytes, or mammalian embryonic cells revealed that they have different shapes and
migration dynamics, so cells with a migration cycle similar to amoeba were called
"amoeboid." The term "mesenchymal migration" initially referred to the migration of cells
in the mesenchyme during development (Lewis, 1923). The mesenchyme is a connective
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tissue found mostly during embryonic development of bilateral animals, composed mainly
of ECM with few cells. Inthe 1980s, EMTs (epithelial-to-mesenchymal transition) and
METs (mesenchymal-to-epithelial transition) were described in embryonic
development. It was not until the 2000s when the term "mesenchymal migration"
acquired more attention due to the research done in cancer cell biology and the factors
triggering metastasis. Cancer cells go through a process of "dedifferentiation" that
involves an EMT and a MAT (mesenchymal-to-amoeboid transition) (Sahai, 2007). In
cancer, specific molecular and genetic changes define these transitions.

Mesenchymal modes often display slower velocities, strong cell-substrate adhesions in
the form of focal adhesions with emanating actin stress fibers, and actin-rich protrusions
such as lamellipodia, filopodia, or invadopodia (Gardel et al., 2010). The mesenchymal
modes are exemplified by fish keratocytes (Keren et al., 2008) or fibroblasts.
Mesenchymal migration is dominated by actin-rich protrusions such as filopodia,
lamellipodia, or invadopodia, and amoeboid migration by actin-depleted protrusions
such as blebs. Lamellipodia are at the front of some adhesion-based cells, such as
keratocytes. They constitute thin sheets of branched actin networks covered by the
membrane. Actin polymerization pushes the front of the membrane, where the network

Figure 7: Typical morphologies of stereotypical mesenchymal (yellow) and amoeboid (green) cells.
Mesenchymal mode shapes include a fish keratocyte, a fibroblast, and cancer cells inside a collagen
matrix. Amoeboid shapes include a dendritic cell inside a collagen matrix, a zebrafish germ cell, an
amoeba, and a blebbing melanoma cell. Shadows in the filling color aim at representing F-actin density.
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assembles. There is a constant retrograde flow of actin, which helps to exert forces on
the substrate thanks to focal adhesions at the lamellipodium base. Invadopodia are also
actin-rich protrusions present in cancer cells associated with the degradation of the
extracellular matrix during cancer cell migration and metastasis. The signaling defining
front and back could differ between migration modes (Sahai and Marshall, 2003). In
mesenchymal migration, PIP3 signal and activated Rac and Cdc42 are predominant
at the front, and activated ROCK and myosin Il contractility at the back. This
signaling triggers a multistep cycle of protrusion, adhesion formation, and stabilization,
as described by Abercrombie (Abercrombie et al., 1970a). During mesenchymal
migration, the cytoskeleton rearranges to push the cell forward and often secrete matrix
metalloproteinases (MMPs) at the leading edge that degrade extracellular matrix
components.

The amoeboid modes display ~10x faster migration (Liu et al., 2015), lower adhesion to
the substrate, which results in weaker traction forces exerted on the substrate (Bodor et
al., 2020; Yip et al., 2015), and absence of stress fibers (Ldmmermann and Sixt, 2009).
Whereas the term "fiction-based" could be used interchangeably with "amoeboid," the
term "blebbing migration" is more specific than amoeboid motility. Amoeboid migration is
not based on focal adhesions, but rather on the contraction of the cell's rear, like in human
T cells. The front of the cell forms a protrusion, sometimes with actin-rich protrusions
such as pseudopods, sometimes with actin-depleted protrusions such as blebs.
Actomyosin mediates contraction of the cell body in the back, which pushes the cell body
to the front (Yoshida and Soldati, 2006). Cells move by squeezing their cell body through
extracellular matrix gaps (Fritz-Laylin et al., 2017a). The uropod is an essential structure
for maintaining the polarity in migrating immune cells, similar to the keel of a boat (Hind
et al., 2016; Lorentzen et al., 2011). It contains a high concentration of the membrane-
cortex linking group of proteins from the ERM family (ezrin, radixin, and moesin), other
transmembrane proteins, and cell surface receptors. Different migrating cell types
contain uropod-like structures as well (Liu et al., 2015). The molecular mechanisms and
signaling underlying amoeboid migration are generally less understood.

Strikingly, cells are versatile: they can switch from amoeboid migration to
mesenchymal or vice versa, and they can also bear both types of protrusions at the
same time (Bergert et al., 2015; Chikina et al., 2019; Liu et al., 2015; Ruprecht et al.,
2015; Zatulovskiy et al., 2014). This phenomenon was already described very early on
amoeba (Trinkaus, 1973), where blebs cooperate with actin-rich protrusions. Similarly,
cell fragments from the same cell can reproduce mesenchymal or amoeboid phenotypes
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(Albrecht-Buehler, 1980). The transition between migration phenotypes is referred to in
cancer cell biology as migration plasticity. In the present work, we use confinement in a
non-adhesive environment to induce amoeboid migration in HelLa cells, which would
otherwise display a mesenchymal phenotype when cultured on a petri dish.

Forces in crawling and blebbing migration modes

Generally, cells need to extend their leading edge to migrate. A simple way to see the
differences between mesenchymal and amoeboid modes is the protrusion's main driver:
actin polymerization versus cortical flows and intracellular pressure. While bleb migration
is dependent on NMIIA activity, keratocyte and keratocyte fragments can migrate after
NMIIA inhibition (Barnhart et al., 2011; Okimura et al., 2018). Both modes rely on actin
flows (Callan-Jones and Voituriez, 2016), but their origin might diverge in different
migration modes. Generally, flows originate due to either contractility (Bray and White,
1988) or polymerization unbalance arising from polarity establishment. So, if amoeboid
cells rely more on membrane protrusion and flow initiation driven by contractility,
mesenchymal cells rely on actin polymerization unbalance and polymerization forces to
extend their leading edge.

kParange '////Traction forces Pa range Traction forces
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Figure 8: Magnitude and direction of forces exerted on the substrate by friction-based and
adhesion-based cells. Adapted from Bergert et al. 2015.
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Amoeboid and mesenchymal cells differ in the magnitude and orientation of forces
exerted on the substrate (Figure 8). Adhesive, mesenchymal cells make large stresses
that induce strong contractile deformations (kPa range) on their environment.
Friction-based amoeboid cells exert small stresses that induce weak extensile
deformations (Pa range) (Bergert et al., 2015; Yip et al., 2015). Focal adhesion restricts
the trailing edge's detachment, limiting cell velocity, and explaining why the stresses
exerted on the substrate need to be considerably higher (Gupton and Waterman-Storer,
2006). Due to this, cells migrating by focal adhesions will have a maximal cell speed at
intermediate friction, but cells migrating through friction reach a speed plateau at middle
friction value (Paluch et al., 2016). Consequently, the rearrangements that cells produce
on the extracellular matrix and their influence in the migration of other cells can be
different. For example, mesenchymal cells will bundle collagen fibers and create trails
that guide other cells' migration.

More precisely, several physical mechanisms of force generation and transmission have
been proposed for amoeboid migration: swimming migration, cell-substrate
intercalation, chimneying force transmission, and flow-friction-driven force
transmission (Paluch et al., 2016) (Figure 9). Flow-friction-driven force transmission
differs from adhesion-based migration, mostly in the strength and lifetime of the molecular
interactions with the substrate. Still, the other mechanisms of force transmission are
entirely different. The nature of friction of mesenchymal migration has been exceptionally
well studied and involves integrins in focal adhesion complexes (Gardel et al., 2010).
However, the nature of friction of amoeboid migration is not yet well understood. One
possibility is that the friction is due to weak transient molecular adhesions, but it is also
possible that the friction happens without molecular interactions, due to lubricated friction.
This friction is caused by the frictional viscous resistance to the motion of the lubricating
fluid between the surfaces (Paluch et al., 2016).

Membrane tension

Membrane tension is another critical parameter to understand forces in cells. Tether
pulling experiments have been used to understand membrane dynamics and measure
its tension. The measured force has a contribution from the tension itself and the friction
of the membrane and the cytoskeleton, which resist the pulling. Typically, membrane
tension in cells (3-276 pN/um) is much lower than the rupture membrane tension (3000-
10000 pN/um) (Sens and Plastino, 2015). Apparent membrane tension or cell tension
(o) is defined as the sum of intrinsic in-plane tension (T;,,) and cytoskeleton adhesion (y)
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and can be measured by membrane tether pulling. Membrane tension causes
mechanical feedbacks to regulate the actin cytoskeleton at the level of nucleation,
elongation, and disassembly. Actin polymerization is force-dependent: at higher
opposing forces, the filament will stall and stop its growth. Increasing membrane tension
will prevent nucleation of filaments pointing towards the membrane. Increasing tension
will also change actin nucleators' binding to the membrane, such as SCAR/WAVE
complex, which will disassemble at high tension. Membrane tension can also trigger the
opening of mechanosensitive Ca?* channels, which activate contractility and actin
disassembly. Through these interactions, membrane tension has been proposed to act
as a global negative modulator to confine protrusive signaling exclusively to the cell front
(Houk et al., 2012).

In fibroblasts, endothelial cells, and muscle cells, membrane tension seems to be
determined and regulated by the availability of membrane reservoirs. For example,
endothelial cells undergoing rapid membrane tension increase disassemble caveolae
and other membrane reservoirs to decrease it (Gauthier et al., 2011; Morris and Homann,
2001; Raucher and Sheetz, 1999; Sinha et al., 2011). Another factor that can largely
determine membrane tension is the interaction between the membrane and the
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Figure 9: Physical mechanisms of force generation and transmission for amoeboid migration.
Swimming migration combines asymmetric bleb retractor with hydrodynamic interactions in the fluid to
move the cell. Intercalation of protrusions into lateral gaps can serve as supports for migration.
Chimneying cells have a gradient of lateral pushing forces against the surrounding substrate, allowing
for protrusion expansion at the front and contractility at the rear. For flow-friction-driven migration,
forces generated by actomyosin flows are transmitted to the substrate by non-specific transient
interactions. Drawings adapted from (Paluch et al., 2016).
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cytoskeleton (Sheetz et al., 2006). Decreasing the adhesion between the plasma
membrane and the cytoskeleton reduces the apparent membrane tension and promotes
bleb formation. This effect is related to the presence of PIP2 at the membrane, which can
be enhanced by phosphatidylinositol phosphate kinases (PIPKs) or decreased by
phospholipase C (PLC) in NIH-3T3 mouse fibroblast cells (Raucher et al., 2000).

Researchers have tried to interpret the relative contribution of in-plane tension and
cytoskeleton adhesion to the apparent membrane tension by doing tether-pulling
experiments in blebs. Blebs are devoid of the actin cortex while forming, so tether-pulling
measurements should only have the contribution from the membrane in-plane tension
and not the friction with the cytoskeleton beneath. In general, the coupling between the
membrane and the actin cortex is the main contributor to effective membrane tension
(Sens and Plastino, 2015). Similarly, bleb apparent membrane tension increases 2-
fold during the stalling and retraction phases compared to the growth phase, when
the cortex forms again (Charras et al., 2008; Peukes and Betz, 2014).

Interestingly, in keratocytes, the in-plane tension is one of the main determinants of
cell tension since the tether force of blebs is similar to that measured at the cortex.
Membrane tension in motile keratocytes is determined by cytoskeletal forces, and not
by the membrane surface availability. There, the typical value for membrane tension is
approximately the stalling force of actin filaments, and perturbing actin
polymerization decreases membrane tension. Increasing the actin pushing forces,
increasing adhesion, or decreasing myosin contractility leads to a decrease in membrane
tension measured by tube pulling, but a considerable increase of available membrane
in keratocytes by GUV fusion does not change the speed of the retrograde flow or
the membrane tension (Lieber et al., 2013). Remarkably, tension is maintained constant
regardless of a two-fold increase in the projected area after fusion with a GUV (Lieber et
al., 2013), which indicated that the membrane reservoirs in a cell are dynamically
adjusted. The quantity of F-actin increases to the same extent as the increased projected
area, suggesting cells modulate the actin polymerization. Equally, dendritic cells
migrating over different adhesion substrates will retain the same protrusion speed
while modulating the retrograde actin flow. In conditions with low adhesion, the friction
is weak therefore decreasing the force exerted on the actin pushing at the front. This
suggests that actin is polymerizing at the fastest possible speed and that the protrusion
of the cell is given by the force balance at the front, perhaps limited by the cortex-
membrane friction or membrane flows (Renkawitz et al., 2009).
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The lipid bilayer can be considered a 2D fluid, where gradients of membrane tension
generate membrane flows from regions of low tension towards high tension regions,
equilibrating membrane tension over the cell rapidly. The timescale of propagation of
such flows will depend on the membrane's viscosity and generally is fast, on the order of
milliseconds. Therefore, in static cells, the tension is uniform. However, migratory cells
maintain gradients, consistent with the observation of persistent membrane flows toward
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Figure 10: Force balances determining the shape of a keratocyte (top) and a blebbing cell (bottom).

Top: In a migrating keratocyte, membrane tension (T,,) contributes to myosin retraction of the rear and
counteracts cell adhesion, whereas at the front stalls the pushing forces from actin polymerization.
Membrane tension generates a force along the keratocyte perimeter. At the front corners, the force per
filament (tension divided by filament density) reaches the stall force (f.q1)- At the rear boundary, the force
needed to crush the actin network (k) is equal to the membrane tension. The rate of actin disassembly and
the membrane tension determines the distance between the front and the back of the cell.

Bottom: In a blebbing cell, the growth of a bleb is determined by the balance between the membrane and
cortical tension and the elastic resistance of cellular structures. The pressure in the bleb is imposed by the
membrane tension of a sphere (P = 2T /R), as described in Laplace’s law. In the cell body membrane
tension is substituted by cortical tension, which also takes into account the cortical contractility driven by

motors. The total elastic resistance of the cell to compression will decrease the radius of the bleb at
equilibrium, and has been determined experimentally to be (L + 4E, L ) = 6850 Pa. Adapted from

1-2v; Reell
Lieber et al., 2013, Ofer et al., 2011 and Tinevez at al., 2009.
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the anterior side of cells. Also, membrane tension is generally higher in migratory cells.
There is a steady gradient of apparent membrane tension measured by tether pulling in
migrating keratocytes, about 30% higher at the leading edge (Lieber et al., 2015).
Similar results are obtained with keratocyte fragments.

There is a force balance between the actin polymerization at the front, cell
adhesion, and membrane tension in crawling cells (Figure 10). Substrate adhesion
and membrane tension oppose actin polymerization at the front. At the cell rear,
membrane tension and myosin contraction contribute to retraction. This force balance
determines the actin polymerization rate and cell shape. In contrast, membrane tension
does not hinder actin polymerization in blebs. The available membrane and the
concentration of nucleators control net actin polymerization. The bare membrane will
recruit actin up to certain cortex thickness, at which there is a dynamic turnover of actin
that maintains the typical thickness (100-300 nm) while renewing the actin every few
minutes. In blebs, actin polymerization does not result in membrane protrusion, but cortex
formation inwards and membrane retraction.

The differences in tension inside the cell between the amoeboid and the mesenchymal
modes are not yet understood. Nevertheless, membrane tension also plays a role in
blebbing migration. Membrane tension determines the shape of blebs, as described by
Laplace’s law. There is a force balance between the intracellular pressure produced
by cortical contractility and the membrane tension (Figure 10). For a spherical bleb
with no cortex, the membrane tension (mN/um) will be proportional to the internal
pressure (mN/um?, or Pa) and the radius (um): T = P X R/2. At constant pressure,
increasing membrane tension will increase the radius of the bleb. For example, to hang
a mass from a cable with less sag, one will need to put more tension on the cable. Are
there any general differences in membrane tension values between crawling and
blebbing cells? If a cell increases contractility, blebs form and prevent that the intracellular
pressure rises. Blebs are known to release intracellular pressure and decrease
membrane tension while increasing cell surface area. As mentioned above, membrane
reservoirs ensure a homeostatic membrane tension within a range (Pietuch et al., 2013),
but stable blebs might deplete the cell's membrane reservoirs and hinder cells' ability to
regulate membrane tension. It is not clear whether membrane tension could be higher in
cells with stable blebs, or whether cells that move by blebbing also have gradients in
membrane tension since the sparser cytoskeleton of bleb fronts could allow for a faster
equilibration. In my Ph.D. work, we focus on the interaction of actin filaments and
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membrane at the cell front to understand the role of actin-membrane attachment and
membrane in-plane tension in the stability of a bleb protrusion.

Blebbing is a fundamental mode of animal cell locomotion

Blebbing is a fundamental mode of metazoan cell migration, conserved across
evolutionarily divergent organisms. Historically, we find early evidence of blebbing
migration in embryonic development in fish (Trinkaus, 1973) and amoeba (Jennings,
1904). Jennings described how amoebae move with round protrusions at the front, with
a static membrane at the bottom and forward flow at the top membrane. Since then, cells
migrating with round protrusions at the front, a typical feature of amoeboid or adhesion-
free migration, have been identified in many systems

Some researchers proposed that adhesion-free migration might be the default mode for
animal cells, predating focal adhesion-based migration (Bodor et al., 2020; Fritz-Laylin et
al., 2017b). Moreover, bleb-based, adhesion-independent migration may require less
energy than focal-adhesion-based motility because it does not have to counteract the
strong adhesive forces from focal adhesions (Bodor et al., 2020). This is particularly
relevant in 3D: whereas blebbing cells in 2D cannot migrate through friction, they can use
it to migrate in 3D (Ruprecht et al., 2015). In 2D, cells need strong adhesion to counteract
membrane thermal fluctuations and maintain cell-substrate contact. 3D migration can
happen independently from adhesion and actin-rich protrusions, with the notable
exception of Dictyostelium, which can migrate in 2D without focal adhesions (Leithner et
al., 2016; Reversat et al., 2019) (Figure 11).

When did the components of the migratory machine in animals appear in evolution? As
described above, cells can switch to an amoeboid phenotype and migrate through blebs
when confined or prevented from forming focal adhesions. This switch has been
described for cancer cells, primary immune human and murine cells, zebrafish germ
cells, and Dictyostelium cells. Remarkably, while conserving this switch, amoeba and
animals belong to two different kingdoms, so the similarities might represent either
reflects common ancestry or evolutionary convergence. Recently, the switch to bleb-
based migration after confinement was also described in different species of animals'
closest relatives in the evolutionary tree, choanoflagellates (Brunet et al., 2020).
Choanozoa is the clade of opisthokont eukaryotes that contains choanoflagellates
(Choanoflagellatea) and animals (Animalia, Metazoa). Choanoflagellates subjected to
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confinement retract their flagella and microvilli, generating blebs, activating myosin, and
switching reversibly to amoeboid motility while the confinement is maintained. These
results suggest that the duality between the epithelial and amoeboid phenotypes and
the myosin-mediated phenotypic switch was probably present in their last common
ancestors and that confinement-induced blebbing migration is a well-conserved
feature.

Blebbing migration is relevant for cancer and human disease

In humans, we find numerous examples of physiological processes controlled by bleb-
based cell migration (Paluch and Raz, 2013). Defects can result in immune-related
diseases due to the importance of cell migration in the immune system (Alvarez et al.,
2008). Another consequence of misregulated cell migration is metastasis of
carcinomas. During metastasis, cancer cells migrate away from the tumor through the
stroma to reach out to blood or lymph vessels and colonize other tissues. Metastasis is
the leading cause of mortality in cancer patients (Hanahan and Weinberg, 2011). There
is evidence of single-cell blebbing migration in cancer from intravital microscopy
(Alexander et al., 2013; Headley et al., 2016; Weigelin et al., 2012). The flexibility of
phenotypes that cancer cells can display to optimize their metastatic spreading makes it
challenging to find cures or targets to stop them. For example, inhibition of integrin-
binding or production of metalloproteases promotes mesenchymal-to-amoeboid
transition (Sahai and Marshall, 2003; Wolf et al., 2003). The signaling network complexity
challenges the pharmacological strategy against cancer migration to consider the
amoeboid modes that rely less on cell-matrix interaction and degradation (Logue and
Morrison, 2012; Ullo and Logue, 2018).

Following its evolutionary importance, blebbing migration is also relevant in human
physiological processes (e.g., embryonic and brain development) and diseases (e.g.,
immune disorders, cancer). Previously associated only with apoptosis, blebs are
essential structures for cell migration of amoeboid cells (Charras and Paluch, 2008;
Fackler and Grosse, 2008). One of the first unequivocal studies that showed that
adhesion-free migration happens in vivo and in vitro reported the migration of immune
cells without integrins and talins, required for focal adhesions (Ldmmermann et al., 2008).
As another example, the satellite cells responsible for muscle tissue repair after damage
use an amoeboid-based mechanism and dynamic blebbing to migrate to damaged sites
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(Otto et al., 2011). In fibroblasts migrating in murine dermal explants, intracellular
signaling defines two distinct modes of 3D cell migration regulated by RhoA, ROCK,
myosin Il, and the elastic behavior of the 3D extracellular matrix (Petrie et al., 2012).

Despite the diversity in signaling and physical mechanisms, there is a unifying feature:
all cells polarize before starting locomotion. Both amoeboid and mesenchymal cells
break symmetry from a homogeneous state to a polarized state, giving rise to two
opposing poles. Cell polarity is a condition sine qua non for cell migration: an asymmetry
of forces arising from cell polarity is needed to move. The study of cell polarity, its
emergence, maintenance, and consequences is a major focus of modern cell biology.
Effectively, the force amplitude is not as important as their asymmetry. In the next
chapter, we will outline the major mechanisms cells use to polarize, with a particular focus
on the mechanisms arising from actomyosin contractility, which are fundamental for bleb
stabilization in confined cells.
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Figure 11: Adhesion requirements for migration in 2D and 3D environments. Migration in 2D
substrate requires strong anchoring in order to counteract Brownian forces, with the great exception of
Dictyostelium. Conversely, in a 3D environment cell-substrate contact is ensured by confinement and
strong substrate anchoring is not required. Drawings adapted from (Paluch et al., 2016).
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Chapter 4: On cell polarity

einhardt and Gierer first conceptualized cell polarity in their 1972
model (Gierer and Meinhardt, 1972), also termed “LEGI” (Local
Excitation, Global Inhibition). This model assumes the presence
of an activator with a non-linear local effect and an inhibitor with a
long-range impact. This simple model has served to describe the

excitable behavior of signaling networks involved in signaling

transduction and actin polymerization: the signal transduction excitable network
(STEN) and the cytoskeleton excitable network (CEN), respectively (Devreotes et al.,
2017; Ma et al., 2004; Miao et al., 2019, 2017). STEN is the best studied in terms of
molecular details and overall behavior. An expansion of this model is the LEGI-BEN
(local-excitation global-inhibition biased excitable network), accounting for the
interactions of the chemotactic LEGI mechanism, CEN, STEN, and other regulatory
networks (Xiong et al., 2010) (Figure 12). The model contains four basic modules to
account for cell polarity:

1. Chemotactic bias. This module represents the local excitation global inhibition
model for receptor occupancy and G-protein coupled receptors (GPCR) signaling
in chemotaxis. External chemical gradients trigger it.
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Figure 12: Conceptual representation of the regulation loops contributing to cell migration. The
polarity and the chemotactic modules function as LEGI systems with a self-enhanced activator and a
long range inhibitor, whereas the signal transduction network and the cytoskeleton work as excitable
systems with an active (denoted as front), inactive (back) and refractory states. Adapted from (Devreotes
etal. 2017).
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2. Signal transduction. This module is the signal transduction excitable network
(STEN), responsible for the signaling at the membrane mediating between
GPCRs and cytoskeleton in chemotactic cells.

3. Cytoskeleton. This module is the cytoskeleton excitable network (CEN),
responsible for the polymerization of actin at the membrane and the formation of
actin waves, a feature of an excitable system.

4. Cell polarity. This module is related to factors that mediate cell polarity,
responsible for maintaining cell persistence in the absence of chemotactic cue.
The polarity cue relates to the coupling of cell speed and persistence.

The work to build this model has been performed mainly in D. discoideum. Although the
general principles might be conserved, there are molecular differences such as in myosin
Il regulation: in D. discoideum, this is controlled by cGMP, whereas in mammalian cells,
itis regulated by ROCK and MLCK. Therefore, for mammalian cells, the network structure
does not represent specific molecular mechanisms, but it helps to conceptualize, model
cells' behavior, and make theoretical predictions.

Actin polymerization waves can drive cell motility

Actin waves are cellular events that exemplify the excitable behavior of the cortex. Actin
waves form spontaneously in many cell types: D. discoideum cells (Asano et al.,
2008; Brzeska et al., 2014), keratocytes (Barnhart et al., 2011), leucocytes (Hepper et
al., 2012; Weiner et al., 2007), fibroblasts (Johnson et al., 2015; Vicker, 2002), neurons
(Flynn et al., 2009; Toriyama et al., 2006), cancer cells like melanoma or osteosarcoma
cells (Case and Waterman, 2011; Vicker, 2002), oocytes, and C. elegans embryos
(Bement et al., 2015). The STEN-CEN waves provide a coordination mechanism to
form actin structures at a much larger scale than a single filament. CEN and STEN
waves' duration and intensity dictate the shape of a protrusion or the lack of response in
the cortex. For waves persistent and localized in one place, the cell will have thin and
long protrusions, and moving waves will have shorter and wider actin protrusions.

The local activator and global inhibitor of actin polymerization

The mathematical description of an excitable system that can produce activity waves is
consensual and includes a global inhibition and local activation, based on the Meinhardt-
Gierer model. For actin polymerization, multiple nodes have self-enhancing
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characteristics and could play a role in the local activation. Rho GTPases activate actin
assembly driven by Arp2/3 by recruiting nucleation promoting factors such as WAVE or
WASP in ways that can depend on actin assembly itself, generating positive feedback
loops. For example, a positive feedback loop requiring Rac activity/actin polymerization
and PI3K mediates the polarity of PIP3 in the plasma membrane (Inoue and Meyer, 2008;
Srinivasan et al., 2003; Weiner et al., 2002). Furthermore, an activator of Rac1/Cdc42
called PLEKHG3 has autocatalytic recruitment (Nguyen et al., 2016).

In contrast, the molecular details of the global inhibitor are not entirely understood.
Meinhardt and others were inspired by the chemical reaction-diffusion processes to
propose soluble factors. As discussed earlier, the global inhibition effect could be due to
a depletion of a hypothetical substrate needed by the activator or a “poison” or
inhibitor produced by the front. Importantly, in both cases, the molecules need to
diffuse at a much higher rate than the typical reaction times. Cortical (cytoskeletal) or
membrane tension have been proposed as mechanisms to fulfill the global inhibitor's
role. However, some works argue against a global effect of tension (Shi et al., 2018).
Their respective importance varies across different systems. In D. discoideum, myosin
II's cortical tension plays a dominant role in maintaining protrusions restricted to the front.
Myosin Il inhibition decreases cortical tension dramatically (Pasternak et al., 1989),
stimulates lateral protrusions (Wessels et al., 1988), and Ras activation (Lee et al., 2010).
However, in keratocytes, inhibition of myosin Il does not perturb the polarization or affect
migration significantly (Yam et al., 2007).

Membrane tension, and not the cortical tension, was proposed to restrict
protrusions in the back of keratocytes by applying a homogeneous load
throughout the cell contour. Since the filaments' density is higher at the front than at
the back, the load per filament in the back is expected to higher and restrict actin
polymerizing. This logic is analogous to the average receptor occupancy acting as the
global inhibitor in LEGI chemotactic models. However, this gradient of filament density
would still require a different actin assembly in the front and the back through some
signaling (Keren et al., 2008; Kozlov and Mogilner, 2007). Houk et al. proposed that as
in keratocytes, membrane tension plays the role of the global inhibitor of
protrusions in neutrophils, following the Meinhardt-Gierer terminology. They split
neutrophils into two parts connected by a thin membrane tube to restrict the diffusion
between the front and the back. Arguing against the hypothesis of a diffusion-based
inhibitory mechanism, they found that the cell remained polarized and bearing a single
front. This result excluded the possibility that the global inhibitory mechanism used
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intracellular diffusion. Moreover, a sudden increase in surface tension by pipette
aspiration led to an overall inactivation of WAVEZ2 activity. Conversely, a hypertonic shock
increases protrusive activity everywhere in the cell (Houk et al., 2012). Both cases cause
severely affected cell migration, as cells need to remain polarized to migrate.
Furthermore, membrane tension triggers additional feedback cascade that negatively
affects actin assembly through PLD2 and mTORC2 (Diz-Munoz et al., 2016). This
regulation closes the loop between biochemical signaling and membrane tension and
suggests that overlapping regulation mechanisms of different nature work together to
coordinate a migrating cell's shape and forces (Figure 14). It is not clear what is the role
of membrane tension in stable bleb migration.

Authors differ on the particularities of actin polymerization waves compared to other
excitable networks. Some studies describe them as waves purely driven by chemical
activities, such as the Hem-1 actin waves in neutrophils, while others incorporate
elements such as polarity and order of the filaments to account for some particular
behavior (Doubrovinski and Kruse, 2011; Dreher et al., 2014). These models are based
on self-enhanced actin nucleators that can be active if bound to the membrane, or
inactive, if cytoplasmic. Active nucleators bind cooperatively to the membrane, where
they polymerize actin with a certain polarity. Actin filaments, in turn, inactivate actin
nucleators (Figure 13). The Hem-1 component of the Scar/WAVE complex in human
neutrophils shows cooperative binding effects and actin-mediated detachment. These
two elements constitute the core of the wave generator, which moves at 3-5 pm/min
(Weiner et al., 2007, 2006). In models incorporating polarity, the actin polarity field and
the actin density can predict membrane dynamics and migration trajectories in dendritic
cells using a phase-field approach to describe boundary dynamics. This model could
predict that by changing parameters related to actin dynamics — such as actin nucleation
or polymerization rates — dendritic cells can switch from a diffuse to a directed migration
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Figure 13 Basic oscillator model for actin waves at the ventral plasma membrane. It consists of a
self-enhanced element (actin nucleators) and a repressor with a time delay (actin filaments is promoting
the unbinding of nucleators). Adapted from (Stankevicins et al., 2020).
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state (Stankevicins et al., 2020). As another example, in neuronal growth cones, the
propagation of actin waves is dependent on adhesion molecules and molecular clutch
components, with a wave propagation speed proportional to that of actin polymerization.
In this case, actin filaments are attached parallel to the membrane, aligned, and pointing
their plus ends towards the end of the axon, so that the wave is directional (Inagaki and
Katsuno, 2017; Katsuno et al., 2015).

Since actin polymerization does not drive blebs, how does the signaling network regulate
cell polarity in blebbing migration? The research on blebs and chemotaxis is limited,
but there are some clues dispersed in the literature. When stimulated with uniform
concentrations of chemoattractant, amoeba cells experience a series of morphological
changes: i) increase, ii) decrease in F-actin, iii) transient blebbing, iv) formation of
pseudopods, and v) migration (Langridge and Kay, 2006). During the transient blebbing
phase, blebs are restricted in size and number by Arp2/3 activity and promoted by myosin
Il activity. On the other hand, in a gradient of chemoattractant, amoeba produce blebs
in the direction of the gradient (Zatulovskiy et al., 2014). Progenitor germ cells in
zebrafish embryos use blebs to move to specific sites during embryogenesis and
perturbing blebbing results in a wrong localization during development (Blaser et al.,
2006). In melanoma cells, actin polymerization and blebbing co-occur at the front of the
cell. This enables coordination between the short time scale of blebbing and the longer
time scale of cell migration (Welf et al., 2020). PIP2 enrichment at the back and PIP3
enrichment at the front, and the advection of actin-membrane linkers caused by blebbing
(Olguin-Olguin et al., 2021) weakens actin-membrane attachment and increases the
probability of bleb formation at the front, on the direction of chemokine gradients.

As will be discussed later, some studies point that bleb and pseudopod generation
cooperate. Pseudopods in Amoeba proteus are a direct consequence of cortical
contraction (GreObecki, 1994; Yanai et al.,, 1996). In D. discoideum, actin-rich

Self
enhanced

Figure 14: Basic oscillator model of for actin nucleation at the leading edge. It consists of a self-
enhanced element (WAVE and a long-range repressor (membrane tension).
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protrusions often arise from blebs. It is speculated that membrane-cortex detachment
by intracellular pressure and membrane-cortex detachment by PIPs signaling and
FERM/ezrin disengagement can cooperate to maintain a protrusive front during
chemotactic migration (Bisaria et al., 2020; Zatulovskiy et al., 2014). Furthermore, and
blebs could cooperate through local membrane tension: blebs often form at areas of
negative membrane curvature, on the flanks of earlier projections. In the chemical
gradient direction, pseudopods show a unimodal distribution in chemotactic cells with a
single peak at 0°. In contrast, blebs show a bimodal distribution with two peaks at +30°
(Figure 15). This observation explains the bimodal distribution found in blebs forming at
the flanks of pseudopods and suggests a role for membrane tension in bleb formation.
This can indicate that the same pathways described to drive lamellipodium-based
chemotaxis in mammalian cells can promote directed bleb migration if blebbing is
favored (Welf et al., 2020).

Topology and cell shape bias actin dynamics

The organization of actin polymerization in excitable waves of activity implies that they
are biased by cell shape and membrane topology. For this reason, physical extracellular
cues in the form of substrate topology can promote cell migration by inducing symmetry-
breaking or maintaining polarity. As a consequence, cells display contact guidance on
adhesive nanogrooves or aligned fibers (Figure 16). This means that they migrate
parallel to the grooves and bias the orientation of focal adhesions or actin fibers. The
term “contact guidance” was first coined by Paul Weiss in 1931, but the first
observations of this phenomenon date back at least to the dawn of the 20th century. Ross

Blebs (actin-free) Pseudopods (actin rich)
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Figure 15: Actin-rich pseudopods and actin-free blebs cooperate in D. discoideum to direct cell
migration towards cAMP gradients. Adapted from (Zatulovskiy et al., 2014).
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G. Harrison (Yale University), Alexis Carrel, and Montrose T. Burrows (Rockefeller
Laboratory) described in 1911 how embryonal or adult tissues of mammals align in
culture along fibers made of glass, cotton, or even spider webs. Harrison wrote: “the
behavior of the cells with reference to the surface of the coverslip and spider web shows
not only that the surface of a solid is a necessary condition but also that when the latter
has a specific linear arrangement, as in the spider web, it has an action in influencing the
direction of the movement, as well as upon the form and the arrangement of cells”
(Harrison, 1914). Harrison pointed out the potential importance of this phenomenon in
cancer and wound healing. Remarkably, oriented collagen guides tumor extravasation in
vivo (Han et al., 2016)., indicating that matrix remodeling can be a central event in the

initial steps of metastasis.

Contact guidance has been widely reported (Figure 16). Many examples include rat
myocytes (Kim et al., 2010), SV40-immortalized or primary human corneal epithelial cells
(Karuri, 2004; Teixeira et al., 2003), NIH 3T3 fibroblasts (Kim et al., 2009), human
pancreatic cancer cells (Holle et al., 2017), and amoeboid migrating cells such as
confined T cells (Kwon et al., 2012) and D. discoideum (Driscoll et al., 2014). The exact
mechanism of contact guidance of cells on nanogrooves is still debated (Bettinger et
al., 2009). Actin polymerization patterns can bend membranes (Carlsson, 2018), and
membrane curvature can guide actin polymerization (Gov, 2018). Amoeba cells
migrating on nanogrooves nucleate actin polymerization waves that propagate parallel to
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Figure 16: Different examples of in vitro contact guidance. A: chicken embryonic cells plated over
spider webs (Harrison R G et al. Os Zodl Lab Yale 1911). Epithelial cells plated on top on silicon
nanogrooves (Bettinger et al. Angew Chem. 2009). T cells on silicon nanogrooves under confinement of an
agarose pad (Keon Woo Kwon et al. J Immunol 2012)
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the grooves, orienting cell migration (Driscoll et al., 2014). Similarly, when plated on a
microperforated film, actin forms rings around the perforation in what appears to be both
formin and Arp2/3-driven polymerization (Jasnin et al., 2016). These cues are sufficient
to drive protrusions or the direction of the whole cell. Proposed mechanisms include
membrane curvature sensing proteins or an effect of cortical flows stopped by the
topology.

