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INTRODUCTION

| - CELL MIGRATION

In physics, a movement is the displacement of a body relative to a fixed point in space
called a reference frame. Movement requires energy, which can be from external or internal
origins. This energy also needs to be transformed into a work force that produces movement.
There are several ways to transform a source of energy into a work force. Cell migration, or
cell motility, refers to the ability of a cell to actively move relative to its environment. Its energy
comes from internal metabolic origins as active migration is by definition cell-autonomous. It
is most of the time translated into a work force through dynamic remodeling of the actin
cytoskeleton. Finally, these forces need to be applied on the cell environment in order to
produce movement. Thus, cell motility is heavily dependent on its environment and, in some

cases, the environment can dictate the basic parameters of motion.

.1 - WHERE AND WHEN CELLS MIGRATE

Cell migration is a fundamental process during the development and homeostasis of
multicellular organisms. It also occurs in unicellular organisms as for example amoeba migrate
as single cells to colonize new environments. In the case of more complex, multicellular
organisms, cell migration occurs during the whole life of every individual. It is especially
important during embryonic development, but it is also needed for maintaining physiological

functions and, at last, it also plays an important role in several pathology.

I.1.1 - Cell migration in development and homeostasis

During development, cells from different lineages migrate through the embryo to reach
their final destination. There are multiple well-studied examples of cell migration during

development: the neural crest migration, the gastrulation movements, primordial germ cells

11 | INTRODUCTION



migration or angiogenesis. Defects in cell migration during embryogenesis leads to severe

consequences ranging from embryo malformation to lethality (Aman and Piotrowski 2010).

Cell migration is also at the center of the immune response. Monocytes and granulocytes
migrate chase pathogens in the organisms through migration. Dendritic cells collect antigens
before migrating to lymphoid tissues to trigger T lymphocytes activation. Once activated, T
lymphocytes migrate towards peripheral tissues, for example to eliminate infected cells (Parkin
and Cohen 2001).

Another striking example of the importance of cell migration in homeostasis is during
wound healing. After the initial injury, leukocytes migrate towards the damaged tissue to clean
it from dead cells and pathogens. Then, an angiogenic process driven by the directed migration
of endothelial cells allows to form new blood vessels. Finally, epithelial cells migrate

collectively to close the wound and reseal the epithelium (Gurtner et al. 2008).

1.1.2 - Cell migration in pathology

Deregulated cell migration can play a role in many diseases, through impacting the
biological processes cited above and that rely on cell migration. In addition, cell migration plays
a central role in cancers. Most solid cancers are from epithelial origins. During the development
of the disease, tumoral cells acquire the capacity to migrate, leading to cancer cells leaving the
primary tumor and disseminating in the organism to form distant metastases (Figure 1). This is
of central importance in the disease as metastases development is widely accepted to be the
main cause of cancer-associated mortality. To undergo metastasis dissemination, cancer cells
are believed to reactivate a cell migration program through the epithelial to mesenchymal
transition (EMT), a process initially describe during embryogenesis (Kalluri and Weinberg
2009). Once able to move, tumor cells degrade the basal membrane separating the epithelium
from the stroma in order to leave the primary tumor and migrate through the stroma in order to
reach the circulatory system. Circulating cancer cells can then extravasate from blood or
lymphatic vessels and migrate until they start to proliferate again to form a metastasis (Lambert,
Pattabiraman, and Weinberg 2017; Figure 1). In addition tumor cells also hijack angiogenesis,
attracting and directing endothelial cell migration in order to support their own growth (lde
1939; Greenblatt and Shuvi 1968)
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Figure 1. To disseminate, cancer cells need
to escape from the primary tumor and
degrade the basement membrane. They
further migrate through the connective
tissue that’s mainly made of collagen L.
They enter the circulatory network
(lymphatic or blood circulation) that they
use to disseminate in the whole body.
Finally, they extravasate into distant organs
to form a metastasis.

Primary tumor/
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Cluster
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Figure 2. Plasticity of cancer cell migration. Cancer cells can change their migration strategies to fit
their environment. Over time, they can switch between single or collective migration, mesenchymal or
amoeboid mode of migration. Sub-strategies exists within these mains categories. (From Boekhorst et

al, 2016)

13 | INTRODUCTION



1.2 - DIFFERENT MODES OF MIGRATION

In order to migrate, cells can adopt different strategies. While it is generally assumed
that certain cell types move in a given manner, it is more and more clear that some cells, and
especially cancer cells, can switch between different modes of migration depending on the

conditions of the microenvironment as well as on some internal properties (Figure 2).

1.2.1 - Mesenchymal versus amoeboid migration

When considering single-cell migration, two main modes of locomotion can be
discriminated: mesenchymal-like or amoeboid-like migration. Even if they are here presented
distinctly, they must be considered as the two extremes of a continuum. Indeed, although cells
often show characteristics predominantly evoking a defined mode of migration, they usually

express some characteristics of both types.
1.2.1.1 - Mesenchymal-like migration

Mesenchymal migration is defined by an analogy to the mode of migration of
mesenchymal cells, i.e. mostly fibroblasts. This is characterized by cells adopting an elongated,
polarized shape with a protruding leading edge at the front and a trailing edge at the back of the
cell. This type of migration is usually observed in relatively slow processes as mesenchymal
cell velocity typically range around 1 pm.min! in 3D collagen matrix, which is quite slow as
compared to the amoeboid migration of certain cells (Niggemann et al. 1997). The
mesenchymal strategy is used by most of the migrating cells during embryogenesis (Kurosaka
and Kashina 2008), by fibroblasts and keratinocytes in wound healing (Pilcher et al. 1997;
Schmidt et al. 1993), by endothelial cells during angiogenesis (Rousseau et al. 2000), by
fibroblasts to maintain a healthy stroma and finally by most carcinoma, sarcoma or melanoma
cells (Friedl and Wolf 2003). During mesenchymal migration, actin polymerization at the
leading edge pushes onto the membrane, thus forming a protrusion. This protrusion is stabilized
by newly formed adhesions which strongly link the extracellular matrix to the actin network.
This leading edge also secretes proteases in order to degrade the extracellular matrix (ECM),
allowing to excavate passageways in the dense matrix. Acto-myosin-regulated cell contraction
allows the cell to pull itself forward while the trailing edge retracts following adhesion

structures disassembly. Repetition of this cycle of protrusion, adhesion to the substrate,
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disassembly of adhesions at the rear and retraction is the very core of mesenchymal cell

migration (Lauffenburger and Horwitz 1996).

1.2.1.2 - Amoeboid migration

Amoeboid migration is famously used during the immune response and so is also
observed in immune cells-associated cancers such as lymphoma and leukemia. Even if
amoeboid migration mechanisms remain largely unknown, general models have been drawn

during the last decades.

Amoeboid cells usually exhibit a roundish form that is completely different from the
elongated shape of mesenchymal cells. Amoeboid-like migration strategy is based on cells
changing shape to squeeze through its environment. Consequently, amoeboid migration is
usually regarded as independent of matrix remodeling (Wolf et al. 2003) even though this vision
has been challenged (Orgaz et al. 2014). Amoeboid movement is based on actin contraction at
the rear of the cell, rather than actin polymerization at the front as it is the case for mesenchymal
migration. Strong actomyosin cortex contractions at the rear compress the cytoplasm,
generating a flux that consequently pushes the plasma membrane forward by forming large
membrane blebs (Yumura, Mori, and Fukui 1984). Bleb formation is due to either local
breakage in the actomyosin cortex, or local detachment of the cortex from the plasma membrane
(Keller and Eggli 1998), as a direct consequence of cytoplasmic pressure. Upon bleb expansion,
the actin cortex reforms inside the bled leading either to its retraction (not usefull for migration)
or to its stabilization in order to initiate the translocating process. Bleb formation and
stabilization induce a center of mass displacement that, together with nucleus translocation

resulting from contractions at the rear, lead to the final movement.

Opposite to mesenchymal-like migrating cells, the amoeboid-like migrating cells make
no strong interaction with its environment and is based on light contacts rather than proper,

strong adhesive structures.

Because it uses cytoplasm fluxes, cell velocity is not limited by actin polymerization
speed. This migration mode is used for fast processes such as the immune response as the speed

typically ranges around 10 um.min-1 in 3D collagen matrices (Niggemann et al. 1997)
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1.2.2 - Collective cell migration

In addition to single cell migration, cells can also move collectively. This strategy is
notably used in tissue remodeling, like during morphogenesis or wound healing. Collective
migration can take different forms, cells can move as a mono or multilayer, in 2D or 3D, as
sheets, strands or streams. They can form ducts and create an internal lumen, as for example
during angiogenesis or the mammary gland formation. They can also move as small clusters;
drosophila’s border cells use this strategy to reach the eggs in the ovary (Niewiadomska, Godt,
and Tepass 1999). Collective migration is also used by cancer cells and all these strategies have

been observed during tumor cell invasion.

If collective migration regroups very different strategies, they all have common
mechanisms in their organization. Maintenance of cell-cell junction allows the cells to remain
cohesive and to migrate as a cohort. These junctions also allow to coordinate the actin
cytoskeleton within the cohort, and it remains a supracellular structure with coordinated

movement.

The type of locomotion used by cell aggregates is similar to the mesenchymal cycle
movement with polarization, protrusion, adherence and retraction. Cells are collectively
polarized with leader cells at the front having distinct role from followers at the rear. Leader
cells are specialized in protrusion, guidance and matrix degradation. Then, follower cells
provide the retraction movement through coordinated cytoskeleton contraction. It has been
recently proposed that, in certain conditions, collective cell migration can rely on amoeboid-
like mechanisms with global aggregates movement being based on pure actomyosin contraction

rather than actin polymerization.

In addition, it has been demonstrated that collectively migrating cancer cells can switch

to individual cell migration, if properly challenged (Aman and Piotrowski 2010).

1.3 - MECHANISMS OF CELL LOCOMOTION

| will here describe in depth the mechanisms of mesenchymal migration of single cells,
as it is the best understood mode of migration and also the mode of migration of the breast
cancer cells used during my PhD. The engine of cell locomotion is the actin cytoskeleton that

produces forces required to move. However, this engine would be useless if it was not somehow
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connected to the substrate on which the cell moves. This is allowed through adhesions to the
extracellular matrix (ECM) that use specific receptors to bind the components of the ECM. The
interplay between adhesions and the actin network generates a cycle of events that drives
migration. First, the cell polarizes, under the control of extracellular cues, to define a front and
a rear. Then, the cell extends a protrusion at its leading edge. This protrusion is stabilized be
generation of new adhesions to the ECM. Finally, the cell’s rear retracts to allow forward
translocation (Figure 3). In addition to these critical steps, cells sometimes need to degrade the
ECM, particularly in dense, 3D environments, in order to excavate a passageway for migration.
I will here mostly describe the role of the actin network and adhesions in mesenchymal cell

migration.

Direction of movement

Focal adhesion

Figure 3. Mesenchymal cell migration is a

repetition of 4 steps.
1. Extension

1) Actin polymerization extend the
lamellipodia at the leading edge.

Lamellipodium

2) New adhesion forms in the new
lamellipodia.

2. Adhesion 3) Actin contraction induce a translocation

of the cell body toward the front

New adhesion 4) Retraction of the rear leads to
detachment of old adhesions.

(From https://www.mechanobio.info)

Cell body movement

3. Translocation

Contraction

4, De-adhesion

Old adhesion
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1.3.1 - The actin cytoskeleton: the engine of cell migration

The actin cytoskeleton is the engine of cell migration by providing the forces required
to move. A branched actin network polymerizes at the front of the cell to generate forces that
push the plasma membrane of the leading edge forward. In addition, actin stress fibers provide
contractile forces required to translocate forward the rear of the cell. Because of these numerous
roles, actin regulation involves many proteins that control actin filament assembly, length,

renewal or elongation speed among other characteristics (Figure 3).

1.3.1.1 - Actin and actin regulators

Actin is a globular protein that exists as a monomeric, or globular form (G-actin) that
can assemble into a double helix-shaped filament (F-actin) (Holmes et al. 1990). Actin filament
formation starts with a nucleation step, the assembly of three actin monomers. Actin monomers
have a weak affinity for each other, and in the cell the nucleation step is both helped and
regulated by actin nucleators. After initial nucleation, G-actin is added at the barbed end (+ end)
of the growing filament during the elongation step. Importantly, barbed-ends are oriented
towards the plasma membrane. Thus, a new monomer has to “squeeze” between the plasma
membrane and the extremity of the filament in order to be incorporated. This is what actually
produces the force that pushes the membrane forward. However, because the plasma membrane
opposes a resistance to the pushing force, the incorporation of new monomers at the barbed-
end actually results in a net displacement of the filament towards the cell center in a process
known as actin retrograde flow. It is thus necessary to connect actin filaments to adhesion
structures so that the pushing force can result in a net forward movement of the plasma
membrane (Figure 4).

Several proteins regulate actin polymerization. Profilin is bound to cytoplasmic actin
monomers. It prevents nucleation and leave the monomer upon its integration into the filament
(Pollard and Cooper 1984). ADF/cofilin binds to actin monomers in the actin filament and
promotes filament severing by creating a fragile zone (Andrianantoandro and Pollard 2006).
Capping proteins bind to the barbed end, until actively removed, and block the filament
elongation (Bearer 1991). It helps to orient global actin polymerization toward the plasma
membrane. Cortactin activates the Arp2/3 complex, a central actor in the formation of the

branched actin network, and stabilizes actin branched network (Lai et al. 2009).
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actin network is not engaged with the substratum, this leads to an actin retrograde flow and no forward
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and initiate cell migration. (From Lee, 2018)
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Actin nucleators generate the initial the F-actin nucleus from which actin filament
elongates (Figure 5). They control the future network organization and regulate actin
organization by skewing the limiting steps. Arp2/3 is the only nucleator able to generate a
branched actin network. It fulfills many roles and can be found in the lamellipodia but also
associated at clathrin-coated structures and on endosomes. It is constitutively inactive and can
be activated by nucleation promoting factor through a conformational change (Rouiller et al.
2008). Once activated, Arp2/3 polymerize a new filament on the flank of a pre-existing with at
70° orientation as compared to the mother filament (Mullins, Heuser, and Pollard 1998). This
is what produces the branched network. Formins are another familily of actin nucleators and
are notably involved in the generation of long filaments as seen in stress fibers or in filopodia
(Goode and Eck 2007). Other nucleators involve WH2 domains that bind actin monomers to
promote nucleation and filament elongation. Spire (Quinlan et al. 2005) or Cordon bleu (Ahuja

et al. 2007) are two members of this family.

Actin nucleators are under the control of nucleation promoting factors (NPFs) that all
contain a Verprolin Homology/Cofilin/Acidic (VCA) domain. The VCA domain binds to an
actin monomer and activate Arp2/3 by a conformational change (Espinoza-Sanchez et al. 2018).
NPFs families have distinct roles and are spatially restricted (Figure 5). One of them, the
WAVE complex, regulates the lamellipodia formation and is itself activated by the small
GTPase Rac (Chen etal. 2010). It is recruited at the plasma membrane by phosphatidyl-inositol-
3,4,5-phosphate (PIP3) (Oikawa et al. 2004). WASP and N-WASP participate in endocytosis
and podosome formation (Benesch et al. 2005; Merrifield et al. 2004; Mizutani et al. 2002).
They are activated by phosphorylation and binds to PIP2 and cdc42 (Higgs and Pollard 2000;
Rohatgi et al. 1999). Finally, WASH regulates endosome fission and WHAMM is involved in
trafficking events. In all cases, NPFs are recruited and activated by Rho GTPases like Rac at
the level of membranes. As a consequence, actin polymerization always occurs against a

membrane.

1.3.1.2 - The lamellipodia

In migrating mesenchymal-like cels, actin polymerization at the leading edge occurs in
a very thin area at the very edge of the cell. This structure is called the lamellipodia and is home
to a dense branched actin network (Svitkina and Borisy 1999; Figure 6). Its polymerization

requires few necessary proteins but much more regulators. This actin network polymerizes
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against the plasma membrane and, following the Brownian rachet model (Peskin, Odell, and
Oster 1993), thermal agitation makes enough space between actin filament and the plasma
membrane for the addition of actin monomers at the barbed end of polymerizing filaments. This

generates the force that pushes the membrane forward and allows the cell to protrude.

Figure 6. The lamellipodia is home to a dense branched actin
network. a) EM replica of an unroofed migrating keratocyte
reveals a large lamellipodia b) Overall imaging of the
lamellipodia ¢) Branched actin network close to the membrane
d) Non-branched actin filament in the center of the cell e-h)
Actin branching by Arp2/3. Bars: (b) 1 pm; (e-h) 50 nm (From
Svitkina et al., 1997)

In 2000, Pollard et al proposed a model for actin organization in the lamellipodia that is
still widely accepted today. In this model, an external stimulus leads to local PIP2 production
and consecutive GTPases activation. This leads to NPFs activation and thus to Arp2/3 driven
branched actin polymerization. Elongation factors are enriched in the front. Actin filaments
elongate from their barbed end until capping proteins stop the elongation. Then, as filaments
age, they become a target of cofilin that sever them. Profilin binds the monomeric actin and
catalyzes the exchange of ADP to ATP thus refiling the pool of actin monomers ready for a
new filament formation. Lamellipodia formation is thus an equilibrium between polymerization

at the front and severing/depolymerization at its back (Figure 7).

In the absence of adhesion to the substrate, branched actin polymerization and
treadmilling only lead to a net actin retrograde flow oriented towards the cell center. If
adhesions physically connect the immobile substrate to the treadmilling, branched actin
network, a molecular clutch transforms the retrograde flow into forces applied against the
plasma membrane, eventually leading to the membrane being pushed forward and, in fine, to

cell protrusion.
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Figure 7. Proposed model for actin organization in the lamellipodia. An external stimulus leads to local PIP2
production and consecutive GTPases activation. This leads to NPFs activation and thus to Arp2/3 driven
branched actin polymerization. Elongation factors are enriched at the front. Actin filaments elongate from
their barbed-end until capping proteins stop the elongation. Then, as filaments age, they become a target of
cofilin that severs them. Profilin binds the monomeric actin and catalyzes the exchange of ADP to ATP thus
refiling the pool of actin monomers ready for a new filament formation. Lamellipodia formation is thus an
equilibrium between polymerization at the front and severing/depolymerization at its back. (From Pollard and
Borisy, 2003)

1.3.1.3 - Other actin structures in cell migration

Besides the lamellipodia that is the protruding region of the cell, other actin-rich
structures play important functions during cell migration. Behind the lamellipodia, is a larger
region called the lamella in which nascent adhesions mature to form proper focal adhesion
structures. It is also the region where actin stress fibers are formed and play a role in migration.
A very important player of cell migration is found in this area, and is actually excluded from
the lamellipodia: myosin-I1. Myosin-I1 is a molecular motor that, opposite to other myosins, do
not move along actin filament but is able to slide two anti-parallel filaments through
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hydrolyzing ATP and changing conformation (Rayment et al. 1993; Figure 8). The HC links F-
actin and hydrolyze the ATP. Myosin-I11 tail can bind to other myosin-I11 tails to form fibrils.
The RLC regulate myosin activity through its phosphorylation state. Myosin-11 fibrils, together
with anti-parallel actin filament, form contractile complexes (actomyosin) and their activity is
required for cytokinesis, muscle contraction or stress fibers contraction. | will here describe
different actin-rich structures playing a role in cell migration, most of which also heavily
depend on the action of myosin-II. It is important to keep in mind that most of these structures
(including the lamellipodia) have mostly been described in cells migrating on 2D substrates

and, consequently, their description is relevant only in this context.
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Figure 8. A) Myosin-II is composed of two head chains (HC), two regulatory light chains (RLC) and two
essential light chains (ELC). Upon RLC phosphorylation myosin Il adopts its unfolded active conformation.
B) Myosin dimerizes and binds actin filaments; the action of myosin dimers leads to actin fiber contraction.
(From Vicente-Manzanares, 2009)

The actin cortex

The actin cortex is a 100 nm thin layer of reticulated actin that is just below the plasma
membrane (Bray and White 1988). It participates in establishing/maintaining the cell shape and
resistance to applied forces. Myosin-l1I-mediated contraction is responsible for the cortical
tension. Its main function is during mitosis as it helps the cell to round up, but it also plays a

role in migration. The actin cortex contains many actin bundlers and crosslinker like fascin or
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a -actinin. It contains both actin bundle and branched actin and it is mainly nucleated via Arp2/3
and formins (Bovellan et al. 2014). It is bound to the plasma membrane by ezrin, radixin and
moesin (ERM proteins). It is a very dynamic structure that contain many actin regulators.
Cortical actin is particularly important during amoeboid migration as the dynamic interplay
between the cortex and the plasma membrane is responsible for bleb formation and resolution
(Blaser et al. 2006).

Actin stress fibers

Stress fibers are long cables (up to 10 um) of antiparallel actin filaments that are linked
together by myosin-Il and a-actinin. In addition to myosin-I1 and a-actinin, many actin binding
proteins are associated with stress fibers, including the actin recruiter tropomyosins. These
proteins have a fast turnover, making stress fibers dynamic structures (Tojkander et al. 2011).
Stress fibers are found from the lamella to the rear of the cell (Cramer, Siebert, and Mitchison
1997). Thanks to myosin sliding along antiparallel actin filaments, stress fibers are contractile
structures and are, most of the time, under tension. They can be associated to focal adhesions
(FAS) at one or both of their extremities and the tension generated by stress fibers helps FAs to
mature (Vogel 2006). They participate in mechanotransduction, transmit forces and are

necessary for the retraction of the rear of the cell during migration.

Stress fibers can be divided into three subtypes that also represents different maturation
steps of these structures (Figure 9). Transverse arcs are located in the lamella and oriented
parallel to the leading edge. They are not associated with adhesion sites but their contraction
participates to the actin retrograde flow that is also observed in the lamella (Zhang et al. 2003).
Dorsal stress fibers are located on the dorsal side of the cell, perpendicular to the direction of
leading edge extension and are only attached to the substrate through one adhesion site. Ventral
stress fibers are anchored to FAs at both their can thus exert strong contractile forces. Ventral
stress fibers are at the back and promote rear contraction, detachment and displacement
(Mitchison and Cramer 1996).

Stress fibers arise from existing actin filaments coming from the lamellipodia
reorganization. Cofilin-severed actin filaments at the rear of the lamellipodia start to be enriched
in myosin-11 and a-actinin when entering the lamella, and to reorganize into transverse arc of

antiparallel actin filament bundles (Burnette et al. 2011; Shemesh et al. 2009). Nucleation
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activity associated with transverse arc dynamics relies on formins (mDia and FHOD1) via the
Rho/ROCK pathway (Watanabe et al. 1997). Dorsal fibers come from actin polymerization at
adhesion sites. Ultimately, myosin-11 mediated contractions leads to transverse arc and dorsal

fibers reorganization into ventral stress fibers (Hotulainen and Lappalainen 2006).
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Figure 9. A) In the cell, stress fibers can be sorted into 3 categories: dorsal stress fibers that have
one extremity associated with FAs, ventral stress fibers that have two extremities associated with
FAs and transverse arc that are not associated to FAs. B) Actin staining showing dorsal stress fibers
(red), ventral stress fibers (green) and transverse arc (yellow). C) Structure and composition of a
ventral stress fiber. (Adapted from Tojkander et al., 2012)

Filopodia

Filopodia are small, pointy membrane outgrowth that form mostly in the lamellipodia.
They serve to sense and explore the cell environment. They form in contact zones with the ECM
and their bundled, parallel actin filaments structure is connected to nascent adhesions (Steketee
and Tosney 2002). The particular organization of actin filaments in filopodia is controlled by
fascin that can only bundle parallel filaments. Formins, located at the tip of filopodia, ensure
further filament elongation (Yang and Svitkina 2011). Myosin X transports receptors to
filopodia tips for effective sensing (Jacquemet, Hamidi, and Ivaska 2015). Among these
receptors are integrins, cell-cell receptors, growth factor receptors and chemokines receptors.
Filopodia are mostly used to sense the environment, to transduce external stimuli into signaling.

They are extensively used at the beginning of cell spreading (Albuschies and VVogel 2013) but
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also during cell migration where they have been proposed to regulate contact inhibition
(Arjonen et al. 2014) or to recognize the ECM topography. They have also been proposed to
produce retraction forces (Jacquemet, Hamidi, and Ivaska 2015).

1.3.2 - Adhesion structures

Adhesions to the ECM are critical for cell migration as they allow the actin machinery
to be physically connected to the ECM. This allows the actin retrograde flow to be slowed down
and consequently, the barbed ends of lamillipodia actin filaments to efficiently push the plasma
membrane forward. Adhesions are formed around ECM receptors but also contains many
cytosolic proteins that are critical for adhesion sites functions. These proteins fulfil different
functions and are recruited at adhesion sites through direct or indirect binding of the cytosolic
tails of ECM receptors. To date, different types of adhesion complexes have been described,
that, for most of them, display a similar composition and depends on connections with the actin
cytoskeleton. Besides the classical focal adhesions (FAs), other structures sharing to some
extend similarities with FAs such as invadopodia, podosomes and hemi-desmosomes can exist
in some cells and, in addition to adhesion, fulfil some specialized functions. More recently, new
types of adhesion structures have been proposed that do not rely on actin but that contain
clathrin and clathrin-associated endocytic machinery components. | will here describe the most
canonical adhesion structures (that will be termed “focal adhesions” for practical reasons)

before briefly evoking clathrin-coated structures.

1.3.2.1 - ECM receptors

Several families of ECM receptors co-exist in cells, but the integrin family is widely
considered to be the main one as integrins bind to most of the ECM components. In addition to
integrins, other receptors such as the discoidin domain receptors, GPV1, LAIR-1 and the
mannose receptor can take part in adhesion (Leitinger and Hohenester, 2007). On the top of
their role ECM binding, these receptors also activate downstream signaling pathways with

important physiological consequences.
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Discoidin domain receptors

Discoidin domain receptors (DDRs) are a family of collagen receptors containing two
members, DDR1 and DDR2 (Shrivastava et al. 1997). DDRL1 is mainly found in epithelial cell
and DDR2 in mesenchymal cells. They can recognize different collagen types, but both bind to
collagen type I. They bind to the GVMGFO collagen region (Xu et al. 2000) but only in the
triple helical collagen configuration (Vogel et al. 1997).

DDRs are the only Receptor Tyrosine Kinases (RTK) that bind to the ECM. Like other
RTKs DDRs dimerize upon ligand binding. This leads to autophosphorylation of the receptors
and activation of downstream effectors like Cdc42, ERK1/2-MAPK or members of the STAT
family (Ongusaha et al. 2003; Wang et al. 2006). Interestingly, DDRs require a long ligand
presentation, 2 hours, and remain activated for 16 hours (Shrivastava et al. 1997; VVogel et al.

1997). They are involved in adhesion, migration, ECM remodeling and proliferation.

Integrins

The integrin family of ECM receptors is mainly involved in cell-matrix adhesion but can also
play a role in cell-cell adhesion. They serve to analyze the properties and composition of the
cell environment and they transform these physical and chemical external stimuli into the

adapted intracellular response.

Integrins role can be divided into two part as they are both adhesion molecules and
signaling receptors. As adhesion molecule they link the cell to the ECM and initiate the
formation of large adhesion complexes. As signaling receptors they control cell survival,
cytoskeleton dynamic, cell cycle progression, polarization or mechanosensing. Integrins
subunit expression level can vary over time or depending of the cell type and this defines to

what component of its surrounding matrix the cell can bind.