The effects of surface nanogrooves in stable bleb migration are yet unexplored. The
mechanisms of biasing filopodia and actin polymerization could not apply to blebs. Blebs
do not normally nucleate in the cell's bottom plane and are not induced by actin
polymerization. However, grooves could stabilize blebs retracting perpendicularly, guide
as rails the protrusion of blebs parallel to grooves, or just change cortex organization in
blebs. A less common phenomenon is “perpendicular’ or “inverted” contact
guidance, where cells move or grow perpendicularly to grooves. This effect has only
been reported in neurons so far, like small inhibitory cerebellar interneurons or central
nervous system neuroblasts from rodents (Hekmat et al., 1989; |. Nagata et al., 1993;
Isao Nagata et al., 1993). The mechanism is still not elucidated but could play a relevant

role in neuronal development.

Cell shape and local membrane topology have further implications on cell behavior,
modulating membrane signaling, regardless of whether the cell shape is produced by an
external constraint (surface topology, confinement) or by the cellular forces (cytoskeleton
organization). Curvature can be sensed by proteins, which can, in turn, provide
mechanical feedback to maintain the curvature or enhance it. Curvature sensing proteins
such as septins, clathrins, ESCRT, and BAR proteins can discriminate between
degrees of curvature (McMahon and Boucrot, 2015). Transmembrane proteins,
depending on the shapes of their transmembrane domains, can have lower free energy
in particular membrane conformations. Similarly, membrane lipids can be divided into
three groups depending on their curvature preference: conical lipids
(phosphatidylinositol), inverted conical lipids (phosphatidylethanolamine), and cylindrical
lipids (phosphatidylcholine).

The local ratio of surface to volume could modulate membrane-based signaling pathways
(Giese et al., 2018; Haupt and Minc, 2018). Cytoskeletal signaling activity is composed
of membrane-based and some soluble effectors. Therefore, if some activity is confined
to the membrane, there will be a signal gradient towards the cell's interior. In parts of the
cell where the surface to volume ratio is very high, as in membrane tubes or thin
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laminar sheets, the activity will be higher. This was reproduced in a synthetic system
composed of a membrane-bound kinase and a soluble phosphatase (Meyers et al.,
2006). Experiments in cells suggested that the transient increases of enzymatic products
could be sustained by curvature or cytoskeletal organization, like changing cell shape
(Rangamani et al., 2013; Schmick and Bastiaens, 2014). In D. discoideum, the three-
dimensional shape of cells changes the PIP3 wave dynamics, highlighting the
importance of membrane topology in reaction-diffusion signaling. For these reasons,
shape and signaling are likely to go hand by hand during morphogenetic processes.
Signaling and shape can build positive feedback: Turing processes and a particular
geometry enable robust morphogenesis in vitro lunch branching (Menshykau et al.,
2014).

The cortex beneath the membrane imposes diffusion barriers to the lipids or proteins
embedded in the bilayer. This fact has been well established in both in reconstituted
systems (Heinemann et al., 2013) and in cells using FCS (Andrade et al., 2015). The
leading edge of keratocytes also constitutes a diffusion barrier for lipids, that remain
immobile in the distal region (Weisswange et al., 2005), and for actin nucleators (Mehidi
et al., 2019). Akihiro Kusumi proposed in 2005 an updated model for membrane diffusion
called “hop diffusion” or “pickets-and-fences diffusion” where lipids and membrane-
embedded elements do not have a typical Brownian diffusion. Locally, they have
Brownian dynamics, but they are confined to a small membrane domain. The possibility
to “hop” to another domain is low and is defined by a certain k;,,. Cortical perturbations
dramatically change the diffusive behavior of phospholipids and proteins. Less is known
about the diffusion barriers that the cortex can impose on cytoplasmic elements. The
combination of membrane pinching and cortex can provide an effective diffusion
barrier in blebs. In confined A375 cells, Erk activity is concentrated in the bleb due to a
diffusion barrier at the bleb neck (Logue et al., 2015).

Contribution of active mechanical processes to cell polarization

Actin polymerization alone cannot explain some cell- and tissue-scale active mechanical
processes, often this depends on myosin motors. Mechanical or “mechanochemical’
processes also participate in polarity (Howard et al., 2011). In 3T3 fibroblasts, mechanical
stiffness mediates positive feedback through small GTPases, so that substrate contact
sites such as lamellipodia are sustained when they encounter strong mechanical
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feedback, a phenomenon called durotaxis (Lo et al., 2000). Local, periodic, and
anisotropic external cues can direct cell motion in ways different from contact guidance,
such as by coupling better the forces from retrograde flow to the substrate in a particular
direction, due to topological ratchets. In cells migrating in 3D collagen networks, clathrin
gives a concave topology to membranes to pinch collagen fibers. This creates transient
attachment points to help cells exert forces on the fibers (Elkhatib et al., 2017), and a
gradient of fiber density in the matrix or binding sites in the cell could mediate a response
to a gradient. Interestingly, a recent study in leukocytes in microfabricated channels
showed that T cells could transmit forces in the complete absence of transmembrane
force coupling. Wavy channels and a textured surface can create retrograde shear forces
that are sufficient to drive the cell forwards even in the absence of talins (Reversat et al.,
2020).

When thinking about mechanical and physical processes in cell migration, our physical
intuition built by everyday events can be misleading. Inertia is negligible at the scale
of cells compared to viscous forces, so cells need to produce continued forces to
move (Purcell, 1977). As a result, laminar flows are frequent, characterized by smooth,
constant fluid motion. Another big conceptual difference between the human-scale and
the cell-scale world is the importance of thermal energy. Brownian motion is the random
motion of particles suspended in a fluid resulting from their collision with the fast-moving
molecules in the fluid. The kinetic energy of the particles in a fluid can be defined as the
fluid's thermal energy, which plays an important role at the scales of proteins and
signaling responses inside the cell. We can use three dimensionless numbers to
understand a living syetem: the Péclet number (relative importance of thermal diffusion
and active transport, defined to be the ratio of the rate of advection by the flow to the rate

dif fusion timescale _ L?/D

advection timescale L/v

of diffusion driven by a gradient: Pe = ), the Reynolds number

(relative importance of inertial versus viscous forces in a fluid), and the kT equivalence
(relative importance of the energy of a given bond or process compared to the thermal
energy).

We can compare their respective length scales to understand how active forces produced
by cytoskeletal motors can complement passive transport to create gradients. the
diffusion coefficient of the molecules involved determines the typical lengthscale of a
reaction-diffusion process. The Stokes-Einstein equation describes the diffusion of
spherical particles through a liquid with low Reynolds number: D = kzT/6mnr, where
kgT is the thermal energy, and 6nnr is the frictional coefficient. The diffusion coefficient
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D (um?/s) is inversely proportional to the radius of the particle r and the viscosity of the
medium n (Pa - s). The average distance traveled by a particle diffusing in 3 dimensions

is proportional to v/6Dt, where D is the diffusion coefficient (um?/s) and t, time (Berg,
1993). The intracellular diffusion coefficient of a small protein such as GFP is about
20 um? /s (Gura Sadovsky et al., 2017). For a bacterial cell, which is about 1 um in size,
diffusion is an efficient process that can transport small and large molecules in seconds
or milliseconds across the cell. However, for greater distances, for larger proteins, or in
more viscous or crowded environments, the travel time becomes too large to be useful
in signaling processes. The typical motor speed is 0.1-1um/s and cortical flows can reach
speeds of 0.05-0.5um/s, which surpasses the transport capacity of diffusion in distances
more than a few micrometers. This reasoning explains why protein transport in bacteria
occurs largely in the absence of motors but it is driven by motors in eukaryotes. In large
cells such as neurons, continuous active transport becomes essential.

Bacterial cells are diffusion-dominated, with a small Péclet number. However, at the scale
of mammalian cells, systems are often dominated by a low Reynolds number
(dominated by viscous forces), a high Péclet number (dominated by active transport),
and binding energies or chemical potentials higher but of the same order of
magnitude of kgT, thermal energy (Milo and Phillips, 2016). Since cell migration is a
result of molecular processes, it is essential to take this into account while thinking about
problems related to cell migration. Therefore, we find that many morphogenetic
processes in mammalian tissues or even within single cells are driven by a mix of
chemical and mechanical processes and depend on active transport. Active transport
mechanisms include transport by motors, endocytosis, or cortical flows, which can
result in different types of pattern formation (Howard et al., 2011) depending on the
molecular mechanism:

— If cargoes are randomly hopping on and off in a random network, we will have
active diffusion. The mathematical description is the same as for thermal diffusion
(aka Brownian motion) changing the diffusion coefficient D by v, the advection
velocity. The mean distance traveled by a particle in a 2-dimensional array of
filament will be x = V4vt.

— If the motors are unidirectional and filaments organize so that the transport always
occurs in the same direction, we will see an advection-diffusion pattern. There will
be an exponential decay in the concentration of the cargo given by a length scale
A =D /v. This decay describes the localization of myosin IIA along stereocilia,
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the localization of dynein motors in reconstituted microtubule asters, and the
actomyosin gradient in polarized blebbing cells.

— The material properties of the cortex can also set the lengthscale for pattern
formations. The actomyosin cortex is a viscoelastic material: in short time scales,
it behaves as an elastic material, but in long timescales, it behaves as a viscous
fluid. The viscosity and the friction coefficient define the material properties of the
fluid. Motors will create active stresses that will lead to velocity gradients. The ratio
between the two will set a particular timescale for the velocity gradient 1 =1 /.
This mechanism is used by cortical flows to polarize the C. elegans embryo. They
do so by bringing to one pole partitioning defective (PAR) proteins that regulate
contraction. | will describe contractility-driven symmetry breaking in detail below

Role of contractility in polarity switches

The cell cortex can be thought of as an active gel layer beneath the membrane composed
of actin filaments linked by crosslinkers and motors, generating active stresses (Julicher
et al., 2007). Cells modify their cortex's material properties in response to cell cycle,
extracellular cues, confinement, spreading, or immune synapsis formation. For example,
mitotic cells round up and increase cortical contractility, which can be due to increased
motor activity or network connectivity (Belmonte et al., 2017; Bendix et al., 2008).
Notably, many cellular events are orchestrated by gradients in actomyosin
contractility to generate and sustain large-scale cortical flows, such as cytokinetic
ring formation in mitosis. Likewise, cortical flows can break symmetry and establish
polarity, participating in locomotion, embryogenesis, and signaling (Bray and White,
1988).

Actomyosin has an inherently unstable nature, which is evident by how myosin
localizes in cells, often restricted to cortical foci. Theoretical work has proposed that these
instabilities are inevitable at high contractility regimes (Bois et al., 2011). Early evidence
showed the establishment of cortical periodic oscillatory activity in lymphoblasts in the
absence of microtubules in cells treated with nocodazole (Bornens et al., 1989). It is well
known that cells treated with nocodazole trigger contractility via the GEF-H1 RhoA
pathway (Chang et al., 2008). There are detailed experimental descriptions of the
pulsatile behavior of actomyosin (Maitre et al., 2015; Munro et al., 2004; Rauzi et al.,
2010) and that this pulsatile behavior leads to actin patterning (Hannezo et al., 2015).
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The pulsatile behavior depends on additional elements such as actin turnover, cortex
connectivity, and RhoA activation (Coravos et al., 2017; Yu et al., 2018). The shape of
the actin pattern depends on cortex properties such as the active tension, hydrodynamic
length, and Péclet number — if a regulator of contractility is introduced in the model (Bois
et al., 2011; Nishikawa et al., 2017).

Early symmetry breaking in the C. elegans embryo occurs due to actomyosin
contractility, which sets the plane of the first asymmetric division in its embryonic
development. The asymmetry of myosin motors in the anterior and posterior sides
produce anisotropic cortical stresses that produce advection flows (Mayer et al., 2010),
carrying out polarity factors (PAR proteins) to one side and defining the anterior-posterior
axis (Cowan and Hyman, 2007; Goehring et al., 2011; Munro et al., 2004; Munro and
Bowerman, 2009; Salbreux et al., 2012). Therefore, passive advective transport in an
active and flowing material is enough to produce gradients to polarize the cell and
establish a gradient. The PAR polarity proteins constitute a reaction-diffusion system with
multistable properties: in the absence of flows, the embryo remains unpolarized until
advection triggers the PAR pattern formation. In this system, actomyosin and RhoA form
a positive feedback loop: RhoA accumulates in regions with converging actomyosin flow,
and myosin accumulation increases the velocity gradient. However, an independent
“pacemaker” prevents total collapse. RhoA activity is not only controlled by the
accumulation due to convergent flows but has another layer of activation, which is
independent of myosin. The traveling waves of RhoA activity homogenize the unstable
cortex to prevent its collapse (Nishikawa et al., 2017).

Conceptually, cytoskeleton polarity regulation can be described with positive and
negative feedback, resulting in an excitable system, as described earlier (Figure 17).
We can draw parallels between the regulation of chemical signaling networks and
mechanical cytoskeletal networks, even if their nature is fundamentally different. Due to
the organization of actin networks, any perturbation on the cytoskeleton can potentially
create asymmetries (Cramer, 2010; Mullins, 2010). First, actomyosin shows cooperative
effects in assembly or force generation. For example, the WAVE complex assembles
cooperatively on the membrane (Pipathsouk et al., 2019), myosin minifilaments have
positive feedback induced by force due in part to its catch-bond behavior on actin,
and actin networks itself are mechanosensing since they adapt their behavior and force
generation on the external load applied in vivo or in vitro (Bieling et al., 2016; Oakes et
al., 2018). Secondly, the actin architecture is not homogeneous throughout the cell: it
consists of branched dendritic networks on the sides and bundles on the ventral part,
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which have a particular orientation. Dendritic branched networks are a poor substrate for
myosin motors, which preferably bind on linear bundled networks. Myosin, in return,
promotes bundling, closing a positive feedback loop. For this reason, even if a
homogenous is applied onto the actin cytoskeleton, the consequences are not going to
be the same for all parts of the cell. Bundles, for example, are intrinsically anisotropic
because they will resist force in one direction. It has been proposed, for instance, that
the reorientation of bundles in the ventral part of cells is a crucial step needed for break
symmetry before migration (Cramer, 2010). Third, the actin cytoskeleton is a
viscoelastic material whose properties can be changed by the state of the cell (e.g.,
adding crosslinkers to increase network connectivity or myosin motors to increase
contractility). Due to the viscous part of the behavior, a deformation will not propagate
homogenously in time and space. Any contractile force will have a more significant effect
locally, stretching the network in a non-homogenous fashion and creating areas denser
than others.

Models often describe transitions between cortical states as local minima in the
free energy landscapes of the system. The energy to go from one state to another
come from stochastic fluctuations that are increased in amplitude with high
contractility (Kozlov and Mogilner, 2007). Depending on their properties, they will
transition from a homogeneous to a polarized state and display different stability levels
(Gucht and Sykes, 2009). Briefly, theoretical works attempt to describe the cortex with a
set of nonlinear differential equations and then perform linear stability analysis to find
particular stationary or quasistationary solutions. This approach was used to describe
stochastic switches that drive cells from one state to another (e.g., from a non-polarized
non-migratory state to a polarized migratory state). Perhaps counterintuitively,
stochasticity enhances gradient-dependent polarization of excitable systems,
resulting in a more robust behavior and a faster transition towards a new equilibrium
(Lawson et al., 2013; Xu et al., 2019). For example, Cdc42 gradients in budding yeast
arise from a positive feedback loop in which a stochastic increase in the local
concentration of activated Cdc42 triggers a positive feedback loop between Cdc42 and
actin polymerization (Wedlich-Soldner et al., 2003).

Steady-state solutions will depend on the molecular state of the cell. Interestingly,
changing parameters often yield bistable and non-monotonic responses (e.g.,
contractility and connectivity). Whereas increased actomyosin contractility can provide
the instabilities necessary to break the homogenous state and trigger cell polarity and
locomotion (Tjhung et al., 2012; Yam et al., 2007), too high contractility can cause motors
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to ‘sequester’ actin in contractile bundles and make calls so contractile that they will not
be able to polarize (Lomakin et al.,, 2015). Asymmetrical cortical relaxation can also
provide a cue to break symmetry (Gucht and Sykes, 2009). Similar conclusions arise
from agent-based simulations where middle-ground network connectivity and motor
activity provide the highest network retraction (Belmonte et al., 2017).

As in morphogenesis, cell migration can rely on stochastic switches and
contractility to break symmetry (Bergert et al., 2015; Blaser et al., 2006; Callan-Jones
and Voituriez, 2016; Graziano et al., 2019; Liu et al., 2015; Ruprecht et al., 2015; Yam et
al., 2007). Referring to symmetry breaking in migrating cells is practically equivalent
to generating a cortical flow. Active gel theory predicts that at low contractility, the
stochastic perturbations are damped by the cortex, but they can be amplified at high
contractility. These fluctuations in cortical density or myosin activity can be due to random
events or inhomogeneities in the activators of myosin, cortical density, or ruptures in the
cortex (blebs).

Under geometrical confinement, the contractility increase transforms an initially
homogeneous cortex into a polarized steady-state with a stable gradient of
actomyosin and retrograde cortical flows. The increase of contractility upon
confinement and the switch to polarize blebbing migration has been identified in amoeba,
choanoflagellates, developing tissues, immortalized cell lines, and primary cultures. The
polarity is maintained thanks to positive feedback between myosin accumulation and
convergent cortical flows. Cortical flows reinforce density gradients of molecules binding
to the cortex, particularly myosin Il, thereby strengthening the contractility gradients that
drive these cortical flows (Figure 17, Figure 18). Contractility induced by LPA addition is
sufficient to polarize PGCs, but confinement is needed to couple cortical flows to the
substrate and migrate. Confinement itself also increases contractility due to ROCK
activation by a cPLA2-mediated and Ca?*-mediated signaling response (Lomakin et al.,
2020; Venturini et al., 2020). Stable-bleb cell polarization is rapidly lost upon treatment
with Latrunculin A (G-actin sequestering drug), Jasplakinolide (interferes with cortex
turnover), or Blebbistatin (the myosin Il inhibitor), indicating that contractility and actin
turnover are essential to maintain cell polarity in this regime (Liu et al., 2015;
Ruprecht et al., 2015). In contrast, inhibition of central cell polarity signaling molecules
such as Cdc42 (ML-141 compound) or PI3Kinase (L-294002 compound) did not affect
stable-bleb cell polarization in zebrafish PGCs (progenitor germ cells) (Ruprecht et al.,
2015).
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Interestingly, these cellular pathways triggered by confinement are similar to those
involved in the chemotactic signal transduction network (cPLA2, calcium). cPLA2 and
PIBK/PTEN pathways have been reported to act in parallel to mediate chemotaxis in
amoeba and leukocytes (Chen et al., 2007). In D. discoideum, the loss of GPCR subunits
or the inhibition of multiple signal transduction modes yields an attenuated response to
mechanical stimuli in the form of sheer stress (Artemenko et al., 2016). Another study in
D. discoideum reports that the response to a mechanical load is instead mediated by
mechanosensitive Piezo channels (Srivastava et al., 2020). In both cases, a spike in the
intracellular calcium levels was necessary, as in HelLa, but GPCRs and Piezo channels
were not involved in HelLa cells' confinement response.

Contribution of cortical flows to the polarity of migratory cells

Cortical flows not only participate in the establishment of polarity but also maintain
it. Besides, they provide a constant network treadmilling to exert forces on the substrate,
also known as retrograde flow (Hawkins et al., 2011), can define shapes (Carvalho et al.,
2013), and the areas of actin assembly and disassembly (Wilson et al., 2010).
Retrograde flows appear as a broadly conserved feature in animal cell migration and
are shared between focal adhesion and friction-based migration. However, in the
first one, the flow is primarily driven by actomyosin polymerization and treadmilling, and
in the latter, it is primarily driven by actomyosin network contraction on the rear (Figure
18). The migration of keratocytes, the best-studied model system for adhesion-based
migration, requires Arp2/3 nucleators on the cell front and specific adhesive structures
such as focal adhesions to transmit the forces to the substrate.

O Self as;embly 3< Cortical stress
Refrograde Flow
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actin dQFolgmel’itaﬁon

Figure 17: Conceptual model to explain some positive and negative feedback loops involved in
actomyosin contraction. Cell polarity can be maintained by a positive feedback loop between cotrtical
contractility gradients and convergent cortical flows. Furthermore, myosin motors have an assembly
process in minifilaments, which could be cooperative. Convergent cortical flows, in turn, accumulate
actomyosin. However, areas with high accumulation disassemble actin due to network crushing. Myosin
motors can stall at high stress areas.
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Friction-free or amoeboid migrating cells lack focal adhesions. Stable-bleb migrating
cells have a uropod at the back, typical for cells like neutrophils, and a bleb at the front,
driven by intracellular pressure. A striking asymmetry in myosin localization,
accumulated at the rear, causes a cell-scale retrograde flow. The force transmission
remains unclear but could be mediated by transient non-specific interaction between the
cell membrane and the substrate. Despite differences in the shape and molecular
mechanisms, they have in common the establishment of a rearward or retrograde flow
that provides the force assymetry necessary for cell locomotion (Callan-Jones and
Voituriez, 2016).

This model predicts that for any migratory cell in general, the faster the retrograde flow
is, the steeper the gradient of cortex-bound molecules should be. Models describe cell
trajectories as paths with a speed and a persistence length, which quantifies cells' ability
to maintain their direction of motion as they move. If the propulsion force and the cell
speed are proportional to the retrograde flow, and if the retrograde flow carries polarity
cues such as myosin or ezrin, one could expect a link between persistence and speed.
Experimental data showed that, indeed, that persistence and speed are linked, and
one cannot be tuned without the other. To move faster, the cell will need to speed up
the retrograde flow, which will create a steeper gradient of polarity cues, making it harder
to depolarize. The ‘universal coupling between cell speed and persistence’ (UCSP)
model described the behavior of many cell types and most of the observed migration
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Figure 18. Advection-diffusion profiles in stable bleb cells. Left: spatial average of cortical flow speed,
and density profiles of actin (lifeact-mCherry) and non-muscle myosin Il (MYH9-GFP) in stable bles. These
values are plotted as a function of the bleb longitudinal axis with grad(v), the spatial change in flow velocity.
We can observe exponential decay profile for myosin. Adapted from Liu et al. 2015. Top right: Schematic
representation of the three events driving the steady-state density profile or cortex-bound molecules.
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behaviors in cells robustly, by changing the affinity of polarity cues to actin (Maiuri et al.,
2015, 2012). This model is an elegant example of how molecular dynamics could
influence a cell's behavior and predict the outcome of fundamentally stochastic
processes. However, if there are universal molecular mechanisms mediating the relation
between persistence and retrograde flow speed remains unknown.

Some results suggest that a gradient of membrane-actin mediators could be the
molecular mechanism linking speed and persistence (Bisaria et al., 2020; Olguin-
Olguin et al., 2021). Researchers have used probes to track the actin in close contact
with the membrane and found that even in friction-based migrating cells such as HUVEC,
HelLa, or RPE-1, the density of membrane-proximal F-actin is low in the front and high in
the back. The gradient of membrane-proximal actin is a common feature between
mesenchymal and amoeboid cells, and can me established by cofilin activity.
Furthermore, spontaneous local membrane protrusions only form following local
decreases in membrane-proximal F-actin density, and global Rac1 activation by
membrane recruitment of TIAM1 produced protrusions only in segments of the
membrane with low proximal F-actin. These results argue that actin-membrane
interaction at the leading edge can be the determinant of persistent migration.

It is well established that local membrane-cortex detachment produces blebs, and recent
studies show that it might also be the case for actin-rich protrusions. Actin-rich
protrusions are believed to instead depend on a balance between actin protrusive forces
and tethering, following the Brownian ratchet model (Peskin et al., 1993). Recent studies
suggest that “mechanical” membrane-cortex detachment by intracellular pressure or
‘chemical” by PIPs signaling and FERM/ezrin disengagement could cooperate to
maintain a persistent protrusive front in adhesion-based migration as well (Welf et al.,
2020, 2019). By precisely monitoring ezrin, actin, and membrane dynamics in melanoma
cells, they showed that local depletion of membrane cortex links is an essential step
in initiating both pressure-based (blebs) and actin-based protrusions
(lamellipodia, filopodia). This highlights the importance of the molecular mechanisms
at the leading edge in controlling cell migration. My Ph. D. thesis's primary focus is on
the interaction of actin and membrane at the bleb front and how this interaction governs
protrusion persistence. Over the next chapter, we will describe the properties of an
assembling actin network and explain how molecular and physical mechanisms
cooperate at the leading edge to produce protrusions.
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Box 1: Estimation of protein gradients in stable blebs

We can make a simple estimation of the gradients produced by retrograde flow. In diffusion, the
change in concentration of a molecule is a function of the diffusion coefficient (eq. 5), and in
unidirectional transport, it will be a function of the velocity (eq. 6). Gradients of molecules in cells
with a stable cortical flow can be described with simple advection-diffusion equations that combine
these two like in eq. 7 (Berg, 1993).

dc _ . d*C

: . . dc dc
(Eq.5) Diffusion: o= (Eq.6) Advection: Pyl

(Eq.7) Advection-dif fusion: d—C = DdZ—C— vxd—C
dt dx? dx
Let's consider a molecule that can bind or unbind the cortex with certain rates, k,,(s™1) for binding
and koff(s‘l) for unbinding. If it is bound to the cortex, the molecule will be transported by advection
with a certain velocity v (um/s) and if it is free in the cytosol it will move by thermal diffusion with
a diffusion coefficient D (um?/s). The change in the concentration of free and bound molecules can
be described as follows:

dzCFree

dC ree dC ouUn dC OUTL
(Eq.8) # =D a2 + kOffCBound — konCrree (Eq.9) L;—td = Ui—xd - kOffCBound + konCrree

X
We assume steady-state and propose as possible solutions Cr . (x) = Crree(0) € 2 or analogously

Cpound (X)) = Cpouna(0)e” % We then proceed to find out how the decay length 1 (um) can be described
interms of D, v, ko, kofr. Substituting this in equation 8 and 9 yields the description of the steady-
state, which follows an exponential decay. Advection-diffusion systems can be intuitively understood
with parameters representing the relative importance of transport versus diffusion. We can consider

a “diffused length” I, = /% and a “transported length” [, = KLff These are the average distance
n o

traveled by a molecule while diffusing or while being transported by the cortical flow, respectively.
We can then express lambda in terms of these lengths (eq. 12) and explore how the decay length
changes with the relative importance of diffusion or transport. Similarly, we can define a Péclet-like
number (dimensionless) for our system to determine if it is diffusion or transport-dominated (eq.
13).

_ la la 2 __ transported length _ 1 _ v/koss
(Eq-12) 2 = ld( 21, + \I 1+ (th) ) (Eq.13) Pe= diffused length ~ lg  /D/kon

We can refer to the literature to find values for motor binding rates K,, = 0.2 s~ (Stam et al., 2015),
motor unbinding rates K,, = 1.71 — 0.03 s~! depending on the force load (Guo and Guilford, 2006;
Stam et al., 2015), diffusion coefficients D = 0.8 s/um? (Uehara et al., 2010), and cortical flow speeds
in HeLa cells migrate with a stable bleb (Liu et al., 2015).

This yields a system dominated by transport and bound myosin species at high force load
(P __ transported length
S dif fused length

constants, this simple model can predict that in the transition from a related to a tensed network
(increasing load), the system will transition from diffused to bound-dominated. Nevertheless, we
are omitting some important features such as the fact that the cortical flow is not uniform throughout
the cell and also follows a gradient, or that the myosin molecules or other cortex-bound molecules
might have their assembly process carrying non-linear dynamics.

~ 25), and small decay lengths (1 =~ 2.5 um). Taken reasonable values for the
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Chapter 5: Assembly and dynamics of actin networks

Conceptualization:  continuum  models versus agent-based
simulations

onceptually, one can make theoretical models or approximations
of the actomyosin cortex by continuum equations, where the
cortex is modeled as a continuous mass, or by agent-based
simulations. Initially, theoretical models related to cell motility
focused on the molecular dynamics observed from bottom-up

experiments such as actin polymerization, or on a purely

mechanical point of view in tissues and cells. Nowadays, experimental methods have
been able to link better the two aspects, and so have theoretical models done too.

Random walks are often used as the mathematical model describing the trajectories of
migrating cells (persistent or correlated random walks) or diffusing molecules (isotropic
random walks) (Berg, 1993; Codling et al., 2008). The theory of random walks was first
developed by Thorvald N. Thiele (1880) and Louis Bachelier (1900). Albert Einstein (in
one of his 1905 papers) and Marian Smoluchowski (1906) used statistical physics to write
diffusion equations for Brownian particles and extract the diffusion coefficient. Random
walks come from a microscopic theory where we consider only agents moving in a lattice,
but we obtain the diffusion equation by taking the continuum limit. In isotropic random
walks — like particles in solution — we consider that the molecules move in any direction
with the same probability.

Perturbation theory is a mathematical tool widely used in physics and biophysical
modeling while describing cortical contractility switches between steady states. We
consider a steady-state, on the top of which we introduce small perturbations, which
allows us to investigate if the steady-state is stable. If this is not the case, a minimal
perturbation can drive the system out of the steady-state. This approach has been
used, for example, to describe the tendency of cells to polarize at increasing contractility,
in the context of stable bleb migration (Liu et al., 2015; Ruprecht et al., 2015). In such
models, actomyosin is considered as an active viscoelastic fluid.

Another relevant concept for actomyosin network modeling is percolation. Percolation
models represent lattices of different geometries where the nodes can be connected with
the nearest neighbors with a given probability p. We define network properties as a
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function of p: conductivity, mean cluster size, and percolation threshold, which is the
probability that a path connects opposite boundaries of the system. For square 2D
lattices, the percolation threshold is p. = 0.5. Percolation-based models are the simplest
models that can yield a first-order phase transition. As we vary the percolation
probability p slowly, we find an abrupt increase in the probability of a large cluster with
the size of the system. However, if p => p. we find that the shortest path across our
system will meander a lot and is much longer than the size of our system L. As p
increases, the length of the shortest path will be approximately the same as L. This
change in conductivity represents another phase transition, of second-order, from a
“flexible” to a “solid” cluster (Alvarado et al., 2017; Stauffer et al., 1994).

Some actomyosin models are based on classical conductivity percolation theory and try
to predict the observed regimes of actomyosin networks as a function of network
connectivity and motor activity: active solutions, stressed gels, or global and local
contraction events (Figure 19). However, the real picture is rather complex, as these
two parameters are intertwined. Stresses due to myosin activity can unbind some
crosslinkers with a slip-bond behavior, and myosins can sever actin filaments during
contraction (Vogel et al., 2013). At the same time, myosins are also crosslinkers and can
crosslink and align the network, affecting the percolation threshold. Some authors found
that reconstituted networks in vitro display a robust near-critical behavior at large ranges
of motor and crosslinker concentrations, which might be explained by the antagonistic
effects of molecular motors on actin networks (Alvarado et al., 2013).

Moreover, the ordering of the actin filaments can affect percolation and force
transduction. If there is a preferred orientation field, the conductivity will increase in the
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Figure 19: Active solutions (I) exhibit fluid-like motions. Prestressed gels (ll) maintain contractile
stresses. In global contraction (lll), motors pull the network on system length scales, resulting in
compaction of unanchored gels, or breaking of anchored gels. In local contraction (IV), motors compact
gels into smaller clusters. Adapted from Alvarado et al., 2017.

Page 62



alignment direction and decrease perpendicularly. This bias might be significant in cells
adopting a specific membrane configuration or spatial constraint. In confined
configurations, and in the presence of actin bundles, filament length and stiffness will
increase (Claessens et al., 2006), biasing actin filaments to adopt the configurations with
lower curvature (Koudehi et al., 2019). Force percolation of contractile gels is central to
my Ph.D. work, but given the complexity and extension of this field, we will now focus on
experimental methods rather than theory (Alvarado et al., 2017, 2013; Tan et al., 2018).

Lastly, some authors chose purely agent-based models to understand the behavior of
the cytoskeleton. These are computationally heavy simulations that include realistic
force interactions, Brownian dynamics, and steric hindrance. Accurate force values,
network arrangement, and dynamic behavior can be extracted to predict cell behavior.
For example, this approach has been successfully applied to the study of the effect of
crosslinkers versus myosin motors in actin network (Belmonte et al., 2017; Ennomani et
al., 2016) and the amplification of actin polymerization forces under a load, described
by experiments and predicted by agent-based modeling (Bieling et al., 2016; Dmitrieff
and Nédélec, 2016).

Recapitulating cortex dynamics in vitro

Researchers calculated binding affinities and kinetic parameters of actin-binding proteins
from in vitro systems, observing the polymerization into filaments and filament dynamics.
Assays with more molecules have replicated network properties to allow for force
measurements and modeling, which usually go hand-in-hand. Initial in vitro work on actin
dynamics focused on the biochemistry and discovered the basis of actin polymerization
by measuring it in bulk assays, but with the advancement of microscopy and
microfluidics, more sophisticated setups allowed to measure elongation rates and
polymerization from TIRF (total internal reflection fluorescence) microscopy images
(Amann and Pollard, 2001).

Studies have measured the bending stiffness of actin flaments as a function of the
bundling protein concentration and concluded that the stiffness depends strongly on
fascin but not plastin concentration (Claessens et al., 2006). On the molecular dynamics,
in vitro work showed, for example, that the localization of actin-binding proteins
depends on actin filament bending (Harris et al., 2020), and that actomyosin networks
undergo active polarity sorting remodeling actin-myosin networks into asters (Wollrab
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et al., 2019). These techniques have also shed light on the relationship of actin flament
curvature and branching direction (Risca et al., 2012), detailed formin and Arp2/3
dynamics (Kovar and Pollard, 2004; Suarez et al., 2015), and, in combination with
microfluidic techniques, the force sensitivity of Arp2/3-mediated actin filament branches
(Pandit et al., 2020; Romet-Lemonne and Jégou, 2013).

For in vitro work, the number of purified elements increases the complexity of the
experiments considerably. Nevertheless, assays have become more sophisticated, and
some of them can reproduce the dynamic aspects of actomyosin networks. A simple but
powerful reconstitution of actin and myosin can yield contractile actomyosin bundles
between beads of cellular length and force scales (5—-50 um and 0.1-5 nN), contracting
at 5-20 ym/min (Thoresen et al., 2011). In addition to myosin I, crosslinkers (filamin A)
are necessary to recapitulate in vitro the strain stiffening behavior observed in cells.

Moreover, there is a central role of turnover in active stress generation in a filament
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Figure 20: State transition of a reconstituted actin cortex at increasing alpha-actinin
concentrations. The dynamic order parameter quantifies persistence of local velocities, and is
calculated as the angular correlation of velocities in coarse-grained boxes, averaged over 50s. The
correlation length is the normalized velocity fluctuation correlation function in space, and quantifies the
correlation between the velocity of a particle and the average velocity of a box of length r. We find an
increase in order and persistence of trajectories from low to intermediate states. At high alpha-actinin,
the fluctuations of the velocities are also small that correlations get buried in the noise. Right: Images of
the fluorescent probes inserted in the actin network and trajectories over 200s. From Tan et al., 2018.
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network: maximum stress is reached for an optimum ratio of the filament and cross-linker
turnover rate (Hiraiwa and Salbreux, 2016). The reconstitution of dynamic steady states
from pure elements has been less successful. Contraction events have been
reconstituted, which is useful to measure the effects of ATP concentration, ionic strength,
or the concentration of specific proteins (Alvarado and Koenderink, 2015), but end up
collapsing after a gelation-contraction transition (Bendix et al., 2008). The combination of
VCA (short peptide promoting Arp2/3-mediated actin nucleation), Arp2/3 complexes,
actin, myosin, and a supported lipid bilayer can provide turnover. This setup yields a
minimal cortex with continuous actin turnover, in which myosin contraction facilitates
network disassembly and the formation of transient contraction foci. This dynamic
cortex undergoes coarsening and redistribution phases, but cannot reconstitute the
large-scale flows found in migrating cells (Sonal et al., 2018).

The reconstitutions resembling the most to cellular events are Xenopus egg extracts in
water-in-oil emulsion droplets. They contain a mixture of all cell components, to which
ATP renewal and additional labeled or unlabeled proteins can be added (Abu Shah et
al., 2015). These experiments have unveiled the relationship between molecular events
and large scale force transduction events. Contractile forces can pull and align actin
bundles that adhere to the interface, and in regions with low connectivity, the network
keeps some flexibility so that bundles can fluctuate with each other (Bendix et al., 2008).
The behavior of loose actin cortices has never been observed in live cells and constitutes
one of the original elements in my Ph. D. work.

The Xenopus extracts can be polymerized in glass capillaries and molded into a long rod.
These rods can exert contractile forces of ~1mN, corresponding to few tens of pN per
bundle. Homogeneous contractile networks will have a gradient of flow velocity, being
lower at the center. Remarkably, the flow and network density analysis allow for the
measurement of critical physical parameters such as compressibility and viscosity.
Mitotic Xenopus egg extract droplets confined between two slides exhibit periodic
gelation-contraction waves of bulk actin, different from the actin polymerization waves
found in migrating cells (Field et al., 2011). Cell cycle-dependent contraction-gelation is
due to differences in polymerization but not myosin activity or concentration of
crosslinkers. The model to explain the waves is based on percolation theory so that there
is a minimal density at which the actin network can crosslink and transduce forces to be
carried by the centripetal flow. When a portion of the network is taken to the center, it
takes some time to nucleate actin and form another wave.
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The transition to a percolated cortex could be reconstituted in Xenopus extract droplets
covered on the inside with ActA, an actin-binding protein from L. monocytogenes. At
increasing alpha-actinin concentrations, cortices display different dynamic steady states.
At low connectivity, we find disordered flows, and trajectories are not persistent. At
intermediate connectivity, we find strong ordered flows with a smaller correlation but
similar to the system size. At high connectivity, most of the actin has collapsed into an
immobile cap (Figure 20) (Tan et al., 2018). As network connectivity increases with low
temperature, the symmetry breaking is a temperature-dependent switch. After
decreasing from 30 to 20°C, cortices take 10-20 minutes to transition from a
homogeneous to a polarized steady state with constant cortical flows. This switch
requires myosin activity and sufficient network connectivity, but is microtubule-
independent and does not depend on a pre-patterned localization of nucleators or local
changes at the interface. Remarkably, the polarized cortices recapitulate many of the
shape and network characteristics of the cortical flows inside a stable bleb of a
confined Hela cell, and cell-like behavior such as polar force generation and blebbing
(Abu Shah and Keren, 2014) (Figure 21). Hydrodynamic friction (Darcy friction) can also
position the center of the contraction wave in the middle of the droplet (lerushalmi et al.,
2020; Pinot et al., 2012). There is a competition between the hydrodynamic centering
force and attractive interactions with the boundary in this system. An increase in size or
contraction rate will favor the centering force, and interactions between actin and the
boundary will promote symmetry breaking. This centering mechanism is analogous to
ooplasm segregation in zebrafish eggs (lerushalmi and Keren, 2019).
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Figure 21: Cell-like behavior of reconstituted Xenopus cortices. Left: localization of the rhodamine-
labelled actin and ActA. ActA is conjugated with an amphiphilic bodipy, which targets ActA to the water—oil
interface, leading to local activation of Arp2/3 and formation of a cortical actin network. Right: The cortices
generate forces at the boundary, as shown by the differences in curvature. The cytoskeletal forces on the
inside and the pressure difference are balanced by the surface tension and the local curvature. This shows
that the cytoskeleton exerts a net protrusive at the middle of the cap. From Abu Shah and Keren, 2014.
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A more detailed study of flows in this system found that the contraction rate is roughly
proportional to the network turnover rate for most conditions and that contraction is
homogeneous throughout the system even at different network density. The addition of
crosslinkers (alpha-actinin) or actin branches (ActA) leads to deviations in the ratio of
contraction versus turnover (Malik-Garbi et al., 2019), and inhomogeneities in the
network contraction. This result suggests that the turnover rate and network geometry
regulate cortical actin flows.

Cell protrusions are the basis of migration.

The assembly of actin networks occurs at the leading edge of migrating cells, localized
in specialized structures called protrusions. Cellular protrusions contain all the elements
needed for migration, which suggest that the regulation of migration and the elements
are already present in the cortex and do not need transcription and translation in the short
term. Fragments of the front of keratocytes or blebbing cells reproduce the shape and
dynamics of whole cells (Malawista, 1982; Verkhovsky et al., 1999) and can migrate for
a few hours. There are different cortical protrusions, such as blebs, filopodia,
lamellipodia, invadopodia, lobopodia. (Bodor et al., 2020). These protrusions are filled
with actin (but not in the case of blebs) and originate at the cell cortex. In the cell, we also
find other actin structures which are not protruding: stress fibers, embedded in a
contractile cortical network (Vignaud et al., 2020), nuclear actin (Caridi et al., 2019),
transmembrane actin-associated nuclear (TAN) lines (Luxton et al., 2011), and actin
used in intracellular transport, or even by intracellular pathogens (Theriot et al., 1992;
Welch and Way, 2013). | will compare how actin assembles at the best-studied actin-
driven protrusion, the lamellipodium, with the bleb to put our research into context.

The lamellipodium: the quintessential actin-rich cell protrusion

The fish keratocyte is a rather extreme form of cell migration essentially driven by a large
lamellipodium at the cell front. Its simplicity and accessibility made it a classical and
well-studied model for cell migration and shed light on cortex assembly at the cell
leading edge (Mogilner et al., 2020). The lamellipodium's front concentrates actin
polymerization, where it generates forces pushing the membrane forward and driving
lipid flows. The interactions between actin and membrane at the leading edge have been
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conceptualized by the Brownian ratchet model (Peskin et al., 1993), and its generalization
applied to the lamellipodium leading edge, the elastic Brownian ratchet (Mogilner and
Oster, 2003, 1996), which accounts for an intermediate phase of actin-membrane
attachment. The more recent tethered Brownian ratchet model (Welf et al., 2019)
accounts for the role of membrane-actin mediators such as ezrin in allowing protrusion
initiation.

The cumulative work of Svitkina T, Mogilner A, Theriot J, Danuser G, Pollard T,
Waterman C, Mullins D, and many others have built a detailed model for the keratocyte,
for which we know the actin polymerization spatial rates and the localization of motors,
actin plus-ends, and bundlers. Michael Abercrombie coined the term “lamellipodium” in
1970. The lamellipodium is a thin layer of actin covered with a membrane of about
110-160 nm thick in a primary chick fibroblast (Small, 1981) or 140 - 200 nm in fish
keratocytes (Laurent et al., 2005). As seen by electron microscopy, the orientation of
actin filaments is parallel to the direction of protrusion, with their barbed ends pointing
towards the edge (Svitkina et al., 1997). Typically, the retrograde flow velocity depends
on the friction with the substrate, but it generally is ~5 pm/min, and the front edge velocity
is about 2-10 um/min. The projected shape of the keratocyte lamellipodium is
approximately 20 ym by 5 pm width.

In comparison, the size of blebs will depend on the cellular conditions: melanoma cells
can make blebs of 1-5 um diameter while being unconfined, whereas confined “leader
bleb” or “A2” cells will make a single large bleb at the front. The bleb can take almost all
the cell volume and measure ~10 by 30 um while being confined at 3 um. Non-adhesive,
confined blebbing cells produce retrograde flows of about 10-20 ym/min, and move at
about a speed of 5-10 ym/min. Membrane tension and actin dynamics determine the
shape of keratocytes and their lamellipodium (Barnhart et al., 2011), and so it has been
described for the shape of blebs (Tinevez et al., 2009) and single-bleb migrating cells
(Ruprecht et al., 2015) (Figure 10).

Molecular regulation of actin assembly at the lamellipodium

Helping actin filaments push on the membrane, we find a set of proteins to promote the
actin network's growth and organization. These include the Arp2/3 complex, profilin,
capping protein, and ADF/cofilin. Motion is initiated spontaneously or by receptors that
converge through membrane signaling downstream into the activation of Rac and
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acidic phospholipids and WAVE regulatory complex (WRC), which activates the actin
nucleator Arp2/3 producing branches on existing filaments. Filaments in the
lamellipodium are quickly capped, so the network at the tip is composed of highly
branched short filaments. Actin filaments age by hydrolysis of their bound ATP and
dissociation of the y phosphate, after which they are sensitive to depolymerization by
ADF/cofilin proteins. The recycling of filaments is ensured by profilin, which catalyzes
ADP's exchange by ATP in actin monomers and stays bound to them until actin is
recruited by a nucleator (Funk et al., 2019; Holz and Vavylonis, 2018; Pollard and Borisy,
2003). Actin sequestering proteins such as thymosin beta-4 (in mammals), adenylyl
cyclase-associated protein 1 (yeast), and profilin can be present in the cell at high
concentrations up to 0.5 mM and are major regulators of network assembly. Other
proteins playing a role in actin protrusion are Ena/VASP proteins, which enhance actin
filament elongation. The binding of Ena/VASP to WAVE stimulates Arp2/3 complex
activity and actin assembly. Many of these effectors cooperate in clusters, yielding
excitable-like behavior (Cheng and Mullins, 2020; Hansen and Mullins, 2015; Havrylenko
et al., 2015) (Figure 22).

As mentioned before, there is a delicate force balance between adhesion, membrane
tension, polymerization, and network disassembly, which is adjusted continuously. In
practice, this converts the lamellipodium in a force sensor, being sensible to the load the
membrane puts on the tip actin barbed ends. For example, Xenopus XTC cells will
increase actin polymerization at the lamellipodial tip after stretching, in a way proportional
to the magnitude of the stretch (Koseki et al., 2019). Despite this body of work, there are
still some open questions, such as how the lamellipodium gets ATP-actin at the front
since a significant amount of monomers need to cross a thin (150 nm) layer of membrane
packed with branched actin networks. The current view is that the membrane actively
accumulates monomers to feed nucleators at the surface. In CAD cells, the actin
network at the leading edge is sourced from two different G-actin pools: the formins at
the very tip take actin from the cytosolic pool (bound to thymosin), and the Arp2/3
complexes, more distributed, take G-actin coming from lamellipodium disassembly
(Mullins et al., 2018; Skruber et al., 2018).

Similarly to Xenopus egg extract droplet experiments, actin turnover profiles in migrating
cells demonstrate the interdependence between contraction and network turnover.
NMII assembles at the base of the lamella of fibroblasts, as in keratocytes, to remodel
the network into bundles (Verkhovsky et al., 1995). They create contraction centers that
disassemble actin at the back of the cell, allowing for network treadmilling (Wilson et al.,
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2010). Similarly, retrograde flow in neural growth cones depends to a similar extent on
both NMII contractility and actin-network treadmilling (Medeiros et al., 2006). Recently,
research done on Drosophila macrophages in vivo showed that convergent points of the
retrograde flow field strongly correlate with cell directionality and are stable over large
timescales (Yolland et al.,, 2019). The convergent points are sites of network
disassembly by cofilin and NMII contraction and are better predictors of cell direction
than leading-edge fluctuations. This result highlights the role of network disassembly in
the organization of active stresses and flows in the cell.

However, this does not mean that a monomer incorporated at the front of the
lamellipodium will travel until the cell's back to then disassemble by network crushing.
The average distance traveled by an actin monomer in the cortex is about 1um. Thus,
the cortex undergoes ~10 cycles of turnover in a keratocyte while traveling from front to
back. FCS results also suggest that two-thirds of the actin in the cell is in solution, and
that about a quarter of the actin in solution are not G-actin monomers, but oligomers of
~13 actin subunits (Raz-Ben Aroush et al., 2017). This reveals the importance of severing
and debranching in network disassembly, which can also be deduced from flow analysis
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Figure 22: The steps leading to actin polymerization at the leading edge of a lamellipodium. Taken
from (Pollard and Borisy, 2003).

Page 70



(Miyoshi and Watanabe, 2013), and poses a question if these oligomers can be directly
assembled into a network.

The life and times of a bleb

Blebs are blister-like membrane protrusions formed during cellular processes such as
cell migration, apoptosis, mitosis, cell spreading, or virus uptake. Blebs have been
traditionally described as transient protrusions and retract after formation when the
cortex's links reform or when the hydrostatic pressure is equilibrated. These transient
bleb protrusion-retraction cycles can also lead to persistent cell translocation if directed
(Maugis et al., 2010; Welf et al., 2020). The typical cycle for a retracting bleb involves 1)
bleb nucleation, due to local detachment of the cortex from the plasma membrane or
by local rupture or weakening of the cortex; 2) bleb growth, where the bleb membrane
inflates driven by hydrostatic pressure and 3) bleb retraction, where a new contractile
cortex is formed under the membrane and eventually retracts to the initial position
(Charras, 2008; Charras et al., 2008).

1 - Bleb nucleation

The plasma membrane is linked to the contractile actomyosin network beneath, which
maintains hydrostatic pressure. The bleb formation will happen at sites of membrane-
cytoskeleton strain resulting in membrane delamination or cortex rupture. Local
perturbation with perfusion of myosin-II-inhibiting drugs inhibits blebbing locally, which
suggests that the pressure does not equilibrates throughout the cell at the time scale of
cell motility, and that blebbing is due to local pressure (Charras et al., 2005).

2 - Bleb growth

The expansion of a transient bleb usually lasts less than a minute and involves growth in
both volume and surface area. Generally, factors that will increase bleb nucleation such
as contractility and membrane-cortex attachment (FERM proteins) will also increase bleb
size, and consequently balance the cell migration strategy towards blebbing (Bergert et
al., 2015; Diz-Mufioz et al., 2010; Liu et al., 2015; Ruprecht et al., 2015; Srivastava et al.,
2020; Tinevez et al., 2009; Yoshida and Soldati, 2006). Early studies found a correlation
between expansion rate and final bleb volume, which suggests a fixed time (~4s) for
cortex buildup, after which bleb growth could be stopped (Cunningham, 1995). Growing
blebs are generally devoid of actin cortex: the limitation for bleb growth is likely cortex
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reassembly and membrane tension and not an equilibration of forces between the bare
bleb membrane and the cell.

Early work on migration proposed that cytoplasm flows in blebs following a “fountain
flow” pattern (Taylor et al., 1973), which was supported by model computational tools to
model hydrodynamic flows in blebbing cells (Goudarzi et al., 2019). This flow pattern
might have a consequence for the cortical localization of elements whose transport by
diffusion is limited. Recent work done on zebrafish primordial germ cells (PGCs) has

External pressure External pressure

Bleb
initiation
== /| | wEss

Internal pressure Internal pressure

Bleb
expansion

g 3 AV VAN
Membrane

o\h" -
Myosin I

Ezrin

Retraction

Figure 23: Model for bleb formation. Adapted from (Charras and Paluch, 2008).
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debated over the importance of membrane permeability by aquaporins to drive bleb
formation, finding contradictory results over the effect of aquaporin knockdown, the
correlation of changes in cell volume and blebbing, and even the magnitude of these
volume fluctuations (Goudarzi et al., 2019; Taloni et al., 2015). The regulation of cell
volume during confinement and migration is a current subject of research (Cadart et al.,
2019), and more detailed work on volume and blebbing will have to be performed with
methods allowing more spatiotemporal resolution (Cadart et al., 2017).

Lipid bilayers can stretch only ~2% (Hallett et al., 1993), but the membrane contains
multiple invaginations that store up to ~3.4 times the apparent surface of HelLa cells
(Venkova, 2019). Surface and membrane flow towards blebs have been identified on
walker cells, and Fundulus (Fedier et al., 1999; Tickle and Trinkaus, 1977), but more
recent research on PGCs found that bleb expansion depends on a supply of membrane
from local cell surface invaginations (Goudarzi et al., 2017; Lavi et al., 2019). This
might then depend on the biological system or the experimental conditions. PGCs can
polarize and form a single large bleb immediately after stimulation, but Hela cells would
take several hours to form a single large bleb. This might suggest that HelLa cells need
to unfold their membrane progressively to allow enough membrane supply to the large
bleb. Blebs can grow by membrane tearing, also called circus movement (Fujinami and
Kageyama, 1975), or by inflation, and it is not yet clear how this is regulated or what
favors one of these two mechanisms (Charras et al., 2008; Graziano et al., 2019).
Identifying the different types of membrane dynamics at the bleb front constitutes one of
this Ph. D. thesis's focus.

Bleb growth stalls when a new pressure equilibrium is reached, for example, by an
increase of cortical tension in the bleb coming from the reassembly of the cortex or
depletion of membrane reservoirs near the bleb — both increase apparent membrane
tension. In cells maintaining a stable bleb, there is a continuous bleb growth and cortex
assembling, but this process is sequential in retracting blebs.

3 - Cortex reassembly at the bleb

Cortex reassembly has been well documented in blebs due to its accessibility. The cortex
of a growing bleb seems to be composed of only erythroid “cortical” cytoskeleton (protein
4.1, ankyrin B). EM replicas show that growing blebs are mostly devoid of actin. Cortex
components accumulate sequentially: first, ERM (5 s before actin); second, actin;
third, alpha-actinin, coronin, and tropomyosin (few s after actin); and then fimbrin and
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myosin (5-10 s after actin) in M2 cells (Charras et al., 2006). In DLD-1 adenocarcinoma
cells, myosin has a longer delay (~15s) relative to actin (Aoki et al., 2016). Retracting
blebs have a significantly thinner cortex than the cell (~10-20-nm thick), which thickens
as it retracts (Charras et al., 2006; Chikina et al., 2019).

There is an intense buildup of actin networks in the new bare membrane, which
significantly changes actin dynamics in retracting blebs compared to a resting cortex.
FRAP measurements show a 10x higher turnover of actin in retracting blebs than in a
mature cortex (Fritzsche et al., 2013). Blebs contain components of the arp2/3 and
WAVE complexes, formin mDia1, and cortactin. Both Arp2/3 and mDia1 were found
to contribute to equal amounts of F-actin in blebs of M2 melanoma cells (Bovellan et al.,
2014). RhoA and KIAA0861, a RhoGEF closely related to dbl, are present at the
membrane during all phases of blebbing (Charras et al., 2006). There is at least one
active signaling process downstream of Rho to control cortex reassembly. RhoA/ROCK
activity in contracting blebs was found to be temporally regulated by a GEF-GAP cycle
involving MYOGEF and p190BRhoGAP. p190BRhoGAP and Rnd3 localize by an
unknown mechanism in the membrane of expanding blebs, inhibiting RhoA.
p190BRhoGAP dilution as membrane continues expanding allows a positive feedback
cycle mediated by MYOGEF-RhoA-ROCK-Ezrin, which recruits actin, myosin-Il, and
other proteins (Aoki et al., 2016; Bovellan et al., 2014; Ikenouchi and Aoki, 2017). It is

Actin

. Direction of

Membrane migration

Nucleus i
Neck of the bleb Bleb tip
Myosin Il density [0 |
Actin density |
Flow speed
Contraction regime Assembly regime
| (p190RhoGAP- Rnds? ( MLCK )9( Myo ||?\_> Contractiity | [ P190RhoGAP -Rnd3 ) 2
“RhoA )—> [ ROCK | bundiing ( RhoA )e( Myo i )
> capping :

bundhng

W @ l, Ezrin >( Eps8 )é( Erk )

Figure 24: Signaling pathways involved in the protrusion cycle of transient blebs and its possible
distribution along a single bleb migrating cell.
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not clear how this or other GEF-GAPs signaling plays a role in single-bleb migration, and
how they are spatially regulated along the bleb.

Stable blebs

A few independent studies have reported blebs that are large and stable in cells under
non-adhesive geometrical confinement in recent years. In a single cancer cell under non-
adhesive confinement, multiple blebs are formed and retracted until a single large bleb
drives the migration. These large blebs of the cell scale create a continuous
actomyosin flow that propels the entire cell (Bergert et al., 2015; Liu et al., 2015;
Ruprecht et al.,, 2015). Unlike previous blebs described, they can overcome
retraction. Therefore, stable blebs are a new type of cellular structures that amoeboid
cells can use to migrate, analogous to filopodia, or lamellipodia for mesenchymal cells.

The cycle of bleb formation, cortex buildup, and retraction (Figure 23) has been very well
described, but we lack an understanding of the actin dynamics during the formation of
stable blebs, which is one of the focus of the current work. It has been suggested that
actin bundling at the bleb front and actin network anisotropy between the front and the
back are essential to maintain cell shape and polarity during single bleb migration (Logue
et al., 2015). Still, the mechanisms by which this contributes to bleb stabilization is not
known. It is maybe possible that there is a gradient of chemical activities between the
front and the back of the stable bleb to ensure back retraction and front protrusion (Figure
24).

The dynamics of cell protrusions determine the migration of a cell. Recent studies
suggest that membrane-actin interaction can be an important regulator of protrusions. In
neutrophils, membrane tension can inhibit WAVE complex and actin polymerization,
perturbing cell polarity and migration (Diz-Mufioz et al., 2016; Houk et al., 2012). In other
cell types such as HUVEC or epithelial cells, membrane-proximal actin has been
proposed as the general organizer of cell polarity. In these cells, protrusions have been
reported to be restricted to the sites where actin is not in close contact with the
membrane, with higher cofilin actility (Bisaria et al., 2020). In melanoma cells, ezrin
(membrane-actin crosslinker) is depleted before protrusion formation, and this is a crucial
step to allow actin polymerization to protrude (Welf et al., 2019). The molecular
mechanisms that dictate whether a protrusion retracts or stabilizes are better understood
for actin-rich protrusions, but they remain unclear for stable blebs.
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Chapter 6: Project objectives

My Ph. D.'s primary goal is to understand molecular and physical mechanisms that
can make a bleb stable and maintain a steady retrograde flow to propel the cell. In
other words, how the dynamic organization of actin and myosin contribute to the
emergence of retrograde flow. The objectives to understand this mechanism are:

1. Describe the initial steps of bleb formation under confinement and transition from
transient to stable blebs, and which conditions or events lead to retrograde
flow. In particular, describe how the spatial organization of actin and myosin
contributes to establishing retrograde flows.

2. Explore the effect of confinement geometry and topography in the actin cortex
structure and assembly.

3. Study the effect of actomyosin cortical gradients in protrusion persistence
during motility.

4. Propose a model for bleb shape and stabilization, taking into account the
substrate (adhesiveness, geometry), the subcellular localization of cytoskeletal
components (e.g., actin, myosin Il, ezrin), and the characteristics of the cortex.
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Part lll: Main results




Chapter 7: Experimental methods.

Cell culture

Human cervical adenocarcinoma cells HeLa-Kyoto stably expressing myosin [IA (Myh9)-
GFP and LifeAct-mCherry or Myh9-GFP, or Lifeact-mCherry and the plasma membrane-
targeting CAAX box fused to GFP, or TALEN-edited ActB fused with GFP (Cellectis,
Paris, France), or with no stable marker were maintained in DMEM/F12 supplemented
with 10% FBS (Invitrogen) at 37°C and 5% CO2. All cell lines were tested for mycoplasma
contamination using MycoScope PCR Mycoplasma Detection Kit (Genlantis), and treated
once a year with Plasmocin profilactic Mycoplasma Elimination Reagent (InvivoGen).

DNA transfections

Cells were transfected with plasmid DNA using Lipofectamine 3000 reagent
(Thermofisher) transiently or stably, according to manufacturer's protocol, and imaged
from 24 to 72 hours after transfection. The following expression vectors were used for
plasmid DNA transfections:

Plasmid name Description / Targeted molecule Source

CIBN-CAAX (optogenetic partner

pLVX-CIBN-GFP-CAAX
on membrane)

ArhGEF11-CRY2 (optogenetic
activator of RhoA) Courtesy of Mathieu Coppey’s

TIAM1-CRY2 (optogenetic lab (Institut Curie)
activator of Rac1)

pHR- ArhGEF11-CRY2-mCherry

pHR- TIAM1-CRY2-mCherry

ITSN -CRY2 (optogenetic

pHR- ITSN-CRY2-mCherry )
activator of Cdc42)

pCMV-mCherry-MHC-IIA was a
gift from Venkaiah Betapudi
pCMV-mCherry-MHC-IIA Myosin-1IA heavy chain (Addgene plasmid # 35687 ;
http://n2t.net/addgene:35687 ;
RRID:Addgene_35687)

mEmerald-FilaminA-N-9 was a

gift from Michael Davidson

pCMV- mEmerald-FilaminA-N-9 FilaminA (Addgene plasmid # 54098 ;

http://n2t.net/addgene:54098 ;
RRID:Addgene 54098)
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mCherry-FilaminA-N-9 was a
gift from Michael Davidson
pCMV- mCherry-FilaminA-N-9 FilaminA (Addgene plasmid # 55047 ;
http://n2t.net/addgene:55047 ;
RRID:Addgene 55047)
mEmerald-Alpha-Actinin-19

was a gift from Michael
pCMV- mEmerald-Alpha-Actinin- o Davidson (Addgene plasmid #
Alpha-actinin 19
19 53989 ;
http://n2t.net/addgene:53989 ;
RRID:Addgene_53989)

mCherry-Alpha-Actinin-19 was

a gift from Michael Davidson
Alpha-actinin 19 (Addgene plasmid # 54975 ;
http://n2t.net/addgene:54975 ;
RRID:Addgene_54975)
mApple-MyosinllA-N-18 was a

pCMV- mCherry- Alpha-Actinin-
19

gift from Michael Davidson
pCMV-mApple-MyosinllA-N-18 Myosin Il A (Addgene plasmid # 54930 ;
http://n2t.net/addgene:54930 ;
RRID:Addgene_54930)
pLenti Lifeact-iRFP670 BlastR
was a gift from Ghassan

Mouneimne (Addgene plasmid
# 84385 ;
http://n2t.net/addgene:84385 ;
RRID:Addgene_84385)

pLenti Lifeact-iRFP670 BlastR Lifeact

. Ezrin T567A (constitutively
pEGFP Ezrin T/A

inactive) Gift from Monique Arpin
, Ezrin T567D (constitutively (UMR7216 CNRS)
pEGFP Ezrin T/D i )
inactive)
. . ) Courtesy of Florence
pEGFP internal GFP Ezrin wt Ezrin

Niedergang (Institut Cochin)

Drug assays

The following pharmacological inhibitors and chemical compounds were used: 10 uM
ezrin inhibitor NSC668394 (EMD Millipore), 10 yM ROCK-mediated contractility inhibitor
Y-27632 (Y27) (ED Millipore), 20 uM Ca2+-sensitive myosin light chain kinase/MLCK
inhibitor ML-7 (Sigma-Aldrich), 2 mM extracellular Ca2+ chelator BAPTA (Sigma-
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Aldrich), 10 uM intracellular Ca2+ chelator BAPTA-AM (Sigma-Aldrich), 2 or 20 pg/ml of
Rho GTPase inhibitor C3Tfase (Sigma-Aldrich), 30 uM of Cdc42 GTPase inhibitor
ML141 (Sigma-Aldrich), 20 yM AACOCF3 (AA) inhibiting the nuclear envelope stretch-
sensitive enzyme cPLA2 (Tocris Bioscience), 50uM of apoptotic caspase inhibitor zZVAD
(Sigma-Aldrich), 100 uM 2APB blocking stretch-activated inositol triphosphate receptors
(InsP3Rs) on the ER/nuclear membranes (Tocris Bioscience). Growth medium was
supplemented with 1% DMSO (vol/vol) (Sigma-Aldrich) in control experiments when
DMSO was used as a solvent. Cells were imaged 10 to 30 minutes after treatment. The
PDMS devices in contact with cells during imaging were incubated in medium
supplemented with the final concentration of drug during at least 1h before the

experiment.

Microfabrication

Cell confiner

We used a device developed in our lab for cell confinement, which combines confinement
precision and high imaging quality (Le Berre et al., 2014). The confinement device (Figure
1 A) is composed of three parts: a standard glass-bottom petri dish (a fluorodish of 35
mm diameter from WPI Inc.), a home-made confinement coverslip (made with RTV
PDMS 1:10), and a home-made PDMS compression device. The confinement coverslip
consists of a standard 10 mm-diameter glass coverslip with a PDMS layer
microfabricated on a SU8 mold made by photolithography. This PDMS layer contains
pillars of a precise height, which will create a chamber composed of glass at the bottom
and PDMS at the top. The pillar height determines the minimum confinement that can be
applied to the cells before collapsing the structure. The coverslip is mounted on the
compression device, which is connected to a vacuum generator. When the vacuum is
turned on, the roof of the confinement device will be depressed, and the coverslip will be
pushed against the glass-bottom petri dish. The device allows total control of the coating
of the top and bottom sides of the chamber, consisting of a non-adhesive coating of 0.5
mg/ml of PLL-g-PEG (SuSoS, Dibendorf, Switzerland). The confinement device allows
for live imaging of the cells as they are being compressed, but bears two main
disadvantages: the compression will change the focus plane and deform the coverslip,
which can be problematic with TIRF imaging the height of the confinement is only precise
after full compression.
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Nanogrooves

First, recordable CDs (CD-R) were cut on the sides and scotch-taped to remove the
protective iridescent layer. CDs were then submerged in isopropanol for about 15
seconds to remove the organic dye from the grooves, and then washed with clean
isopropanol and dried with an air gun. In parallel, 25 mm. glass coverslips were plasma
treated for 5 minutes to create bonds in the glass surface. Fresh, degassed PDMS 1:10
was then prepared and poured in the CDs' surface, and the plasma-treated coverslips
were applied on top of it. The PDMS was cured overnight in an over at 60°C, and

coverslips were removed with a scalpel.

This fabrication process creates a very thin layer of nanogrooved PDMS on top of the
glass coverslips, allowing for decent imaging. The regularity and size of the grooves were
measured by Sergii Rudiuk in the lab of Damien Baigl (ENS Paris) using an AFM Agilent
Technologies 5100 Scanning Probe Microscope in tapping mode in air. Raw AFM images
were baseline corrected and rendered using Gwyddion.

PDMS confinement

Trypsinized cells were resuspended in phenol red-free DMEM/F-12 medium
supplemented with 10% FBS (Invitrogen) and plated on PLL-g-PEG coated glass-
bottomed 35-mm dishes (WPI, Sarasota, FL, USA) just before confinement. In the case
of high NA TIRF imaging, the setup does not have CO2 regulation, so cells were
resuspended instead on CO2-independent medium. The surface of the confining side
was treated with a solution of 0.5g/l of PLL-g-PEG in PBS (SuSoS, Dubendorf,
Switzerland) or with 0.5 g/l of PLL solution in PBS (diluted from Poly-L-lysine solution 0.1
% (w/v) Sigma ref. P8920) following passivation at a plasma cleaner.

AFM confinement

Dishes with cells were mounted in a dish heater (JPK Instruments) and kept at 37 °C
under an inverted light microscope (Axio Observer.Z1; Zeiss) equipped with a confocal
microscope unit (LSM 700; Zeiss) and the atomic force microscope (AFM) head
(CellHesion 200; JPK Instruments). Focused ion beam (FIB)-sculpted, flat silicon
microcantilevers were processed and calibrated as described in (Cattin et al., 2015). The
microcantilevers were fixed on a standard JPK glass block and mounted in the AFM
head. The cantilever was lowered on the cell to a preset height with a constant speed of
0.5 ym-s-1, and the resulting varying force and cantilever height were recorded over time.
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At the same time, differential interference contrast (DIC) and fluorescence images at the
confined cell's midplane were recorded every 5 seconds using a 63x water immersion
objective. All microscopy equipment was placed, and experiments were carried out in a
custom-made isolation box at 37 °C (The Cube; Life Imaging Services).

Micropatterning

Micropatterns were created using deep UV illumination on polylysine grafted
polyethyleneglycol (PLL-g-PEG) treated coverslips, and then coated with fibronectin
50ug/ml using standard microfabrication techniques (Azioune et al., 2010).

Nanofiber electrospinning

10 wt% gelatin powder from porcine skin was dissolved in the mixed solution of acetic
acid, ethyl acetate, and DI water at the volume ratio of 21:14:10 before electrospinning.
The gelatin solution was electrospun from a syringe needle to the lower plate on 25 mm
diameter glass coverslips, placed on an aluminum foil at 10 cm distance from the needle
tip. The solution was injected at 0.2 mL/h by syringe pump, while the voltage between
the needle and the foil was kept at 11 kV (Huang et al., 2020). Coverslips were then
sticked with PDMS on the bottom of perforated 35 mm plastic dish (Mattek Life Sciences).
To observe the behavior of adherent cells in aligned collagen, cells were seeded at least
3 hours prior to the experiments

Fixation and staining of cells under agarose confinement

Cells were confined under 5% (w/v) low melting point agarose (UltraPure Low Melting
Point Agarose, Invitrogen) pads, 5mm thickness, dissolved in culture medium DMEM
FBS 10%. To preserve the actin structure and membrane shape, we used a protocol
courtesy of Larisa Venkova (Institut Curie) to preserve the osmolarity of cells during
fixation, thus preventing the formation of blebs by osmotic pressure. This protocol
involves a 3-minute prefixation step (75-80% 2xPHEM + 20-25% MilliQ + 0.25%
glutaraldehyde) and a 10-minute fixation step (4% PFA + 1xPHEM + 0.25%
glutaraldehyde). 2xPHEM buffer contains PIPES 120mM, HEPES 0. 50mM, EGTA
20mM, Mg(CH3COOQ), 8mM in MilliQ water. The pH is corrected to 6.9 using a 6M KOH
solution, and a 0.2um filter passes the solution before storage. After fixation, we removed
the agarose confiner and washed gently with PBS three times, incubated for 15 min
incubation in freshly prepared on PBS + NaBH4 1mg/ml, and washed again with PBS.
For actin visualization, cells were stained with 0.16uM solutions of Alexa Fluor 488
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Phalloidin (Thermofisher) for a few hours and then washed with PBS. For STORM
imaging, cells were placed in Abbelight (Paris, France) commercial buffer appropriate for
STORM imaging, and then an air-tight chamber was created on top using resin and a
coverslip.

Preparation of cytoplasts

The day before the experiment cells were seeded on polysterene plastic slides
(Evergreen Scientific, Ca, USA) coated by fibronectin (50ug/ml, Fibronectin from bovine
plasma, Sigma). Slides were coated following UV treatment (5 minutes), incubation with
the fibronectin solution (45 minutes), and washing with PBS.

We 3D-printed plastic holders with biocompatible resin (Formlabs) to hold vertically slides
on 50 milliliter tubes (Eppendorf). Two slides were placed per tube, back to back. Cells
were incubated in the tube with enucleation medium 25 minutes prior to centrifugation.
The enucleation medium consists of standard DMEM+10%FBS supplemented with
2mg/ml of Cytochalasin D (Sigma). Centrifugation was performed on a pre-heated rotor
and centrifuge (Fiberlite F15-8x50cy in a centrifuge X1 from Thermofisher) at 167509 for
55 minutes at 37°C. Slides were washed gently on PBS several times and recovered for
at least two hours in culture medium before trypsinization and confinement.

High NA TIRF microscopy

The high NA TIRF consisted of a home-made TIRF setup with standard settings,
equipped with a 473nm laser 500mW (Laserquantum), an objective TIRF NA=1.49
(Olympus), and a camera Andor Zyla 4.2. For two-color TIRF, a 561nm laser 500mW
(Laserquantum) was used, and the acquisition was performed sequentially. A custom-
made made FPGA trigger was used for the lasers, synchronized with the camera. A
single notch filter was used in the emission light path to block the laser lines
405/473/561/640 (Chroma). Acquisition was controlled by the Andor SOLIS software.

Polarization-resolved fluorescence microscopy

The optical set-up, described in detail in (Kress et al., 2013; Mavrakis et al., 2014; Wang
et al., 2013), is based on a confocal spinning disk unit (CSU-X1-M1; Yokogawa, Tokyo,
Japan) connected to the side port of an inverted microscope (Eclipse Ti-U; Nikon, Tokyo,
Japan). A polarized 488-nm continuous laser with power control provided continuous
excitation (Sapphire 488-20; Coherent, Santa Clara, CA). The laser beam passes by an
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electro-optic modulator (EOM) (Pockels cell, No 28-NP; Quantum Technology, Lake
Mary, FL) followed by a quarter-wave plate (WPQO5M-488; Thorlabs, Newton, NJ) to
produce a linear rotating polarization. A polarization distortion compensator was used to
compensate for ellipticity and diattenuation produced by the optics in the microscope
objective's excitation path. The beam was expanded using a 10x telescope (BE10;
Thorlabs) and sent directly to the microlens array of the CSU by reflection in its dichroic
mirror (Di01-T488-13%15%0.5; Semrock, Rochester, NY). An objective lens (Nikon Plan
Apo VC 60x%, N.A. = 1.2, water immersion) is used for excitation and light collection. The
detection was filtered (bandpass 525/45) and imaged onto a camera (iXon 897 EMCCD,
512x512 pixels; Andor, Belfast, United Kingdom). The microlens and pinhole array of the
CSU disks rotated synchronously at a fast speed. The EMCCD and EOM were also
synchronized fast stack recording for 18 different incident polarization angles (0-170°)
per Z-plane.