Integrins are heterodimer composed of non-covalently bound a and § subunit. o subunits
are composed of around 1000 amino acids and B subunits a bit shorter, being composed of
around 750 amino acids. Their heterodimerized, large N-term extracellular domains form the
structural entity endowed with the capacity to bind to ECM proteins and thus provide dimer-
ligand specificity. The transmembrane domains regulate heterodimerization. Integrin
dimerization initially occurs in the endoplasmic reticulum (ER), prior to reaching the cell
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surface (M. J. Humphries 2000). The short C-term intracellular domains provide binding to
actin and other adhesion proteins. Integrins are non-enzymatic and thus rely on their partners
for signaling.

18 o and 8 B different subunits can associate into a total of 24 different heterodimers
reported so far (Sheppard 2000). A specific heterodimer is mostly associated to one type of
ECM component. On the opposite, a given ECM protein can be recognized by several
heterodimers (Humphries, Byron, and Humphries 2006; Figure 10A). As a consequence, a cell
adhering to a particular ECM protein can recruit different heterodimers to do so. As an example,
collagen type I is recognized by 5 integrin heterodimers: alfB1, a2f1, alOB1, al1B1 and aXp2
(Humphries, Byron, and Humphries 2006).

Integrins have been historically identified as the receptor for the RGD (arg-gly-asp)
domain of fibronectin. RGD domains are also responsible for the integrins binding to
vitronectin or osteopontin. Nevertheless, even if RGD sequence is found in collagen, integrins
that bind to collagen actually recognize the triple helical GFOGER sequence (Knight et al.
1998), the later identified GLOGER sequence or the GROGER motif (Raynal et al. 2006).
Finally, integrin’s binding to its ligand is also dependent on cation such as Ca2+, Mn2+, Mg2+
that are required to support the proper structural organization of the high affinity dimers (Hu,
Barbas, and Smith 1996).

Integrins can be found in two conformations (Figure 10B). In the inactive, folded
conformation, the extracellular domains are bent and show a low affinity for the ligand (Nishida
et al. 2006). In the active conformation, the heterodimer is unfolded and displays a very strong
affinity for its ligand (Jahed et al. 2014). The dimerization of the transmembrane domains favors
the inactive state (Wegener et al. 2007). Integrin activation can be regulated by different
phenomenon. Inactivated integrins diffuse freely at the plasma membrane and can be activated

by both ligand binding or intracellular partners like talin.
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Figure 10. A) Representation of integrin-ligand interactions. Integrin-ligand interaction specificity
is given by the dimer composition. (From Barczyk, 2010) B) Inactive conformation of integrin (left)
and a hypothetical model of the open, active form (right), with a fibrinogen peptide in red and a talin
domain in magenta. The o integrin is in blue and the B integrin is in green. (From

https://pdb101.rcsh.org/motm/134)

1.3.2.2 - Focal adhesions

Focal adhesions (FAs) are clusters of proteins forming around activated integrins. They
not only physically link the cell to the ECM but also play a major role in signaling in response
to physical cues from the environment and in interacting with the actin cytoskeleton, thus

playing a major role in cell migration.

General description of FAs

Many proteins take part in FAs assembly and dynamics and, together, they form what
is generally described as “the adhesome”. Studies found 148 resident proteins at Fas and another
84 associated proteins (Winograd-Katz et al. 2014). FAs proteins can be divided into 4 main

groups:

- Adaptor proteins, scaffold, contact protein (eg. talin, ILK, paxillin, vinculin)
- Cytoskeleton binding proteins (eg. a -actinin)

- Enzymes (eg. FAK, Src, PKC, PI3K)

- Small GTPases and GTPases regulators (eg. Rho, Rac, cdc42)
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The many binding sites that are found in these proteins make FAs a very complex and
interconnected network. Nevertheless improvement in imaging technics allowed to start
uncovering the substructural organization of FAs (Figure 11; Kanchanawong et al. 2010). These

studies have proposed an organization in three functional layers:
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Figure 11. Focal adhesions are composed of different layers that are defined by their role,
composition and distance to the plasma membrane. (From Kanchanawong et al., 2010)

- The integrin-signaling layer

This is the most plasma membrane proximal layer and comprises the cytosolic tail of
integrins as well as cytosolic factors directly binding this cytosolic tail. Talin is a central
regulator of integrin affinity and FAs dynamics. Talin is a large protein that adopt an elongated
shape. While the head of talin is very close to the plasma membrane, the protein also spans
across the two other layers of FAs. Talin binding to B integrin subunits leads to the separation
of a and P cytoplasmic tails. This favors the active, high affinity state of integrin dimers and
leads to strong ECM engagement (Wegener et al. 2007). Talin interacts with many other
proteins including signaling proteins. It makes the first direct link with cytoskeleton as it also
binds F-actin in more distal layers (Lee et al. 2004). Its four integrin binding sites participate in
integrin clustering (Klapholz et al. 2015). Another central player of this layer is the Focal
adhesion kinase (FAK). FAK is both a scaffold for other FAs-associated proteins and the major
FAs signaling protein. Its phosphorylation by Src leads to the activation of Rho-GTPases like
RhoA, cdc42 or Rac-1 (Schaller 2010). It is not required for adhesion formation or actin linking

but regulates FAs dynamics (Mitra, Hanson, and Schlaepfer 2005). Paxilin is a signaling and
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scaffolding protein that is recruited very early during FAs assembly. It binds and recruits
kinases (eg. FAK, Src), actin binding protein (eg. vinculin), as well as regulators and effectors
of the Rho family of small GTPases. Src family of kinase (SFC) is a family of tyrosine kinase
proteins that are quickly activated after integrin activation (Baruzzi, Caveggion, and Berton
2008). They contribute to reinforce and mature the adhesion complex by activation of

downstream kinases and adaptors (Giannone and Sheetz 2006).

- The force transduction layer

This layer comprises protein or protein domains that are sensitive to physical forces exerted
at FAs. As discussed above, talin also spans this layer and is endowed with the possibility to
unfold some domains when exposed to forces. This exposes new binding sites for the
recruitment of other regulators and adaptors of FAs and thus directly participates in force-
regulated FAs maturation. Vinculin is another important actor of this layer. It is a scaffolding
protein that interacts with proteins like F-actin, talin, a-actinin, paxillin, WASP and Arp2/3.
The force-induced unfolding of talin exposes vinculin-binding sites and vinculin subsequently
plays a critical role in FAs maturation through recruiting additional factors and reinforcing the

link between integrin and the actin cytoskeleton (Humphries et al. 2007; Saunders et al. 2006).

- The actin regulatory layer

Finally, the most membrane distal layer is the actin regulatory layer. This is where is found
a-actinin, an actin filament crosslinker that participates in the formation of the actin bundle that
emanates from FAs (Brown et al. 2006; Choi et al. 2008). The more a-actinin there is, the
stronger is the linkage between FAs and the actin cytoskeleton (Laukaitis et al. 2001; von
Wichert et al. 2003). The actin regulatory layer also contains myosin Il that control both FA

maturation and disassembly via actomyosin contraction (Vicente-Manzanares et al. 2007).
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Maturation and life-cycle of FAs

Upon integrin clustering, FAs mature from small proteins cluster often nascent
adhesions into larger structures by recruiting more and more proteins (Figure 12A). Their shape,
signaling and role in adhesion evolve with their composition (Vicente-Manzanares and Horwitz
2011). First formed are nascent adhesions that can first mature into focal complexes before
further maturation into proper FAs that ultimately disassemble at the rear of the cell, allowing
the cell body to translocate forward (Figure 12B). These distinctions are mostly practical as

FAs maturation is more a continuum than a distinct succession of discrete class of adhesions.
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Figure 12. A) Focal adhesions mature by sequential recruitment of proteins B) As they mature and
recruit proteins focal adhesions elongate. They disassemble when once at the rear of the cell. (From
De Pascalis and Etienne-Manneville., 2017) C) Zyxin (Z) and vinculin (Vi) staining showing the
different shapes of focal adhesion in U20S cells (From Legerstee et al., 2019)

Nascent adhesions for at clustered integrin sites as dot-shaped structures of about 200nm
in diameter. Their nucleation mechanism remains unclear, but they only form at the cell front
(Galbraith, Yamada, and Galbraith 2007). Nascent adhesions formation requires F-actin
polymerization that occurs at the very leading edge of the cell in a structure called the
lamellipodia (Alexandrova et al. 2008; Choi et al. 2008). They exhibit strong phosphorylation
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capacities (at FAK, Src, Paxilin) that participate to protein recruitment and promote branched
actin polymerization in the lamellipodia. They could be responsible for the strong traction force
observed at the very front of the cell (Beningo et al. 2001; Munevar, Wang, and Dembo 2001).

Most of these short-lived structures (30s) (Choi et al. 2008) disappears as they are
dragged backward by the actin retrograde flow that results from the intense actin polymerization
against the plasma membrane of the leading edge, in the lamellipodia. The few ones associated
with actin bundles can persists to form focal complexes (Oser and Condeelis 2009).

Focal complexes are up to 1 um elongated structures. Their maturation relies on myosin
Il contraction (del Rio et al. 2009) and coincide with the transition from the lamellipodia to the
more distal lamella. Their composition doesn’t change as compared to nascent adhesions (Choi

et al. 2008). Focal complexes then disassemble or mature into proper FAs.

FAs are ovoid structures of 2 um to 10 um long. Their turnover is quite slow with a
lifetime of several minutes. The more rigid is the substrate the larger FAs are (Balaban et al.
2001). Phospotyrosine levels are reduced over FAs maturation as the adhesion progressively
loses its signaling role for a more adhesive one (Ballestrem et al. 2006). Their composition
changes as compared to focal complexes with more vinculin, paxillin or a-actinin being
recruited and they also start to associate with actin stress fibers. Activation of myosin Il in stress
fibers leads to fiber contraction and thus to more forces being exerted at FAs (Katoh et al. 2001).
These forces participate to the growth of FAs to a certain threshold.

Finally, integrin disengagement and adhesion disassembly at the cell’s rear are required
to end signaling and for the cell to move for forward. FAs disassembly is driven by many
mechanisms. One possible mechanism involves the protease calpain that cleaves integrins or
talin (Franco et al. 2004). Myosin Il-driven actin contraction can drive FAs maturation to a
certain threshold as mentioned above. However, when forces become too important, they can
lead to FAs disassembly by weakening integrin interaction with ECM or physically
disconnecting FAs from the actin cytoskeleton (Chrzanowska-Wodnicka and Burridge 1996).
In that latter case, FAs can detach from the cell and remain attached to the ECM. Microtubules
also play a role in FAs disassembly, potentially through bringing a relaxing factor to FAs
(Kaverina, Krylyshkina, and Small 1999). Finally, integrin endocytosis participates in FAs
disassembly in a FAK- and dynamin-dependent manner (Ezratty et al. 2009; Ezratty, Partridge,

and Gundersen 2005). All these mechanisms collaborate to regulate efficient FAs disassembly.
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1.3.2.3 - Adhesive clathrin-coated structures

Clathrin-coated structures (CCSs) are primarily endocytic structures and will be
described in greater detail in the second chapter of this manuscript. Nevertheless, because CCSs
were observed in thigh contact with the substrate (Batchelder and Yarar 2010; Maupin and
Pollard 1983) and to contain ECM-engaged integrins (Batchelder and Yarar 2010; De Deyne et
al. 1998; Tawil, Wilson, and Carbonetto 1993), it was proposed that they could also serve as
adhesion structures (Lampe, Vassilopoulos, and Merrifield 2016). This hypothesis has become
more popular recently as a new type of avp5-enriched adhesions have been described and
shown to actually correspond to a formerly identified subset of CCSs called clathrin-coated
plaques. The formation and dynamics of these atypical adhesions are independent of actin but
depends on clathrin and clathrin-adaptors that recruits integrins such as Numb, Dab2 and ARH.
Although seemingly not connected to the actin cytoskeleton, these structures are

mechanosensitive as they assemble as a function of the substrate rigidity (Baschieri et al. 2018).

In addition, our team also recently reported the existence of another type of clathrin-
based adhesions (Elkhatib et al. 2017). These structures are called Tubular Clathrin/AP-2
Lattices (TCALSs) because they form at contact sites with collagen fibers and wrap around and
pinch the fibers. TCALSs are enriched in 1 integrins and are used by cells migrating in 3D to
grab collagen fibers thus facilitating the stabilization of long cell protrusions, in coordination
with FAs.

These atypical adhesive structures will be discussed in greater detail in the second part

of this manuscript.

1.3.3 - Orientation of cell migration

Cells that migrate not only move, but, very often, they actually move in a direction that
is controlled by both external and internal factors. Cells can sense and interpret many kinds of
external physical and chemical cues. For instance, cells can migrate by following rigidity
gradients (eg. durotaxis; Lo et al. 2000), electric fields (eg. galvanotaxis; Zhao et al. 1996)
gradients of soluble attractants (eg. chemotaxis; McCutcheon, 1946) or substrate-bound factors
(eg. haptotaxis; Carter 1965). Directed cell migration is a key process in embryogenesis where
it allows cells to move to their final destination (Reig, Pulgar, and Concha 2014). It is also

central to immunity (Luster 1998) or nervous system wiring (Hatten 2002). | will here describe
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more specifically the cases of chemotaxis and haptotaxis because they are the most prominent

forms of directed cell migration in the organism and because it is at the heart of my PhD project.

1.3.3.1 - General mechanisms of chemotaxis and haptotaxis

Many different kinds of secreted proteins have been shown to be able to attract cells:
growth factors (EGF, FGF, VEGF, IGF-1, PDGF, HGF, TGF- B...), chemokines (CCR1,
CCR2, CCR3, CXR1, CXR3...) and matrix proteins (fibronectin, vitronectin, collagen 1....).
However, an isotropic distribution of these cues leads to random migration. In order to orientate
cell migration, extracellular cues need to be asymmetrically distributed, in a gradient. The
gradient depth also needs to be adequate, as the difference of cues concentration at the front
versus the rear of the cell must be sensed with sufficient sensitivity by the cell. Indeed, directed
cell migration implies that the asymmetrically distributed external cues are sensed and
integrated into signaling pathways that polarizes the migration machinery inside the cell (Parent
and Devreotes 1999; Vorotnikov 2011).

Several chemotaxis models have been proposed and are not necessarily mutually
exclusive depending on chemoattractants and cell types considered. The “chemotaxis bias”
model is based on a proposed stabilization of the protrusion facing the stronger concentration
of chemattractant (Andrew and Insall 2007; Arrieumerlou and Meyer 2005; Insall 2010). In this
model the cell randomly generates lamellipodia in every direction. If the lamellipodia contact
enough chemoattractant it will stabilize, and otherwise it will retract. In the “compass” model,
the lamellipodia only form towards the more concentrated area of the gradient as a consequence
of local accumulation of second messengers following receptor signaling (eg. PIP3) (Rickert et
al. 2000; Swaney, Huang, and Devreotes 2010; Figure 13).

1.3.3.2 - Regulation of directed migration

Actin is the engine of locomotion and this engine can be steered by external factors in
order to produce a directed migration phenotype. These cues are sensed by cell-surface
receptors that transduce intracellular signals that, collectively, continuously reshape the
organization of the actin network in order to move in a given direction. Classically,

chemoattractant bind to two main receptor families: 1) G protein-coupled receptors (GPCRS)
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and, 2) receptor tyrosine kinases (RTKSs). Once activated by their ligands, these receptors
triggers intracellular signaling pathways by recruiting different adaptors and effectors.
Chemoattractants usually trigger two signals: 1) a locally restricted activating signal and, 2) a
largely diffusing inhibiting signal (Xiong et al. 2010) thus ensuring a local control on the actin

machinery.

“Compass” model

Rl
i
\—)@g

“Chemotaxic bias” model

Figure 13. Two model coexist to explain
chemotaxis. A) In the “chemotaxis bias” model the
cell randomly generates lamellipodia in every
direction. If the lamellipodia contact enough
chemoattractant it will be stabilized, and otherwise
it will retract. B) In the “compass” model, the
lamellipodia only form towards the more
concentrated area of the gradient as a consequence
of local accumulation of second messengers
following receptor signaling. (From Reig et al.,
2014)

One of the most important signaling factor generated upon receptors activation is
phosphatidylinositol(3,4,5)-trisphosphate (PIP3) (Sasaki et al. 2000). The phosphoinositide 3-
kinase (PI13K) is produce as a consequence of both GPCRs and RTKSs activation that control a
localized PIP3 production and accumulation at the cell front (Figure 14). Many actin regulators
have Pleckstrin Homology (PH) domains that can interact with PIP3 (Yin and Janmey 2003).
While PI3K produces some PIP3 at the cell front, the phosphatase PTEN that accumulates at
the cell rear hydrolyzes PIP3 into PIP2 thus reinforcing cell polarization (Funamoto et al. 2002;
lijima and Devreotes 2002). Receptor activation also leads to calcium and proton entry into the
cell. Calcium is an important second messengers that also accumulate at the front during
migration (Brundage et al. 1991). In addition, pH gradient within the cell is also known to
modulate actin related proteins such as talin, cofilin or cdc42 (Frantz et al. 2007) and seems to
be implicated in many directed migration (Martin et al. 2011; Tarbashevich et al. 2015).
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Utlimately, these signals regulate and asymmetrical activation of RhoGTPases. For
instance, Rac and cdc42 activation at the front leads to lamellipodia and filopodia formation.
At the back of the cell, Rho regulates stress fiber contraction and rear cell retraction. The mutual
Racl and RhoA antagonism reinforce the polarization (Bustos et al. 2008; Ohta, Hartwig, and
Stossel 2006). (Figure 15)

GPCR RTK

..... I: e ]ﬂ Figure 14. Upon chemoattractant binding, both GPCRs and
""" T » RTKs activate PLC and PI3K leading to local enrichment of
) /

PIP3 at the plasma membrane. This local enrichment in PIP3
e PLC induces a local recruitment of actin nucleator ultimately
A B leading to localized actin polymerization and directed
s migration toward the chemoattractant. (From Kedrin et al.,
2007)
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Figure 15. Chematractant gradients lead to asymmetrical activation of RhoGTPases. Rac and cdc42
activation at the front leads to lamellipodia and filopodia formation. At the back of the cell, Rho
regulates stress fiber contraction and rear cell retraction. The mutual Racl and RhoA antagonism
reinforce the polarization. (From Barriga and Mayor, 2015)
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Microtubules also participate in directed cell migration. Microtubules regulate proteins
and mRNAs traffic, RhoGTPases and FAs turnover (Tran et al. 2007). The microtubule
organization center (MTOC) is oriented toward the front of migrating cell to send microtubules
to the leading edge (R. Li and Gundersen 2008). If microtubules are no required to establish

cell polarity they participate in its maintenance (Etienne-Manneville 2013).

Haptotaxis towards substrate-anchored growth factors or chemokines is believed to rely
on similar mechanisms. However, in the case of haptotaxis towards ECM components,
integrins, rather than GPCRs and RTKSs are used to sense the gradient (Oudin et al. 2016). In
the specific case of a fibronectin gradient, fibronectin binding to a5B1 leads to Mena
recruitment on their cytoplasmic tails. As Mena is a member of the Ena/VASP family that
promotes actin filaments elongation, this leads to localized actin reorganization. Besides a few
specific examples, and as mentioned above, haptotaxis is poorly studied and understood but is

generally believed to rely on similar mechanisms as chemotaxis.

Besides a few specific examples, and as mentioned above, haptotaxis is poorly studied
and understood but is generally believed to rely on similar mechanisms as chemotaxis.
Nevertheless, a recent study (C. Wu et al. 2012) compared the migration mechanisms involved
in chemotaxis and haptotaxis in 2D. They used Arp2/3-depleted fibroblasts to investigate the
role of lamellipodia in migration in response to gradient of soluble PDGF or substrate-bound
matrix proteins. They found that cells lacking Arp2/3 and lamellipodia could still migrate
toward a soluble PDGF gradient, most likely using filopodia sensing. On the opposite, Arp2/3
and lamellipodia were shown to be required to follow a substrate-bound gradient of matrix
protein. Nevertheless, this study doesn’t allow to draw a general mechanism of chemotaxis
versus haptotaxis as different chemotactic cues were used (growth factor vs matrix proteins)
and these two families of migrating cues bind to very different receptors. It is likely that, in
addition to the way the ligands is presented to the cell (soluble or attached to the substrate), the
mechanism driving directed migration is specific to the class of chemoattractant used in the

different assays.

1.4 - THE EXTRACELLULAR MATRIX

Cell migration occurs on a substrate that, in vivo, is the ECM. Even in vitro, cells do not

migrate directly on the glass or the plastic but on ECM components that either derive from the
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serum or are secreted by cells themselves, and that are firmly sticking to the glass of the plastic.
Thus, ECM is crucial for cell migration and its properties are known to influence the way cell
migrate. Indeed, signaling from ECM receptors helps the cells to interpret its surrounding as
the matrix can vary in rigidity, density, topology as well as biochemical composition. In
response to the matrix properties, the cell adapts its phenotype. For example, ECM elasticity
influences stem cell lineage differentiation (Engler et al. 2006) and modulates cell proliferation,
survival and migration (Wells 2008; Zaman et al. 2006). The ECM also regulates the activation
and availability of many secreted proteins that diffuse in the extracellular space. In fact, by
binding and delivering growth factors, the ECM also controls cell proliferation, survival and
migration. Finally, an important factor to take into account is the dimensionality of the ECM.
While most studies have long been performed on 2D substrates coated with ECM components,
the ECM in which many cells migrate in vivo actually forms a 3D environment. This is a major

difference that is now acknowledged to deeply impact the way cells migrate.

1.4.1 - Composition and structure

The matrix composition and organization vary from one tissue to another. Its most
abundant components are glycosaminoglycans (GAG), proteoglycans (PG) and fibrillar
proteins (Frantz, Stewart, and Weaver 2010; Hynes and Naba 2012; Naba et al. 2012) that are
notably secreted by fibroblasts (Green and Goldberg 1964). Nevertheless, other proteins can be
found within the ECM. These proteins regulate both the matrix (eg. metalloproteases) and
associated cells (eg. growth factors). Fast matrix protein turnover and constant remodeling
make the matrix a very dynamic structure. The ECM can be organized into different structures
such as the basement membrane, a very thin (100 nm) and dense ECM sheet that supports
epithelia, or as a 3D scaffold supporting connective tissues. | will here only describe the
composition and organization of these latter form of organization as this is the one that supports

the migration of cancer cells used during my PhD.

1.4.1.1 - Glycosaminoglycans and proteoglycans

GAGs are repetition of disaccharides and PG (eg. decorin) are glycoproteins form by
the association of a protein chain and a glucidic chain (GAG). Most of ECM space is occupied

by PG (Jarveldinen et al. 2009). These structures are very hydrophilic and participate to the
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formation of a hydrate gel that help the cells resisting compression and strengthening (Mouw,
Ou, and Weaver 2014). They also bind to fibrillar components of the ECM. A very common
GAG is heparan sulfate (HS) that form heparan sulfate proteoglycans (HSPG) that can be both
purely extracellular (eg. perlecan or collagen XVIII) or membrane-bound (eg. syndecan).
HSPG are known to bind growth factors and thus play an important role in gradient formation.
HSPG-bound growth factors are protected from proteolysis and HSPGs also regulates their
diffusion through degradation of the HS chains (Sarrazin, Lamanna, and Esko 2011).

1.4.1.2 - Fibrillar proteins

Among fibrillar proteins found in the ECM, there are large glycoproteins with a
structural role (eg. elastin and collagen) and non-collagenic glycoproteins that mostly bring
resistance to the ECM (eg. laminin and fibronectin). All these ECM proteins binds to each other
to form a deeply interconnected network. In addition, collagens can also be crosslinked into
more or less dense networks (Hynes and Naba 2012). Once secreted, the precursor tropoelastin
assembles into fibers before to be covered with glycoproteins microfibrils (Wise and Weiss
2009). Laminin is a heterotrimeric protein that self-assemble into a cross-linked web and is
critical component of basement membranes. Fibronectin helps to organize the ECM and plays
a major role in cell adhesion. It is secreted by many cell types. It can help cells to sense ECM
tension as cryptic integrin binding sites are uncovered in the fibronectin structures when it
stretches (Smith et al. 2007). Fibronectin is first deposited on an existing ECM network before

to be reorganized into a dense interconnected network (Chernousov et al. 1991).

1.4.2 - Collagen type |

The collagen superfamily comprises 28 members in vertebrates and collagens are the
most abundant proteins in our body. Collagens act as structural scaffolds that can also bind
ECM partners and growth factors. Type | collagen is ubiquitous but other collagen types
expression can be restricted to specific tissues. Type | collagen is produced by fibroblasts,
endothelial and epithelial cells (Bosman and Stamenkovic 2003). It is the major constituent of

the stroma in which cancer cells escaping from the primary tumors have to migrate.
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1.4.2.1 - Collagen structure and fibrillogenesis

Type | collagen expression is regulated by EGF and Integrin a2p1 activation (Creely et
al. 1990; Ivaska et al. 1999). Collagen is secreted as a triple helical protein called tropocollagen.
It is composed of three a chains that can be identical or not. Chains contains Gly-X-Y repetition,
X and Y often being proline and hydroxyproline. Presence of proline favors chain folding and
hydroxyproline makes hydrogen bond between chains. Tropocollagens presents a 300 nm long
and 2 nm wide triple helix structure that can further establish covalent bounds between them to
form microfibrils. These microfibrils can then assemble into fibers that can be up to 500 nm
wide and 1 cm long (Craig et al. 1989) (Figure 16). The process of fibrillogenesis stabilizes the
triple helix of each tropocollagen subunits, providing a strong resistance to tensile forces
(Buehler 2006). The process of fibrilogenesis is autonomous and do not require the assistance
of cells. Consequently, Type | collagen I can conveniently polymerize and form a network in
vitro (Gross and Kirk 1958; Wood and Keech 1960). The fibers diameter and network density
vary with the polymerization conditions and particularly with the temperature (Doyle et al.
2015; Figure 17). In vivo, fibroblasts can further remodeled collagen fibers into bigger

structures like sheets and cables.
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Figure 17. Effect of the temperature (22/26/30/37°C) on collagen network polymerization in vitro.
Row 1 show confocal reflection images and row 2/3 show SEM images at different magnification.
The scale bars represent 20 um (rows 1 and 2) and 200 nm (row 3) (From Jansen et al., 2018)

1.4.2.2 - Collagen binding proteins

Type | collagen can interact with many different proteins (Figure 18). It first interacts
with its receptors and notably integrins. One microfibrils exposes on integrin binding site,
allowing the clustering of integrins on collagen fibers (Sweeney et al. 2008). Numerous GAGs

also bind to collagens to form a complex matrix. Many matrix metalloproteases (MMPs) bind
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and cut collagen fibers. Such cleavages can expose RGD sites in the collagen structure that can
then be bound by avp3 integrins (Petitclerc et al. 1999). Factors that are only found in the blood
stream such as fibrin (Reyhani et al. 2014), the von Willebrand factor (Pietu et al. 1987) and
the Platelet Collagen Receptor Glycoprotein VI (Miura et al. 2002) also bind to collagen.
Collagen is only exposed to blood in case of vessel breakage and in that case these proteins
helps the binding of platelet to collagen and thus the clot formation (Farndale et al. 2004).
Fibronectin binding to collagen (Pearlstein 1976) can guide migration through haptotaxis
(Attieh et al. 2017). Collagen also bind growth factors like hepatocyte growth factor (HGF)
(Schuppan et al. 1998) and transforming growth factor B (TGF-B) (Paralkar, Vukicevic, and
Reddi 1991).

1.4.3 - Growth factors and the ECM

Growth factors are secreted proteins that regulate cell functions such as apoptosis, cell
cycle progression, differentiation and migration. The ECM can modulate the activity of growth
factors in many ways. First, the ECM regulates the availability of many growth factors. Indeed,
binding of growth factors to the ECM modulates their diffusion rate and protects them from
proteolysis. Thus, ECM can be seen as reservoir for growth factors. ECM also regulates growth
factors spatial distribution. This regulation is key to establish gradients that are necessary for
wound healing or morphogenesis (Kreuger et al. 2004). Because the ECM binds to both
integrins and growth factors, it creates local formation of signaling complexes (Rahman et al.
2005). In addition, ECM-bound growth factors can display delayed endocytosis and
degradation that could lead to more sustained signaling (Platt et al. 2009).