Optogenetic experiments

HelLa cells were transformed with lentivirus particles derived from the GEF-CRY2/CAAX-
CIBN plasmids. Positive clones were FACS-sorted at intermediate fluorescent levels and
a multiclonal population was used in the experiments. The optogenetic experiments were
performed using a variation of TIRF, called azimuthal TIRF on a x63 or x100 oil
objectives. This setup spins the laser and generates homogeneous illumination, avoiding
fringe interferences and imaging artefacts. The microscope was coupled with a DMD
(digital micromirror device) controlled by a Matlab software. This software is allowed to
draw a region and illuminate it with blue light (420nm) provided by a LED light source. In
our experiments, we have used a DMD device with dimensions of 640 x 480 able to generate 8-
bit grayscale patterns with a blue LED source (SPECTRA LightEngine (Lumencor, Beaverton,
OR). Cells were illuminated every 3 seconds during the activation periods, and images
were sequentially recorded on the other channels.
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Chapter 8: Image and data analysis.

Blebbing dynamics
Bleb morphogenesis

Cells were radially resliced using Fiji. Time of bleb nucleation was recorded relative to
the beginning of compression, and its angular position, maximal bleb length, maximal
bleb width was measured with the help of a kymograph using a semi-automatic home-
made Fiji macro. From the kymograph, we manually measured the total lifetime (until the
bleb was retracted) and the maximum retraction speed. Aspect ratio was defined as
maximal bleb length divided by maximal bleb width.

Actomyosin dynamics

Fluorescence images taken by spinning disk confocal microscopy were background
subtracted and bleach corrected using Fiji (https://imagej.net/Bleach_Correction). The
cytoplasmic/cortical ratio was calculated using a cytoplasmic region not containing the
nucleus, and a 500 nm-wide cortical region, manually selected at every time point.

For analyses measuring the cortical accumulation of actomyosin in proximal and/or distal
sides, the images were subtracted the minimum background in the cytoplasmic regions,
and then a 500nm-wide region was manually selected at the bleb front or the bleb side,
immediately next to the cell body. In time analysis, these regions were manually selected
at every time point.

To measure cortical gradients, the images were subtracted the minimum background in
the cytoplasmic regions, and a 500 nm-wide line was manually traced at the onset on
maximal bleb area. To compare cortical gradients between round and elongated blebs,
the length was normalized by dividing it to the total, and mean intensities were calculated
as a function of bleb position divided in 10 bins: (0,0.1], (0.1,0.2], ... (0.9,1.0], taking O for
the bleb base and 1 for th bleb front

Projected bleb area and neck width dynamics were manually segmented using Fiji and a
screen graphic tablet.

To calculate the CV (coefficient of variation) of the myosin signal, blebs were segmented
manually at each time point, and background subtracted. The background was defined
as the minimum cytoplasmic signal in the cell at any time point.
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To calculate the actin polymerization dynamics in the cortex, we first subtracted the
background inside the cell, outside of the actin shell. Then, we manually selected 2 by
0.5 ym windows on the cortex as they moved backward with the retrograde flow and
calculated the intensity at each frame. The curves were divided by their mean value on
the plateau reached after 10-20 seconds. The slopes were then calculated, doing a linear
fitting on the range (0.25-0.9).

Membrane dynamics

The Blebbing angle was measured manually using Fiji. The main bleb angle was defined
as the angle of the bleb body during the entire duration of the time series. The bleb angle
was defined as the direction of the blebbing at the bleb front and was measured relative
to the main bleb angle.

Classification of blebbing dynamics: blebs or cell fragments were manually classified
according to membrane dynamics and the middle plane on the actin channel. Persistent
blebs were defined as bleb with no actin scars and persistent tip, without significant
perturbations in the blebbing angle. Winding blebs were defined as blebs with alternating
actin scars on the middle plane in the actin channel, and with a winding membrane
tearing at the bleb front. Unstable blebs were defined as blebs that keep a constant
blebbing at the cell front while transiently rebuilding a cortex all along the cell contour.

To calculate the fraction of blebs in a given condition, we recorded time-lapse movies on
the actin and bright field channels. The stable blebs (not retracting, not round) present in
each field of view were classified every minute based on the characteristics of the actin
cortex and membrane dynamics, and the data pooled together. To classify the blebbing
phenotype of cell fragments, movies were divided in 25-second intervals and blebs were
manually assigned a dominant behavior in these time windows.

Orientation of blebs on nanogrooves

To calculate the polarization of blebs as a function of their orientation to grooves, images
were first rotated so that the grooves are horizontal. Then, blebs were manually
segmented in Fiji and their area and Ferret’'s angle calculated and plotted.

To calculate the orientation of only the bleb tip or bleb front, we measure the direction of
protrusion, as opposed to the Ferrets angle of the entire bleb.
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Accumulation of ArhGEF11 in optogenetic experiments

To calculate the time accumulation of ArhGEF11, we subtracted the background of the
image outside the cell. The intensity was normalized, applying a 1pixel median filter and
dividing by the maximum at each frame.

Contours of bleb fragments

Bleb fragments were segmented using Fiji, and then exported into inkscape, were the
contours was transformed into a svg vector file and manually aligned.

AFM force curves and images

The raw AFM force data contains height, force and time. We made a Python script which
identifies the times where the cell is unconfined and calibrates the minimal force by their
median value; then identifies the beginning of confinement, defined as the first time point
at which the target height is reached (in this case 3um); and lastly aligns the force curves
by the time of the beginning of confinement. The script also identifies the time of active
force onset. To do so, force curves are first applied a rolling mean over 5 seconds. Then,
the force onset time point is defined as the first time point where dF(t)/dt = 0, where
F(t) is the AFM force.

The CV of NMIIA signal was calculated by a home-made Fiji script, subtracting the mean
fluorescence background outside the cell, and then calculating the mean and standard
deviation on the cell. The mean edge retraction speed was calculated on the segmented
actin channel using the Fiji plugin ADAPT “Automated Detection and Analysis of
ProTrusions (Barry et al., 2015).

The number of blebs per cell was calculated defining four random regions in the cell and
measuring the time of appearance, length, and width of all blebs in these regions during
300 seconds following confinement.

Cortical flows

Measurement of cortical flow speed

Two methods were used to calculate cortical flows: manually measured kymographs or
automated PIV analysis. When named “flow speed”, and not “PIV speed”, speeds were
instead measured from kymographs on the myosin or actin channels taken at the top of
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bottom plane of cells or blebs. The instantaneous speed at time t was defined as the
mean slope of the flow in the kymograph around time t. The slopes were manually

measured.

Automated PIV analysis was performed in Fiji using the “iterative PIV” plugin
(https://sites.google.com/site/qingzongtseng/piv) initially developed for force traction
microscopy, removing in the parameters any vector interpolation bias (Tseng, 2011;
Tseng et al.,, 2012). This plugin was primarily based on JPIV, an open-source PIV
software, which used standard algorithms to calculate the displacement vectors
(available at https://eguvep.github.io/jpiv/). The interrogation window was estimated to be
large enough from the images' feature size, and the search window was estimated to be
large enough to capture the maximal displacement observed in the images, such as
search window size = interrogation window size + 2 x maximal displacement. The x, v,
ux, uy components were imported into a home-made python script to allow for processing
and data analysis. The median PIV Y speed was calculated as the median of all the non-
zero uy components, to exclude regions outside the bleb.

Network divergence and turnover

We developed a Python script to calculate the mean density in each PIV window for every
time point. Knowing the density and the cortical flow, one can calculate the flow
divergence and the actin turnover rate. The divergence of the velocity field is a good
indication of the relaxation or contraction of the cortex. The divergence was calculated

v v
_x+_y

asV-.-v= o 3y

The spatial distribution of network turnover in 2D can be calculated from the mass
conservation equation S(t,x,y) = g—’:+ (p(V-v))+ (v-(Vp)), where p is the
fluorescence intensity and S the network turnover (Yolland et al., 2019). We will consider
steady states, so Z—‘t’ = 0, so we drop the t dependence in S. This implies that S(x,y) =

(p(V-v)) + (v- (Vp)) = V- (pv), where the last equality is a mathematical identity.

Therefore, knowing v(x,y) and p(x,y) one can calculate the local network turnover.
Correlation length and local order parameter

We are interested in finding, from the velocity field, the average distance at which
velocities are correlated. The velocity spatial correlation function is defined as:
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where 7 is the correlation distance and u* is the normalized velocity such as u* = u — (u)
(Petitjean et al., 2010). This function averages across many pairs of points at distance 7

at a specific time. Using u* instead of u gives the good normalization, such as 1(6, t) =1

for all times and lim (7, t) = 0. We take an averaged correlation over all directions, so
T—00

C(r) = C(|7Il), define the center cell as (x,y) = (0,0) with an autocorrelation value
C(0) =1, and define u*(0) as the velocity of the cell in the center, our reference to
calculate the correlation. The correlation at distance r from the center u*(0) will be:

(ux(n)
(u*(r)?)

(ux(0)xu* (1))

u*(0)/(u (1))’
condition €(0) =1, as C(0) =

C(r) =

which simplifies to C(r) = x sgn(u*(0)). This satisfies the

u*(0) _ u*(0)

o = ol sgn(u*(0)). For our purposes, we

defined the correlation distance C(r) at the closest distance at which C(r) < 0.5. To
simplify the analysis, we took only the Y component of the velocity vector, as the X
component does not represent a significant part of the velocity. This algorithm was
implemented in a home-made Python script and the averaged C(r) over time was
calculated for each window position.

To determine the local alignment (cos 6),,.41(x, y) of actin flows, the cosine similarity
between all velocity vectors and their 8 nearest neighbors was computed using cos 6 =
v; - v, /|vil|vy| (Yolland et al., 2019). For simplicity, we selected only the y component of
the velocity vectors. This algorithm was implemented in a home-made Python script and
the averaged C(r) over time was calculated for each window position.

As an output, we obtain a correlation length and local order for each PIV window at each
time point. To plot the relationship between these two parameters and the actin density,
we binned all PIV windows by their median density, excluding the windows close to the
background signal. We then plotted the distribution of correlation lengths and local order
per density bin.

Cell outline tracking and cross-correlation analysis

Middle plane movies of actin-GFP bleb fragments taken on a confocal spinning disk were
manually segmented for a few frames. These manually segmented frames were input
into a pixel classification routine on llastik (Berg et al., 2019), that was used to segment
the rest of the movie.
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The segmented images and the actin-GFP channel were processed using the Fiji plugin
ADAPT (Automated Detection and Analysis of ProTrusions) (Barry et al., 2015). The
parameters used were as follows: smoothing filter radius: 1, erosion iterations: 2, spatial
filter radius (um): 0.5, temporal filter radius (s): 1, cortex depth (um): 0.5, Visualization
line thickness: 2. The output of ADAPT is an edge velocity and actin density map
(summed over the 0.5um-wide cortical region).

As described in (Machacek et al., 2009; Maeda et al., 2008), the normalized cross-
correlation matrices were calculated from edge velocity and actin density signal maps.
The cross-correlation value c(,, at a coordinate (x,y) within the cross-correlation map,

c, of two images I, and [,, is calculated as follows: Clxy) =

1 11,1
x .12
mno102 LJ

(I1(i+t,j+s)—pu) (U (i+t,j+s)—u3), where m X n are the dimensions of

the images I, and I,, o, and g, are the standard deviations of I; and I,, 4, and u, are the
means of I; and I,, and t=x—m/2 and s =y —n/2. For the calculation of the
autocorrelation, I, = I,. This algorithm was implemented in a home-made Python script.
To calculate only the temporal or the spatial cross-correlation coefficient, only a vector of
the cross-correlation matrix C (s, t) was taken into account: €(0, t) for the temporal cross-
correlation or C (s, 0) for the spatial cross-correlation. To extract the decay length, a linear
fit were performed in log space for the correlation range = (0.95-0.25).

Persistence width and time of protrusions

To calculate the persistence times and width of bleb fragments, we performed
autocorrelation of the edge velocity map, C,.; (s, t). By definition, after normalization,
Cpet ve1(0,0) = 1. We fitted an exponential p,,,,m(t) = e ** to the autocorrelation matrix at
no space lag C,.; ,;(0,t). The mean protrusion lifetime or persistence time was defined

ast= % where is 1 is the decay constant of the fitted exponential. This is similar to the

persistence time defined in the study of cell trajectories defined as persistent Brownian
motion (Selmeczi et al., 2005). If we take instead a lag time = 0, we will find the probability

to have the form of p,,,,m(x) = e **, and the persistence width of the protrusion ¢ = %

Shape of bleb fragments

The principal component analysis of shapes of bleb fragments was calculated using the
Python-based open source software Celltool (Pincus and Theriot, 2007). Briefly, the
software is provided with the segmented shapes from llastik, from all fragments,
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timepoints, and conditions. Then, the polygonal contours are extracted from the binary
masks and scaled into microns for further analysis. The contours are then mutually
aligned by Celltool so that corresponding parts of each contour's shape are aligned as
best as possible. Once the shapes are aligned, Celltool proceeds to the principal
components analysis (PCA) of population shape variability. After alignment, the
remaining variation in their shape represents the "intrinsic" spread of shapes. To
summarize this variability, Celltool performs the PCA to decompose the variability space
into a basis set of orthogonal "shape modes", ranked by their order of importance,
meaning the contribution to the total variability. These shape modes constitute the shape
model and are easy to plot and understand intuitively. Moreover, such modes can be
used as a quantitative measure of shape: a given contour's position along several shape
modes is a numerical descriptor that can be of great statistical use, as to calculate
average widths or lengths. To calculate a score in each mode for a given fragment, we
calculate the average of the score at all timepoints.

Polarized microscopy
Molecular order and aperture angles

The molecular order and aperture angles (p, ) were deduced from the measurement of
the intensity modulation /(a) using a Matlab-based software developed by Cristel
Chandre (CNRS) Manos Mavrakis (CNRS) at Institut Fresnel, implementing the algorithm
described in (Loison et al., 2018). The signal processing is described in detail in (Kress
et al.,, 2013; Loison et al., 2018). Physically, ¢ determines the degree of angular
variations present within the focal spot at a given pixel position. This angle, denoted
“‘molecular order”, encompasses the orientation variations among probes (related to the
static organization of actin filaments) as well as their time angular fluctuations (related to
the degrees of freedom relative to their binding site). p, on the other hand, determines
the preferential orientation of the probes. p and w thus permit us to quantify the full
information on molecular organization at each image's pixel.

Polarimetry data processing

The distribution of angles p and y were calculated with a polarimetry software developed
and maintained by the Cell Morphogenesis lab at Institut Fresnel
(https://sites.google.com/view/cell-morphogenesis-lab/polarimetry). The software reads
the 18 rotating fluorescent images, thresholds the images, and outputs the distribution of
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p and w. The software is calibrated to take into account the molecular properties of the
fluorophore, in our case Alexa 488. We selected 4 regions of interest in each of the 10
representative bleb examples, one at the front, two on the sides, and one in the middle
of the bleb, between the side regions. From each ROI, the software outputs a mean and
standard deviation of p and w. We calculated the combined standard deviation of p and
w via ANOVA as square root of the grand variance, and the mean of the means. These
analyses were weighted by N, the total number of orientation vectors.

Actin network segmentation and skeleton analysis

Fragment versus network filaments

In figure 37F, the actin segmentation was done manually, and filaments classified as
“fragments” if not connected to the main network or “network” if connected to the min
network.

Molecular dynamics of actin filaments

To calculate the growth speed and angle from filament branching events, we first selected
events that were clearly identifiable, growing for at least a few tens of time points, and
observable from the start. The branching angle was manually measured from a time
projection. The branch length was calculated at each timepoint and the instantaneous
growth speeds were calculated from these values.

When comparing the accumulation of actin and alpha-actinin in bundles, the background
outside the cell was subtracted from each image, and then divided by its mean value.

Actin structure at the front of fixed blebs

To measure the orientation of actin filament at the front of blebs, we selected a
representative number of blebs (5 for each) of 4 different groups: large blebs (from cells
polarized cells, displaying only one bleb) with an actin-free front (we cannot appreciate a
clear bleb contour), retracting large blebs (we appreciate clearly a contour), small blebs
(from non-polarized cells, displaying multiple small blebs) with actin-free front, and
retracting small blebs. We used Fiji to select square regions at the front of blebs and drew
segments representing actin filaments' orientation. We measured the relative orientation
respective to the main bleb axis and the length of these segments. We then plotted a
histogram of angles weighted by the segment length.
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To calculate the actin bundle thickness from STORM images, the super-resolution data
was processed using Abbelight proprietary software and then imported into Fiji as density
data with a pixel size of 15 nanometers. This allowed for signal processing analogously
to standard light microscopy data. We calculated the bundle thickness from manually
selected line scans, as the full width at half maximum of the Gaussian.

Actin structure at the front of blebs on nanogrooves

Due to the thickness of the PDMS layer, imaging conditions deteriorate and the
identification of single bundles is not apparent in most blebs. We selected two examples
that contained less background and in which the actin structure was clearer., and
manually segmented in Fiji the actin network at the front, on the plane of the grooves and
on the top plane. Since we were interested only in the distribution close to y=0, the
statistical test was one-tailed instead of two-tailed.

Actin filament segmentation and skeleton

To segment the actin filaments in the TIRF movies, we manually segmented a few frames
and inputted this manual segmentation into llastik. We manually cropped each frame to
remove other blebs, cells, and background present in the image. This binary image was
processed in Fiji with the “Analyze particles” function. The biggest cluster was colored in
blue, and all other clusters were colored in red. We then performed a resliced along the
bleb length to construct a kymograph and show the relationship between connection to
the biggest cluster and velocity.

Calculation of the critical network density

The binary image was processed using the Fiji plugin skeletonize, which outputs 1 pixel-
wide skeleton from the binary image. Similarly, clusters were colored according to their
size. To analyze the progression of percolation, we cropped a horizontal window in the
skeletonized network at a time window where we did not observe the retrograde flow. We
used Fiji to analyze the number of clusters and their size. We defined the cluster size as
the width of a given cluster divided by the width of the interrogation window. The cluster
size distribution and size were analyzed and plotted using a Python script.

Statistical analysis of the data

Unless stated otherwise, statistical significance was determined by two-tailed unpaired
or paired Student's/Welch’s t-test after confirming that the data met appropriate
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assumptions (normality, homogenous variance, and independent sampling). Statistical
data are presented as average + SD. Sample size (n) and p-value are specified in the
text or figure legends. In most cases, the sample size was defined as the number of cells
counted/examined within multiple different fields of view on the same dish/slide,
representing data from a single sample within a single experiment. When data from a
single sample are shown, they are representative of at least three additional samples

from independent experiments.
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Chapter 9: Main results

Previously associated with apoptosis, blebs have arisen in the past decade as important
structures for amoeboid cell migration, particularly cancer cells (Charras and Paluch,
2008). A few independent studies have reported large and stable blebs in cells under
non-adhesive confinement in recent years. This universal switch to bleb-based migration
happens in amoeba (Srivastava et al., 2020), choanoflagellates (Brunet et al., 2020),
immortalized cell lines, and primary human and murine cultures (Liu et al., 2015;
Ruprecht et al., 2015). Unlike the typical blebs described in the literature (Charras et al.,
2008), stable blebs overcome retraction and establish a constant actin flow. Stable
blebs are a new type of cellular structures that amoeboid cells can use to migrate,
analogous to filopodia or lamellipodia for mesenchymal cells. In a single cell, multiple
blebs form and compete against each other, so that eventually, a single bleb drives the
migration (Liu et al., 2015; Ruprecht et al., 2015). Previous studies showed how Myosin
Il activity produce a stable steady-state in large single migrating blebs by driving a large
scale actin retrograde flow (Liu et al., 2015; Lomakin et al., 2019).

Nevertheless, the initial steps of stable bleb formation following confinement, their ‘life
and times’ (Charras et al., 2008), have not yet been described in a systematic,
quantitative manner. More generally, the simplicity and accessibility of the stable bleb as
a model system for cortical flows can provide a quantitative understanding of the
emergence of polarity in actomyosin systems, which constitute the basis of migration
(Callan-Jones and Voituriez, 2016). Indeed, stable blebs are solely driven by actomyosin
and constitute an almost pure membrane-actomyosin reconstituted system, but harbor
features such as motility that is not yet possible to reproduce with in vitro systems
(lerushalmi et al., 2020; Vogel et al., 2020).

This project aims to understand the mechanisms for bleb stabilization and the
emergence of retrograde flows. We will do so by providing a detailed and quantitative
description of bleb morphogenesis and bleb stabilization in confined cells, using
microfluidics to control the confinement height, coating, and topography combined with
live-cell imaging, focusing on the first few minutes after confinement.

Most of this study is based on quantitative analysis of timelapse movies. | would like to
encourage the reader to watch the supplementary movies accompanying each figure
when marked “video available.” The title of the videos corresponds to the figure panels
they complement. In many cases, although the still images and the quantifications
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capture the essential aspects, the movies are extremely informative and convey some
additional information which has not yet been fully quantified at that stage but make
qualitative points which are important for the reasoning and the demonstration of the
central finding of the study. Supplementary Videos are archived on
https://doi.org/10.6084/m9.figshare.14053964.v1

1. Stable and transient blebs formed immediately after confinement
contain different actomyosin profiles

Many organisms and model systems switch to bleb-based amoeboid motility upon
confinement (Brunet et al., 2020; Liu et al., 2015; Ruprecht et al., 2015; Srivastava et al.,
2020). Here, we chose to work with HelLa cells due to the robustness of the blebbing
phenotype and the availability of already-made cell lines and reagents. To study the
blebbing phenomenon, we detach HelLa cells and place them in the confiner device with
a non-adhesive coating (Figure 25 A) (Le Berre et al.,, 2014). Within a few minutes
following confinement at 3um, non-adherent HelLa cells display large blebs that protrude
outwards from the cell body (Figure 25 B). Qualitatively, the typical response to
confinement consists of a first phase during which the cells form only round blebs, and
a second phase where these first blebs have retracted and new blebs that can be more
elongated appear (Figure 25 C). To gather a quantitative description, we followed the
dynamics of bleb formation using fast phase-contrast imaging during the first 5 minutes
after confinement. We manually measured bleb height, width, and time of appearance.
This detailed analysis showed that during the first phase of about 15 seconds, the mean
aspect ratio of forming blebs is close to 1, corresponding to the round blebs of the first
phase. The average aspect ratio then increased rapidly because new forming blebs in
this second phase were narrower (Figure 25 D top and right graphs). In this second
phase, a fraction (about 20%) of very elongated blebs (AR>3) also appeared (Figure 25
D lower graph).

The typical lifetimes, retraction speeds, and cytoskeletal organization of transient round
blebs are well-known (Charras et al., 2008). We were then interested in comparing the
dynamics of round and elongated blebs. Compared to round blebs, we found that
elongated blebs have a longer lifetime. Nevertheless, when they retracted, their retraction
speed was similar to the retraction speed of round blebs. Their longer lifetime was instead
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due to the appearance of a stable phase between the extension and retraction phases
(Figure 25 E).

This analysis shows that atypical elongated blebs form with a delay after confinement is
applied. These blebs have two main characteristics: they are more elongated than the
previous blebs (mostly because they are narrower), and they display a stable phase
before retraction. The delay in their appearance means that they are not a direct
mechanical consequence of confinement, contrary to the initial round blebs. While the
round shape of the initial blebs results from a pressurized and detached pure plasma
membrane (Tinevez et al., 2009), initially without a cytoskeleton, the elongated shape of
the second phase blebs suggests the formation of an inner structure (Callan-Jones et al.,
2016; Callan-Jones and Voituriez, 2013), which could also explain the stable phase.

To investigate this further, we conducted live-cell imaging of the actomyosin
cytoskeleton. We used a cell line containing a copy of the MYH9 gene fused with GFP
(non-muscle myosin Il A, NMIIA) and the actin-binding probe lifeact combined with
mCherry. In both round and elongated blebs, NMIIA changes its localization from mostly
cytoplasmic to mostly cortical during the first 30 seconds following bleb formation. As
previously described (Charras et al., 2008), a dense and homogeneous actomyosin
cortex formed a rim all along with the membrane of round blebs (Figure 25 F, G, video
available). On the contrary, in most elongated blebs, we observed the formation of an
internal gradient of both actin and myosin Il (Figure 25 F, H, video available).

How do these actomyosin patterns emerge after bleb appearance? As previously
described (Charras et al., 2008), round blebs inflate to their final area within 5-10
seconds,and then accumulate actomyosin at the edge and retract within a minute (Figure
25 G, bleb area quantified in Figure 25 I, black line). On the contrary, elongated blebs
keep expanding during the first minute and stay at an equilibrium area for several minutes
(Figure 25 H; bleb area quantified in Figure 25 |, black line). Round blebs first accumulate
actin, then NMIIA with a few seconds delay. Actin and NMIIA have a more visible
accumulation on the distal membrane, correlating with the retraction phase. When they
first appear, elongated blebs are also spherical, meaning that they most likely correspond
to pure membrane detachment, like round blebs. They also initially present a similar and
low actomyosin density in the proximal and distal membrane. As the bleb grows towards
its equilibrium maximal projected area, the bleb's proximal side gets enriched in both
actin and myosin, while, contrary to round blebs, the distal side gets depleted (Figure 25
). Measuring the cortical actomyosin profiles at the time of bleb maximal projected area
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confirmed that round blebs displayed a homogeneous cortex, while elongated blebs
acquired a gradient of actomyosin density (Figure 25 K). Altogether, these results indicate
a role of the cytoskeleton in the different dynamics of round and elongated blebs formed
following confinement. Round blebs showed the same lifetime (~60 seconds) and
cytoskeletal organization as transient blebs described in the literature (Charras et al.,
2008). Although smaller at these early time points following confinement, elongated blebs
were reminiscent of the previously described large stable blebs driving cell migration
under confinement (Liu et al., 2015).

From these observations, we conclude that three key parameters discriminate between
the two types of blebs formed after confinement: their lifetime, shape, and internal
organization of actomyosin. We studied these three parameters at the population level to
determine if they constitute two distinct categories or display a phenotypic continuum.
We defined a polarity index to describe the polarization of the cytoskeleton in the bleb
(Polarity index = (pPproximar — Paistar)/ (Pproximar + Paistar), Where p is the actin or NMIIA
cortical density). When the cytoskeleton is mostly at the proximal membrane,
Polarity index = 1, and when the cytoskeleton is homogeneous, Polarity index 0. We
plotted, for every single bleb, its aspect ratio versus its polarity index and color-coded its
lifetime. This plot shows two well-defined groups of blebs: round, homogeneous, short-
lived blebs versus elongated, polarized, and long-lived blebs (Figure 25 L). The lack
of intermediate phenotypes, which is even more evident on the NMIIA polarity graph,
suggests that, while all blebs are initially round free membrane devoid of actomyosin,
their evolution in time diverges into two groups, one which forms a distal cortex and
retracts, and one which forms a gradient of actomyosin and remains stable. We thus
choose to call them transient and stable blebs. Importantly, transient blebs can appear
from time zero and at all later time points, while the first stable blebs appear at least 15
seconds after confinement. This delay suggests that stable blebs require an additional
mechanism that drives the formation of an actomyosin gradient instead of a distal cortex.
Recent work from our lab showed that confinement induces, within a few tens of seconds,
the activation of NMIIA due to a signal coming from nuclear deformation (Lomakin et al.,
2019). We thus quantified the cortical enrichment of NMIIA following confinement in our
experiments and found that it correlated in time with the appearance of elongated and
stable blebs (Figure 25 G).

We thus hypothesized that the phenotypic bifurcation leading to either stability or
retraction depends on NMIIA activation.
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2. Activation of NMIIA by cPLA2 and Ca2+ is required to trigger cortical
conftractility and formation of stable blebs

To further test this hypothesis, we characterized the contractile response to confinement,
a functional readout of myosin Il activation, and its relation to elongated blebs'
appearance. To do so, we used an AFM device equipped with a FIB-sculpted flat
cantilever coupled with a confocal system (Figure 26 A). This setup allows for
simultaneous live-cell imaging and force recording (Fotiadis et al., 2002; Lomakin et al.,
2019). For this part, we analyzed unpublished raw data provided from a set of
experiments performed by A. Lomakin and C. Cattin in the lab of D. Muller.

As reported before (Lomakin et al., 2020), the response of NMIIA to confinement by the
AFM cantilever involves a rapid change in the localization, from cytoplasmic (globular
monomers) to cortical (minifilaments), as seen with the PDMS confiner (Figure 26 B,
Figure 26 C). To quantify this transition, we used the coefficient of variation of the NMIIA
signal in the whole cell (CV =¢/u ). To calculate it, we subtract the background outside
the cell and calculate the mean signal and its standard deviation on a mask covering the
entire cell area. The CV increases steadily from 10 to 90 seconds after confinement to
reach a plateau. We define this plateau as the “maximum myosin clustering” time, at
which myosin has reached a new equilibrium in the confined state.

The force response followed an initial increase followed by a fast decay typical of elastic
response. Despite the significant cell-to-cell variability, the relaxation phase was
perturbed by an active force response at ~15 seconds, which we labeled “active force
onset” (figure 2 B, right). This “bump” was particularly evident when the time was
normalized by this force peak (Figure 26 B, center). The active response amplitude can
be estimated in comparison with the force curve in the absence of myosin activity
(Y27632 treatment, Figure 26 B). Following the active force onset in control conditions,
the force response slightly increased for another 10 seconds to slowly decay again. The
timing of active force onset coincided with the beginning of cortical NMIIA clustering
(Figure 26 B, C, and D). These results show that the onset of myosin clustering and the
active force response corresponds to a delay of about 15 seconds, similar to the delay
before the long blebs' appearance.

We first performed a detailed analysis of bleb formation together with force response and
myosin clustering on two representative cells, which displayed different timing in the
onset of the force response. This analysis allowed us to define the sequence of events
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following confinement: i) appearance of round blebs concomitant with the fast elastic
relaxation; ii) onset of NMIIA clustering and active force response onset, concomitant
with retraction of the first set of round blebs formed during the confinement; iii)
appearance of elongated blebs and slow decrease of the active force; iv) maximum
NMIIA clustering and persistant appearance of both round and long blebs. These two
cells show different timing of these events, but the same order and the same correlation
of events (Figure 26 E, video available) and are representative of the entire set in which
these quantifications have been performed (n=32 cells). These observations show that
long blebs appear only after the onset of the active force response, suggesting a role for
NMIIA activation.

To verify NMIIA activation's role in the formation of elongated blebs, we analyzed the
results from a small drug screening performed upon 3 um confinement with the AFM
(Figure 26 F). cPLA2 and Ca?* are the key molecular players in the confinement response
of HeLa cells (Lomakin et al., 2019). This response involves the translocation and
insertion from the cytoplasm to the inner nuclear membrane of the Ca?*-dependent
enzyme cPLA2, promoting the conversion of phospholipids into arachidonic acid.
Arachidonic acid is a signaling molecule that activates myosin (Garcia et al., 2009; Gong
et al.,, 1992) and the precursor for the synthesis of other signaling molecules termed
eicosanoids, mediating paracrine signaling and inflammation. The release of Ca?* after
confinement has a double effect activating cPLA2 and non-muscle myosin (Scholey et
al., 1980; Somlyo and Somlyo, 2003). We used two pharmacological treatments targeting
specifically the cPLA2 pathway by AACOCF3 (20uM) and the intracellular calcium
channels by 2-APB (100uM), which specifically inhibit myosin Il activation upon
confinement without affecting its basal activity before confinement. We then analyzed the
bleb phenotypes immediately after confinement (round blebs, labeled as “early
response”) or after the onset of the active response in control cells (after 15 seconds,
elongated blebs, labeled as “late response”). As a control, non-specific chelation of
intracellular Ca?* (BAPTA-AM) and ROCK inhibition (Y-27632) disrupted both the early
and late blebs' behavior (Figure 26 F).

Conversely, we found that the inhibition of the cPLA2 pathway by AACOCF3 or the Ca?*
release from intracellular compartments by 2-APB did not alter the early response
(formation of round blebs) but inhibited the late response (appearance of elongated
blebs). Instead, we observed only round blebs at all time points following confinement.
Other treatments, such as the inhibition of apoptotic caspases, Rac1 or Cdc42 inhibitors,
or extracellular Ca?* chelation did not yield any significant differences in early or late
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response or any differences in bleb formation. This result qualitatively shows that
elongated bleb appearance depends on the same pathway as confinement-induced
NMIIA activation.

To understand the relationship between contractility onset and blebbing, we focused on
the two conditions that showed differences in the later response but not in the immediate
response (2-APB and AACOCF3). We compared them to their respective controls
(labeled “control”, “control without FBS”, respectively), and a condition inhibiting myosin
activation (Y-27632). AACOCF3 and 2-APB-treated cells showed an intermediate
phenotype between the positive and the negative controls, showing limited cortical
accumulation of NMIIA and blebbing (Figure 26 G, video available). We then measured
the coefficient of variation of the NMIIA signal (a measurement for clustering), the force
exerted against the cantilever, and the mean retraction speed in the first 5 minutes after
compression. These parameters confirmed that 2-APB and AACOCF3-treated cells show
an intermediate phenotype in all three parameters, indicating a milder activation of NMIIA
compared to control (figures 5 H and 5 I), but not a full inhibition, as expected from
previous work. 2-APB and AACOCF3-treated cells formed fewer blebs per cell (figure 5
J) and mostly round transient blebs (Figure 26 K). Importantly, 2-APB and AACOCF3-
treated cells produce dynamic transient blebs, confirming that basal myosin Il activity was
preserved. This suggests that basal myosin Il contractility is enough to trigger the
formation of round blebs and their retraction but not to trigger elongated/stable blebs.

Initial confinement produces very high pressure, as assessed by the force curve right
after confinement, without producing any elongated, but only round blebs, while myosin
activation following confinement, which produces only a mild increase in pressure, seems
required for long/stable bleb formation. We thus hypothesize that a higher threshold in
myosin activation, and not general contractility/internal cell pressure, is required to
produce elongated stable blebs. This interpretation can explain the delay in the formation
of stable/elongated blebs after confinement.

3. Depletion of actin from the bleb front is required to establish a
retrograde flow during bleb formation and avoid retraction

A fundamental difference between round and elongated blebs is that most elongated
blebs display a stable phase or even never retract (defined as reaching a plateau in their
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projected area). We then asked what governs this stable phase. We noticed that a small
number of blebs retract despite being elongated. We thus focused on comparing transient
elongated blebs versus stable elongated blebs. We imaged actin and NMIIA in confined
cells simultaneously and performed PIV on the NMIIA channel to visualize the extent and
amplitude of cortical flows. We first focused on two representative blebs, one stable
(Figure 27 A, B, video available) and one transient (Figure 27 C, D, video available).
The evolution of the stable bleb morphology shows an increase in the projected area
followed by a plateau while the proximal side pinches (Figure 27 A, quantified in Figure
27 B bottom graph, video available). The transient bleb shows an increase in the
projected area, followed by a decrease corresponding to the retraction and a narrowing
of the proximal side resembling that of the stable bleb. The main difference between the
two blebs is that the transient bleb area stops growing before the onset of an actomyosin
retrograde flow. The arrest in the area growth corresponds to the time at which the actin
cortex fully covers the transient bleb's distal tip. Stable blebs do not accumulate actin in
the bleb front at any point, and the flow onset does not lead to a reduction of the projected
surface area (Figure 27 B). Transient blebs also delay bleb formation and flow onset,
but the flow onset appears after forming a complete actin cortex, including the distal tip,
and corresponds to bleb retraction (Figure 27 D). Imaging confined cells with both
membrane and actin markers showed that long blebs were generally devoid of actin at
their distal tips (Figure 27 E). We hypothesize that the blebs' stable versus transient
behavior depends on the presence or absence of actin at their distal tip at the time of
myosin Il activation and onset of retrograde flow.

To quantitatively analyze the temporal patterns across many stable and transient blebs,
we aligned and averaged projected area dynamics, distal actin density, and coefficient of
variation of the NMIIA signal relative to flow onset (assessed visually). Stable blebs start
myosin clustering ~20 seconds before flow onset and reach a maximal projected area
~15 seconds after flow onset. Transient blebs start myosin clustering ~10 seconds before
flow onset and get a maximal projected area a few seconds before the time of flow onset
(Figure 27 F). Stable blebs persistently keep the front free of actin, whereas transient
blebs start building a front cortex ~15 seconds before flow onset (Figure 27 G). These
observations confirm that transient blebs display distal actin accumulation before the
onset of retrograde flow, while stable blebs never accumulate distal actin.