MMPs play a major role in regulating growth factors activity in the ECM. MMPs free
peptides trapped in the ECM (Imai et al. 1997; Suzuki et al. 1997). Proteases can also cleave
growth factors, leading to their activation (Lyons et al. 1990; Naldini et al. 1992). In addition,
laminin and tenascin cleavage releases EGF-like domains that can activate the EGF receptor
(Schenk et al. 2003).
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1.4.3.1 - Growth factors binding the ECM

Many growth factors bind to the ECM. Fibroblast growth factor (FGF) binding to HSPG
is involved in neural development (Nurcombe et al. 1993).Vascular endothelial growth factor
(VEGF) binding to the ECM plays a role in angiogenesis (Gerhardt et al. 2003). ECM-
associated hepatocyte growth factor (HGF) regulates mammary gland ductal branching (Garner
et al. 2011) and heparin-binding EGF-like growth factor (HB-EGF) stimulates smooth muscle
cells migration (Higashiyama, Abraham, and Klagsbrun 1993). HGF binds to fibronectin and
vitronectin. This leads to c-Met and integrins forming signaling complexes (Rahman et al.
2005). Tumor necrosis factor a (TNF-a) binding to fibronectin is involved in clot formation
(Alon et al. 1994). VEGF binding to fibronectin and tenascin promotes cell proliferation
(Ishitsuka et al. 2009; Wijelath et al. 2006).

Much less growth factors are known to bind to collagen type I. Platelet-derived growth
factor (PDGF) and HGF bind to collagen type | and this modulates their bioavailability
(Schuppan et al. 1998; Somasundaram and Schuppan 1996). Collagen-bound HGF maintain its
activity. Collagen type I also binds to TGF-p (Paralkar, Vukicevic, and Reddi 1991).

In addition, many research efforts are put in the creation of fusion proteins associating
growth factors and ECM-binding domains to generate clinically useful growth factors-
containing matrix scaffolds. Applied to a wound, these medicines would be more stable and
less diffusive and show some clinical advantages.

1.4.3.2 - Growth factor gradients in vivo

Gradients of growth factors have been observed in several model organism. In the
Drosophila egg chamber, border cells use EGF receptor and polio virus receptor (PVR) to
follow TGF- a and PDGF- and VEGF-related factor 1 (PV1) gradients (Duchek et al. 2001;
Duchek and Rerth 2001). Bone morphogenetic protein (BMP) gradients drive lateral cells
positioning during zebrafish gastrulation (von der Hardt et al. 2007). Heparan-bound VEGF
gradients guide endothelial cells migration-dependent vascular sprouting during mice retina
formation (Gerhardt et al. 2003). Heparan-bound CCL21 gradients in mouse skin drive

dendritic cell haptotaxis toward lymphatic vessel (Weber et al. 2013).
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1.4.4 - 2D versus 3D ECM and consequences for cell migration

For many years, cell migration has been studied in the Petri dish, i.e. on 2D glass or
plastic. However, in vivo, cells often migrate in a 3D ECM whose mechanical properties are
completely different from the ones of glass or plastic. More and more, investigators focus on
cell migration in physiologically relevant, 3D matrices reconstituted in vitro or directly in vivo.
These studies have highlighted the profound differences between cell migration on 2D versus
in 3D substrates (Figure 19A). A popular model is the in vitro reconstituted 3D type | collagen
matrices that are easy to generate and reproduce the characteristics of cell migration in the
stroma. An obvious differences between 2D and 3D is that cells evolving in a 3D network
composed of collagen fibers need to squeeze between the pores formed by the network, and, in
the case of mesenchymal-like migration, also need to degrade fibers in order to open a way for
migration. Another fundamental difference is the way cells adhere to their environment as both
the topology and the mechanical properties of 3D networks are completely different from the

ones found on 2D, rigid substrates.
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Figure 19. A) Matrix properties regulate 3D cell migration, cell migration is affected by the matrix
composition, the concentration of its component, the level of matrix reticulation, gradient of various
factors, stiffness gradient, matrix density, the cell ability to degrade or apply forces to the matrix,
the matrix elasticity (From Yamada and Sixt, 2019) B) To enter a 3D network, a migrating cell needs
to progressively remodel the matrix around it. SEM images of MDA-MB-231 (violet) entering
Matrigel (green), a mix of matrix proteins. Scale bars, 10 um (Poincloux et al., 2011).
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1.4.4.1 - Matrix degradation

In order to move in dense 3D environments, cells need to clear the way in front of them
(Figure 19B). To do so, cells can secrete metalloproteases that degrade the surrounding matrix.
Some cells that efficiently move in 2D cannot move in 3D gels because they do not express
proteases. There are two mains metalloproteases families (P. Lu et al. 2011), the matrix
metallopeptidases (MMPs) that mostly degrade fibrillar proteins and the ADAMS (A
Disintegrin And Metalloproteinase with Thrombospondin Motifs) that mostly degrade

proteoglycans.

There are 23 MMPs in human. MMP-1 (or collagenase I), MMP-8 and MMP-13 are the
three secreted collagenases. Membrane-type 1 MMP (MT1-MMP) is a transmembrane MMP
that degrades type | collagen (Sabeh et al. 2004). MMPs expression can be induced by many
growth factors including EGF (Kajanne et al. 2007). In addition collagen induces MMPs
expression through DDR signaling (Vogel et al. 1997). Like many proteases, MMPs are
secreted as inactive proenzymes that are then activated, notably by others MMPs. MT1-MMP
is targeted to the cell front where it both degrades the matrix and locally activate other MMPs
(Mori et al. 2002).

1.4.4.2 - Cell adhesion in 3D

Mechanisms of cell migration have been revealed through studies performed on 2D,
rigid environments (glass/plastic). However, in vivo, cell migrates in softer 3D matrices. In
addition with rigidity and pliability many parameters vary between 2D plastic surface and 3D
matrices. Topology in 3D is very different, ligands are not presented evenly distributed as on
planar surfaces but tightly clustered on fibers. In addition, the elasticity of a 3D collagen
network is much smaller than the one of glass or plastic (approximately 200 Pascals versus 1

gigaPascals).

Substrate rigidity positively regulates FAs size and stress fibers formation. Thus, it is
not surprising that the existence of these structures is less easy to spot in 3D matrices (Burridge
etal. 1988; Fraley et al. 2010), even if they have been observed (Cukierman et al. 2001; Kubow
and Horwitz 2011; Figure 20). In 3D, FAs are smaller and stress fibers are less aligned with the
major cell axis of the cell (Discher, Janmey, and Wang 2005; Prager-Khoutorsky et al. 2011).

INTRODUCTION | 46



FAs composition changes in 3D. In a landmark study, vinculin and FAK were confirmed to be
present at FAs in 3D networks, but FAK phosphorylation levels were shown to be much weaker
than on 2D. On the opposite, a5 integrins and paxillin colocalize in 3D but not in 2D
(Cukierman et al. 2001). 3D FA components have faster turnover than their 2D counterparts
(Doyle et al. 2012). As a conclusion, molecular players remain the same in 3D but organization,

dynamics and phosphorylation state vary.

We recently reported that cancer cells migrating in a 3D network use another type of
adhesive structures, in addition to FAs. We observed that collagen fibers pressing on the plasma
membrane generates a local membrane curvature that is a signal for local nucleation of clathrin-
coated structures (CCSs) (Elkhatib et al. 2017). These particular CCSs are enriched in B1-
integrin, a collagen receptor, and adopt the rod-like shape of fibers by forming tubular
structures. These so-called tubular clathrin/AP-2 lattices (TCALS) actually wrap around fibers
as they try and fail to internalize them. As a consequence, TCALSs pinch collagen fibers and
provide new anchoring points to the 3D substrate. This helps the cell to stabilize long
protrusions by reducing the tension that raises across the protrusion as it grows. Thus, the
particular topology of 3D collagen networks allows the formation of a new class of adhesion
structures that fully participates in the migration process (see more details in the second chapter

of this manuscript).

Figure 20. Cells migrating in 3D also show focal adhesions at the leading edge. A human fibroblast
expressing EGFP-talin migrates inside an in vitro polymerized collagen network and seems to use
focal adhesions similarly as described in 2D migration. Scale bars: 10um (Doyle and Yamada, 2015)



Il - CLATHRIN-MEDIATED ENDOCYTOSIS

Endocytosis is a fundamental process that allows the cell to acquire some elements from
its environments. It relies on the formation of plasma membrane invaginations that surround
the material to be internalized. It is an active process requiring energy and that culminates in
the detachment of the invagination from the plasma membrane as it buds inside the cytosol.
The first described endocytosis process was phagocytosis (from the Greek “cell eating”).
Besides phagocytosis, a number of pinocytosis (from the Greek “cell drinking”) pathways have
then been described. The major function of these pinocytosis pathways is actually not to
internalize extracellular fluids but rather to control the uptake of cell-surface receptors and their

ligands.

Clathrin-mediated endocytosis (CME) is the major and best described pinocytosis
pathway and is used by all eukaryotic cells. It happens during the whole cell life with a notable
decrease during mitosis (Warren, Davoust, and Cockcroft 1984). During CME, cells internalize
membrane portions and their associated receptors or cargoes (eg. GPCR, RTKSs, integrins and
ions channels). These receptors can be internalized with or without their ligands. They are
internalized into vesicles that further traffic inside the cytoplasm.

Because of the large range of receptors it internalizes, CME is key to many cellular
processes. CME helps to regulate the membrane composition in time and space by removing
some of its components. By controlling the composition of the membrane, it regulates most of
the cell’s interaction with its environment. It participates to the sampling of the environment. It
regulates nutrient uptake. CME also controls signaling pathways through regulating
endocytosis of signaling receptors. CME plays a major role in cell migration, notably through

FAs turnover and polarized redistribution of receptors.

1.1 - CLATHRIN-COATED STRUCTURES

CME relies on the formation of clathrin-coated structures (CCSs) at the internal leaflet
of the plasma membrane. CCSs formation is a multistep process starting with the nucleation of
these structures at the plasma membrane followed by cargo selection, coat maturation, scission
and uncoating (McMahon and Boucrot 2011). During the nucleation, a small core of proteins

including clathrin and its adaptor AP-2 are recruited at the plasma membrane and defines the
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endocytic site. Cargoes (i.e. receptors) are recruited by adaptors proteins and accumulate within
the endocytic site that concomitantly starts to invaginate. At this stage, CCSs are often referred
to as “clathrin-coated pits” because of the particular shape of this structures as seen in electron
microscopy pictures. The continuous invagination process then leads to the formation of a
vesicle that is only linked to the plasma membrane by a thin neck. Dynamin-mediated scission
of this neck frees the vesicle in the cytosol. Once in the cytosol, the different constituents of the
clathrin coat dissemble, and the vesicle starts to traffic inside the cell. From then, receptors will

be either degraded in lysosomes or be recycled back to the plasma membrane (Figure 21).
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Figure 21. A) CME initiates with the binding of adaptor proteins to membrane receptors. Then
clathrin is recruited and polymerizes into a coat. The clathrin coated region invaginates
progressively to from a vesicle that finally separates from the plasma membrane and traffics inside
the cell. The protein coat disassembles and is available for a new cycle. B) EM image of a carbon
platinum replica showing different steps of CME in a fibroblast. Scale bar = 200 nm. C) EM images
of cryosliced neuron showing different steps of CME. Scale Bar = 200 nm (Higgins and McMahon,
2002).

11.1.1 - Main actors of CCSs

If CME is named after clathrin, over 50 other cytosolic proteins are involved in the
formation and dynamics of CCSs. Interactions between these proteins are highly organized, and
the regulation of their assembly drives the maturation of a CCSs into a vesicle (Figure 22). The

BAR proteins FCHO1,2 play a key role during nucleation. Adaptor Protein 2 (AP-2) is central
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to cargo selection and recruitment. Clathrin drives the coat assembly. Dynamin is required for
scission and auxilin for the coat disassembly. Because of their critical role and the numerous
interaction clathrin and AP-2 establish at CCSs, they have been highlights as central hubs of
CCSs in the literature (Schmid and McMahon 2007).

Receptor B A2 —~~ F-BARdomain protein == Dynamin

@ Ligand }-) Clathrin “\. —a BAR domain protein //( Actin filament

Figure 22. The main actors of clathrin-mediated endocytosis. BAR proteins play a key role during
nucleation and membrane shaping. Adaptor Protein 2 (AP-2) is central to cargo selection and
recruitment. Clathrin drives the coat assembly. Dynamin is required for vesicle scission. (From
https://www.mechanobio.info)

11.1.1.1 - Adaptor protein 2

Adaptor proteins (APs) are a family of heterotetrameric complexes comprising AP1,
AP2, AP3 and AP4 that are all involved in membrane budding events inside the cell. Their
primary function is to bridge clathrin to membranes and to recruit receptors destined to
internalization. AP2 is only found at the plasma membrane whereas AP1, AP-3 and AP-4 are
found at endosomes and the Golgi apparatus. AP-2 is a heterotetramer consisting of four
subunits: a-, f2-, u2- and o2-adaptins (Figure 23A). Adaptins assemble to form the core
structure of the AP-2 complex with two appendages connected by flexible linkers. The a and

2 subunits form parts of the core via their N-terminal domains and the appendages via their C-
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terminal domains. The flexible domain of B2-adaptin is essential to interact with clathrin (Shih,
Gallusser, and Kirchhausen 1995) and the appendage domains of both a- and [2-adaptins are
involved in interactions with other adaptors and accessory proteins that participate in CCSs
formation and dynamics. a-adaptin trunk domain binds to phosphatidylinositol-(4,5)-
bisphosphate (PIP2), a phospholipid specifically found at the plasma membrane, and thus
provides anchorage to and specificity for the plasma membrane. p2-adaptin and a structural
domain formed by of a2- and c-adaptins are responsible for direct interaction with receptors
through their tyrosine-based Yxx® (with ® being a bulky hydrophobic amino-acid) or
dileucine-based (D/E)xxxL(L/l) internalization motifs, respectively. Phosphorylation of p2-
adaptin induces a conformational change that increases AP-2 affinity for both cargos and PIP2
(Honing et al. 2005). The conformational changes occur after initial, weak interaction with PIP2
at the plasma membrane and is thus crucial to ensure early stages of CCSs assembly. It has been
suggested that AP-2 may not be necessary for the formation of all CCSs in particular
experimental conditions. However, in physiological conditions, AP-2 is present in all CCSs and
its depletion by siRNAs leads to an almost complete depletion of CCSs. Because of the many
interactions it has with other CCSs components and its prominent role in CCSs formation, AP-
2 is considered as the central hub of CCSs (Conner and Schmid 2003; Schmid and McMahon
2007).