Going back to the two representative blebs shown in panels A and C of Figure 27, we
analyzed the temporal evolution of the cortical actin distribution along the length of the
bleb (Figure 27 H). Interestingly, both blebs displayed a similar flat distribution at early
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times, but they progressively drifted apart. The cortical gradient increased over time in
stable blebs, with an accumulation of actin at the bleb neck and depletion at the distal tip,
following the onset of the retrograde flow. On the other hand, the transient bleb cortex
became more homogeneous with time (Figure 27 H). These results suggest a
mechanism for actin depletion at the tip of stable blebs, potentially due to cortical flows,
and the assembly of a complete cortex in retracting blebs before the establishment of a
flow, drifting these two states apart.

Altogether, these results led us to propose a conceptual model for bleb stabilization
during bleb growth (Figure 27 |). We considered two parallel processes occurring during
bleb formation: actin cortex assembly by polymerization, and NMIIA activation. Actin
cortex formation stalls membrane outgrowth, whereas NMIIA activation triggers
contractility and the onset of retrograde flow. Each process occurs with a typical
timescale, which can vary in each bleb. The timing of the retrograde flow onset
corresponds to NMIIA reaching enough contractile strength to pull the actin network
(Callan-Jones et al., 2016; Callan-Jones and Voituriez, 2013). The difference between
the timing of actin cortex assembly and NMIIA activity thus determines whether the
retrograde flow onset occurs before or after the actin cortex has populated the entire bleb
membrane. If the actin cortex fully reforms before flow onset, the onset of the cortical flow
will retract the bleb membrane, and the actin cortex will restrain the membrane from
expanding upon the increase in pressure generated by the contraction. On the other
hand, if the flow onset occurs before complete cortex formation, the contractile action of
NMIIA on the actin network will deplete the bleb front of actin, and thus stabilize a cortical
actomyosin gradient as proposed in previous models for the steady-state of large motile
blebs (Callan-Jones et al., 2016; Liu et al., 2015; Ruprecht et al., 2015). This depletion
of actin from the bleb tip will also enable membrane protrusion upon increased pressure
generated by the actomyosin contraction.

To test this model's first prediction, we replotted the graph from Figure 25 K to consider
bleb stabilization. We found that the actin polarity is a better predictor for the occurrence
of a stable phase than the NMIIA polarity. Stable blebs all display an actin polarity index
=< 0.8, and transient blebs all display an actin polarity index below this threshold value.
On the other hand, NMIIA polarity is a good predictor for bleb shape (round versus long),
while actin polarity is not (Figure 27 J, K), which can be explained from previous physical
models (Callan-Jones et al., 2016). Comparing actin and myosin polarity indexes for
stable and transient blebs shows that myosin can get polarized in a subset of transient
blebs where actin is not polarized (Figure 27 L). Our working model predicts that the
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relative time of maximal membrane maximal extension (membrane stalling) and flow
onset after bleb initiation should predict the stability or retraction of elongated blebs.
Plotting these two times against each other and color-coding bleb stability showed a clear
separation between stable and transient blebs, confirming our model predictions. The
time of flow onset in transient blebs was always longer than the time of membrane
stalling, and the opposite was true for stable blebs (Figure 27 M).

4. Myosin activation promotes bleb retraction or stabilization
depending on the blebbing state

(NOTE: this part is shown because it contains interesting preliminary results and helps

the reasoning, but further data and quantification will support it before publication)

To more directly test this prediction of the model, we developed optogenetic HelLa cell
lines to control the activity of RhoA, Rac1, and Cdc42 in the bleb after it formed. We
imaged the confined cells in a TIRF microscope equipped with a DMD (digital micromirror
device), allowing spatial control of the illumination at a micron level (see methods on
Optogenetic experiments, page 78). The optogenetic system consists of the CIBN/CRY2
A. thaliana-derived proteins, which dimerize when exposed to blue light (Figure 28 A). In
the dark, the two proteins slowly lose their interaction. CIBN is bound to the membrane
by a CAAX motif, and CRY2 fused with an exchange factor for the small GTPase
targeted. We first used ArhGEF11, a guanine nucleotide exchange factor (GEF) for
RhoA, which promotes the conversion of GDP by GTP, leading to the active state of
RhoA, an upstream regulator of Myosin Il, often used in optogenetic studies to modulate
contractility (Valon et al., 2017). Blue light controls the spatiotemporal recruitment of
ArhGEF11 to the plasma membrane. The cell line HeLa GFP-CIBN-CAAX mCherry-
CRY2-ArhGEF11 lifeact-iRFP670 allows for imaging of the CIBN partner on the
membrane (GFP), the RhoA activator (mCherry), and the actin (iRFP670, deep red). As
expected, we observed the recruitment of the GEF to the illuminated membrane within a
minute of exposure (Figure 28 B, video available). ArgGEF11 recruitment promoted
global contractility (higher blebbing area), but locally (at the site of illumination) inhibited
blebbing and caused edge retraction (Figure 28 B, C).

We chose cells with a large stable bleb and localized blue illumination at the protrusion
front to study RhoA activity's effect on the protrusion (to avoid illuminating the entire cell
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and activating global contractility of the cell). When activation ocurred at the tip of a bleb
in the stable state (Figure 28 D, video available), ArhGEF11 accumulated mostly at the
bleb's neck, probably due to the actomyosin retrograde flow (Figure 28 E, F, G).
Conversely, when activation occurred at the tip of a bleb that already initiated the
retraction phase (Figure 28 H, video available), ArhGEF11 concentrated mostly at the
site of activation (the distal tip, Figure 28 |, J, K). For the three blebs in the stable phase
assayed (Figure 28 L), the bleb remained stable, with an apparent change of morphology
of the tip which became more smooth and regular (phase-contrast images on Figure 28
F and J), suggesting a further depletion of actin from the bleb tip. Conversely, activation
on the four blebs that had initiated retraction accelerated the retraction (Figure 28 K, L),
as predicted by our working model. Using validated constructs for activation of other small
GTPases (TIAM1, T-lymphoma invasion and metastasis, for Rac1; and intersectin, ITSN,
for Cdc42) (de Beco et al., 2018), we did not observe any effect following activation,
neither on blebs in the stable phase or blebs in the retraction phase. This observation
served as a control for the specificity of contractility activation and showed that
modulation of actin polymerization (Rac1) or polarity determinants (Cdc 42) did not affect
the bleb behavior.

Overall, these results confirm the differential role of myosin activity in stable and transient
blebs and our working model. Myosin Il activity upregulation leads to either bleb
stabilization or retraction depending on the actin cortex's state at the time of activation.
Note that on the current results, the quality of the imaging of the actin probe did not allow
to make a clear conclusion on the state of actin at the bleb tip at the time of illumination,
and we inferred it from the state of the bleb and the blebbing dynamics from the phase-
contrast (stable phase versus retractile phase).

5. Retracting blebs can be switched back to a stable state by increasing
external compression.

(NOTE: this second series of perturbation experiments is also at the preliminary results

phase and will be expanded before publication)

So far, our results suggest that NMIIA activity stabilizes blebs by depleting actin from the
front tip and promotes retraction of blebs with a fully polymerized actin cortex. Another
consequence of an increase in NMIIA activity is to increase the tension of the cell surface
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and, thus, its internal pressure (Petrie et al., 2012; Sorce et al., 2015). The increase of
internal pressure triggers blebbing when the pressure becomes high enough to lead to
membrane detachment from the actin cortex (Cattin et al., 2015; Charras et al., 2005).
We thus asked whether the increase in pressure driven by the activation of myosin Il
upon confinement could also contribute to the switch between transient and stable blebs.
To test that independently of NMIIA activity, we varied the pressure in the confinement
device after the blebs had already formed. We thus first confined cells, inducing blebbing,
with the variety of bleb types described earlier in the study. We then applied further
compression after a few minutes (Figure 29 A, video available). As expected, this led
to the general expansion of most already formed blebs, but, contrary to the very initial
blebs formed upon the initial compression, the vast majority of the expanded blebs
formed upon the second compression were immediately stable, with internal retrograde
flow and a tip devoided of actin. This observation suggests that internal pressure can
also stabilize already formed blebs.

To gain further insights into a potential difference between transient and stable blebs
when pressure increases, we used the fine control of pressure allowed by our digital
pressure controller to apply either a slight additional pressure or a larger amount. Upon
a small increase in pressure, which corresponds to a small roof height decrease (Figure
29 B, video available), some blebs expand, as in the previous case, but some do not. A
closer examination, using Lifeact-mCherry to visualize the state of actin in the blebs,
showed that only blebs devoid of actin at their distal tip expanded. In contrast, the blebs
with a fully formed actin cortex resisted the pressure increase and even kept retracting
(Figure 29 B, video available, quantification of the new projected area, and zoomed
regions in Figure 29 C). We concluded that in this case, the increase of intracellular
pressure we generated was enough to expand the blebs in the stable phase (devoid of
actin at their distal tip) but did not perturb the blebs in their retraction phase (with actin at
their distal tip). This observation suggests that the actin at the distal tip can hold the
membrane under a pressure that would otherwise expand a free membrane bleb. It also
suggests that the increase of pressure generated by the activation of myosin Il could
expand and thus contribute to stabilizing the blebs in their stable phase (by moving the
membrane at their tip further away from the actin cytoskeleton, thus delaying the
retraction phase). Together it explains how both types of blebs can co-exist in the same
cell. It also suggests how NMIIA activation contributes to maintaining a distal tip free of
actin, thus contributing to bleb stability: by generating a retrograde flow and producing
an increase in pressure that pushes the membrane forward.
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We then produced a more considerable increase in pressure and then observed that all
blebs expanded, whether in a stable or retractile phase before the second compression.
Figure 29 D, E, and F show representative examples of blebs switching to stable
behavior. Figure 29 D shows a retracting bleb (full actin cortex, images on the left before
the second compression), switching to a winding behavior with a partially free tip (middle
images) and a fully developed persistent bleb with a distal tip free of actin and elongated
shape (images on the right). Figure 29 E and F show two more examples: membrane
detachment led to the fusion of adjacent blebs into a single stable bleb, with a full internal
actin reorganization and polarization within a few seconds.

We can conclude from these observations that retracting blebs can be switched to stable
blebs following a large enough increase in pressure, leading to the detachment of the
membrane from the actin at their distal tip (a bleb-on-a-bleb). This event is followed by a
reorganization of the actin into a polarized and flowing network, dense at the neck and
loose at the tip, which represents a stable configuration as described before (Figure 25)
(Liu et al., 2015; Ruprecht et al., 2015). Overall, these experiments suggest that depletion
of actin from the distal tip of a bleb is necessary and sufficient to induce a switch to a
stable state, even starting from a retracting state.

6. Stable blebs can spontaneously switch between blebbing modes,
displaying persistent, unstable/winding, or transient retraction phases.

To better understand the role of actin depletion in protrusion stability, we followed the
dynamics of already formed stable blebs. For that, we focused on large stable blebs that
have a lifetime of several hours. Even hours after bleb formation, we observed temporary
retraction events associated with an actin enrichment at the bleb tip (Figure 30 A, B).
These retraction vents caused blebs to decrease their length and decrease the
retrograde flow speed (Figure 30 A). Notably, at the onset of each retraction phase, the
actin flow concentrated towards the proximal side of the bleb (the neck) and slowed down
during retraction (Figure 30 B, C, available video). Because the retrograde flow is
instrumental in depleting the actin from the distal tip, this suggests that the initiation of a
retraction phase could self-reinforce as the increase in the actin at the distal tip correlates
with a decrease in the flow speed, potentially due to a direct mechanical coupling from
front to back of the bleb, thus favoring actin assembly at the tip.
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We focused on the dynamics of the membrane at the bleb front, and we observed that
stable blebs displayed different front dynamics, which we classified into three types:

‘persistent,” “winding,” and “unstable” (Figure 30 D and E, all with available videos).
Persistent blebs do not significantly change shape over time, winding blebs have waves
of membrane tearing from one side to the other, and unstable blebs grow by serial
blebbing events on the front side. There are numerous reports in the literature describing
persistent blebs (Liu et al., 2015; Ruprecht et al., 2015), the so-called “circus blebbing,”
driven by membrane tearing (Charras et al., 2008; Fujinami and Kageyama, 1975;
Graziano et al., 2019), and unstable blebbing, common in D. discoideum (Srivastava et
al., 2020). However, no study has systematically determined the differences between

these blebbing modes, which we found can all co-exist on the same cell.

We imaged actomyosin dynamics to find out how the cytoskeleton was contributing to
these differences. We did not observe any apparent differences between the NMIIA
localization or structure between the three types (Figure 30 E, available videos).
However, imaging the actin cytoskeleton revealed a simple picture consistent with our
working model: stable blebs has a distal tip entirely devoid of actin, while winding bleb
displayed repeated events of membrane detachment from the distal tip, with a region free
of actin moving alternatively from one side to the other of the tip of the bleb while the
actin reformed along the detaching membrane, always leaving just a part of the distal tip
free of actin. These dynamics produced actin structures in the form of successive arcs
that vanished as they moved towards the cell with the retrograde flow (visible as bumps
on the linescans shown in Figure 30 E on the right available video). Unstable blebs
corresponded to repeated blebs-on-blebs, forming actin arcs moving backward and
vanishing, but with distal tips fully closed by an actin cortex between each blebbing event.
In comparison, retracting blebs did not display internal actin arcs but just a fully formed
and retracting cortex (Figure 30 E, line scan shows no bumps, as persistent blebs).
These differences in the cortex organization emphasize the role of front actin in the
dynamics of the bleb tip and highlight the main modes we observed.

In addition to displaying various modes at their distal tips, stable blebs can also
spontaneously switch between these modes within a few minutes. The transitions
themselves displayed characteristic patterns. The winding and unstable protrusion
dynamics were often transient states lasting only a few minutes, during transitions
between a retracting and a persistent bleb protrusion or vice versa. Figure 30 F shows
examples of representative cases of transitions with intermediate patterns (available
videos).
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Winding blebs displayed a broad front and an irregular contour, whereas persistent blebs
were more elongated and regular (Figure 30 G, video available). During the transition,
the blebbing angle went from a stereotypical swinging movement to a persistent blebbing
angle of around 0° (in the axis of the main bleb body, Figure 30 G, right graph), and from
leaving cortex scars at the front to have a hollow shell (see also additional results Figure
38). As the bleb elongated in the transition to a persistent state, the actin gradient
approached the distal tip (Figure 30 G kymograph and Figure 30 H right graph).
Normalizing by the length, the actin gradient remained unchanged (Figure 30 H left
graph). The data suggests that even though actin seems responsible for the front
dynamics, the overall actin gradient does not change significantly during the transition,
pointing to the actin at the distal tip as the main element responsible for the bleb tip
dynamics and the transitions from retracting to persistent and vice versa. The transitions
correspond to states in which the retrograde flow and the pressure produced by NMIIA
are enough to produce new membrane detachments in a bleb in which actin has reached
the front tip. The observed trends are potentially due to the reinforcing feedback
described earlier, which converges either to a persistent or a transient bleb.

As a working model, we proposed that the motor activity of NMIIA in blebs has two
different roles in bleb stabilization: to create cortical flows that remove actin from the front
and increase intracellular pressure to advance the front membrane. At the distal tip, actin
can bind to the membrane and hold it against the internal pressure, eventually bringing it
backward with the retrograde flow. The retraction of the front membrane will depend on
the force balance between i) the number of actin filaments bound to the membrane, ii)
the binding force of each filament to the membrane, and iii) the membrane tension, a
function of the intracellular pressure. If the membrane tension is higher than the actin-
membrane binding force, the front membrane will not retract. Nevertheless, if the
intracellular pressure decreases, just a few filaments will be able to pull enough to retract
the front membrane, producing winding or unstable blebbing. When made more
quantitative, these observations will serve as a basis for a physical model explaining the
dynamic behavior of the stable bleb protrusions.

Substrate friction or drugs perturbing actin turnover can modify the steady-state actin
gradients in stable blebs (Liu et al., 2015; Ruprecht et al., 2015). Following our model,
we hypothesized that conditions that deplete actin from the front or perturb actin-
membrane attachment should promote persistent blebs. Conversely, conditions that
bring the actin gradient forward and increase actin density at the front should increase
the fraction of winding or unstable blebs. We analyzed the fraction of persistent, winding,
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or unstable blebs in cells every minute under different experimental conditions based on
membrane and cortex dynamics. We chose two conditions known to change the steady-
state gradient: polylysine coating (increased substrate friction, increasing steady-state
actin concentration at the front) (Ruprecht et al., 2015) and jasplakinolide (promotes
filament stabilization, decreases steady-state actin concentration at the front) (Liu et al.,
2015). We also treated cells with NSC668394 compound, a cell-permeable quinoline that
directly binds to ezrin and inhibits PKCi-mediated ezrin phosphorylation at Thr567, ezrin
being a primary actin- membrane attachment. Consistently, polylysine coating increases
the fraction of winding and unstable blebs, and jasplakinolide and ezrin inhibition increase
the fraction of persistent blebs (Figure 30 1).

7. Cortical actin controls protrusion dynamics in motile bleb fragments

The blebs we have considered so far were forming from the cell body and remained
attached to it, which has consequences for several parameters. First, the bleb and cell
body membrane are continuous, so a significant membrane reservoir is available. The
bleb's total surface area could thus change as it expands or retracts (we have not
estimated to which extent the bleb's total membrane is changing in the previous
experiments). Second, the pressure inside the bleb can have two sources: the flowing
and contractile bleb actomyosin cortex and the cell contraction (we have not estimated
to which extent the bleb volume changes during the experiment, which would give an
estimate of the fluid flows between the main cell body and the bleb). Third, the friction
produced by membrane-cortex attachment on the bleb neck and cell body restricts
forward membrane flow. This friction restrains the capacity of the forces acting on the
bleb membrane to produce an effective protrusion and holds the bleb in place. In previous
works considering late very large blebs, the stable bleb reached a size comparable or
larger than the cell body, and the actomyosin flow in the bleb was able to drive the motion
of the entire cell (Liu et al., 2015; Ruprecht et al., 2015).

To assess the importance of these aspects in the dynamics of blebs, we turned to a
subfraction of the blebs fully detached from the main cell body. These motile fragments
initiated spontaneous and autonomous migration. We frequently observed such events
when cells were confined on a PLL-coated surface, likely because the enhanced friction
provided enough engagement between the retrograde actomyosin flow and the surface
to generate propulsion forces to detach the bleb. These motile fragments initially formed
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similarly to other blebs in the stable state, and as they expanded and moved away from
the main cell body, the membrane neck at their base eventually ruptured. The rupture
event did not affect their motile behavior nor their general shape, and they eventually
looked very similar to regular stable blebs, with an elongated shape and a gradient of
actomyosin from front to back (Figure 31 A). Contrary to stable blebs, these fragments,
once detached from the main cell body, displayed persistent and fast motility for hours,
at speeds of 5 to 15 ym/min.

Similarly to stable blebs, cortical actin inhibited membrane protrusion in motile fragments.
The membrane only protruded in zones free of cortical actin. Cortical actin accumulated
at the membrane a few seconds before the protrusion stalled (Figure 31 B, kymographs,
video available). The overall similarity in shapes and front dynamics between blebs and
motile fragments suggested that most of what we described before is independent of the
main cell body (flows of membrane or fluid from the cell body): a bleb-autonomous
behavior. The difference with the attached blebs is that actomyosin forces induce motion
instead of being counterbalanced by resisting forces from the cell body. We thus
analyzed the relation between actin dynamics and membrane protrusion in these
fragments, which represent a simpler version of a motile cell.

We developed an image analysis pipeline to study the correlation between actin and
edge velocity. First, we acquired a middle-plane actin-GFP image on a confocal spinning
disk. We manually segmented a few frames and fed into the machine-learning software
llastik, which then segments the full movie (Berg et al., 2019). With the mask and the
actin signal, we use the Fiji-based plugin ADAPT (Barry et al., 2015) to extract a map of
edge velocities and intensities. We studied the relation between the edge velocity and
the intensity using a home-made cross-correlation Python script to normalize, average,
and plot the results (Figure 31 C).

We could then link the edge velocity and the actin intensity at each point of the contour
and time point. A simple analysis plotting the distribution of edge velocities against the
binned densities (Figure 31 D) at all time points showed the same conclusion suggested
by the kymographs in Figure 31 B: actin density stalls protrusion above a threshold
density. At contour points with low actin densities, edge velocity is positive. We observe
a sharp threshold density at which protrusion is not favored anymore. Intermediate actin
density, the edge velocity is zero, and at increasing density, edge velocity gradually
becomes more negative (retracting edges).
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To understand the spatiotemporal relation of actin density and edge velocity, we
performed a cross-correlation analysis. We classified the motile fragments according to
the three states of front dynamics we already observed in stable blebs: persistent,
winding, and unstable (Figure 31 E, video available).), and plotted the cross-
correlation analysis for each blebbing state: edge velocity autocorrelation, actin vs. edge
velocity cross-correlation, and dactin/dt vs. edge velocity cross-correlation. Figure 31
F shows the cross-correlation matrices for representative examples of persistent,
winding, and unstable states. Figure 31 G shows the same fragments again but plotting
the value of the correlation coefficient along either the line of zero time lag, At = 0, for
various spatial shifts, which gives the length scale of the correlation; or for zero spatial
shift, As = 0, which gives the temporal correlation fo events occurring at the same place.
Figure 31 H shows the same curves averaged over all fragments (n=17).

This analysis gives a detailed description of the relation between the actin density and
edge velocity in the three cases. Here we point to the main features and their meaning.
As expected from the behavior observed in the movies, the edge velocity and actin
intensity have a pronounced negative correlation at zero time lag. The zero-lag means
that the maximum edge velocity occurs at the time and places of lowest actin density,
and vice versa: the highest retraction speed occurs at the time and places of highest actin
density. There is an interesting pattern emerging when we compare the change in time
of the actin density (dactin/dt) and the edge velocity: we find a negative correlation peak
at -1.5 seconds and a positive correlation peak at +8.5 seconds. Taking together our
observations of the movies and the analysis of the kymographs, we interpreted that the
increase in actin signal starts 1.5 seconds before the decrease in edge velocity. Similarly,
for the positive correlation peak, there is an increase of actin signal 8.5 seconds after
high edge speed. Overall, the analysis indicates that the rise in cortical actin precedes
the membrane stalling and is thus likely causing it, while membrane detachment and
protrusion (high edge speed) is followed after a delay of about 8 seconds by repopulation
of the membrane with actin, consistent with what is known for regular blebs. The
difference is that here this applies to a motile fragment and regulates its motile behavior,
with the unconventional aspect that actin assembly at the front is negatively correlated
with the front protrusion, which is the opposite of the classical picture from lamellipodial
protrusions but is consistent with recent findings resulting from a detailed analysis of cell
protrusion behavior (Welf et al., 2019).
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While actin inhibits protrusion in all the three types of motile fragments, others aspects
differ between them. We compared the cross-correlation matrices (abbreviated as x) for
single fragment examples of each of the protrusion states (Figure 31 E and F). The edge
velocity * edge velocity matrix can serve to calculate the mean “persistence” or “typical”
time and width of protrusions by fitting an exponential. These parameters are analogous
to the ones used to study cell migration trajectories as persistent random motion
(Selmeczi et al., 2005). If taken with a lag space = 0, the normalized autocorrelation

coefficient has the form of p,,,,-m(t) = e~*t where 1 is the decay constant. We can extract

the mean protrusion lifetime or persistence time: 7 = % If we take instead a lag time = 0,

we will find the probability to have the form of p,.,,m (x) = e~** where we can extract the
persistence width of the protrusion o = % As expected, persistent fragments have the
highest persistence time and width, and winding blebs have an intermediate persistence

time and width (indicated on the top for each example in Figure 31 F, G, and plotted
against each other for all fragments in Figure 31 1).

Remarkably, the actin % edge velocity and edge velocity autocorrelation matrices of

winding blebs are tilted due to the traveling membrane tearing wave. The actin % edge
velocity matrices show that the edge velocity and actin density are less anticorrelated in
unstable blebs. We plotted the actin * edge velocity around A(s,t) = (0,0) — in other
words, the correlation coefficient of actin and edge velocity — against the persistence
times and persistence widths. This showed a negative trend, supporting this result. The
dactin/dt * edge velocity matrix loses the correlation pattern in persistent blebs, is tilted
in winding blebs, and is pronounced in unstable blebs. In unstable blebs, the maximum
correlation peak occurs typically at 4s earlier than the average curve, suggesting a more
rapid cortex formation at protrusion sites. In conclusion, by providing a more quantitative
description of the edge dynamics, this protrusion analysis depicts distinct patterns for
each of the three states and confirms the classification we proposed for blebs. It also
further comforts our working model for bleb dynamics and the role of actin at the bleb tip.

8. Reduction of the membrane-actin attachment promotes persistent
blebbing in motile fragments

Following our working model, decreasing actin-membrane attachment should increase
protrusion persistence. To verify this, we used the ezrin inhibitor drug NSC66839 (Bulut
etal., 2012; Ghaffari et al., 2019). We observed that NSC668394-treated fragments could
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still moved efficiently (5-15um/min) but had different morphological features: ezrin-
inhibited fragments displayed wider fronts, more significant projected area, and less
unstable blebbing events. NSC668394-treated fragments also displayed faster cortical
flows and slower front membrane velocity, suggesting less friction with the substrate.
NSC668394-treated fragments had less frequently a uropod (representative images of
control and treated motile fragments in Figure 32 A, video available).). We manually
classified the behavior of individual fragments every 25 frames (12.5 seconds), for the
entire duration of the recording of their motion, into the persistent, unstable, winding, or
retracting modes (Figure 32 B), depending on the actin and membrane dynamics at the
front. This classification showed that NSC668394-treated fragments display persistent
protrusion dynamics more often than control (averaged over all fragments on the top in
Figure 32 B) and individual fragments below).

We then performed an analysis of cortical actin density. Density at the front tip was lower
in NSC668394-treated fragments but not in the rest of the cortex (Figure 32 D left graph,
zoom on the front tip on the middle graph, the statistical significance of the difference on
the right graph, showing that the difference is statistically different only for a few microns
at the very front tip). We then looked at the cortex build up speed from a sparse cortex to
a steady-state cortex (Figure 32 E). To do so, we followed in time cortical windows of
500 nm-depth as they flowed from the front to the back of the fragment. We defined the
cortical buildup speed as the 1/t, where t is the time taken from cortex density=0.1 t0 0.9,
normalized by the intensity plateau. We found that the slope does not differ significantly
between NSC668394-treated fragments and control, suggesting that ezrin inhibition does
not change the nucleation rate of actin in the cortex. These results suggest that, ezrin
either delays cortex formation initiation or perturbs the force balance between membrane
tension and actin at the front, thus leading to less actin binding at the front or more
detachment due to the retrograde flow. These findings are consistent with previous
results on ezrin's role in bleb cortex formation (Charras et al., 2006).

Because tip dynamics dictate overall bleb shape, we also analyzed the differences in
shapes between NSC668394-treated fragments and controls. Visually, treated fragments
displayed more straight shapes than the control, and larger projected areas (Figure 32
C). We studied the shape of blebs more quantitatively by performing a principal
component analysis (Figure 32 F). We identified six shape modes accounting for 95% of
the variance. The primary shape mode (76.7% of the variance) consists of size variability.
The second and third modes (7.2 and 6% of the variance) describe the transition between
straight and curved shapes, and the other minor shape modes describe undulations of

Page 114



the bleb contour (2.3, 2.2, and 1.1% of the variance). Overall, we confirm that the ezrin
inhibition promotes blebs with a broader front than the control condition.

Lastly, we performed the same cross-correlation analysis as for control fragments to see
any differences in edge velocity and actin dynamics in NSC668394-treated fragments
(Figure 32 G). This analysis confirmed the increased persistence phenotype and the
broader front of the ezrin-inhibited fragments, with larger persistence time and width. We
found a more negative actin density % edge velocity correlation at A(s,t) = (0,0) (Figure

32 G), and a forward shift in the cross-correlation of change of actin density * edge
velocity (Figure 32 H). This result is consistent with a more persistent migration and a
delayed cortex formation after protrusion, also seen in the cortex density analysis (Figure
32D).

These analyses suggest that despite a very subtle change in the front actin density, the
depletion of ezrin has a strong phenotype on the shape and blebbing dynamics. These
observations suggest that the negative effect of front actin density on protrusion
dynamics is mediated by its degree of attachment to the front tip membrane. This further
strengthens our working model's relevance, stating that the action of front actin is
mediated by its pulling action on the front, inducing switches from protrusive to retracting
behaviors. A prediction is that ezrin inhibition would hinder actin's ability to hold the front
membrane against the inner pressure, thus displaying increased events of snapping of
the membrane from the underlying actin. These events are illustrated in Figure 32 |, and
will be completed in the next part (video available)

In summary, the above results suggest i) the existence of a threshold in cortical actin
density to allow for membrane protrusion, and ii) that dynamic interaction between actin
filaments and membrane determine bleb shape.

This first part of the results allowed us to propose a general working model for the
dynamic transitions between stable and transient blebs, from their initial appearance
upon confinement to their steady-state dynamics. The classical mocel for a retractile bleb
describes that the cortex assembly on the free membrane is followed by myosin
recruitment and retraction of the bleb. Here, we propose that another bleb state can
emerge when myosin activity is high enough during bleb morphogenesis. High myosin
actility contract from the bleb base an incomplete bleb cortex and depletes of actin from
the bleb front. This state is stable (Liu et al., 2015; Ruprecht et al., 2015) because the
actomyosin retrograde flow as two actions: 1) it prevents front cortex formation and that
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retractile forces pull on the front bleb membrane, 2) it generates an internal pressure
which pushes the free membrane and tenses it. The internal pressure and membrane
tension facilitates the detachment and removal of the nascent actin cortex from at the
front and generates free membrane regions. We then showed that these stable blebs
could display several blebbing modes depending on whether the bleb front is devoid of
actin or displays transient actin assembly. Finally, we demonstrate that these blebbing
modes are independent of the cell body, as these blebs can detach and form motile
fragments that display the same phenotypes.

Because detaching stable blebs always display a motile behavior, we can conclude that
stable blebs are simple autonomous motile structures. Because they have only a few
elements and simple geometry and internal actin organization, we propose that they
could serve as model systems to understand a simplified cellular motile engine in its most
minute details. In order to do so, we turned towards more resolved microscopy methods
and, in the second part of the results below, we show how the various dynamic aspects
of stable bleb protrusion described above can be explained down to the behavior of single
actin filaments, their nucleation, elongation, and bundling, by their association to myosin
motors and their binding to the membrane. This produces, to our knowledge, the first
report of the functioning of a motile cellular structure at this level of detail and
understanding. We also propose that most of the complex dynamics of these motile
objects are well captured by the percolation theory, which was already used to explain
actin networks assembled in vitro, but not extended so far to cellular structures.

9. Actomyosin network assembly in stable blebs

The conditions necessary to see single filaments, at least in the least dense region of the
bleb, at the proximal tip, were achieved in a custom-made set up by a high numerical
aperture TIRF (objective Olympus NA=1.49, camera Andor Zyla 4.2) combined with
microfluidics, which furthers reduces illumination background. Usually, the cortex
consists of a dense meshwork, and even super-resolution techniques have a hard time
resolving single filaments. We played with the advantage of the existence of a gradient
of actin density in stable blebs. The gradient creates areas at the bleb front sparse
enough to observe the organization and dynamics of actin bundles or single filaments.
We used for most of these experiments a HeLa ActB-eGFP (named actin-GFP from now
on) created using TALEN gene editing, named commercially as VizuCELL and
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developed by Cellectis (Paris, France). This cell line provided better resolution without
any apparent alteration in the shape or dynamics of blebs. We also used Lifeact-mCherry
combined with MYH9-GFP (stable BAC cell line), which proved to be enough to visualize
actin structures but with much less resolution than the actin-GFP cell line.

We first examined the actin network's general features in a stable bleb observed by high
NA TIRF (Figure 33 A, videos available, see more examples in the supplementary
information of Figure 33). Visual examination reveals three regions with very distinct
actin organization and dynamics, (the following describes a representative movie of a
stable bleb):

1) at the proximal end of the bleb, actin is extremely dense and cannot be resolved
but flows robustly towards the neck;

2) in the middle of the bleb, actin filaments are more sparse and could correspond
to single filaments or bundles; this region, described in more details later, flows
continuously and shows a purely translational motion, filaments keeping the same
relative position from one image to the next;

3) the front region, with areas devoid of filaments or with short flaments and
bundles not connected into a network, sometimes reaching to the very front of the
bleb. In this region, filaments can display diffusive motion (‘jiggling’), suggesting
they are not firmly bound and do not show persistent retrograde flow. The actin
density in this region can change drastically in time: phases devoid of actin can
be followed by actin enrichment, leading to more connected filaments, until it gets
connected to the flowing region. Then, the flow removes the entire ensemble of
new connected filaments in a bloc.

To gain more quantitative insight, we performed a PIV analysis on a 2-minute movie
(Figure 33 A right image shows analysis on a representative bleb). The three regions
were also appeared clearly in the PIV analysis, with a region without consistent flow
(region I), a region of consistent parallel flow (region II), and a region of convergent flows
at the proximal end (region III) (see more examples in the supplementary information of
Figure 33). Plotting characteristics of the actin meshwork and velocity field can further
show these three regions from the distal to the proximal end (Figure 33 B), averaged
over the bleb's width. As previously reported (Liu et al., 2015; Ruprecht et al., 2015), the
actin density increases steadily towards the proximal end (Figure 33 B, top graph). The
flow speed (same graph) first increases from the leading edge to reach a steady velocity
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in what corresponds to region II and diminish towards the bleb base, reaching zero at
the neck (which suggests that actin does not flow out of the bleb to the main cell body,
as the analysis of the motile fragments already revealed). Plotting together the
divergence of the flow field, its local order, and its correlation length also clearly
established the existence of three distinct regions with the characteristic features
observed before in a qualitative manner. Overall, the region I shows a low actin density
and an inconsistent flow with a very low correlation length; region II shows a persistent
fast parallel flow with high local order and correlation length, while the region III shows a
high actin density with a persistent low-speed convergent flow, a high local order and an
intermediate correlation length. Together, these results give a first image of the actin
meshwork in the stable bleb with a ‘gas-like’ disordered distal front (region I), a flowing
‘solid-like’ intermediate region (region II), and a flowing contractile rear (region III).

We first focused on region III and imaged together actin (Lifeact-mCherry) and NMIIA
(MYH9-eGFP). Most of the NMIIA signal concentrated in this region, with only very few
individual myosin Il clusters visible in region I and a few sparse small clusters in region
II (Figure 33 C for a representative bleb, video available). PIV on the NMIIA channel
confirmed the contractile regime of region III (Figure 33 C right image).

Stable blebs constituted simple and accessible living systems useful to study actomyosin
dynamics. Like other biological molecules, NMMIA has inherent polymerization
dynamics: NMIIA monomers assemble intro cortical minifilaments of ~30 molecules and
~300nm long. In the field, the classical model for the assembly of myosin clusters consists
of i) myosin monomers turn into an open configuration and arrive at the actin cortex, ii)
recruitment of monomers until the formation of a stable bipolar minifilament, iii) polarity
sorting and network remodeling, iv) coalescence or coarsening of minifilament into
contraction sites, at the center of asters. However, recent works have argued some
aspects of this model, describing additional mechanisms for the establishment,
coarsening, and propagation of myosin minifilaments in the 2D cortical network (Das et
al., 2020; Fenix et al., 2016; Mosby et al., 2020; Wollrab et al., 2019). Complementary to
the network contraction model, the network expansion model proposes that existing
minifilaments serve as a template for new ones. Following this model, minifilaments can
spit to “colonize” neighboring regions and eventually concatenate into ordered 2D
networks. The network contraction model is dominant in the myosin clusters found at
the lamellipodium base, but network expansion is dominant in the contractile
actomyosin ring in dividing U20S cells. In-depth analysis of the NMIIA clustering
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dynamics provided in these images is likely to provide novel insights in the assembly of
the contractile actomyosin meshwork at the proximal end of the bleb but was left aside
because it has been treated in other studies and relatively well understood (Fenix et al.,
2016; Fenix and Burnette, 2018; Jiu et al., 2019; Laporte et al., 2012; Taneja and
Burnette, 2019; Wilson et al., 2010).

Nevertheless, we provide a few interesting observations showing the colocalization of
NMIIA clusters with actin filament asters (Figure 33 D), merging myosin foci into larger
aggregates (Figure 33 E-G, videos available). Note that it is possible that quantitative
analysis of the intensity in the myosin dots, especially in the less dense region, could
allow us to count single motors, but this analysis has not been performed. We observed
minifilament dynamics supporting both expansion and contraction models in stable blebs.
We observed that some myosin minifilaments could coarsen gradually, increasing the
myosin intensity and slowing invading the neighboring cortex (Figure 33 E). Other
clusters combine coarsening with network expansion, showing splitting events, in which
a new minifilament emerges from an existing cluster to make a step of ~1um to the side,
and then establish there and coarsen (Figure 33 F). These events appear to be more
common at medium actin densities. Overall, we conclude that the proximal end of the
bleb concentrates most of the contractile activity of the network, generating the
retrograde flow of the entre bleb.

10. Actin network assembly in stable blebs: a connected and not
contractile network forms between the front, free of actin, and the contractile
base.

The actin cortex in the middle region (region II) seemed visually more passive, with pure
translational motion, suggesting a highly cross-linked network without contractile activity,
moved backward by region lll's contractility. The high correlation length (above 6 pm) in
this region confirms the solid-like behavior (representative bleb in Figure 34 A) and the
parallel nature of the flow (Figure 34 B, video available). The least dense region of the
bleb front (also the region with smoother contour) displays a group of filaments/bundles
not connected to the network (Figure 34 C, video available). The least dense region
localizes in the direction of bleb protrusion: in the front of persistent blebs and on one
side of winding blebs (Figure 34 C). These unconnected filaments did not flow rearward
(Figure 34 D, arrow) until they connected to the flowing network, leading to a depletion
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of the very front. As a result, the PIV analysis, which shows a persistent flow of the
connected region (red line, bottom right graph Figure 34 D, video available), revealed
transient retrograde flows in the distal tip region, corresponding to events of loose actin
bundles or network fragments connecting to the main flowing network. This detailed
analysis of representative examples reveals an unexpected stochastic aspect of the flow
dynamics at the bleb front, as the assembling network reticulates and connects to the

rearward flowing network.

11. Actin network assembly in stable blebs: from single actin filaments
at the distal tip to a connected network

We last focused on the network assembly at the distal tip of stable blebs. This region
does not display any consistent flow, contrary to the rest of the actin network in the bleb
(Figure 35 A). We could observe typical actin molecular dynamics similar to the ones
observed in in vitro reconstitutions such as what appears to be single filaments of various
sizes displaying diffusive movement (Figure 35 B, C, available movie), branching
(Figure 35 D, available movie), linear elongation (Figure 35 E, available movie), and
crosslinking (Figure 35 F-H, available movies). The diffusive behavior (‘jiggling’) and
the branching angle and polymerization speed values (Figure 35 D bottom graphs)
suggest that we can detect single actin filaments on the membrane of blebs. We
observed many small fragments that stitch together in bigger linear or branched bundles
(Figure 35 F top images and available movie). Consistently with the role of crosslinking
in stable bleb migration described in earlier works (Logue et al., 2015), we find that
crosslinking is prominent at the bleb front and is a major mechanism for network
formation from multiple seeds or fragments, as opposed to solely nucleation of pre-
existent cortex emanating from the base. Nevertheless, we interpreted that there is also
a presence of nucleators, in particular Arp2/3, as the branching angles and
polymerization speeds coincide with its in vitro description by TIRF methods (Amann and
Pollard, 2001).

To observe the localization and dynamics of the main actin bundlers present in HelLa
(information from Gregory Adams in C. Waterman’s lab at NIH), we transfected
fluorescently-labeled alpha-actinin and filaminA alone or in combination with actin-GFP.
When transfected alone, we noticed a characteristic banded pattern, similar to what we
find on the actin channel (Figure 35 F bottom left images and arrows). When transfected
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on the actin-GFP line, we observe a clear co-localization of the two markers. Strikingly,
alpha-actinin can bind to actin filaments up to the front of the bleb, decorating even small
bundles. As expected, bundlers decorate in particular overlapping regions between actin
filaments (Figure 35 F, bottom right images, black arrows). Bundlers are absent from
small filaments, which we interpret as one more sign of the ability of this technique to
detect single filaments. To confirm that, we analyzed the density of signal along an actin
bundle showing spots of alpha-actinin and found that regions dense in alpha-actinin (red,
Figure 35 G) also corresponded to regions of increased signal in the actin-GFP channel
(blue, Figure 35 G). We followed filaments meeting to form bundled networks and found
that crosslinkers quickly (<1 second) decorate filaments when they encounter (Figure 35
H and available movie). This observation suggests that crosslinkers are both abundant
and very dynamic at the bleb front and induce rapid bundling of the single actin filaments,
generating the connected network found in region II.

12. Actin network assembly in stable blebs: force transmission from the
proximal contractile end to the distal tip through the connected network.
Signs of force percolation.

As shown for less resolved images, in stable blebs, NMIIA motors usually concentrate in
the base of the bleb, while actin filaments can reach further towards the bleb front. As
mentioned earlier, some parts of the membrane can have such low actin concentration
that filaments or groups of filament appear not to connect to the flowing network. To verify
this hypothesis, we followed actin filament dynamics in sparse regions. We found that
filaments remain static or with Brownian-like motion if not linked to the flowing network.
This remark confirms that the actin cytoskeleton is practically an empty shell close to the
membrane and that the TIRF images are sufficient to explain the molecular behavior of
the actin filaments. In sparse regions, we found an irregular pulsatile behavior. The actin
network's connection to the retrograde flow below results in a complete and fast depletion
of actin. Actin depletion, in turn, prevents mechanical connections between the bleb front
and the bleb base, creating a network of static filaments that do not flow until new links
form. This behavior suggests that dtress percolation through the network controls actin
dynamics. We observed a region of sparse filaments at the front of persistent blebs,
allowing for a persistent membrane protrusion.When the stress percolated to the front
membrane produces more complex dynamics, such as winding and unstable blebbing.
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In winding blebs, the region populated with sparse filaments localizes on the side, but
always on the protrusion direction.

Based on these observations, we propose that the actin network is responsible for
propagating contractile forces at long ranges from the bleb proximal end up to the distal
front. This long-range force transmission can describe the stable, contractile, and
intermediate regimes, which were not described by previous models (Callan-Jones et al.,
2016; Ruprecht et al., 2015). The existence of intermediate regimes implies that single
bundles or single filaments must exert forces on the membrane and other filaments. The
addition of molecular percolation events then creates a gradual transition from a steady
persistent to a tortuous winding protrusion, then to a retracting bleb.

We selected a few examples of molecular events that exemplify force percolation events
between actin filaments and from actin filaments to the membrane. Filaments align when
subjected to stress, and crosslinking bonds are flexible enough to allow alignment and
flattening of network connections (Figure 36 A). When subjected to higher stress,
bundles can break, resulting in fast relaxation events in the form of network recaill,
showing that the contractile stress produced at the base is enough to break the network
at the front (Figure 36 B).

We also observed events of bundles or single filaments that can transmit forces to the
membrane. For example, bundles can slide and reorient while keeping their connection
to the membrane, using the membrane as “rails.” This shows that not only networks but
also single filaments or bundles and can keep a strong membrane adhesion while moving
tangentially (Figure 36 C). We also observed cases of membrane-filament snapping,
reminiscent of the events observed at lower resolution in Figure 32 |: a single bundle can
hold the membrane front, indenting it, until it detaches, followed by a rapid recoil (Figure
36 D). Lastly, membrane-filament interaction can also result in membrane retraction
(Figure 36 E).

13. Phase transitions in cortical actin in blebs. Actin network percolation
could explain the dynamics of actin networks in stable blebs.

(Note: we show here the first steps towards providing evidence and quantification which

will later serve to build a physical model of the network dynamics, based on percolation

theory — an ongoing collaboration with Raphael Voituriez)
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The theory describing force percolation in contractile gels is well developed and could
predict the contractile behavior of in vitro actin networks (Alvarado et al., 2017, 2013; Tan
et al., 2018). To test whether the actin flows and force transmission in stable blebs could
be described with similar elements, we performed a more detailed analysis in a
representative example of a stable bleb. We used a homemade image analysis pipeline
combining llastik, Fiji, and custom-made Python codes, to compute actin density {(p4ct),
network skeleton density, and the cortical velocity field u(x,y) (Figure 37 A) For these
parameters, we average over the entire movie to provide average values per region. First,
from the velocity field we can calculate the divergence (V - u(x,y)) to identify regions
where the cortical network is relaxing (div>0) or contracting (div<0). Assuming steady-
state density, we can calculate the average network turnover (V - (p - u(x,y))), to see
where actin is being polymerized or disassembled. In contractile actomyosin networks
with increasing link density, the correlation length (C(r,0) ) and a local order parameter
S ={(cosB) ;,cq1 are expected to capture the first transition from a gas to a solid phase
and the second transition from a solid to a contracting network. Consistently with the
literature, we find that with increasing density, the local order parameter is monotonic,
whereas the correlation length has a peak in the solid phase towards the base of the
central region (region II, Figure 37 A).

If the gas-to-solid transition is due to the molecular interaction of filaments in the plane of
the membrane, the transition from a gas to solid phase should be reflected in a 2D
network analysis (Figure 37 B). To do so, we converted the actin network into a binary
skeleton (Figure 37 B, left images). When plotting the skeleton density against the actin
density, we observed a first phase when both parameters are linearly proportional, and
a second phase when the actin density increases at a constant skeleton density (figure
13 B right graph). The first phase corresponds to increasing 2D network density. The
second phase starts after actin has fully covered the layer close to the membrane: the
increase in fluorescence density does not correspond to increasing network density,
probably due to the filament stacking. The percolation should happen before the end of
the first phase when the 2D network is critically connected. To verify this condition, we
binned individual interrogation windows by density and plotted their correlation length
(Figure 37 C) and local order parameter (Figure 37 D). Consistently, we find that the
phase transition occurs at a network density <1um/um?2, even though the maximal
network density is ~2um/pum?.

We focused on the binarized and network skeleton to check more predictions from the
percolation theory. We identified the biggest cluster C1, attached to the base, and all the
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other clusters C2, Cs, ..., Cn ordered by size (¢) such as &2 > é3>...> &n. We should see
that C1 is the sole cluster moving downwards and that smaller clusters incorporate to the
retrograde flow only after connecting to C1. Indeed, we verified this condition and noticed
a delay between cluster networking and flow, suggesting a causal relationship (Figure
37 E). Percolation theory also predicts that at increasing percolation probabilities, 1 (the
size of C1) should increase monotonically, but 2 (the size of C2) should have a peak
around the critical percolation density p.. We identified the biggest and second-biggest
cluster size in the skeleton analysis (Figure 37 F). Since the bleb contains a wide range
of density along its length, we focused on smaller windows that have network densities
in the linear regime (<2um/um?2) (Figure 37 H). Consistently, we find a monotonic
increase in size of C1 and a peak in the size of C2 at p. = 0.9 (Figure 37 1), which is
approximately the same network density at which we see the phase transitions in figure
Figure 37 C and Figure 37 D. We conclude from this analysis (which needs to be
conducted on more blebs) that the network percolation theory developed for in vitro actin
networks has a great potential to fully capture the main features of the actin network
dynamics in a stable bleb, and explain how the force transmission from the contractile
proximal end to the distal assembling end generates the complex dynamics and the
shape of stable blebs and, by extension, of motile fragments.

14. Additional evidence on the 3D actin structure in the bleb and its
importance to control bleb shape

Actin network structure in fixed blebs

Previous studies proposed that the orientation and organization of actin filaments give
rise to stress anisotropies in the actin cortex and control the elongated shape of blebs
(Ruprecht et al., 2015). We asked if the orientation of actin flaments at the front could
give some insight into the formation of long shapes observed in blebs. Fixed samples
allow for a detailed analysis of the actin filament microstructure, orientation, either with
light microscopy techniques or with electron microscopy. We developed a method that
allows the fixation of confined cells. It consists of a plastic holder placed with a 1% low
melting point agarose block on a PLL-g-PEG-coated glass, pushing down a soft agarose
block against the coverslip seeded with cells. The fixative is applied onto the agarose,
which is later removed, and the sample is processed accordingly (Figure 38 A). Cells
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maintain dynamic blebbing under agarose (Figure 38 B). However, the system cannot
control the confinement height, which can be under 1.5 micrometers at the blebs' front.

We stained HelLa cells with phalloidin-alexa488 to visualize the F-actin network. We
observed that the cortical network at the front of blebs comprises a well-ordered collection
of bundles perpendicular to the main bleb axis (Figure 38 C). Actin bundle formation at
the front seems to be more predominant in fixed samples than in live cells, possibly by
the change in geometry (Figure 38 C). We observe that the bulk of the bleb contains
cortex “scars,” suggesting sequential blebbing events and transient cortex formation. The
perpendicular orientation of actin bundles is specific to blebs that display actin-free front
(stable blebs) and is lost in blebs that have rebuilt a cortex all around the bleb contour
(Figure 38 C, right). The biased bundle orientation visually decays in the middle of the
bleb, regardless of the state of the front cortex, but it is hard to quantify orientation in
dense actin networks with standard microscopy. This suggested that actin turnover could
perform fast remodeling and ‘randomize’ the structure.

To quantify the cortex's orientation in the denser bleb regions, we performed polarized
confocal microcopy on fixed samples. This technique consists on projecting polarized
light on the sample and turn it to capture the entire angular spectrum, and it is particularly
useful to see general orientation in biological polymers (Mavrakis et al., 2014). Using the
correct actin dyes and fluorescent markers with a restructured molecular vibration, one
can quantify the orientation and degree of alignment of a dense network. The analysis
outputs two angles: p, the mean angular orientation, and 1, the angular aperture. The
first will measure the filament's general direction and the latter will measure if the
filaments are well aligned (Figure 38 D). y is limited by the choice of dyes and fluorescent
probes because they will have intrinsic variability. For actin-phalloidin-Alexa488, the
minimum measured aperture angle is ~120°. Consistently with previous results, we
observed that the front cortex comprises highly aligned bundles that follow the bleb
contour. Compared to the middle of the bleb, the mean angular aperture () at the front
is reduced, and the distribution of normalized mean orientation p — (p) is narrowed
(Figure 38 D J bottom).

Other results point to the effect of membrane topology in the structure of the cortex. In
winding blebs, the order of actin filaments aligns with the positions where there was a
membrane, creating cortical topological defects (Figure 38 E, zone 2). At the middle and
the back of the bleb, actin gradually becomes more disordered, and some asters are
formed, probably by the effect of cortical motors (Figure 38 E, p field of entire bleb). The
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ordered configuration following bleb contour is lost, on average 10-20 microns after the
bleb front (Figure 38 E, p field of entire bleb). The ‘decay length’ could be explained by
network turnover, assuming retrograde flow speeds in the order of 10um/min (Liu et al.,
2015) and actin turnover in the order of min-' (Bovellan et al., 2014). Strikingly, the
ordered and aligned configuration is not lost at the bleb sides, where the curvature is
higher than the middle of the bleb. We measured the mean angular aperture () and the
distribution of normalized mean orientation p — (p) at regions at the bleb front, middle,
and sides, and verified that the sides and the front present similar molecular order, but
that this order was lost in the bleb middle (Figure 38 F). This consistently suggests that
curvature and turnover play a role in determining the molecular orientation of actin
filaments in the confined experimental conditions we are working on. The effect of
confinement and high crosslinking in producing bundles parallel to the contour was
predicted by previous work based in simulations and in vitro work (Koudehi et al., 2019).

The fixation allows for high-resolution techniques based on single molecules, such a
STORM, which provides a single-molecule resolution of the organization of actin at the
bleb front. We used STORM to verify this network organization and calculate the average
bundle thickness found at the bleb fronts (Figure 38 G). Reliably with the other
techniques, we found that actin organizes in bundles at the bleb front, preferentially
perpendicular to the main bleb axis (Figure 38 H) and that bundle thickness ranges from
20 to 250 nm, with a typical size of 77nm (Figure 38 1). This value is consistent with the
measured bundle thickness in vitro in actin/alpha-actinin/fascin networks, in which bundle
thickness is typically 50-100 nm, corresponding to 20-100 filaments approximately
(Claessens et al., 2006).

Inverted contact guidance of blebs on nanogrooves

We hypothesized that the biased bundle formation at the bleb front constrains the
membrane to grow forward and produces the elongated bleb shape. To study the
blebbing direction of long blebs, we had to find a condition that biased and aligned the
migration of the cells. For this purpose, we modified the confiner device and introduced
nanogrooves on the bottom of the chamber. Nanogrooves are well known to bias the
migration of cells, in a phenomenon described for adhesive fibroblasts in the early 1920s
termed “contact guidance” (Harrison, 1914; Weiss, 1934). To make the nanogrooves, we
molded PDMS on unmounted CD-ROMSs, consisting of a regular and large nanogrooved
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surface. We then stick a thin layer of molded PDMS to a glass coverslip. The coverslips
with the molded PDMS are used as the “floor” of our confinement chamber and retain a
regular groove pattern shown by an AFM profiler (Figure 39 A).

Astonishingly, stable blebs displayed inverted contact guidance on the nanogrooves.
Contrary to the parallel alignment of adhesive cells, or D. discoideum (Driscoll et al.,
2014), blebs polarize perpendicularly to nanogrooves (Figure 39 B, video available).
This bias is increased in larger blebs (>100um?) (Figure 39 C), and increases with time
as cells polarize (Figure 39 D). However, grooves do not significantly change the overall
polarization dynamics (Figure 39 E). As mentioned before, smaller blebs do not bias
perpendicularly to grooves; however, we found that the front of small blebs is biased
(Figure 39 F, video available). We hypothesized that the grooves could stabilize
protrusions by i) slowing down the retrograde flow and preventing retraction, ii) perturbing
the membrane dynamics, or iii) biasing front actin bundle formation. We found that the
front membrane advances smoothly when protruding parallel to grooves, but with brief
pauses when advancing perpendicular to grooves, suggesting that the perpendicular
protrusion finds some resistance and that this effect cannot promote perpendicular bias
in the protrusion (Figure 39 G, video available). We then measured the cortical flow
speeds on the bottom plane, parallel and perpendicular to grooves. While we found a
significant difference in the flows measured inside the cell on the margins, blebs did not
display a significant difference in the flow speed as a function of the orientation (Figure
39 H, video available). These results suggest that the groove effect on bleb retrograde
flow or retraction cannot explain the perpendicular bias.

We imaged the actin dynamics at the front of blebs on grooves and found that filaments
are sensitive to the membrane's topology below, aligning to it. Accordingly, filaments
forming on a flat surface present random orientation but filaments on a grooved surface
tend to orient along the grooves (Figure 39 1). This effect is evident in regions that
depleted of actin. When filaments are transiently disconnected from the flow and are free
to polymerize to bundles, they appear parallel to grooves on membrane valleys (Figure
39 J, video available). We observed that the actin shell structure formed at the bleb front
is stable and does not change its shape as it flows back (Figure 39 K, video available).
We take this into account to propose a working model for bleb inverted contact guidance.
The membrane topology at the bottom of the chamber biases the orientation of actin
bundles, promoting bundles parallel to the grooves. This results in the alignment of ring-
like structures at the bleb (already present without the grooves) and the projection of
membrane protrusions perpendicular to the grooves. Altogether, our data support the
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hypothesis that actin structure in blebs is biased by the membrane topology and that the
confined cell geometry enhances the elongated shape produced by the bundled
organization at the bleb front.
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Figure 25: Stable and retractile blebs formed immediately after confinement contain different
actomyosin profiles
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Figure 25: Stable and transient blebs formed immediately after confinement contain
different actomyosin profiles

A: Schematic representation of a confinement device. Cells are confined between a
microfabricated PDMS surface containing pillars of 3um and a standard single-well glass-bottom
culture dish coated with non-adhesive polymers, either PLL-g-PEG at 0.1mg/ml or PAcrAm-g-
(PMOXA, NH2, Si) at 0.1mg/ml.

B: 20x phase image of a typical confinement experiment of Hela MYH9-eGFP. White arrows
point at big blebs that cells form upon confinement and can contribute to cell migration. Imaged
15 minutes after confinement, on PDMS coated with 500ug/ml PLL-g-PEG. Scale bar: 50um.
Experiment ID: 20180213.

C: Schematic representation of the morphological features of blebs formed upon confinement.
The immediate response of non-adherent cells to confinement is the formation of round, transient
blebs. Within a minute, more elongated and stable blebs are formed along with round blebs.

D (top): Manual measurement of individual bleb width and bleb length (grey and yellow dots) and
mean (lines) of Hela MYH9-eGFP Lifeact-mCherry cells under flat-cantilever AFM compression.
We observe a rapid decay of bleb width in the first time points but not of bleb length, which is
pointed by the grey arrow. D (bottom): relative frequency of blebs shorter than (gray) or longer
than 3um (orange). Histogram of absolute frequencies of new blebs per cell longer than 8um
(dark orange) or between 6 and 8um (light orange). D (right): Quartile intervals and mean (cross)
of the aspect ratio (length/width) for all blebs in the first few time points (15s) versus all blebs
after the first time points. We observe that blebs are round (AR = 1) for the first timepoints to then
become elongated. For clarity, the boxplot excludes the outliers.

E: Manual measurement of individual bleb lifetime (the difference between the time of formation
and time when the bleb is completely retracted) and maximal retraction speed (measured
manually from kymographs on MYH9-GFP signal). We observe a significant difference in bleb
lifetime (Welch’s p<0.001) but not on retraction speed (Welch’s p=0.16). The difference the
lifetime could be due in part to the time needed to retract a longer projection. HeLa MYH9-eGFP
Lifeact-mCherry cells under flat-cantilever AFM compression.

F: Representative images on a spinning disk 100x+1.6x of a 3um confinement experiment of
Hela MYH9-eGFP, Lifeact-mCherry on a PDMS coated with 100pg/ml PAcrAm-g-(PMOXA, NH2,
Si). Cells produce initially round blebs that swiftly retract within 60 seconds (black square, H),
and then produce longer blebs that stabilize (black arrow, |). Frame frequency: 1.15s. Scale bar:
10um. Experiment ID: 20191002_25.

G, H: Representative examples of round transient bleb and elongated stable bleb. Same images
as in 1F. Merge of Lifeact-mCherry (labeled as “Actin”) and MYH9-eGFP (labeled as “NMIIA”).
Scale bar: 5um.

I: Manual measurement of distal (solid line) and proximal (dashed line) actin (magenta) and
NMIIA (cyan) cortical accumulation during bleb lifetime in two representative examples of a
transient round bleb (gray, as in figure 11H) and an elongated stable bleb (orange, as in figure
11). We observe that the round bleb accumulates both distal and proximal actin and NMIIA, but
the elongated bleb depletes its distal actomyosin. Intensity density is calculated as Raw
Integrated Intensity divided by the area. Densities are normalized by dividing by the maximum
density.

J: Round and elongated blebs establish distinct NMIIA (cyan) and actin (magenta) density

gradients along the bleb length. The actomyosin 500nm-wide profiles are taken at the time point
immediately after the maximal projected area is reached, when the cortex forms. Intensity density
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is calculated as Raw Integrated Intensity divided by the area, subtracting the cytoplasmic
background. A binned mean is represented in bold line for 10 representative examples of round
blebs and 8 elongated blebs from 3 different cells, by diving the total length of the bleb in 10 parts
and calculating their average. Scale bar: 5um.

K: Classification of blebs by aspect ratio (length over width), NMIIA or actin polarity, and lifetime.
We defined a polarity index ranging from -1 to 1 as a measurement of the asymmetry in cortical
actomyosin accumulation and the direction of its gradient. Blebs accumulating actomyosin only
in the back will have a polarity index close to +1. Conversely, blebs accumulating actomyosin
homogeneously will have a polarity index of 0. The actomyosin profiles are taken at the time point
immediately after the maximal projected area is reached, when the cortex forms. Due to the short
duration of the movies, we cannot measure precisely the duration of blebs over three minutes.
Data is measured from 110 blebs from 9 different cells each in individual confinement
experiments.

L (top): Zoom of the region marked with a black square in the top, where we can appreciate the
accumulation of myosin in the cortical regions and its depletion from the bulk of the cell. Scale
bar: 10um (top) and 2.5um (bottom). L (bottom): Ratio of signal densities between a cytoplasmic
region not occupied by the nucleus (where the signal is excluded) and a 500nm cortical region in
10 representative cells.

Page 131



Figure 26: Activation of NMIIA by cPLA2 and Ca?* is required to trigger cortical contractility and the
formation of stable blebs
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Figure 26: Activation of NMIIA by cPLA2 and Ca2+ is required to trigger cortical
contractility and formation of stable blebs

A (top): Schematic representation of a cell confined to 3um under a FIB-sculpted flat AFM
cantilever. The measurements of the force exerted by cells on the cantilever and the confocal
images are recorded simultaneously. A (bottom): 63x phase image of a confined Hela cell
MYH9-eGFP Lifeact-mCherry. Scale bar: 10um. Experiment ID: 20160202_03.

B (left): Examples of force curves following compression in three cells, showing the variability of
behaviors observed. B (bottom right): Cells aligned by the maximum force peak, with normalized

time (X 1 / tmaximum force peak)-

B (center): Non-muscle myosin [IA (NMIIA) is mostly cytoplasmic in non-adherent Hela cell
MYH9-eGFP Lifeact-mCherry cells. Data shown for control cells (bold line) and Y-27632-treated
cells (light line). Confinement promotes a transition from cytoplasmic globular NMIIA to cortical
phosphorylated minifilaments. This signal clustering can be captured by the standard deviation
(o) divided by the mean (p) of the NMIIA intensity (coefficient of variation) after subtracting the
background outside the cell, depicted on B (right).

B (right): Average (solid line) and standard deviation (shade) of the coefficient of variation of the
NMIIA signal (cyan) and the AFM force exerted against the cantilever (dark red). We observe a
steady increase in NMIIA clustering from 10s to 90s after confinement, followed by a plateau
(marked with a vertical cyan line). The force follows an initial decay curve typical of an elastic
response, followed by a change of trend labeled as “active force onset” caused by the retraction
of round blebs, and a subsequent decay produced by the release of pressure and volume by
elongated blebs. Data computed for 60 frames (300 s total) for 32 cells from 4 independent
experiments.

C: Full cell and zoom (black square) on a cortical region of an AFM-confined MYH9-eGFP Hela
cell. Scale bar: 5um.

D: Time of active force onset (change of trend in the AFM force curve) plotted against the time
of maximum myosin clustering time (start of the plateau of the coefficient of variation of the
myosin signal) as detected by a custom made python script. Data from 32 control cells from 4
independent experiments. Two cells, named cell #12 and cell #13 are marked and plotted in detail
in figure 2E.

E: Temporal description of a cell's response to confinement. We show in parallel AFM force
measurement and myosin clustering (top graphs), a summary of the cell behavior (labels
describing myosin accumulation, bleb shape, force response), and images on the NMIIA channel.
We observe two representative examples for a cell triggering NMIIA clustering rapidly upon
confinement (#13 at the top) and another with a significant lag time (cell #12 at the bottom). Scale
bar: 10 ym.

F: Summary of a small drug screening on Hela Kyoto MYH9-GFP Lifeact-mRFP aiming at
identifying the mechanisms for the formation of round blebs formed immediately after
confinement versus the more elongated blebs formed upon activation of contractility.

n cells Condition Description
20 Control
6 Control-no Control for AACOCF3 cPLA2 inhibitor, which needs to be
serum dissolved in DMEM without serum.
Inhibits Ca?* going out of the ER mechanically (100uM). Activator
11 2APB of the Orai3 (ORAI calcium release-activated calcium modulator
3) protein. Inhibits Ca?* influx through transient receptor potential
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2 channels in rat dorsal root ganglion neurons. Membrane-
permeable SOCE (store-operated Ca?* entry) inhibitor.

5 BAPTA Chelates Ca?* outside the cell (2mM)
BAPTA-AM Cell cell-permeant chelator, highly selective for Ca* (100uM).
EDTA Chelates Ca?* outside and disrupts integrin-mediated focal

adhesions (5mM)

Inhibits Rho GTPase. Concentrations at 2 (n =7) and 20 pg/ml (n

7 C3Tfase = 10)
6 ML141 Inhibits Cdc42 GTPase (30 uM)
5 NSC23766 Inhibits Rac1 GTPase (50uM)
5 Y27632 Inhibits ROK, Rho kinase (10uM)
AACOCF3 cPLA2 inhibitor (no FBS, 20 uM). cPLA2 produces
6 cPLA2 L :
Arachidonic acid.
5 zVAD Inhibits apoptotic caspases (50 uM)

G: Representative confocal 63x images of HeLa MYH9-eGFP Lifeact-mCherry taken 120
seconds after confinement with an AFM cantilever under different conditions: control + FBS, 2-
APB 100uM, Y-27632 10uM, control - FBS, and AACOCF3 20uM. Scale bar: 10 um.

H: Description of cell response to confinement in control + FBS (n = 20), 2-APB 100uM (n = 11),
and Y-27632 10uM (n = 5) conditions. Solid lines represent averages and shades represent
standard deviations. H (left): Standard deviation (o) divided by mean (u) of NMIIA intensity
(coefficient of variation) as a function of time. H (middle): AFM force measurements. H (right):
Average retraction speed of the cell edges (um/min) as a function of time, measured by the Fiji
plugin ADAPT (Automated Detection and Analysis of ProTrusions).

I: Description of cell response to confinement in control - FBS (n = 6), and AACOCF3 20uM (n =
6) conditions. Solid lines represent averages and shades represent standard deviations. | (left):
Standard deviation (o) divided by mean (u) of NMIIA intensity (coefficient of variation) as a
function of time. | (middle): AFM force measurements. | (right): Average retraction speed of the
cell edges (um/min) as a function of time, measured by the Fiji plugin ADAPT (Automated
Detection and Analysis of ProTrusions).

J: Comparison of bleb frequencies in control cells (gray) versus drug treatments (white). Blebs
were manually counted in 4 cell regions during 300s. Absolute total frequency of blebs and
frequency of blebs with an aspect ratio greater than 3 is plotted for control + FBS (n = 20), 2-APB
100uM (n = 11), Y-27632 10uM (n = 5), control - FBS (n = 6), and AACOCF3 20uM (n = 6)
conditions.

K: Quartile distribution and mean (cross) of the blebs in panel J in control cells (gray) versus
drug treatments (white). Outliers are not plotted. Welch’s t-test.
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Figure 27: Depletion of actin from the bleb front is required to establish a retrograde flow during
bleb formation and avoid retraction
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Figure 27: Depletion of actin from the bleb front is required to establish a
retrograde flow during bleb formation and avoid retraction

A: Representative example of the formation of a stable bleb in confined HeLa MYH9-eGFP
Lifeact-mCherry. A (top): sequences of PIV (particle image velocimetry) applied at the binarized
NMIIA channel. We appreciate an initial phase where the PIV detects membrane forward
expansion while keeping immobile NMIIA clusters at the base of the bleb. Gradually, membrane
stalls and the cluster begin a retrograde cortical flow which is captured by the PIV. A (middle):
bottom plane on the actin channel, where we observe a gradient of cortical accumulation of actin.
A (bottom): bottom plane on the NMIIA channel, where we observe a progressive depletion of
the cytoplasmic background and enrichment of the NMIIA cortical clusters. Scale bar: 10um.

B: Quantification of the average PIV speed on the Y-axis, the coefficient of variation of the NMIIA
signal, the bleb area, and the bleb neck width of the stable bleb shown in panel A as a function
of time. The green shade represents the area where the average PIV speed on the Y-axis goes
below 0, representing the onset of retrograde flow, labeled “flow onset”.

C: Representative example of a transient bleb in confined HeLa MYH9-eGFP Lifeact-mCherry.
C (top): sequences of PIV (particle image velocimetry) applied at the binarized NMIIA channel.
C (middle): However, as appreciated in the lifeact channel, this onset occurs after the cortex
forms all along the bleb contour, as marked by the black arrow. Scale bar: 10um.

D: Quantification of the average PIV speed on the Y-axis, the coefficient of variation of the NMIIA
signal, the bleb area, and the bleb neck width of the transient bleb shown in panel C as a function
of time. The red area represents the flow onset, which in this case leads to retraction and a
decrease in the bleb projected area.

E: Hela cells with lifeact-mCherry stained with cell mask Alexa-647 (membrane dye) confined
at 3um at a 100x spinning disk confocal. Scale bar: 10um. We appreciate the tip free of actin of
growing blebs (black arrows).

F: Average normalized bleb area and coefficient of variation of the NMIIA signal aligned by flow
onset for stable (E left) and transient blebs (E right). Bleb area is normalized by the maximum
area reached by each bleb. Individual curves are represented as shaded lines. Data
corresponding to 39 blebs from 11 individual confinement experiments (12 cells) and 2 different
dates.

G: Distal cortical actin density in blebs aligned by flow onset for stable (F left) and transient blebs
(F right), with the average normalized bleb area as a reference.

H: Time evolution of the actin cortical gradients of the blebs in panels A and C, color-coded as a
function of time.

I: Model for the formation of a stable bleb protrusion. i) We define a kinetic parameter for the
formation of a cortex, which leads to membrane stalling. This time depends on the presence of
nucleators and the geometry and extension of the bleb. ii) We define another kinetic parameter
for the onset of contractility, which depends on the presence of mature NMIIA minifilaments,
cortex architecture, and signaling. The onset of contractility produces a flow. iii) If the onset of
contractility occurs before the formation of a cortex completes, the actin will be removed from the
front of the bleb continuously, creating a stable gradient and a persistent retrograde flow. iv) If
the onset of contractility occurs only after the cortex has completely reformed, NMIIA motor
activity will retract the bleb.

J, K: Classification of blebs by aspect ratio (length over width), NMIIA polarity, and actin polarity
(defined as in figure 1L) and colored by bleb stability. We observe that actin polarity can be a
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predictor for bleb stability (I) but not NMIIA polarity (J). Conversely, actin polarity cannot predict
bleb shape, but NMIIA can. Data is measured from 110 blebs from 9 different cells each in
individual confinement experiments.

L: Classification of blebs by NMIIA and actin polarity. We observe that actin and NMIIA polarity
are proportional, but that stabilization is observed only at high actin polarity. Data is measured
from 110 blebs from 9 different cells each in individual confinement experiments.

M: Classification of blebs by time of membrane stalling (defined as the second frame at which
the area stalls or decreases), and time flow onset (defined as the second frame at which a
centripetal myosin flow is observed). Data corresponding to 39 blebs from 11 individual
confinement experiments (12 cells) and 2 different dates.
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Figure 28: Myosin activation promotes bleb retraction or stabilization depending on the blebbing
state
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Figure 28: Myosin activation promotes bleb retraction or stabilization depending
on the blebbing state

A: Schematic illustration of the optogenetic system used to induce local activation of contractility.
The CIBN/CRY proteins dimerize under blue light, recruiting ArhGEF11 to the membrane, which
activates RhoA locally.

B: Effect of local blue illumination on HeLa GFP-CIBN-CAAX mCherry-CRY2-ArhGEF11 lifeact-
iRFP670 cells. DIC (top row) and ArhGEF-mCherry 60x TIRF images of 3um-confined before
and after activation. Blue square shows the area where the illumination pattern is projected, at a
frequency of 3 seconds. The black arrows point at the sites of recruitment of ArhGEF11. Scale
bar: 10um.

C: Summary of the observed effects of illumination on HeLa GFP-CIBN-CAAX mCherry-CRY2-
ArhGEF11 lifeact-iRFP670 cells.

D: Effect of illumination at the front of a stable bleb. HelLa GFP-CIBN-CAAX mCherry-CRY2-
ArhGEF11 lifeact-iRFP670 cells are illuminated at the area marked with the blue dashed square
every 3 seconds. The time labels refer to the time of the start of illumination. Scale bar: 10um.
E: Same as panel D, TIRF images of the ArhGEF11-mCherry channel.

F: Same as panel D, phase-contrast image sequence.

G: Measurement of bleb area, blebbing angle (defined as in figure 4 G), and ArhGEF11 density
at the front and neck of the bleb as a function of time from the start of illumination, for the stable
blebbing cell in figures 5 D and E. The illumination period is marked with the blue shaded area.
H: Effect of illumination at the front of a retracting bleb. HeLa GFP-CIBN-CAAX mCherry-CRY2-
ArhGEF 11 lifeact-iRFP670 cells are illuminated at the area marked with the blue dashed square
every 3 seconds. The time labels refer to the time of the start of illumination. Scale bar: 10um.

I: Same as panel H, TIRF images of the ArhGEF11-mCherry channel.

J: Same as panel H, phase-contrast image sequence.

K: Measurement of bleb area and ArhGEF11 density at the front and neck of the bleb as a
function of time from the start of illumination, for the retracting blebbing cell in figures 5 G and H.