11.1.1.2 - Clathrin

Clathrin doesn’t directly bind to membranes and thus needs adaptors to be recruited at
endocytic sites. Clathrin assembles into a hexamer constituted by three clathrin heavy chains
(CHC, 190 Kda) each associated with a clathrin light chain (CLC, 30 Kda) (S. H. Liu et al.
1995; Ungewickell and Ungewickell 1991). The heavy and light chains assemble into a
triskelion that can polymerize by themselves into a basket-like cage in vitro, in particular buffer
conditions (Crowther and Pearse 1981; Keen, Willingham, and Pastan 1979; Ungewickell and
Branton 1981; Figure 23B). In vivo, adaptors-assisted polymerization of clathrin triskelia on
membranes forms a honey comb-like structure that is constituted either only of hexagons when
the clathrin coat is flat, or of a mixture of hexagons and pentagons when the clathrin-coat is
curved (Fotin et al. 2004, 2006). The role of clathrin has long been seen as a driver of membrane
curvature generation and indeed, in vitro studies suggest that it could fulfil this function

(Dannhauser and Ungewickell 2012). However, many other proteins of CCSs play a role in
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membrane curvature and clathrin may only be there to stabilize this curved state (B. L. Scott et

al. 2018).
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Figure 23. A) AP-2 consists of four subunits: a-, B2-, u2- and 62-adaptins. Theses subunits
mediate interaction with most of the actors of CME. AP-2 is a key actor of CME as it bridges
together the plasma membrane, clathrin and their cargoes. B) Clathrin assembles into a
hexamer of three clathrin heavy chains associated with three clathrin light chains. The heavy
and light chains assemble into a triskelion that can polymerize by themselves into a basket-

like cage in vitro.

11.1.1.3 - Accessory proteins

In addition to clathrin and AP-2, many other proteins participates in the formation and

dynamics of CCSs. Most of them can bind to both PIP2 and AP-2 and/or clathrin. These proteins

are involved in cargo selection, membrane bending, clathrin recruitment and assembly, scission

or uncoating. The functions of these accessory proteins are highly regulated as they are recruited

at very precise stages of CCSs maturation and at very precise substructural locations (Mettlen

et al. 2018; Taylor, Perrais, and Merrifield 2011). Below, | will mention and discuss some of

these proteins in further details when describing the different steps of CCSs dynamics.
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11.1.2 - Life cycle of CCSs

Canonical CCSs are small (approximately 100 nm in diameter), dynamic structures
whose life cycle is precisely regulated. This cycle starts with nucleation, followed by a
maturation step that corresponds to membrane bending and vesicle formation, and then a
scission step that allows the physical separation of the nascent vesicle from the plasma
membrane, and finally an uncoating step that removes the clathrin and adaptor coat from the

vesicle. Depending on the cell type, this cycle can last between 30s and 1 min approximately.

11.1.2.1 - CCS nucleation

CCSs formation starts with the recruitment of core endocytic proteins that progressively
recruit the entire coat. A random walk of theses core proteins on the internal leaflet of the
plasma membrane was proposed to lead to CCSs formation at random positions at the plasma
membrane (Ehrlich et al. 2004). Yet, the precise molecular time course of CCSs nucleation is
still a matter of debate (Cocucci et al. 2012; Henne et al. 2010). Both AP-2 and the BAR domain
protein FCHo01/2 have been proposed as key regulators of CCS initiation. AP-2 was the first
proposed master regulator of initiation, notably because of its interaction with numerous
endocytic proteins. As it binds both clathrin and PIP2, it is key to clathrin recruitment at the
plasma membrane. AP-2 is also one of the earliest arriving protein at the endocytic site (Cocucci
et al. 2012). Nevertheless some studies suggested that AP2 depletion doesn’t completely
abolish the formation of CCSs (Aguet et al. 2013; Motley et al. 2003) but this may depend on
experimental conditions . In 2010, Henne and colleague proposed that FCHo1/2 is the main
regulator of CCSs nucleation through generating an initial, shallow membrane curvature but
this model has been challenged (Cocucci et al. 2012). Finally, PIP2 is also known to play a
major role in CME initiation (Jost et al. 1998). It helps to the recruitment of several CCSs
proteins at the plasma membrane and its depletion inhibits CCSs formation (Antonescu et al.
2011)

Receptors themselves have been proposed to be able to control the de novo formation
of CCSs upon their activation (Wilde et al. 1999). However, most studies suggest that activated
receptors are actually targeted to preexisting CCSs in order to be internalized (Rappoport and
Simon 2009; Scott et al. 2002). Yet, it is also now clear that cargo recruitment affects CCS

dynamics and stabilizes them upon nucleation (Henry et al. 2012). In addition, receptor
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overexpression, or experimentally-induced clustering, leads to an increased CCSs nucleation
(Liu et al. 2010; Mettlen et al. 2010). Some viruses are also able to nucleate their own CCSs in
order to be internalized (Rust et al. 2004), but others were shown to reach preformed CCSs
(Ehrlich et al. 2004). Finally, we recently demonstrated that collagen fibers contacting the
plasma membrane induce local CCSs nucleation (Elkhatib et al., 2017). This is most likely due
to collagen fiber inducing a local plasma membrane curvature that is probably a signal
triggering local CCSs nucleation. In conclusion, CCS nucleation causes are not completely

understood, and this probably reflects variability and redundancy in the nucleation mechanisms.

11.1.2.2 - CCS maturation

Upon nucleation, CCSs may not necessarily pursue to a full endocytosis process and,
indeed, studies have suggested the existence of an “endocytic checkpoint” determined by the
coat composition and especially receptors recruitment (Aguet et al. 2013). If CCSs do not
contain enough cargos, maturation is delayed and, in some cases, the coat disassembles without
proceeding to endocytosis (Loerke et al. 2009). This allows to prevent the formation of “empty”

endocytic vesicles.

A wide array of receptors are internalized through CCSs. Receptor’s recruitment can
either be constitutive (i.e. no need for ligand binding) or require ligand-mediated activation of
the receptor. Nutrient receptors are mainly internalized constitutively whereas the
internalization of signaling receptors usually requires ligand-dependent activation. For
example, the transferrin receptor (TfR) is constitutively recruited to CCSs through a direct
interaction with AP-2 (Nesterov et al. 1999). On the opposite, the epidermal growth factor
receptor (EGFR) recruitment at CCSs only happens upon ligand binding and receptor
dimerization and involves multiple endocytosis motifs linking different CCSs proteins (Goh et
al. 2010). A full set of adaptors proteins recognize specific motifs in cargos and recruit them to
CCSs. Both FCH01/2 and AP2 can bind to some cargoes and thus, receptors recruitment already
happens during the nucleation step (Henne et al. 2010). In addition to AP-2, there are a number
of accessory proteins that are dedicated to the recruitment of specific receptors. For instance,
[-arrestins are specialized in the recruitment of activated GPCRs (Zhang et al. 1999). Ubiquitin
Interacting Motif (UIM)-containing proteins such as Eps15 and epsin can recognize and recruit
ubiquitinated receptors to CCSs (Hawryluk et al. 2006). The P integrins domain NPX[FY] and
the FDNPVY motif of the low density lipoprotein receptor (LDLR) are recognized by the
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clathrin adaptors ARH, Numb and Dab2 via their phosphotyrosine binding (PTB) domains
(Maurer and Cooper 2006).

In order to form a vesicle, CCSs need to progressively invaginate. Membrane bending
occurs mostly during the maturation step and requires different types of endocytic proteins.
Clathrin can form cages in solution (Keen, Willingham, and Pastan 1979) but can also shape
membranes into spherical buds in vitro (Dannhauser and Ungewickell 2012). It was proposed
that progressive clathrin polymerization impose a curvature to the membrane (Kirchhausen and
Harrison 1981). However, it was recently shown that the forces produced by clathrin
polymerization are not sufficient to account for the observed membrane deformation, especially
when membranes are under tension (Saleem et al. 2015). Yet, other endocytic proteins are
proposed to increase the stiffness of the clathrin coat, potentially allowing such deformations
(Lherbette et al. 2019). In vivo, clathrin polymerization synergizes with other mechanisms to
produce efficient membrane invagination. Protein with BAR domains also play a role in
membrane bending during CME. These proteins display a banana shape that allow them to
sense and/or produce membrane curvature (Figure 24A). The F-BAR proteins FCH01/2 arrives
very early at CCSs nucleation sites and only produces a shallow invagination (Henne et al.
2010). N-BAR proteins like amphiphysin and endophilin are more potent curvature inducers
but arrive much later and are believed to organize the shape of the neck of still plasma-
membrane associated clathrin-coated vesicles (Peter et al. 2004). CLAM/AP180 and epsin are
proteins that interact with AP-2, clathrin and PIP2 and that generate curvature through of a N-
terminal amphipathic helix in the internal leaflet of the plasma membrane (Miller et al. 2015).
Finally, actin was also proposed to push the membrane in order to induce curvature (Figure
24B). Live and electron microscopy imaging confirmed the presence of actin at endocytic site
(Collins et al. 2011; Li et al. 2015) but inhibiting the actin machinery revealed that actin play
a non-obligatory role during endocytosis (Fujimoto et al. 2000). Actin polymerization actually
seems to be required in case of high membrane tension, a mechanical state that tend to oppose
budding (Boulant et al. 2011).

To conclude, many of the accessory proteins in charge of recruiting receptors can also
bend the plasma membrane making the maturation step the privileged stage of both CCSs
invagination and receptor sorting. In fine, all the mentioned mechanisms cooperate to bend the
plasma membrane until the formation of a receptor-containing vesicle that is still connected to

the plasma membrane through a thin neck.
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Figure 24. Different mechanisms of membrane bending cooperate to produce the membrane
invagination during CME. A) BAR proteins display a banana shape that allows them to
sense and/or produce membrane curvature. The different BAR proteins cover a large range
of membrane curvature and thus are sequentially recruited to fit the increasing invagination
of the membrane. (From Qualmann et al., 2011). B) Actin polymerization has been proposed
to participate to membrane bending. It polymerizes against to neck and participates in its
constriction. (From Collins et al., 2011)

11.1.2.3 - Vesicle fission

To be released inside the cell, the vesicle needs to break this thin neck. If there is no
doubt about dynamin requirement in this process, the exact mechanism of vesicle scission
remains unclear. There are 3 different dynamins but only dynamin-2 is ubiquitously expressed.
Dynamin-2 is a GTPase of about 100 kDa that assembles into a helix surrounding the vesicle
neck (Hinshaw and Schmid 1995). Dynamin-2 is divided into five domains: the PH domain,
the GTPase domain, the bundle signaling element (BSE), the stalk domain and the proline rich
domain (PRD) (Figure 25A). The PH domain allows membrane anchoring through PIP2
binding (Zheng et al. 1996). The BSE domain allows the transmission of conformational change
between domains. The stalk domain is required for interactions with other dynamin monomers.

The PRD interacts with other endocytic proteins.

Dynamin-2 is recruited preferentially to highly invaginated membrane such as the
vesicle neck (Roux et al., 2010). Dynamin is also recruited at clathrin structure via the PRD
interaction with endocytic proteins such as amphiphysin (Takei et al. 1999). Once at the neck,
dynamin-2 interacts with other dynamin monomers through the stalk domain. Dynamin
oligomerization progressively forms a helix around the neck. Helix formation enhances the
dynamin affinity for GTP (Song, Leonard, and Schmid 2004). Once the helix formed, GTP
hydrolysis induces a helical twist that constricts the neck (Antonny et al. 2016; Figure 25B). It
is proposed that the helix twist brings the neck membranes close enough to each other so that
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they spontaneously fuse due to thermal fluctuation (Bashkirov et al. 2008). Dynamin inhibition
completely abolishes CME (Macia et al. 2006) and cells mutated for the GTPase domain display
deeply invaginated CCSs with elongated necks (Damke et al. 2001). In addition, actin has been
proposed to produce extra forces required for neck constriction during vesicle scission (Collins
etal. 2011).

Figure 25. A). 3D structure of dynamin dimers. Dynamin binds the membrane through its
pH domain and dimerizes through its stalk domains. B) Dynamin dimers polymerize to form
a helix around the vesicle neck. GTP hydrolysis leads to helix constriction and to membrane
scission. (From Faelber et al., 2013; Ferguson and De Camilli, 2012)

11.1.2.4 - Coat disassembly

After its scission from the plasma membrane, the newly formed clathrin-coated vesicle
needs to get rid of its clathrin and adaptors coat in order to complete endocytosis. This step will
allow future inter vesicular fusion events and/or fusion of vesicles with endosomes. Coat
disassembly relies on the coordination of two mains mechanisms: disruption of the adaptor
lattice by PIP2 depletion, and action of the ATPase HSC70 directly on clathrin (Schlossman et
al. 1984). Once disassembled, the proteins of the coat can be reuse for a new round of CCS

formation.