The illumination period is marked with the blue shaded area.

L: Summary of the results of the optogenetic experiments conducted with ArhGEF11, TIAM1,
and ITSN small GTPase activators.
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Figure 29: Retractile blebs can be switched to stable states by increasing external compression
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Figure 29: Retracting blebs can be switched back to a stable state by increasing
external compression

A: Blebs in confined HelLa cells can rapidly polarize and stabilize upon confinement increase.
Image sequence of HelLa cells MYH9-eGFP lifeact-mCherry under increasing confinement. Scale
bar: 10um.

B: Increase of confinement in blebbing cells leads to an increase in cell projected area, which is
preferentially protruding from new blebs and already-formed stable blebs (with a front low in
actin), but not on retracting blebs. Images of the middle plane of actin-GFP confined HelLa cells
at ~4 versus ~3 uym. Scale bar: 10 ym.

C: Time sequence and zoom of the two regions depicted with dashed black squares in panel 5B.

D: Blebs can stabilize upon increased confinement. A retracting bleb (t=0s) swiftly transitions first
to a winding state (t=+50s) and then to a persistent state (t=+100s) upon confinement. On the
right, we see an example of two smaller winding blebs that fuse under increase confinement and
immediately switch to a persistent blebbing state. Images of Hela Actin-GFP cells on a 100x
confocal spinning disk. Scale bar: 10 um.

E, F: Image sequence at bottom or middle planes of blebs in HeLa actin-GFP cells after increased
confinement. Scale bars: 10 ym.
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Figure 30: Stable blebs can spontaneously switch between blebbing modes, displaying persistent,
unstable/winding, or transient retraction phases
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Figure 30: Stable blebs can spontaneously switch between blebbing modes,
displaying persistent, unstable/winding, or transient retraction phases

A (top): Evolution of flow speed and bleb shape in stable blebs that collapse. Flow speed
(measured manually on NMIIA kymographs) and bleb length as a function of the time from actin
cortex reformation at the bleb front. A (bottom): Relation between flow speed (30 seconds after
cortex formation) and change in bleb length (change from 0 to 30 seconds after cortex formation).

B: Lifeact-mCherry images and PIV (based on the NMIIA channel) of a confined HelLa cell MYH9-
eGFP Lifeact-mCherry over 10 minutes. We observe transient retraction events at which the
cortex covers the entire contour of the cell (as indicated by the black arrows). Scale bar: 10 um.

C: Average PIV speed on the Y-axis and distal cortical actin density of the cell represented in
figure 4A. We observe sudden increases of actin density, which correlates in time with a decrease
in flow speed as indicated by the black arrows.

D: Evolution of bleb contours over 30 seconds of representative examples of a persistent,
winding, unstable, and retracting bleb.

E (left): Representative NMIIA and lifeact images on the middle-plane of representative examples
of persistent, winding, unstable, and retracting blebs. In winding and unstable blebs, we can
observe scars of the cell cortex flowing back inside the cell, as pointed by the black arrow. E
(right): normalized, background-subtracted actin line scans on the pink arrows indicated on the
images. Scale bars: 10 um.

F: Actin-GFP (top) or lifeact-mCherry (middle and bottom) middle-plane examples of transitions
towards retraction or towards stability. The data suggest that winding and unstable behavior are
transitions between the persistent blebbing and a retracting bleb. Scale bars: 10 um.

G: Spontaneous transition from a winding to a persistent blebbing. G (left): Lifeact-mCherry
bottom plane images of the transition in false color. Scale bar: 10 ym. Kymograph of actin density
along the longer bleb axis. Dotted red lines represent the positions of the bleb front and bleb
neck. Scale bars: 5 ym and 60s. G (right): Bleb protruding angle (respective to the bleb main
axis) and aspect ratio over time. We appreciate the sudden stabilization of the protruding angle
around 130s. The green and yellow shaded regions represent the times of winding or persistent
blebbing behavior.

H: cortical actin gradients along the bleb contour, as a function of distance from the bleb neck or
normalized x. We observed that the normalized gradients fall under the same line, suggesting a
dynamic reconfiguration of the actin density gradient.

I: Fraction of blebs in persistent, winding or unstable modes under different conditions: control
(PLL-g-PEG coating), jasplakinolide at 100 nM (actin stabilizer, known to increase the actin
gradient), PLL coating (increased friction, known to decrease the actin gradient), and cells treated
with the ezrin inhibitor NSC668994 at 10uM.
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Figure 31: Cortical actin controls protrusion dynamics in motile bleb fragments
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Figure 31: Cortical actin controls protrusion dynamics in motile bleb fragments

A: Top, middle, and bottom planes of an actin-GFP bleb fragment, and contours over 2 minutes.
We observe the sparse and bundled actin cortex present at the bleb front, as indicated by a black
arrow. Scale bar: 5um.

B: Image sequence of a Hela actin-GFP bleb fragment changing direction and zoom in on the
front cortical region marked with a back square (top). Scale bar: 5 um. We observe that actin
accumulation at the front precedes to membrane stalling with a small delay, as shown by the
kymograph on the right.

C: Pipeline for protrusion and actin cross-correlation analysis of bleb fragments. First, the signal
is acquired on actin-GFP. The high background of the actin-GFP signal allows for a good
segmentation, which is performed manually for a few time points and then fed into llastik to
segment the rest of the movie. The Fiji plugin ADAPT (Automated Detection and Analysis of
ProTrusions) allows for the analysis of protrusion edge and image segmentation. The actin
cortical density is calculated on a 300 nm area beneath the cell contour, on background-
subtracted actin-GFP movies. The cross-correlation analysis, normalization, and plotting is
performed using a homemade Python algorithm. The output of the pipeline is three cross-
correlation matrices: edge velocity % edge velocity, actin % edge velocity, and dactin/df % edge
velocity.

D: Distribution of edge velocities per binned actin density at each contour segment for a single
fragment at 300 time points (0.5s/frame).

E: Contours of cell fragments over 30 seconds on persistent, winding, and unstable blebbing.

F: Cross-correlation (sliding dot product) matrices of edge velocity * edge velocity, actin % edge
velocity, and dactin/dt % edge velocity for representative examples of persistent, winding, and
unstable blebbing states.

G: Cross-correlation coefficients at for three representative examples of persistent, winding, and
unstable blebbing. The X-axis represents the lag imposed to the second function, and the Y-axis
represents the normalized cross-correlation coefficient, which yields a time-dependent Pearson
correlation coefficient between the two functions. F (top left): Edge velocity autocorrelation at
As = 0. The tipical time t is extracted from a linear regression of t = log (correlation coefficient). F
(top right): Edge velocity autocorrelation at At = 0. The tipical width s is extracted from a linear
regression of s = log (correlation coefficient). F (bottom left): Cross-correlation coefficient of
actin % edge velocity at As = 0. F (bottom right): Cross-correlation coefficient of dactin/dt %
edge velocity at As = 0. Detected minima and maxima around t=0 are marked on the right.

H: Averages (solid line) and standard deviations (shade) of different cross-correlation coefficients
for all control fragments. G (top left): Edge velocity autocorrelation at As = 0. G (top right): Edge
velocity autocorrelation at At = 0. G (bottom left): Cross-correlation coefficient of actin » edge
velocity at As = 0. In average, we observe a minimum peak at zero lag, which indicates that that
the highest edge velocity occurs at the lowest actin density and that the lowest edge velocity
(negative) occurs at the sites with high actin signal. G (bottom right): Cross-correlation
coefficient of dactin/dt % edge velocity at As = 0. In average, we observe a minimum peak at -1.5
second lag (-3 time points), which suggest that the maximum increase of actin signal happens
1.5 seconds before the maximum decrease of velocity, or that the decrease of actin signal
happens 1.5 seconds before the increase of velocity. We also observe a positive correlation peak
at +8.5 s (+17 time points), suggesting a delay of +8.5 seconds between the maximum increase
in velocity and the maximum increase of actin, meaning that 8.5 seconds after a protrusion we
will have an increase in the actin signal
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I: Persistence time and bleb width computed from the edge velocity autocorrelation matrix,
computed for each motile fragment.

J: Persistence time plotted against actin % edge velocity at 4 (s,t)=(0,0), computed for each motile
fragment.

K: Persistence width plotted against actin % edge velocity at 4 (s,t)=(0,0), computed for each
motile fragment.
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Figure 32: Reduction of the membrane-actin attachment promotes persistent
blebbing in motile fragments

A: Examples of bleb fragments of control cells (top) and cells treated with ezrin inhibitor
NSC668994 at 10uM (bottom).

B: Representation of the migration phenotypes of bleb fragments of control cells (top) and cells
treated with ezrin inhibitor NSC668994 at 10uM (bottom) over 3 minutes, manually classified.

C: Superposed and aligned contour of all control and ezrin inhibitor fragment every 30 s. C
(right): Distribution of projected areas in control and ezrin-inihibited motile fragments. Scale bar:
10 um.

D (left): Actin cortical gradient of control versus ezrin inhibitor-treated fragments as a function of
distance from the bleb tip. D (right): d-value (from Kolmogorov—Smirnov test) resulting from a
comparison between the ezrin inhibitor and control densities at every point. White area
represents the sections at which the two distributions can be considered different, with d-values
at which alpha<0.05 is significant, equivalent to a p value < 0.05.

E: Cortical actin density in cortical regions flowing from the front to the rear, as a function of time
(time=0 is bleb front). Curves are normalized by their plateau. Slope of the curves from
normalized density=0.2 to 0.8. Welch’s p value.

F: Principal component analysis of bleb shapes (taking together control and ezrin inhibitor
conditions). This analysis of shape identifies the main variations contributing to the overall shape
variance. We identified 6 principal shape modes, accounting for 95% of the variance. K (left):
Average shape calculated from the PCS of shape. K (center): Histograms of shape modes 1, 2,
and 3 in control and ezrin inhibitor conditions. The first mode represents the variety in sizes,
accounting for about 76.7% of the variance, and the second and third modes account for changes
in bleb shape. The rest of the mode represents minor edge undulations. K (right): representation
of other minor shape modes.

G (left): Persistence width plotted against actin % edge velocity at 4 (s,t)=(0,0), computed for
each motile fragment in control and ezrin inhibition conditions. G (right): Computed persistence
time and bleb width from the edge velocity autocorrelation matrix. P-value computed from a
Kolmogorov—Smirnov test.

H: Cross-correlation matrix of dactin/dt * edge velocity for control and NSC668994 conditions.
I: Representative examples of control and ezrin inhibitor-treated fragments, and their membrane-

actin dynamics at the tip. Scale bar: 10um. I (right): Time sequence and zoom at the fragment
front. Black arrows point at actin and membrane interactions.
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Figure 33: Actomyosin network assembly in stable blebs
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Figure 33 supplementary: Example images of ActinGFP HelLa confined cells on high NA TIRF
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Figure 33: Actomyosin network assembly in stable blebs.

A (left): High NA TIRF image of a stable bleb. Scale bar: 10 ym. A (right): PIV flow analysis of
a persistent bleb. Numbers point at the three identified cortical regions in panel 2B. A (bottom):
Scale bar of PIV flow velocities.

B: PIV speed (grey line, top), actin density (pink line, top), correlation length of the velocities
(gray line, bottom), local order (orange line, bottom) and PIV divergence (blue line, bottom).
Values averaged on the X axis in window between 10 and 20um and plotted as a function of Y
position. Dashed lines represent the approximate limits of the regions 1 (fluid cortex), 2
(crosslinked cortex), and 3 (contracting cortex).

C: High NA TIRF images of a bleb in a HelLa lifeact-mCherry MYH9-eGFP cell, and PIV analysis
on the myosin channel. Scale bar = 10um.

D: Zoom of a region from panel C. Scale bar: 1um.

E-G: Time sequences of HeLa MYH9-eGFP cell on high NA TIRF. Scale bars: 1um. E: Event of
filament coarsening (myosin minifilamtn nucleation without apparent network contraction). F:
event of minifilament expansion (splitting of myosin minifilaments to colonize the neighboring
cortex). G: Event of minifilament contraction (coarsening of minifilament my contraction of the
surrounding network).

Supplementary data: High NA TIRF image of a stable bleb. Scale bars: 10 um.
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Figure 34: Actin network assembly in stable blebs. A connected and not contractile network
forms between the front, free of actin, and the contractile base.
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Figure 34: Actin network assembly in stable blebs. A connected and not contractile
network forms between the front, free of actin, and the contractile base.

A: Left: Example of PIV flow analysis of a persistent bleb shown in figure 9A, highlighting the
crosslinked cortex regime. Right: Spatial plot of the correlation length of the cortical flows,
defined as the length at which the average correlation is above 0.7.

B: High NA TIRF image of an actin-GFP confined bleb, the black square marks the cross-linked
region. Scale bar: 10um. B (right): time sequence of the cortex on the region, and color-coded
time projection.

C: Representative example of actin network structure at the front of persistent (left) or winding
blebs (right). Red lines mark actin flaments not linked to the main network, which is marked in
blue. Scale bar: 10um.

D: Top left: Time sequence of a persistent bleb on high NA TIRF, on the actin-GFP channel
(top), and on the myosin (NMIIA-N-18-mApple) channel (bottom). Scale bar: 10um. Red arrow
shows the site used to plot the kymograph below. Black arrow points at a moving actin bundle
carried by the flow. Bottom left: Kymograph of the flow pointed with the red line on top. Black
arrows point at events were the bundles are transiently not flowing. Scale bar: 20s/1um. Top
right: Zoom on the front region on the actin-GFP channel. Red lines mark actin filaments not
linked to the main network, which is marked in blue. Bottom right: representative flow profile on
a “continuous flow phase” of the bleb, at t=26s. PIV are colored by the velocity vector magnitude,
in um/min, showed below. We selected two windows at the front (green box, green line on the
velocity plot on the right) and the back of the bleb (red box, green line on the velocity plot on the
right), and calculated the median magnitude at each time point (velocity plot of the right).
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Figure 35: Actin network assembly in stable blebs. Single actin filaments assemble into a
connected network at the bleb front
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Figure 35: Actin network assembly in stable blebs. From single actin filaments at the
distal tip to a connected network.

A: Example of PIV flow analysis of a persistent bleb shown in figure 9A, highlighting the fluid
cortex regime.

B: Color-coded time projection of the diffusive behavior of actin filament in the sparse region of
the front. Scale bar: 1um.

C: Time sequence of a representative filament branching event. Black arrow points at the branch.
Scale bar: 1um. Bottom: kymograph along the filament length. Scale bars: 1s/1um. On the right,
histograms of filament growth speeds (um/min) and branching angle (°), and mean value %
standard deviation.

D: Time sequence of a representative filament elongation event. Scale bar: 1um.

E: Top: time sequence of a representative filament crosslinking event, marked with black arrows.
Scale bar: 1um. Middle right: snapshots of blebs transfected with alpha-actinin-GFP. Black
arrows point at sites were we observe stipe patterns. Scale bar: 10um. Middle left: representative
image of a bleb transfected with alpha-actinin-mCherry on HelLa actin-GFP cell line. Image is
zoomed from the black square. Black arrows point at sites of filament overlapping and sites of
accumulation of crosslinker. Scale bar: 10um.

F: Linescan on the filament pointed in figure 11E on the actin and alpha-actinin channels after
background subtraction.

G: time sequence of a cortical network with alpha-actinin-mCherry on HelLa actin-GFP cell line.
Black arrow marks the sites of filament overlapping. On the right, normalized intensity
guantification over time on the sites of filament overlapping marked with the black arrow. Scale
bar: 1um.
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Figure 36: Actin network assembly in stable blebs. Force transmission from the proximal
contractile end to the distal tip through the connected network. Signs of force percolation.
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Figure 36: Actin network assembly in stable bleb. Force transmission from the
proximal contractile end to the distal tip through the connected network, signs of force
percolation.

A: Time sequence of two representative events of filament-flament deformation by retrograde
flow at the front of actin-GFP blebs from HeLa cells on high NA TIRF. Scale bar: 10um (left) and
Tum (right).

B: Time sequence of two representative events of filament-filament rupture at the front of actin-
GFP blebs from HelLa cells on high NA TIRF. Scale bar: 10um (left) and 1um (right).

C: Time sequence of three representative events of filament-membrane deformation and sliding
at the front of actin-GFP blebs from HelLa cells on high NA TIRF. Scale bar: 10um (left) and 1um

(right).

D: Time sequence of two representative events of filament-membrane deformation and snapping
(detachment) at the front of actin-GFP blebs from HeLa cells on high NA TIRF. Scale bar: 10um
(left) and 1um (right).

E: Time sequence of two representative events of filament-membrane deformation and

subsequent retraction at the front of actin-GFP blebs from HelLa cells on high NA TIRF. Scale
bar: 10um (left) and 1um (right).
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Figure 37: Phase transitions in cortical actin in blebs. Actin network percolation could explain
the dynamics of actin networks in stable blebs.
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Figure 37: Phase transitions in cortical actin in blebs. Actin network percolation could
explain the dynamics of actin networks in stable blebs.

A: Time averaged (314 time points) actin density, PIV vectors, divergence, turnover, correlation
length, and local order parameter of a representative bleb with low actin density at the front.

B (left): Example network analysis of a bleb region, from the actin fluorescence channel (top), to
the binarized image (middle), and the extracted skeleton. Scale bar: 1um. B (right): network
density (defined as the fraction of skeleton pixels in a given area / pixel calibration) plotted against
the binned actin density for all time points. Shaded in grey, range of actin density at which
network density does not increase.

C: Quartile distribution of correlation length plotted against binned actin density. Shaded in grey,
range of actin density at which network density does not increase.

D: Quartile distribution of local order plotted against binned actin density. Shaded in grey, range
of actin density at which network density does not increase.

E: Snapshot of a binarized actin network in a bleb. The largest cluster is colored in blue, and all
secondary clusters are colored in red. The black arrow indicated the site to produce the
kymograph on the right. Black arrows indicate time points of stress percolation (“red clusters”
become part of the main “blue cluster”) and subsequent flow. Kymograph scale bar: 30s/10um

F: Cluster analysis of the skeletonized actin network in the bleb at different time points. The main
cluster is colored in blue, the second biggest cluster is colored in green, and the rest of clusters
are colored in red. At time 0, the unprocessed actin-GFP channel is shown. Scale bar: 10um.

G: Time sequence on a small region of the skeletonized region. The main cluster is colored in
blue, the second biggest cluster is colored in green, and the rest of clusters are colored in red.

H: Log-log plot of relative sized (normalized by the system size) of the biggest cluster and the

second biggest cluster, as a function of the network density. The critical concentration is expected
to be the ones at which the two sizes diverge, which is approximately 0.9.
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Figure 38: Actin network structure in fixed blebs
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Figure 38: Actin network structure in fixed blebs

A: Schematic representation of the agarose confinement device (top), and pictures of the device
(bottom).

B: Live-cell imaging of HeLa actin-GFP cells under agarose confinement. Black arrows point at
events of dynamic blebbing. Scale bar: 10um.

C: Top, middle, and bottom planes of a bleb fixed under agarose confinement, displaying an
actin-free front, stained with phalloidin-Alexa488. Regions marked with a black square are
pictured on the right side. Middle: Top, middle, and bottom planes of a bleb fi fixed under agarose
confinement, displaying a front with a clear cortex, stained with phalloidin-Alexa488. Scale bar:
10um. Right: histogram of filament orientation at the front of blebs relative to the main bleb axis,
weighted by the segment length. Right top: histogram of filament orientation of large (red) small
(blue) blebs with an actin free tip. Right bottom: histogram of filament orientation of large (red)
small (blue) blebs with aa full actin front.

D: Top: schematic representation of the molecular order and aperture angles (p, ). Middle:
representative example of a bleb with an actin-free front, confined under agarose and stained
with phalloidin-Alexa488. Scale bar: 10um. On the right, calculated molecular order and aperture
angles (p, w) fields. The angular color code is shown in figure 7K. We marked two regions: front
(“F”) and middle (“M”). Bottom: histogram of molecular order and aperture angles (p, ) from the
front (“F”) and middle (“M”) regions. The values at the bottom of the histograms for Wront, Wmiddie,
Pront aNd Pmidaie represent mean = standard deviation.

E: Top: bottom plane of a bleb fixed under agarose confinement, displaying a winding phenotype,
stained with phalloidin-Alexa488. On the right, zoom of the zone 1 (middle of the bleb) and zone
2 (front of the bleb). Scale bar: 10um. Middle, bottom: calculated molecular order and aperture
angles (p, y) fields. The angular color code is shown on the left.

F: Mean + standard deviation of the molecular order and aperture angles (p, ) fields in the front,
middle, or side regions of 10 selected blebs as representative examples. The plot and values
represent the combined standard deviation of p and w via ANOVA as square root of grand
variance, and the mean of the means for the selected regions in the 10 blebs. Statistical
comparison of front and middle regions yielded non-significant difference in the angular aperture
(p=0.09), but significant difference between the front and middle or sides and middle regions
(p<0.001). We compared the variances in the angular orientation using F-test for variances,
which yielded significant differences in all three pairs of tests (p<0.001).

G: Render of the STORM image of agarose-confined phalloidin-Alexa488 cells using Abbelight
software. Pixel size = 15 nm, scale bar: 10um.

H: Zoom of the region marked with a dotted white square. Scale bar: 2.5um. White arrow marks
the actin bundles observed at the bleb tip.

I: Quantification of the mean + standard deviation of bundle thickness observed at the front of

blebs. Bundle thickness was computer as the full width at half maximum of the bundle Gaussian
from manually traced linescan profiles.
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Figure 39: Inverted contact guidance of blebs on nanogrooves
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Figure 39: inverted contact guidance of blebs on nanogrooves

A: Left: Schematic representation of the confiner device combined with nanogrooves. Middle:
Pictures of the fabrication process of the PDMS nanogrooves, on top the process of removing
the protective iridescent layer on CD-ROMs and on the bottom the finished coverslips with
grooves, showing the diffraction of light caused by the surface topography. Right: AFM
measurement of the profile of the grooves, and their dimensions. Right bottom: rendering and
dimensions of the surface.

B: Left: Representative phase contrast image of adherent HelLa cells seeded on aligned collagen
electrospun fibers. Inset shows lifeact-mCherry cells. Right: Representative fluorescent image
of lifeact-mCherry HelLa cells confined over PEG-g-PLL coated nanogrooves. Scale bar: 20um.
Image was rotated to orient the grooves horizontally.

C: Bleb area and orientation (Ferret’s angle of the bleb relative to groove angle) of blebs during
the first four hours following confinement, pooled from snapshots every 10 minutes. D: Histogram
of bleb orientation (Ferret’s angle of the bleb relative to groove angle) at 0 minutes, 120 minutes
and 240 minutes after confinement.

E: Percentage of polarized cells, defined as bearing a single bleb, for HeLa cells confined on
PEG-g-PLL coated flat or nanogrooved PDMS, measured from snapshots every 30 minutes.

F: Left: Representative image of a myrpalm-GFP HelLa cell (membrane marker) confined on
PEG-g-PLL coated PDMS nanogrooves. The white arrow points at events where the tip is
oriented perpendicularly to nanogrooves while the rest of the bleb is not. Scale bar: 10um. Right:
histogram of relative frequencies of the orientation of whole blebs from non-polarized cells and
the orientation of the bleb tips (defined as the direction of protrusion, respective to the grooves).
Image was rotated to orient the grooves horizontally.

G: Fast recording on phase contrast of a representative example of a protruding bleb on
nanogrooves. Left: snapshots at 0 and 45 seconds. White arrows indicate the linescans used to
construct the kymographs on the right. Scale bar: 5um. Right: kymographs of the membrane
position advancing perpendicular or parallel to nanogrooves. White arrows indicate times at
which the membrane advancement is perturbed by the grooves. Scale bars: 5s/2.5um. Image
was rotated to orient the grooves horizontally.

H: Cortical flows at the bottom plane of confined HeLa MYH9-eGFP cells (plane with the
nanogrooved surface), measured with kymographs at either 0° or 90° respective to grooves. Left:
schematic of the position of kymographs: quartile distributions (cross: mean value) of the
retrograde flow speed perpendicular or parallel to grooves, in blebs or cortical regions, in flat or
grooved PDMS.

I: Left: top and bottom planes of an actin-GFP bleb fragment confined on nanogrooves. Scale
bar: 10pum. Middle: schematic of the experiment, with grooves in the bottom planes and a flat
surface on top, and zoom in of the tip region. Right: Quantification of fiber orientation at bleb tip,
Boxes and bars represent quartile distributions, crosses represent mean values, and p value
represents one-tailed Welch t-test. Image was rotated to orient the grooves horizontally.

J: Z-stack (top) and time sequence of a bleb from Hela lifeact-mCherry cells confined on PLL-g-
PEG coated glass. Scale bar: 10um.

K: Left: Snapshot of a bleb from HelLa actin-GFP confined over PLL-g-PEG coated nanogrooves.
Scale bar: 10um. Right: Zoom and time sequence of an actin-free region at the front. Black
arrows point at the fibers forming at the front of the bleb. Image was rotated to orient the grooves
horizontally.
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Part IV: Discussion and perspectives
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Chapter 10: Discussion of main results

Summary of the work

The first part of my work described bleb morphogenesis immediately after confinement.
Based on the shape, actomyosin organization, and lifetime of individual blebs, we
classified blebs into two groups: round and elongated blebs. Round blebs start to form
immediately after confinement, but elongated blebs start to form only after a delay (~15s).
Round blebs recapitulate actomyosin dynamics and lifetime previously described for
transient blebs (Bovellan et al., 2014; Charras et al., 2008; Cunningham, 1995; Tinevez
et al., 2009). Conversely, we found that elongated blebs gradually deplete actomyosin
from the front to achieve a steady-state gradient during formation. Remarkably, small
elongated blebs recapitulate the actomyosin gradient and dynamics of much larger stable
blebs formed in polarized confined cells (Callan-Jones and Voituriez, 2013). These large
blebs, described in recent works from our lab and others, form actomyosin gradients
due to a sustained retrograde flow that concentrates actomyosin and cortex-bound
proteins to the back of the cell (Bergert et al., 2015; Liu et al., 2015; Logue et al., 2015;
Ruprecht et al., 2015).

We propose a working model for bleb morphogenesis in which the final phenotype
(transient or stable bleb) is due to the relative timing of cortex formation versus
myosin contraction. We observed that blebs, regardless of their shape, only avoided
retraction if they had their front free of actin at the onset of contraction. On the other hand,
blebs that retract accumulate actin at the front before the onset of retraction. In other
words, if the cortex forms completely before contraction, then the bleb will retract.
However, if the contraction happens before the cortex has completely formed, the bleb
will go into a steady-state and form an actomyosin gradient. Consistently, we found that
optogenetic activation of myosin activity in stable blebs promotes stabilization, but it
increases retraction speed in retracting blebs.

Stable blebs can transition between different dynamic steady-states (persistent,
winding, unstable), characterized by different actin-membrane dynamics front.
Persistent blebs keep a constant and smooth shape, and winding blebs protrude by
sequential cycles of bleb and cortex formation. These three stable steady-states plus the
retracting state are present in blebs attached to cells and detached motile bleb fragments,
indicating a bleb-autonomous behavior. Different conditions that weakened the links
between actin filaments and membrane or conditions that depleted actin from the bleb
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front increased the fraction of persistent blebs and persistent motile fragments. Moreover,
the time cross-correlation analysis of edge velocity and actin density suggested cortical
actin prevents membrane protrusion over a threshold density. Our interpretation is that
the physical interactions between actin and membrane at the bleb front mediate
the switches between the dynamic steady-states and that in persistent blebbing, there
has to be a complete mechanical uncoupling between the actin filaments and the
membrane at the front.

We performed confinement experiments with a high NA TIRF setup, which allowed us to
see the actin cortex dynamics in the bleb in greater detail, from the nucleation and
network assembly at the front to the contraction and network disassembly at the back.
We identified three cortical regimes in blebs: |) a contractile cortex at the base of the
bleb, enriched in NMIIA, with convergent flows and concentrating the actin network
disassembly; Il) a crosslinked cortex, in the middle region, that transduces the forces
from the base to the bleb front but does not contract; and Ill) a fluid cortex at the bleb
front, composed of single filaments poorly attached to the membrane or small actin
clusters forming a loose network. Our results present a negative role of actin-membrane
attachment in protrusion persistence and contribute to the recent findings in the field
pointing in the same direction (Bisaria et al., 2020; Welf et al., 2019). They also introduce
an additional role for NMIIA contractility, which is essential for maintaining intracellular
pressure and depleting actin from the cell front. Our results also explain crosslinkers'
function in network assembly, previously identified as essential for stable bleb migration
(Logue et al., 2015). Crosslinkers create the intermediate non-contracting reticulated
network, which is responsible for the long shape of blebs.

These observations are reminiscent of the force percolation dynamics of in vitro
reconstituted contractile actin networks but have not yet been directly observed in a
living system (Abu Shah and Keren, 2014; Alvarado et al., 2013; Bendix et al., 2008;
lerushalmi et al., 2020; Malik-Garbi et al., 2019; Tan et al., 2018). Even in vitro
experiments have not yet been able to link percolation regimes to the density of filaments
at the molecular level. The theory predicts that depending on connectivity or motor
activity, active contractile gels can acquire different regimes: active solutions,
prestressed gels, local contraction, or global contraction. Depending on actin and myosin
densities, the cortex of blebs can recapitulate these regimes: the contractile cortex at the
base corresponds to a global contraction regime, the crosslinked cortex corresponds to
a prestressed gel regime, and the loose fluid cortex at the bleb front corresponds to the
active solution regime. The conductivity density threshold determines the steady-state

Page 166



shape of persistent blebs and can explain the intermediate states between persistent and
retracting that were not accounted for by previous bleb-based migration models. The
description of a cellular process explained by percolation theory at a molecular level
constitutes a novel contribution to the cell biophysics and cytoskeleton field.

| will now discuss some parts of my work, put it in perspective with the state-of-the-art
scientific literature, analyze the novelty of the work and the strength of the claims from
the experimental proofs, and introduce some preliminary data that was not included in
the results section. | will also propose possible future directions for the work and

improvement in the experiments or data analysis.

Bleb shape

Blebs in mammalian cells have been the subject of studies in the field of cell biophysics
in the last two decades (Bovellan et al., 2014; Charras et al., 2008; Cunningham, 1995;
Tinevez et al., 2009). In the context of cell migration, studies have proposed that
subsequent polarized blebbing can contribute to cell migration in the absence of cellular
adhesions to the matrix (Charras and Paluch, 2008). Researchers have recently
discovered that large blebs bearing a persistent flow can contribute to cell migration
(Bergert et al., 2015; Liu et al., 2015; Logue et al., 2015; Ruprecht et al., 2015). However,
so far only the final, steady-state picture has been described, and it is unclear how the
cell transitions from a non-polarized state to a polarized state with only elongated large
blebs. It is also unclear what are, if any, the fundamental differences between the
transient blebs described in the literature and the stable blebs that sustain a retrograde
flow.

The first part of my work contributes to understanding the immediate response to
confinement. We classified blebs into two groups based on three parameters:
cytoskeleton organization, shape, and lifetime. While round blebs start to appear
immediately from confinement, elongated blebs start to appear only after a delay, which
suggested that they are not a direct consequence of the confinement. Blebs form when
the membrane detaches from the cortex, so they should have a round shape at formation.
We showed that, during expansion, elongated blebs form an actomyosin cytoskeleton at
the base, pinching the bleb and giving it a long shape.
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Actin and myosin are the main cortex components and are often conceptualized as a
single composite active material: “actomyosin.” However, actin and myosin gradients in
large stable migratory blebs do not follow the same pattern: myosin is more polarized
towards the bleb base than actin (Liu et al., 2015). Similarly, elongated blebs always
show polarized myosin localization, but do not necessarily polarize actin. The differences
in the stoichiometry of actin and myosin give rise to the different cortical regimes found
in the base and the front of blebs.

Mechanisms to form a long shape

Our analysis of the role of actin and myosin focused on the emergence of retrograde flow
in elongated blebs. While we described the role of cytoskeletal organization in the
emergence of retrograde flow and bleb stability, we did not investigate what causes a
nascent bleb to acquire an elongated shape. Here | will discuss what could be the
mechanism to form a long bleb. At birth, both round and elongated blebs have the same
shape (Figure 25 G, H), but elongated blebs keep growing outwards. Since elongated
blebs acquire their long shape before the onset of contraction, myosin contraction of the
neck cannot explain their long shape at the beginning of bleb formation. However, we
showed that in conditions with reduced myosin activation, cells produce dynamic round
blebs but not elongated blebs, suggesting that the role of myosin activity in the initial bleb
shape might be due to the increase in intracellular pressure rather than its motor activity
at the bleb neck. We observed fragments that transiently lose polarization and maotility
and then regained them, suggesting that the initial polarization can be fully autonomous
(driven by bleb contractility) and does not require pressure from the cell (Figure 40).

0 min 3 min 6 min 9 min 12 min 15 min 18 min

example #1

example #2

Hela no marker / Brightfield

Figure 40: Bleb fragments losing and regaining polarity spontaneously or after falling into an impasse.
Scale bars: 10um.
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We consider different scenarios to explain the differences between elongated and round
blebs immediately after bleb nucleation when myosin activity has not achieved
contraction yet. To form a round shape, either membrane tension must achieve
equilibrium before the membrane starts filling with actin or actin must populate the bleb
membrane homogeneously. While actin polymerization precedes membrane stalling in
elongated blebs or bleb fragments, we have not verified this in round blebs. After
membrane growth stops by either mechanism, the bleb can retract. If a second bleb forms
on the retracting bleb, this will create a polarized structure leading to a steady-state with
a contracting cortex at the base and an actin-free membrane at the front (Figure 41 A,
Figure 42 B), constituting a first mechanism to produce a long shape.

We can consider other mechanisms to create elongated blebs by differences in
membrane expansion. Bleb membrane expansion in zebrafish PGCs in vivo relies on the
local flattening of inwards-pointing tubular invaginations of the plasma membrane,
mediated by N-BAR proteins (Goudarzi et al., 2017). A recent model (Lavi et al., 2019)
studying the stress-strain (or tension-expansion) relationship during bleb expansion
proposed that the new apparent area (surface area) under constant true area (number of
lipids) could be provided by the flattening of the membrane tubes (at constant membrane
tension) or at the expense of the thermal fluctuations (increasing membrane tension).
Assuming different energy ranges for the disassembly of membrane tubes or increase in
membrane tension and that there are no lipid flows, the authors proposed that at
increasing bleb volumes, the membrane could transition from a phase of stretch (at the
expenses of thermal fluctuations and increasing membrane tension) to a phase of
membrane tube flattening. Importantly, tube flattening in PGCs only occurs in the actin-
free region of the expanding bleb (i.e., tubes in the proximal part of the bleb membrane
did not disassemble), which could be due to a stabilization of membrane tubes through
their interaction with cytoskeletal components (Goudarzi et al., 2017). Supposing that the
cortex formation in the bleb follows a gradient, membrane expansion by tube unfolding
can happen only at the front, free of actin. The unfolding could create a long shape in a
single bleb event, without needing subsequent blebbing. If the base of the bleb builds a
contractile cortex before the actin has reached the front, the neck's closure could stabilize
the steady-state (Figure 41 B).

Goudarzi et al. did not find large-scale membrane flow towards bleb protrusions, but they
did not consider the large blebs formed under confinement. Older research found surface
and membrane flow towards blebs on walker cells, and Fundulus (Fedier et al., 1999;
Tickle and Trinkaus, 1977). We also know that membrane-to-cortex attachment is a key
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factor regulating cell migration and that the cortex perturbs the molecular diffusion and
flow of phospholipids (Andrade et al., 2015; Diz-Mufioz et al., 2010; Shi et al., 2018). The
front bleb membrane could unfold all the membrane tubes, passing to a regime where
expansion occurs at the expense of the thermal fluctuations, increasing membrane
tension. If we consider membrane flows, the differences in membrane tension between
the front and the neck can trigger the membrane to flow towards the front. We could test
if the neck's formation defines the steady-state projected area by increasing membrane-
to-cortex attachment and restricting membrane flows (Figure 41 C). We estimate that
the maximal projected bleb area in large blebs corresponds to approximately 3 to 4 times
the initial bleb area (immediately after formation), within the maximal membrane stretch
measure by hypotonic shocks (Venkova, 2019).