PIP2 dephosphorylation on the vesicle by synaptojanin is involved in the coat
disassembly (Cremona et al. 1999). A specific isoform of synaptojanin binds to dynamin and
endophilin and is thus recruited at late stages of CME. PIP2 plays a major role in the coat
assembly and its disruption destabilize the coat, especially AP-2. HSC70 is recruited to clathrin-
coated vesicles by its co-factor auxilin. Auxilin binds to both clathrin and dynamin and is

recruited around the time of vesicle scission. ATPase activity of HSC70 is increased by the
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formation of an HSC70-auxilin-clathrin complex. ATP consumption leads to HSC70-controlled
modification of the structural arrangement of clathrin triskelia, ultimately leading to clathrin
disassembly (Kaksonen and Roux 2018).

Upon uncoating, the endocytic vesicles can fuse with the endosomal system, delivering
there the internalized receptors. From there, some receptors can be readdressed to the plasma
membrane in a process called recycling, or follow endosomal maturation until being degraded

into lysosomes.

11.2 - FUNCTIONS OF CLATHRIN-COATED STRUCTURES

The primary function of CCSs is to regulate the uptake of cell surface receptors and their
ligands. By doing so, CCSs allow the cell to control in time and space the composition of the
plasma membrane, to acquire nutrients and to regulate signaling pathways. Indeed, many
signaling receptors are endocytosed through CCSs and this is known to modulate the quality,
strength and duration of the signal elicited by these receptors. Of notes, all of these functions
can impact cell migration and indeed, CME has long been recognized to play a major role in
cell maotility. In additions to these roles that are purely related to their endocytic function, it has
recently become more and more clear that at least some subsets of CCSs may play some non-
endocytic-related functions. | will here briefly describe the canonical consequences of CME,
and especially its role in cell migration, before discussing non-canonical CCSs functions, in

particular as signaling platforms and as adhesion structures.

11.2.1 - Canonical consequences of CCSs as endocytic structures

The importance of CME is highlighted by the fact that genetic disruption of this pathway
is lethal in most eukaryotes. It is at the heart of the cell program as it regulates directly or

indirectly all aspects of cellular functions.
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11.2.1.1 - Regulation of plasma membrane composition

The first consequence of CCSs action as endocytic structures is that they endow the cell with
the possibility to control the composition of its plasma membrane. Selective endocytosis of
some receptors can lead to the depletion of these receptors from the cell surface, or from specific
areas of the plasma membrane. For instance, in the case of polarized epithelial cells, CME plays
a critical role by maintaining the differential receptor content between the apical and the
basolateral side of the cell (Eaton and Martin-Belmonte 2014). Cells round-up when undergoing
mitosis and this is achieved by an endocytosis-assisted depletion of adhesion receptors from the
plasma membrane. There are many other situations in which CME plays a role by controlling

plasma membrane composition and | will below discuss the specific case of cell migration.

11.2.1.2 - Regulation of nutrients acquisition

One way CME and CCSs regulates nutrient acquisition is through controlling the
availability of transmembrane nutrient transporters at the cell surface. For example, glucose
receptors or the Na+/K+-pumps are internalized by CCSs (Liu et al. 2004; Wu et al. 2013). But
CCSs also directly regulates the acquisition of some non-soluble nutrients like iron and
cholesterol (Anderson, Brown, and Goldstein 1977; M. S. Brown and Goldstein 1979; Harding,
Heuser, and Stahl 1983; Hentze et al. 2010). The iron carrier trasferrin is internalized by CME
through binding its receptor TfR. TfR endocytosis is constitutive through directly binding to
AP-2. Once in endosomes, the acidic pH leads to iron being released from transferrin. Iron is
further transported into the cytosol while TfR/transferrin complexes are recycled towards the
plasma membrane. The low density lipoprotein (LDL) is the main carrier for cholesterol. It is
composed of cholesterol, phospholipids and a single apolipoprotein B-100 protein. LDL but
also VLDL bind to the LDLR in order to be internalized at CCSs. The LDLR receptor binds to
apo-B100 and is constitutive internalize through binding to the PTB domains of the clathrin and
AP-2 binding proteins ARH or DAB2. Once in the endosomes, the acidic pH lead to LDL being
released from LDLR. Endosomes then fuse with lysosomes where the proteins are degraded,

and the cholesterol made available for the cell, while LDLR is recycled (Figure 26).
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11.2.1.3 - Regulation of signaling pathways

CME plays a major role in signaling and has actually been proposed to be the master
regulator of signaling circuits (Scita and Di Fiore 2010). It was first believed for a long time
that CME simply shut down signaling pathways by retrieving receptors from the cell surface,
preventing them to be exposed to ligands and also to signal from the surface once activated.
This vision has been since dramatically challenged and it is now accepted that CME plays a

much more complex role in signaling (Vieira, Lamaze, and Schmid 1996).

If internalization of activated receptors prevents their further signaling from the plasma
membrane, signaling does not necessarily stop there. Upon endocytosis, activated receptors
reach endosomes where their cytoplasmic tails can continue to trigger signaling. Activated
receptors spend more time in endosomes than at the plasma membrane. Thus endosomes can
also be seen as signaling stations (Grimes et al. 1996). Many receptors like EGFR or TGBFR
remain bound to their ligand within endosomes for a while and thus keep signaling during
endosomal trafficking (Haugh et al. 1999; Hayes, Chawla, and Corvera 2002). It was also
shown that signaling effectors are recruited at endosomes (Di Guglielmo et al. 1994). It
continues during endosomal trafficking until late endosome pH leads to ligand unbinding from
its receptor which stops signaling. For the same receptor, signal quality from the plasma
membrane can be different from the one emanating from endosomes as some effectors of
signaling pathways are only recruited onto endosomal membranes (Hayes, Chawla, and
Corvera 2002).
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11.2.1.4 - CME and cell migration

CME plays a central role in cell migration. Based on 2D studies, it has been proposed
that CME could controls endocytosis of adhesion receptors at the rear of the cell, where they
are not needed anymore, in order to traffic them towards the cell front where they are the most
needed. More generally, endocytosis at the rear and recycling at the front would generate a
plasma membrane treadmilling mechanism that was proposed to support cell migration
(Bretscher 1989). In addition, it was shown that cells can only migrate if using adhesion
receptors that can be endocytosed (Bretscher 1992) .

Integrins are continuously internalized (Bretscher 1989; Raub and Kuentzel 1989),
mostly through CCSs (Liu et al. 2007), and endocytosis-exocytosis cycles are repeated
approximately every 30 minutes for a given integrin (Caswell and Norman 2006). As mentioned
above, integrin internalization was first thought to support integrin trafficking from the
disassembling adhesions at the retracting rear of the cell to the newly formed adhesions at the
protruding front (Lawson and Maxfield 1995; Figure 27A). In addition, CME is now
acknowledged to regulate local FAs turnover and signaling as integrin internalization is also
observed at the front (Laukaitis et al. 2001; Palecek et al. 1996; Regen and Horwitz 1992; Figure
27B). Yet, some local cycles of internalization at mid-protrusions and recycling at the very
leading edge have been observed and thus somewhat support the older model (Caswell et al.
2007). CME also directly regulates the dynamics of FAs, thus indirectly regulating cell
migration. Indeed, FAs turnover has been demonstrated to depend on integrin endocytosis at
FAs (Ezratty et al. 2009). Most of these studies were based on cells migrating on 2D substrates

but CME is also acknowledged to play a critical role in 3D cell migration.

Figure 27. CME brings integrin to
the front of migrating cells. A)
Integrins are internalized during
focal adhesion disassembly at the
rear of the cell. Integrins-
containing endosomes are routed
to the leading edge. B) Focal
adhesion turnover and integrin
internalization can also be localize
at the leading edge. (From Ulrich
and Heisenberg, 2009)
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CCSs regulate cell migration not only through internalizing integrins but also by
regulating signaling pathways. Regulation of the cell-surface level of signaling receptors
directly impacts the cell ability to answer to external cues. As already mentioned, activated
signaling receptors accumulate into CCSs to be internalized. This limit signaling from the PM
itself and, in the case of prolonged exposure to a ligand, it leads to reduced levels of receptors
at the membrane. This negative feedback loop prevents excessive signaling. For example,
receptor internalization has been shown to be essential during the directed migration of cells
following a gradient of growth factor (Maryse Bailly et al. 2000). In addition, perturbing
endocytosis results in unbalanced signaling that prevents directed migration (Minina,
Reichman-Fried, and Raz 2007). CME can also spatially restricts signaling events in response
to extracellular cues. This allows restricted RTKS signaling at the leading edge of Drosophila
border cells, thus preserving the spatial information of ligand gradients and hence their use for
directional migration (Jékely et al. 2005). Finally it is worth saying that growth factors regulate
integrin endocytosis and recycling, thus impacting cell migration in another way (Mai et al.
2014)

11.2.2 - Non-canonical functions of CCSs

In addition to the canonical role of CCSs in supporting receptor endocytosis, non-
endocytic functions of CCSs have been reported over the years. | will here review some of these

atypical functions, in particular the adhesive role of CCSs in cell migration.

11.2.2.1 - Role of CCSs as signaling platforms

CCSs regulate receptor signaling through controlling their endocytosis as mentioned
above. But CCSs were also demonstrated to regulate signaling in an endocytosis-independent

manner.

First CCSs accumulating at the front of migrating cells have been shown to shape the
microtubule network. The growing extremity of microtubules oriented towards the leading edge
can occasionally contact some CCSs. The tubulin acetyltransferase aTAT1 is recruited at CCSs
through binding to AP-2. When a microtubule contacts a aTAT1-enriched CCS, this leads to
the acetylation and stabilization of the microtubule. This mechanism ensures the correct
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orientation of microtubules towards the leading edge and is required for efficient persistent

migration in a given direction (Montagnac et al. 2013).

It has also become clear that CCSs can serve as signaling platforms for receptor
signaling, independently of their endocytic function (Garay et al. 2015). Along this line,
prolonged CCSs lifetime was associated with stronger signaling (Eichel, Jullié, and von
Zastrow 2016). Why is it the case is not clear, but it is likely that CCSs represent a favorable
environment for signaling by clustering in small areas not only the receptors but also many
scaffolding proteins and effectors. Some particular subsets of CCSs seem to represent an
extreme versions of such signaling platforms. Indeed, it has long been observed that some cell
types display particular clathrin-coated structures on the top of the canonical, endocytosis-
competent CCSs. These large, long-lived and flat clathrin structures are termed clathrin-coated
plaques (Figure 28). Although canonical CCSs can bud at the rim of plaques, the core of plaques
themselves remains flat for hours and thus, do not support endocytosis. It has recently been
demonstrated that the formation of these plaques relies on avp5 integrin (Baschieri et al. 2018;
Zuidema et al. 2018). This integrin strongly anchors the clathrin machinery to the substrate,
thus opposing budding forces. Signaling receptors such as the EGFR and c-Met can still
accumulate at plaques and this seems to reinforce their signaling abilities. Although the precise
mechanisms of this signaling reinforcement are not known, the very long-lived nature of
plaques may play a role. In addition, it was shown that the formation of plaques depends on the
rigidity of the substrate as these structures only assemble on rigid environments. Because their
formation do not depend on the actin cytoskeleton, this makes plaques very peculiar

mechanosensing structures that instruct the cell about substrate stiffness through regulating

receptors signaling.

Figure 28. Clathrin structures can
adopt two different shapes at the
inner leaflet of the plasma
membrane. They can either be
invaginated clathrin-coated pits
that perform endocytosis and
which lattices are composed of
both pentagons and hexagons.
Clathrin can also adopt a flat
hexagon-only structure which do
not perform endocytosis. (From
Humphries and Way, 2013)
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11.2.2.2 - Role of CCSs in adhesion

Plaques have also been proposed to serve as adhesive structures (Maupin and Pollard
1983) and indeed, the recent discovery of their enrichment in avf5 integrin supports this
hypothesis (Baschieri et al. 2018). Independently of this latter report, avp5-rich reticular
adhesions have been described and reported to play a critical role in cell adhesion during
mitosis. These reticular adhesions are also independent of the actin cytoskeleton and proteomic
analyzes revealed the presence of many CCSs components in these structures. Clathrin-coated
plaques and reticular adhesions are probably actually the same structures (as discussed in Lock
et al. 2019), highlighting the prominent role of at least some CCSs in cell adhesion. Although
plaques have been proposed to slow down migration (Saffarian, Cocucci, and Kirchhausen
2009), presumably because of their strong adhesion to the substrate, observations from the lab

show that many highly migratory cell types such as fibroblasts display such structures.

We also recently discovered a new type of CCSs that forms at contact sites between the
plasma membrane and collagen fibers and that are called tubular clathrin/AP-2 lattices (TCALS)
(Elkhatib et al. 2017; Figure 29). TCALs specifically nucleate along collagen fibers as a
consequence of the deformation the fiber imposes to the plasma membrane. This creates a local
membrane curvature that is a signal triggering nucleation. Indeed, many CCSs proteins show a
preferential binding to curved membranes (Pucadyil and Holkar 2016). In addition, TCALSs are
longer-lived than non-fiber-engaged CCSs probably because they are rich in f1-integrin that
bind the fiber. While canonical, budding CCSs display a spherical shape, TCALs adopt the
morphology of the fiber to form a tubular clathrin structure that wrap around and pinch collagen
fibers (Figures 29). We showed that, in addition to FAs, TCALs allow the cell to efficiently
grab collagen fibers. This adhesive role of TCALSs is completely independent of endocytosis as
clathrin inhibition does not perturb their formation and function. This may seem contradictory
but, in the absence of clathrin, the core of AP-2 and other adaptors can still assemble, whether
on fibers or at any location of the plasma membrane, and can still recruit receptors (Elkhatib et
al. 2017). However, in the absence of clathrin, budding and endocytosis are completely
inhibited. In the 3D environment composed of collagen fibers, FAs are less prominent than in
2D and are only detected at the very leading edge and the very back of the cell. As a

consequence, when the cell extends a protrusion, the tension quickly raises across the
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protrusion. Because TCALSs form anchoring points to the fibers all around the cell, they reduce
these tension as measured in laser ablation experiments (Elkhatib et al. 2017). This allows the
cell to develop long, stable protrusions and in fine, it allows the cell to migrate efficiently in the

3D environment.