Neck formation

Preliminary observations suggest that neck formation is a necessary condition for
establishing a retrograde flow and a stable steady-state. When round blebs trigger a flow
without retraction, we observed a tangential cortical flow (as opposed to “retrograde
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Figure 41: Possible mechanisms for the morphogenesis of an elongated bleb with a polarized
actomyosin cytoskeleton. A: Subsequent blebbing. B: Role of actin cortex formation: inhibition of
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by neck closure. C: Possible role of cortical flows in the establishment of an elongated phase.

Page 170



flow”), and bleb movement sideways (similar to circus blebbing) until the bleb was
completely retracted (Figure 42 A, B, for more details see videos available). The neck
was necessary to produce retrograde flow, but the neck could only form in elongated
shapes. The neck can contribute to actin disassembly by creating a permanent zone of
convergent cortical flows, a central feature in cell migration. Zones of convergent flow are
sites of actin cortex disassembly and are the best predictors for cell migration
directionality and persistence (Yolland et al., 2019). Confining the convergence zone to
the neck ensures persistent retrograde flows. The neck could also constitute a barrier for
actin nucleators and signaling from the cell, preventing excess cortical material, which
could be detrimental to achieving a constant flow. The neck constitutes a significant
barrier, stopping the diffusion of proteins or chemical species. Consequently, blebs can
keep different levels of Erk activity or calcium (Logue et al., 2015; Lomakin et al., 2019).

Preliminary observations suggest a potential role for the nucleus in local bleb growth.
Blebs blocked in their neck by the nucleus, which can break in some blebs, were larger

A

Hela Actin-GFP

Hela Actin-GFP

Membrane (myrpalm)
Nucleus (H2B)

Figure 42: A: Hel a actin-GFP cells confined under ~4um, displaying mainly transient blebs. On the right,
time sequence of blebbing events leading to the formation of a neck (bottom) or not (top). Scale bars:
10um. B: Time sequence of a bleb forming a neck. High NA TIRF of Hela cells confined under 3um. Scale
bar: 10um. C: 2 representative cells at 3 and 2 different time points. Black arrows show blebs which are
“blocked” by a part of the nucleus, and display bigger volume. HeLa myrpalm-GFP H2B-mCherry Scale
bar: 10um.
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(Figure 42 C). Nevertheless, other factors related to the nucleus could be involved. At
3um confinement, the nuclear envelope can break, and it could expose some chromatin-
associated factors (i.e.: Ect2) that induce cortical contractility (Ramkumar and Baum,
2016). Lomakin et al. observed the release of vesicles from the nucleus which induced
blebbing when reaching the cortex, suggesting that that nucleus provides signaling
molecules to increase myosin activity locally.

The role of the nucleus in bleb formation

More globally, recent work by our lab and others (Lomakin et al., 2019; Venturini et al.,
2019) showed that contractility is activated upon confinement by a mechanoresponse
pathway mediated by the release of calcium and the activation of the enzyme cPLA2
(Enyedi et al., 2016). These works proposed that the contractility activation happens
under Suym compression due to nuclear stretching and that the stretch depended on the
cell cycle stage or the state of the nuclear lamina. We explained the observed delay in
NMIIA activation and elongated blebs formation by the activation delay in the pathway.
Compared to the previous work, we linked bleb shape with the level of contractility in the
cell. We analyzed AFM data at 3um confinement to describe the contractility response
under confinement and concluded that the onset of contractility was consistent with the
appearance of longer blebs and that it was cPLA2-dependent (Figure 26).

However, we observed that bleb fragments sustain migration and polarity, showing that
the nucleus is not a necessary condition to sustain blebbing. An alternative explanation
is that motile fragments could be carrying some factors from the cell produced by the
nucleus upon membrane stretch. Other results, shown in Lomakin et al. 2019 nuance the
nucleus's role in blebbing migration and bleb formation: enucleated cells can trigger
stable blebbing and migrate at low confinement height. We find similar results (Figure 43
A B). At heights greater than 3um, only cells triggered blebbing (due to nuclear stretch),
but under 3um or lower, both cells and cytoplasts formed large stable blebs. However,
upon cPLA2 inhibition, the activation of blebbing happened at the same height in cells
and cytoplasts (Figure 43 C D). These results suggest that other factors complement the
nucleus-mediated cPLA2 pathway to activate contractility at high confinement. It also
suggests that blebbing and contractility-induced polarity is a cytoplasm-autonomous
behavior that can be established without the concert of the other organelles.

Page 172



Intracellular pressure under confinement and bleb formation

We did not explore the evolution of intracellular pressure under the different
pharmacological inhibitors. We can relate the flat AFM confinement force and the cell's
pressure by a shell-liquid core model of cell shape (Fischer-Friedrich et al., 2014). This
model has been used to calculate intracellular pressure and surface tension of cells going
through mitosis and estimated that cells increase pressure and surface tension from = 40
Pa and 0.2 m-Nm-" during interphase to = 400 Pa and 1.6 m-Nm-" during metaphase. At
decreasing confinement height, or increasing AFM force, mitotic cells build-up
intracellular pressure and trigger persistent blebbing, decreasing intracellular pressure
(Cattin et al., 2015). Contractility included by confinement is a “double-sword:
confinement initially increases actomyosin-dependent surface tension and intracellular
pressure, but upon reaching a yield point, defects in the cortex caused blebbing and a
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decrease in the pressure, as in a herniation event. Increased myosin activity amplifies
fluctuations in the cortex (Laplaud et al., 2020), which then cooperates with blebbing to
define cell polarity (Liu et al., 2015; Ruprecht et al., 2015). We described that the drop in
AFM force corresponds to the formation of elongated blebs, not transient. It could be
interesting for the future to relate the onset of elongated blebs with the AFM force and
with the calculated intracellular pressure (derived from geometrical parameters and the
AFM force), to show if elongated blebs form after a pressure threshold. Consistent with
the observations from Cattin et al., the sustained force at 3um confinement does not
change significantly upon cPLAZ2 inhibition. We speculate that cPLA2-inhibited cells can
sustain a more significant force against the cantilever due to the lack of force dissipation
by elongated, stable blebs (Figure 44 A).

Lastly, our results suggested a positive relationship between the initial volume and the
sustained force (Figure 44 C), as predicted by the shell-liquid core model (Cattin et al.,
2015). Our data did not suggest a relationship between the timing of the response and
the initial volume (Figure 44 B), or between the timing of the force or myosin responses
and the sustained force (data not shown), suggesting that the timing of the response is
not linked to its amplitude. Importantly, the shell-liquid core model assumes constant cell
volume, but this is not clear from the scientific literature. Some works suggest that cells
lose a significant amount of volume (~10%) upon strong deformations (Venkova, 2019),
and others that aquaporin mediates volume loss during bleb retraction (A. Ponuwei and
R. Dash, 2019). Other works suggest that expansion is at constant volume (Goudarzi et
al., 2019) or even increasing cell volume (Taloni et al., 2015).
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Establishment of retrograde flow and bleb stabilization

The second part of our work described the emergence of retrograde flow and bleb steady-
state. We observed that blebs, regardless of their shape, only avoided retraction if their
front was free of actin at the onset of contraction. On the other hand, blebs that retract
accumulate actin at the front before the onset of retraction. A study of the emergence of
retrograde flow at a population level revealed that it depends on the relative timing of two
events: the formation of the actin cortex all along the bleb contour and the activation of
contractility. If the actin cortex forms all around the bleb before contraction starts, then
the bleb will retract. If contraction happens before the cortex has completely formed, the
bleb will transition to a steady-state and form a stable actomyosin gradient. Figures
Figure 27 L and Figure 27 M summarize the main findings related to bleb
morphogenesis and retrograde flow emergence: only blebs that polarize both actin and
myosin achieve a stable flow and avoid retraction. Consistently, the relative timing of
contraction onset and the timing at which the membrane stops growing can predict the
bleb's stability. A future direction could include perturbing membrane-actin attachment,
myosin activity, or actin nucleation during bleb nucleation. Perhaps counterintuitively, our
working model predicts that decreasing myosin activity and delaying the onset of
contraction during bleb formation should promote bleb retraction. Likewise, promoting
the activity of nucleators during bleb growth should induce retraction.

This work contributes to understanding the steps leading to the steady-state but could be
completed with perturbation experiments to support some of its claims. For example, to
support the claim that elongated blebs are produced by an over activation of myosin after
confinement, we could treat blebbing cells that have been confined for a few minutes with
different concentrations of myosin Il inhibitor. A low concentration of inhibitor should
perturb the formation of elongated blebs, equivalent to reverting the cell to the initial
phase immediately after confinement, but higher concentrations should prevent the
formation of both elongated and round blebs. Also, we could increase contractility
pharmacologically in cPLA2-inhibited cells to trigger the formation of elongated bleb well
later than the 15-second timing observed in control cells.

The time scale of the bleb formation (seconds) and the PDMS confiner setup makes it
challenging to perturb blebs as they form. Compared with the AFM, the PDMS confiner
is not accessible by micropipette or drug perfusion systems once the cells are confined
inside. The bleb morphology and dynamics in the AFM experiments could not be
compared with the PDMS confiner's data because of significant differences in actin and
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flow dynamics. Blebs produced under AFM confinement, either elongated or round,
always accumulated actin at the front, which leads to retraction. Therefore we did not
analyze bleb actomyosin dynamics in this dataset. To work around these technical
challenges, we used optogenetic cell lines, or pretreated cells with different drugs, and
studied the bleb dynamic steady-states rather than the steps leading to bleb formation.

Optogenetic experiments

In ordered to test some predictions of the model, we collaborated with Kotryna Vaidziulyté
and Matthieu Coppey (Institut Curie) to build optogenetic cell lines to achieve
spatiotemporal control of small GTPases activity. We selectively illuminated regions of
the bleb or the cell to see the effect of small GTPase activation on protrusions' stability.
Consistent with the working model, we found that activating RhoA (myosin activity) in
retracting blebs enhances bleb retraction speed, but in stable blebs, it enhances bleb
stabilization by promoting neck closure, smoother contours, and more persistent
blebbing.

Initially, we hypothesized that activating RhoA activity at the front of stable bleb should
promote its retraction, and activating RhoA at the base should promote bleb stabilization.
The spatial localization and signaling in elongated stable blebs have not yet been
described, but we had some clues from the regulation of retraction of round blebs. RhoA
regulators are present in the bleb membrane such as KIAA0861, MYOGEF, and
p190BRhoGAP (Aoki et al., 2016; Charras et al., 2006; Ikenouchi and Aoki, 2017). The
small GTPase Rnd3/Rho8/RhoE, a RhoA antagonist, localizes at the membrane of
expanding blebs. Previous work proposed that the dilution of p190BRhoGAP purely due
to membrane expansion allows initiating a positive feedback cycle mediated by
MYOGEF-RhoA-ROCK-Ezrin, which recruits actin and myosin-Il to promote bleb
retraction (Aoki et al., 2016; Bovellan et al., 2014; Ikenouchi and Aoki, 2017). Therefore,
we hypothesized that Rnd3 could be inhibiting RhoA in the bleb front and RhoA activity
could be present in the bleb base and that by activating RhoA at the front, we could break
t promote bleb retraction. It was recently described that stable blebs maintain a gradient
of Erk activity which regulates actin bundling through Eps8, being higher at the bleb base
than at the front, so it could be plausible that other chemical gradients exist (Logue et al.,
2015). We discovered, however that illumination resulted in accumulation of membrane
bound GEFs at the neck of stable blebs, regardless of the site of activation. This is
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probably due to the strong retrograde flows, which concentrate cortical proteins. We used
this as an advantage to determine, together with the membrane contour in the phase
channel, if the bleb that was being illuminated was stable (presented strong cortical flows)
or was transient (did not present cortical flows).

A limitation of our optogenetic experiments is the poor quality of the actin and myosin
images, which prevented us from concluding more clearly on the role of actin gradient
changing bleb dynamics in this dataset. The CRY2/CIBN system was occupying the blue
and green fluorescent channels, and the blue channel was additionally used to activate
the optogenetic partner. Therefore, only the far-red channel was available to visualize
actin or myosin. We used lifeact-iRFP670 and MRLC1-iRFP670 (ex: 643 em: 670), which
represented a loss in image quality and resolution compared to the GFP channel.

Recent studies showed that, when confined, WAVE-null HL-60 cells migrate through
winding blebbing upon chemoattractant stimulation. The blebbing restricted to a well-
defined membrane zone with high Rac activity (Graziano et al., 2019). We performed a
series of experiments to test if these GTPases could have a similar role in our cells, but
we did not find an effect of Cdc42 or Rac1 activation in the front of blebs. We could see
the efficient recruitment of Cdc42 and Rac1 GEFs, but this did not significantly change
blebbing dynamics. Inhibiting Cdc42 and Rac1 in the AFM experiments did not show any
significant difference in the formation of round or elongated blebs (Figure 26 F).
Therefore, we could not conclude on a role for Cdc42 or Rac1 in blebs.

We could include a new series of optogenetic experiments to trigger small GTPases'
inactivation by targeting CIBN to the mitochondria (CIBN-mito) instead of the membrane
(CIBN-CAAX), although we do not know if mitochondria are in the bleb. Another technical
improvement to control more precisely the localization of the active GEFs could be using
a new generation of probes with very different binding affinities such as iLID, improved
light-induced dimer (Guntas et al., 2015).

Dynamic steady-states and bleb motility

In the literature, several regimes or modes of blebbing have been described: persistent
blebs (Liu et al., 2015; Ruprecht et al., 2015), the so-called “circus blebbing”, driven by
membrane tearing (Charras et al., 2008; Fujinami and Kageyama, 1975; Graziano et al.,
2019), and unstable blebbing, common in D. discoideum and other cells (Fackler and
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Grosse, 2008; Srivastava et al., 2020; Zatulovskiy et al., 2014). However, no study has
systematically determined if there are any fundamental differences between the blebbing
modes and if transitions between these dynamic states are possible. With all the different
perturbations we tested in blebs: optogenetics (to increase RhoA, Cdc42, or Rac1
activity), pharmacological, or physical, we studied what controls bleb stabilization and the
relative prevalence of these blebbing modes. Our conceptual contribution is that blebs
can transition between the different dynamic steady-states (persistent, winding,
unstable) depending on the interaction between the contracting base of the bleb and the
front membrane through the actin network.

Ruprecht et al., 2015 showed that PLL coating induces steady-states with more actin at
the front and that jasplakinolide treatment concentrates actin at the bleb base. We used
different perturbations in cells (jasplakinolide, PLL coating, ezrin inhibitor) and cell
fragments (ezrin inhibitor) and showed that conditions restricting actin concentration at
the front generally promote persistent blebbing. While we established that actin controls
membrane protrusion for motile fragments, we did not study this in blebs still attached to
cells: attachment to the cell hinders bleb locomotion.

The velocity % actin intensity cross-correlation and the comparison between actin density
and edge protrusion showed that cortical actin must be below a threshold to allow
protrusion, suggesting a similar mechanism to Welf et al., 2019. This model, called the
elastic Brownian ratchet, proposes that actin needs a local sub-threshold ezrin
concentration at the cell front to push the membrane. Moreover, recent data suggested
that membrane-proximal actin (MPA), and not total actin density (i.e., f-tractin intensity),
controls cell persistence (Bisaria et al., 2020). Other studies suggested that the coupled
dynamics of actin flow and diffusing polarity cues mediate cell persistence. This coupling
links cell persistence (~robustness of the polarity cue gradient) and velocity (~speed of
cortical flows) (Maiuri et al., 2015).

Ezrin localization and function in blebs

We hypothesized that mechanical interactions at the bleb front mediate the switches
between dynamic steady-states. Therefore, there must be an uncoupling between the
actin filaments and the membrane at the front in persistent blebbing. Charras et al., 2006
found that microinjection of recombinant FERM domain of ezrin-mRFP (~ezrin inhibition)
caused actin-membrane tearing when retraction initiated, resulting in an inward flow of
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actin but a complete or partial failure of membrane retraction. While ezrin does not have
a role in actin nucleation, it mediates the mechanical coupling necessary to drive
membrane retraction (Charras et al., 2006). Therefore, in the absence of the mechanical
coupling, they found an inward flow without membrane retraction, which we observe
in stable blebs.

If actin alone plays the role of the governing polarity cue in persistence, then actin-
membrane linkers must be abundant, active, and dynamic at the bleb front. Cellular ezrin
pools are dominated by inactive, actin-unbound species, ready to be activated by PIP2
or other signals (Braunger et al., 2014, Fritzsche et al., 2014). PIP2z is a key regulator of
ezrin activity and blebbing. Ezrin mutation T567D (constitutively active form) slows down
cortical turnover (t,,, wt ezrin = 16 s versus t,,, T567D ~ 34 s) (Fritzsche et al., 2014).
After association with PIP2 at the membrane and phosphorylation, ezrin binds to the F-
actin cortex through an interaction that is highly labile compared to its membrane binding,
with an unbinding rate k,;; ~ 1.3s7%, very short when compared to other non-covalent
bonds in the cell (Braunger et al., 2014). Because ezrin is very abundant, this provides a
mechanically stable but dynamic link, even if the membrane domains to which ezrin binds
are less mobile. This ensures strong membrane-cortex adhesion energy but low friction
between the membrane and the cortex (Fritzsche et al., 2014). Consistent with this
behavior, we find in our work that actin filaments can diffuse while being tightly linked to
the membrane (they remain for a long time on the TIRF plane), and that membrane
retraction mainly depends on the geometrical configuration. That is, the membrane-actin
link can sustain strong normal forces but move freely in the tangential direction.

We visualized ezrin localization by the internally-tagged pEGFP-Ezrin construct (Lamb
et al., 1997; Marion et al., 2011). Ezrin tagging often leads to activation, but this is
reduced with the internal GFP tagging. Our preliminary data suggest that wild-type ezrin-
GFP similarly localizes in the bleb as actin, creating bands, and gradually accumulating
in the cortex (Figure 45). In the winding blebbing (i.e., circus blebbing restricted to the
bleb front), we found discontinuities in the gradient related to the membrane dynamics,
as typically observed for actin. We did not yet perform colocalization analysis between
ezrin and actin in the bleb tip, but the data suggest that ezrin can decorate single bundles
or filaments, judging by its filamentous localization at the bleb front (Figure 45). Other
experiments with transient transfection of ezrin-T567A-GFP versus ezrin-T567D-GFP
(not internally tagged GFP) yielded results hard to interpret, and that will need to be
repeated after the defense. Both constitutively active (T567D) and inactive (T567A) ezrin-

Page 179



GFP are excluded from blebs, and constitutively active ezrin is even more excluded than
constitutively-inactive ezrin. These ezrin proteins were not internally tagged, so exclusion
from the bleb could be due to over-activation.

Molecular regulation of actin-membrane attachment at the bleb front

As discussed earlier, the main players in the biochemical regulation of round bleb
retraction are Eps8, RhoA, RhoE, ezrin, and GAP/GEFs of RhoA and RhoE. The actin-
bundling and actin-capping activities of Eps8 are essential to generate continuous
blebbing (Aoki et al., 2016) and form stable migratory blebs (Logue et al., 2015). Eps8
and actin localization in the bleb require activation of ezrin, activated after the bleb stops
expanding. This regulation is achieved by RhoE/Rnd3 and the p190 RhoGAP,
predominant at expanding membrane blebs, and RhoA and ROCK activation at the
membrane of retracting blebs. Even if ezrin-KO cells severely retarded bleb retraction
and failed to localize Eps8, they eventually managed to localize actin at the bleb edge,
so there might be an additional mechanism to localize actin at the bleb membrane
independent of both ezrin and Eps8. The mechanism by which RhoE localizes to the
cortex-free membrane in expanding blebs is still unknown. The authors speculated
effects related to the membrane tension or membrane unfolding during bleb expansion
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Figure 45: A: Representative examples of blebs from HelLa cells confined at 3um (PLL-g-PEG coating).
Black arrows point at sites where ezrin localization appears filamentous, reminiscent of the actin
localization at the front. B: Time sequence of a protruding bleb. Scale bars: 10um
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(Aoki et al., 2016). PIP2 activity is essential for the activation of the F-actin binding
properties of ezrin and its biological function in cell migration (Bosk et al., 2011; Fritzsche
et al., 2014; Hao et al., 2009). In agreement with this, blebs accumulate PIP2 at the
membrane after expansion in a similar manner to myosin |l, as indicated by GFP-PTEN
(G129E), an indicator of PIP2 without phosphatase activity (Sugiyama et al., 2015).

Future work should focus on cortex assembly regulation in stable blebs to decipher
whether there is different signaling between front and back. Our already established
image analysis pipeline can describe the spatiotemporal order of molecular events at the
bleb contour from fluorescence images. We could apply our analysis to cells or bleb
fragments with different PIP2/PIP3 sensors or fluorescently-tagged small GTPase
sensors, and modify their activity by the multiple optogenetic constructs, knockdowns,
and pharmacological treatments available.

Our data did not suggest a mechanism disengaging actin and membrane at the front to
promote persistent blebbing, which could support the presence of a gradient of signaling
or membrane markers such as PIP3. We speculate that the biochemical ‘identity’ of the
entire membrane is the one of a retracting bleb: enriched in PIP2 and active ezrin. If the
limiting factor for bleb retraction is cortical actin, its stabilization could arise from the
geometrical configuration and the actomyosin dynamics rather than specific signaling.

Another interesting point to check would be the localization of membrane-proximal actin
(MPA). Recent work has shown that there is a gradient of MPA in cells and that the
absence of MPA at the cell front allows for actin-rich protrusions (Bisaria et al., 2020). If
PIP2 and ezrin are activated in the elongated blebs, we could see an inversion of the
MPA polarity: the few actin filaments at the front of the bleb should be also positive for
MPA and the membrane there should be rich for PIP2, as opposed for filopodia or

lamellipodia driven migration.

Physical interactions at the bleb front

Our experimental system constitutes an excellent setup to study actin network assembly
at the single filament level and interactions between actin filaments and the plasma
membrane. We tried to transfect on several occasions actin nucleators (formin mDia1 or
subunits of the Arp2/3 complex), but we have not yet been able to follow their localization
with the high NA TIRF. Nevertheless, we have an extensive dataset on actin, myosin,

Page 181



and membrane interaction at the bleb front that we have not completely exploited. | will
discuss three points for possible future work: the lateral diffusion of actin oligomers
tethered to the membrane, the normal forces exerted by filaments on the membrane, and
the interaction between actin filaments.

The diffusion of a single monomer in the cytoplasm should be given by the Stokes-
Einstein relation D = kzT / 6mna, where 7 is the dynamic friction coefficient and a the
radius of the particle. The diffusion coefficient of molecules embedded on a lipid bilayer

or membrane fluid domains is given by the more complex Saffman—Delbrick model,

kgT
4nnmh
thickness, 7,, the membrane viscosity, 7, the viscosity of the surrounding bulk fluid,

D,y = [In(2Lsq / @) —y], where a is the particle radius, h is the membrane

Lyg = TT’: and y = 0.577 the Euler—Mascheroni constant (Quemeneur et al., 2014). We

could assume an equivalent formula for the diffusion of membrane-attached bonds on
the plane of the membrane.

If actin-membrane linkers are evenly distributed, the diffusion of actin filaments tethered
to a 2D flat membrane should be dependent on their length (Howard, 2001). There are
three different diffusion coefficients to consider: the lateral diffusion coefficient D,
proportional to 1/L; the longitudinal diffusion coefficient D, , proportional to 1/2L; and the
rotational diffusion coefficient Dy, proportional to 1/L3, L being the length of the filament
in monomers (Heyes, 2019; Howard, 2001). In our experiments, we could observe the
diffusion of actin oligomers for tens
of seconds, with a framerate of ~20
frames per second. Making some
assumptions, one could estimate
the viscous drag of the membrane
on the actin filaments. If the scaling
of Dy, D, and Dg does not match the

Hela Actin-GFP

prediction, one could assume a 3
tether sampling effect (too few s

tethered bonds per filament) or s \
alternative hypotheses. We PLL-g-PEG (low friction) Poly-L-lysine (high friction)

observed that, even in the absence Fjgure 46: Actin flow at the front of blebs confined on PLL-g-

of focal adhesions in the blebs, the PE(? (low friction) er PLL substrate (high friction). Video
available. Scale bar: 10um.

interaction of actin filaments with
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the membrane is biased by the external coating. Preliminary observations showed that
blebs confined on PLL substrate (high friction due to the interaction of transmembrane
proteins with the PLL, but no specific ligands and thus no engagement of integrins so no
formation of focal adhesions) displayed high alignment of actin fibers in the axis of the
bleb, as they get pulled backward with the retrograde flow. On non-adhesive PLL-g-PEG
coating, this alignment was not present (Figure 46, video avilable). The nature of the
actin-substrate molecular coupling in friction-based migration remains one of the
unanswered questions in the field.

We could also provide some quantitative estimation of actin filaments' binding to the
membrane from the events of membrane retraction or snapping. Calculating the angle at
which the membrane detaches from the filament we can measure the adhesion energy
f =2T,(1 —cos(a)) >J, assuming membrane

% ¥
tension values typical fora bleb T,,, ~ 81077 — 6 - /&%

107N - m~! (Charras et al., 2008; Dai and Sheetz,

1999). The adhesion of membrane and cortex in \ N
tearing blebs was previously estimated as | = (oc 2
13-98-10-5] - m-2 (Charras et al., 2008). We °% o¢

should also take into consideration the geometry of
the confined bleb while doing the estimations.

From this simple model, we obtain that at increasing membrane tension or at decreasing
actin-membrane adhesion energies, the maximal angle that filaments exert on the
membrane decreases. This is consistent with the results of the ezrin inhibition
experiments, which have fewer geometrical perturbations of the membrane at the front.
The binding energy of single ezrin molecules to f-actin is on the order of 50pN, which is
much lower than its adhesion to the membrane (Bosk et al., 2011). One could estimate
the density of ezrin links per filament or per bundle from the adhesion energy values after
proper geometrical considerations. Comparing control with the ezrin inhibiting drug, we
could then estimate the percentage of molecules of ezrin inhibited after treatment. We
will work on these estimations after thesis submission and compare control versus ezrin
inhibition conditions.

Lastly, we can also provide some estimates for the tension inside the actin network. We
see some spontaneous events of network rupture. Knowing the angle between filaments
before and after the rupture and the recoil velocity, we can estimate roughly the ratios
between tensions assuming an elastic response on a short time scale. Experiments in C.
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elegans have estimated the ratio between longitudinal and lateral tension and predict the
cortical flows (Mayer et al., 2010; Nishikawa et al., 2017). We have tried to make laser
ablation experiments in blebs, but it was not successful so far, as the blebs would tend
to burst very easily, probably because the membrane was too close to the glass, but
maybe due to the particularities in the bleb membrane.

Cortical regimes described by percolation theory

Percolation models describe connectivity and motor activity's contribution to the
mechanical response to internal driving from motor activity. Percolation models represent
random networks by lattice points called nodes, in different dimensions and structures
(i.e., triangular, square). Percolation models can be based on lattice sides or sites, and
have been used to model behavior in many systems (i.e., electrical conductivity, fire
propagation in a forest, liquid flow through porous materials). We can define p as the
probability of lattices to be occupied by a bond. As p — 0, the system is composed of
small clusters or individual isolated bonds. As p — 1, the system is likely to be occupied
by a large cluster, which will connect the system boundaries. Around p = p., the
conductivity percolation threshold, the size of the largest cluster will rapidly increase,
analogously to a phase transition. In systems around the critical probability p = p., the
size distribution of clusters sizes (normalized by system size) obeys a power law
P(s)~s~"irrespective of the lattice type, with t = 2.05, the Fisher exponent. The cluster
size distribution is used to describe the behavior of percolation systems, and the extent
of the critically connected state (Alvarado et al., 2013).

Networks above the conductivity threshold have non-zero conductivity ~ . Conductivity
relates around p = p. to network density by the relation X = X,(p — p.)’¢, where f_ is the
conductivity exponent (f; = 1.3 in 2D irrespective of the lattice), and X, is the conductivity
of one element lattice. Giving the mean adhesion energy J, applied by a single bundle,
we could relate the total actin density with the total tension applied at the front membrane
with a similar relation, T = J,(p — p.)’¢. If bonds are represented as mechanical springs,
percolation can also describe mechanical transitions. In this case, a relevant threshold is
the rigidity threshold pg, which separates mechanical instability (¢ = 0, floppy state, G
being the elastic shear modulus) from mechanical stability (¢ > 0). G increases as a
power low in the distance of p from pg, similarly to the conductivity threshold but with a
different exponent (Alvarado et al., 2017; Stauffer et al., 1994).
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Theoretical and experimental studies have used percolation models to describe
actomyosin networks and have identified four non-equilibrium regimes: active solution
(), pre-stressed gel (II), global contraction (lll), and local contraction (IV). The first three
regimes are also found in passive systems, and the fourth is unique to active systems
(Figure 47) (Alvarado et al., 2017). We observe these four regimes in the cortex of stable
blebs, at different actin densities and motor activities. Our main contribution to the active
soft matter field is to describe at the single filament level the existence of these four
regimes in a living system and to propose a practical function for the different percolation
transitions, which is to control protrusion persistence and bleb shape. This constitutes a
novel application of percolation theory and will require some development to integrate
actomyosin gradient and retrograde flow.

We speculate that bleb shape can be explained from these four regimes. In persistent
blebs we observe a round membrane cap, which correlates with the presence of a fluid
cortex (Figure 48 A), corresponding to the active solution state. At the conductivity
percolation threshold, which we determined p. = 1 pym/um?, actin filaments are able to
transmit, holding opposite sides of the membrane. This defines the maximal bleb width
and the extent of the (confined) hemispherical cap. Actin density form a gradient, and
increasing density results in increasing bleb rigidity. If the myosin gradient is restricted to
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Figure 47: A: Non-equilibrium regimes in active systems: active solution (l), pre-stressed gels (ll),
global contraction (Ill), and local contraction (V). Diagram adapted from Alvarado et al., 2017. B:
Representative examples of Actin-GFP cortical networks in each of the four regimes.
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the base, there will be a portion of the bleb with a high correlation length and a cylindrical
shape, without contraction. At high network density, motor contraction results in failure of
percolation, and global network contraction. As the cortex is very rigid and dense, myosin
motors will contract the network slower.

Usually, the local contraction regime (regime IV in Figure 47) is not found in blebs.
However, perturbing actin polymerization by Arp2/3 or formin inhibitors can reveal this
regime. Formin inhibitor SMIFH2 or Arp2/3 inhibitor CK666 do not seem to have an
immediate effect on bleb dynamics, but we started to observe after approximately one-
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Figure 48: A: Representative example of a confined bleb from HelLa Actin-GFP cells on high NA TIRF.,
showing the three cortical regimes corresponding to the shape. On the center, different descriptors
(correlation length, conductivity, density) expected for each cortical regime. On the right, name of the
regime transitions. B: Representative example of bleb in formin inhibition condition (40uM SMIFH2). C:
PIV analysis of a single pair of frames in the blebs shown in panels A and B. On the right, velocity plot for
the time time points, and velocity magnitude times correlation length, where we appreciate the transition
to a global contraction. Note that the area with higher correlation spans half of the control bleb (the
cylindrical area), and this is very restricted along the Y axis with formin inhibition. Scale bars: 10um
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hour network failure events, probably due to the decreased cortex density (Figure 48 B).
In these blebs, most of the area belongs to the hemispherical cap. The interpretation of
these preliminary observations is that actin density is too low to support global contraction
when the motor activity increases, and therefore, we observe the formation of asters and
local contraction events. At increasing densities, towards the bleb base, we observe a
coordinated contraction, similar to control blebs. The time (or length) to completely crush
the network into a small bleb neck is significantly reduced. These results represent the
behavior observed in hundreds of blebs, but we are still working on the way to normalize
and plot these characteristics in order to extract a mechanism for shape determination of
motile blebs, similar to what has been proposed for other motile cells such as fish
keratocytes (Keren et al., 2008). We plan to complete the quantification of cortex
dynamics as a function of bleb shape and a theoretical model before the publication of
the results.

Interpretation of contact guidance and actin network structure

We can reinterpret the results from the contact guidance and actin network experiments
under the light of the percolation model. In the active fluid state, actin filaments are free
to diffuse with a gas-like behavior. Their diffusion occurs in the plane of the membrane
while they remain tightly linked. We considered in the discussion three diffusion
coefficients: D, < 1/L, D, o 1/2L, and D; « 1/L3, L being the length of the filament in
monomers (Heyes, 2019; Howard, 2001). If we want to discuss the actin network's 3D
organization in the whole bleb and not only the 2D network on the bottom surface, we
also need to consider the arrangement of actin filaments in a curved membrane.

Bending stiffness is K;, = EI = E,,a*, where I is the moment of inertia, and E Young's
modulus of elasticity, for a rod with a circular cross-section. Persistence length [, is
related to K, though [,, = K, /ksT. For actin, K, ~ 7-1072¢ and [, ~ 15 pm (Bathe et al.,
2008; Howard, 2001), much longer than the curvatures imposed by confinement (R =
1.5um) or by the grooves (R=0.5um). If the system is dominated by adhesion forces and
actin bending stiffness, filaments will spontaneously diffuse and orient in the positions
with lower curvature, and this effect will be more important for stiffer and longer filaments.
This effect could be produced even with an active component.

The local order of filaments can introduce anisotropies in the force percolation. That is,
in the direction of filament alignment (lower curvature), the conductivity percolation
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threshold will be effectively lower. Actin density will need to be higher to be able to
transmit forces in the direction of higher curvature. This explains why long, persistent
blebs are more likely to form in the direction perpendicular to grooves, and why in regions
of the bleb with higher membrane curvature we observed the formation of aligned
bundles along the axis of lower curvature.
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Figure 49: Possible effect of membrane curvature in the orientation of single filaments or in the network
conductive at different directions.
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Chapter 11: Broader perspectives and implications of the work

Perspectives in cell biology: regulation of network assembly and
polarity

From the perspective of cell biology, our work contributes to understanding a novel
structure used for cell migration. Our work does not study precise molecular pathways or
discovers new molecular players, but it clarifies the importance of crosslinkers for bleb
shape and persistence, described in the literature as essential for stable bleb migration
but whose exact action mechanism was not understood. We focus on the dynamics of
already known actors (mainly actin, NMIIA, and ezrin), in the context of a novel structure,
the migratory bleb.

Our results suggest a shift in the main molecular mechanisms between the bleb and the
lamellipodium. Regarding actin structure, the Ilamellipodium concentrates actin
polymerization at the front, where it forms branched networks that are gradually
crosslinked and bundled; the bleb polymerizes actin over a large area, accessed by actin
crosslinkers, and the network assembles from sparse bundles to a dense network. Actin
filaments grow tethered by nucleators to the membrane front in lamellipodia, where PIP3
enrichment prevents ezrin binding and allows membrane protrusion. Giving our results,
we expect that polarity is inverted in blebs, with strong PIP2 signaling and active ezrin at
the tip, as was described for transient blebs (Aoki et al., 2016; Charras, 2008). However,
put in perspective, recent data from lamellipodia and other actin-rich protrusions point in
the same direction: strong actin-membrane binding at the cell front inhibits membrane
protrusion and impair cell migration (Bisaria et al., 2020; Welf et al., 2019).

While the molecular mechanisms are better understood in actin-rich protrusions, the
biochemical regulation of protrusion persistence in blebs is not known. Future work
should be directed to understand the molecular polarity in blebs and its functional
consequences. We observed that, in adhesion condition (confinement of floating cells on
a substrate coated with fibronectin, which allows the initial formation of blebs and then of
adhesion structures after a delay), the base of the bleb could adhere and form filopodia
(Figure 50, videos available). It is unclear if this was due to adhesion, nucleators, or
differences in membrane tension. More generally, cell motility, particularly cell motility
through stable blebs, has been described in many biological contexts and in a large
variety of evolutionarily divergent species and cell lines (Brunet et al., 2020; Liu et al.,
2015). Bleb migration is a basic potentially ancestral mode of locomotion for cells without
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cell walls. Our work is a first approach to build a general model for bleb migration from a
simple system driven by membrane, actin, and myosin.

Lastly, we left open an interesting question: are blebs related to the production of
extracellular vesicles? Large extracellular vesicles and motile cellular fragments
produced by cancer tissues may play a role in metastasis (Becker et al., 2016; Headley
et al., 2016), and exosomes mediate inflammatory signaling in neutrophils (Majumdar et
al., 2016). We know that blebs are rich in pro-inflammatory signaling through cPLA2,
calcium (Lomakin et al., 2019), and Erk (Logue et al., 2015). We observed that blebs can
easily migrate away from the cell in adhesive/friction conditions. This behavior was not
directly related to the nucleus's presence, as blebs fragments could partition up to three
t