Figure 29. We have recently shown that CCSs can be used as adhesion structures. To do so they
engage and accumulate along collagen fibers (left). They form tubular structures that pinch the
fibers (right) and that were termed tubular clathrin/AP-2 lattices (TCALs) (From Elkhatib et al.,

2017)
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11 - THE EPIDERMAL GROWTH FACTOR RECEPTOR

Growth factors are membrane anchored or secreted proteins that regulate many aspects
of cellular functions. Some cell types secrete growth factors in the extracellular space. These
growth factors then diffuse in the extracellular space until they bind and activate their receptor
on the same cell (autocrine activation) or on other cells. This process allows is at the heart of
cell-cell communication. Signaling induced by growth factor receptor affects most of cells
function including cell proliferation, differentiation, migration, survival, metabolism tuning and
cell-cycle control. Among the many described growth factors, the epidermal growth factor
(EGF) is known to bind to its receptor (EGFR) that is a member of the receptor tyrosine kinase
family (RTKSs).

I11.1 - EGF AND EGFRs FAMILY

58 RTKs have been identified in human, they are classified within 20 families. Among
these families there is the family of EGFR, insulin receptor, PDGFR, VEGFR, FGFR or c-Met.
If all RTKSs families are different they still share some similarities in molecular architecture,

activation mechanisms and induced signaling pathways.

111.1.1 - The receptor tyrosine kinase family

Regarding their molecular architecture, RTKSs are transmembrane proteins that all share
an extracellular ligand-binding domain and a tyrosine kinase domain (TKD) in their
cytoplasmic tail. In the accepted scheme of RTKSs activation, ligand-induced RTK dimerization
leads to the transphosphorylation of the dimer through TKDs of individual monomers coming
in close contact to the other monomer’s cytoplasmic tail (Ullrich and Schlessinger 1990).
Ligand-induced dimerization of RTK can happen through two main kind of mechanisms: the
two ligands are either physically bound to form a bridge between the two receptors or the
ligands induce conformational change that favors direct interaction of the monomers (Figure
30). Phosphorylated tyrosines in specific domains of receptor cytoplasmic domains represent

docking sites for effectors containing phosphotyrosine-binding (PTB) or Src homology-2 (SH2)
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domains. PTB and SH2 domains-containing scaffolding proteins further recruit other signaling

complexes and effectors. This ultimately leads to signaling pathways activation.

Extracellular ligand-binding domain region
KIT

D2

D3

Figure 30. A) Ligand-induced dimerization of RTK can
happen through two main kinds of mechanisms: the two
ligands are either physically bound to form a bridge
between the two receptors (e.g. the receptors TrkA and
KIT) or the ligands induce conformational change that
favors direct interaction of receptor monomers (e.g. the
receptors FGFR and ErbB). (From Lemmon and

Schlessinger, 2011
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Many of the signaling proteins are common to multiple RTKs but each RTK have a very
precise cellular effect. This raises the question of how activation of the same effectors by
different RTKs lead to different final consequences. RTKs are mostly internalized through
CME (Goh and Sorkin 2013). Like all transmembrane proteins, RTKs are nonspecifically
constitutively internalized at a very low rate. Because the constitutive recycling rate is higher
than the constitutive endocytosis rate, RTKs are mostly localized at the plasma membrane at
steady state. Ligand-binding induces RTKs internalization at a much higher rate and can lead
to RTKSs degradation in the endosomal system. These two mechanisms synergize to control the
depletion of RTKSs from the cell surface upon their acute stimulation, thus protecting the cell

from overstimulation.

11.1.2 - The EGFR family

The EGFR family is one of the most studied RTK due to its early discovery and its major role
in physiology and diseases, including cancers. They are ubiquitously expressed in both

epithelial and mesenchymal cells.
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111.1.2.1 - EGFR family members

The EGFR family is composed of four receptors named HER1-4 or ErbB1-4 that are
encoded by genes located on different chromosomes. HER1 corresponds to the canonically
termed EGFR. All members of the EGFR family are essential as their knockdown is lethal (Citri
and Yarden 2006). ErbB2 is unable to bind ligands and ErbB3 does not possess a kinase activity.

All members of the ErbB family are able to dimerize with the other members.

The structure of ErbB receptors are divided into four extracellular domains, the
transmembrane domain and three intracellular domains. The extracellular domain I and 111 are
enriched in leucine residues and are responsible for ligand binding. The extracellular domain II
and 1V are enriched in cysteine residues and are responsible for disulfide bond formation. The
domain 11 is also responsible for the dimerization of the receptor. Their cytosplasmic tail is
composed of a juxtamembrane domain, a tyrosine kinase domain (TKD) and finally the C-

terminal tail (Figure 31).
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Figure 31. The structure of ErbB receptors are divided into four extracellular domains, the
transmembrane domain and three intracellular domains. The extracellular domains I and III are
enriched in leucine residues and are responsible for ligand binding. The extracellular domain II
and IV are enriched in cysteine residues and are responsible for disulfide bond formation. The
domain II is also responsible for the dimerization of the receptor. Their cytosplasmic tail is
composed of a juxtamembrane domain, a tyrosine kinase domain (TKD) and finally the C-
terminal tail (Appert-Collin et al., 2015)
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111.1.2.2 - Ligands of the EGFR family

The EGFR family have eleven known ligands: EGF, heparin-binding epidermal growth
factor-like growth factor (HB-EGF), betacellulin, TGF-a, epiregulin, amphiregulin, epigen and
4 different neuregulins. All these ligands bind specifically to the different members of the
EGFR family. All ErbB dimers combinations, plus all ligands combinations, give a total of a
614 theoretically possible dimer/ligand complexes (Roskoski 2014). The different ligands lead
to dimers with different stability and this finally leads to different signaling outcomes (Freed et
al. 2017). All ligands are first exocytosed as transmembrane precursors at the surface of the

secreting cell prior to be cleaved and thus released in the extracellular space.

111.1.2.3 - The epidermal growth factor

EGF is the prototypic ligand of the EGFR family. It was first identified in the
submaxillary gland (Cohen 1960). EGF is a small peptide of 53 amino acids and, like all ErbB
ligands, it is derived from a larger precursor, the pre-pro-EGF comprising 1207 amino acids.
Pre-pro EGF contains a transmembrane domain and mature, soluble EGF is later released upon
cleavage by a metalloprotease (Le Gall et al. 2003). Soluble EGF is folded via three disulfide
bonds. EGF has a strong affinity for EGFR with a Kd of 1.77 x 107" M (Kuo et al. 2015). Within
the ErbB family, EGF is only able to bind to EGFR.

EGF can be found in many body fluids including milk, saliva and plasma (Carpenter
and Cohen 1979). EGF plasma level in mice is about 1 ng/mL (Byyny et al. 1974). EGF have
positive effects on cell survival, proliferation and migration and (Hernandez et al. 2009) is

notably involved in cancer cell invasion (Hernandez et al. 2009).

111.2 - PHYSIOLOGY OF THE EGFR

Because of its importance in physiology and diseases, the EGFR is one of the most
studied receptors. It is also the target for different clinically relevant drugs. Although it is now
studied for decades, many of its basics are still not completely understood, or are still a matter
of debate.
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111.2.1 - EGFR activation

For instance, EGFR activation process is a multistep, sequential process that is highly

regulated and is the target of specific inhibitors.

111.2.1.1 - EGFR dimerization

ErbBs dimerization is based on receptor conformational change rather than on the
ligands physically bridging the two monomers (Garrett et al. 2002). Ligand binding to the
domains I and 11 induces a conformational change that disrupts interactions between domain
Il and IV. This leads to the unmasking of a dimerization domain in the domain Il (Burgess et
al. 2003). The exposure of the dimerization domain allows the interaction with a second ligand-
bound receptor monomer (Figure 32). If it is mostly accepted that EGF is responsible for the
dimerization of its receptors some studies proposed that it can also bind and activate preformed
receptor EGFR dimers (Clayton et al. 2005; Gadella and Jovin 1995). Along that line, EGFR
overexpression, or EGFR experimental crosslinking, is known to induce the autoactivation of
the receptor through uncontrolled dimerization, in the absence of ligands (Endres et al. 2013;
Lu et al. 2010)
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Figure 32. A) Ligand binding to domains I and III induces a conformational change that disrupts
interactions between domain II and IV. This leads to the unmasking of a dimerization domain in
the domain II. The exposure of the dimerization domain allows the interaction with a second
ligand-bound receptor monomer. (From Sergina and Moasser, 2007) B) Epidermal growth factor
(red) and its receptor (blue). The inactive form (left) dimerizes when it binds to the hormone
(right). (https://pdb101.rcsb.org/motm/126)
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111.2.1.2 - EGFR transphosphorylation

Activation of the tyrosine kinase domains of the ErbB family is different from the
process at stake in other RTKs. Reaching the active conformation does not require the activation
loop phosphorylation. Upon ligand binding, TKDs from the two EGFR monomers interact
together. This interaction induces a conformational change in TKDs, allowing them to act as
genuine tyrosine kinases (Zhang et al. 2006). Once activated, the TKDs control the
transphosphorylation of different tyrosine residues on the cytosolic tail of each EGFR
monomers. This initiates the activation of the signaling cascade through allowing the

recruitment of specific effectors.

111.2.1.3 - EGFR inhibitors

Because EGFR signaling plays a major role in cancers and other diseases, many
inhibitors have been developed that aim at inhibiting its activation. These drugs can be divided
in two categories: monoclonal antibodies that target the extracellular domains of EGFR, and
tyrosine kinase inhibitors (TKI). Monoclonal antibodies have been developed against ErbB1
and 2 and are used in clinics (eg. cetuximab and trastuzumab). They prevent ligand
binding/dimerization, which leads to signaling inhibition. TKIs have been developed against
all members of the ErbB family (eg. gefitinib and erlotinib). They act intracellularly by binding
to the ATP-binding site of TKDs, thus preventing ATP binding and kinase activity. Unlike
monoclonal antibodies, TKIs do not prevent ligand binding and dimerization (Lichtner et al.
2001).

111.2.2 - EGFR signaling

Activated EGFR displays multiple phosphorylated tyrosine on its cytoplasmic tail.
These phosphorylated tyrosine residues, together with surrounding residues, form docking sites
for adaptor proteins that control different downstream signaling pathways, some of which are
briefly described below (Roskoski 2014; Figure 33).

Among these pathways, the extracellular regulate kinas (Erk) pathway of the mitogen
activated protein kinase (MAPK) pathways is one of the most important. This specific MAPK
pathway is triggered by the recruitment of Grb2 to activated EGFR through its SH2 domain.
This leads to the activation of the guanine nucleotide exchange factor (GEF) Sos. Sos activates
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Ras by catalyzing the exchange of GDP for a GTP on this GTPase. Ras then activates Raf (a
serine/threonine protein kinase). Raf dimerizes and autophosphorylates before to
phosphorylate/activate the Mek1/2 kinases which then phosphorylate/activates the Erk1/2
kinases. Upon activation, Erk1/2 translocates from the cytosol to the nucleus where it activates
other kinases and transcription factors. Ultimately, the Erk/MAPK pathway regulates the
transcription of many different genes whose expression level mostly regulate cell survival,

proliferation and cell differentiation.

Another critical signaling pathway regulated by the EGFR is the PI3K/Akt pathway.
PI3K is a heterodimer made of the association of a p85 regulatory subunit and a p110 (or
PISBKCA) catalytic subunit. PI3K can be directly activated by EGFR-associated Grb2. PI3K
phosphorylates PIP2 into PIP3. PIP3 then recruits the kinase Akt at the plasma membrane
through its PIP3-binding PH domain. Akt then phosphorylates both mTOR and BAD. The
phosphorylation events controlled by Akt activates mTOR but inhibits BAD. The PI3K/Akt
pathways is involved in cell survival and apoptosis. By hydrolyzing PIP3 into PIP2 PTEN
negatively regulate the PI3K pathway.

The PLC-y/PKC pathway relies on the SH2 domain-dependent recruitment of PLC-y to
activated EGFR. PLC-y hydrolyzes PIP2 into IP3 and DAG. These second messengers
regulates many intracellular events, and in particular, they synergize to activate the protein
kinase C (PKC). PKC phosphorylates many substrates including Raf. This pathway regulates

cell proliferation, cell survival, migration and cell adhesion.

EGFR activation also leads to the activation of Signal Transducers and Activators of
Transcription (STATSs) through controlling their phosphorylation. This depends on the
recruitment of the non-receptor kinase Src onto activated EGFR that then phosphorylates
STATSs. In addition, EGFR-regulated Erk1/2 can also phosphorylates STATs on different
residues, reinforcing their activity. Once activated, STATS translocate to the nucleus to act as

transcription factors regulating proliferation, differentiation, cell survival and apoptosis.
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Figure 33. EGFR downstream signaling is composed of different pathways: the MAPK pathway
(violet), the PI3K/Akt pathway (blue), the Jak/STAT pathway (grey) and the PLC/PKC pathway
(orange). (From https://pancreapedia.org)

Finally, it is well documented that growth factors receptors (and in particular the EGFR)
and integrin can synergize and even generate some cross-talk mechanism to initiate or reinforce
signaling pathways activation (Moro et al. 1998; Moro et al. 2002; Schneller, Vuori, and
Ruoslahti 1997; Sridhar and Miranti 2006). Indeed, integrin and growth factor receptors share
many signaling effectors and FAs are home to intense signaling. Cross-talk interaction have
been sorted into 4 categories (Ivaska and Heino 2011; Figure 34): 1) Concomitant signaling, in
which integrins and EGFR signal independently to the same signaling pathways (Mettouchi et
al. 2001), 2) collaborative signaling, in which activated integrins gather signaling effectors and
RTK thus enhancing signalization (Goel et al. 2004), 3) direct activation, in which some
integrins can directly activate EGFR without the binding of ligand (Moro et al. 1998) and finally
4) amplification of signaling, in which integrin activation increases the amount of EGFR at the

plasma membrane (Moro et al. 2002).
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Figure 34. Crosstalk between RTKs and integrins can be sorted into four mechanisms. a)
Concomitant signaling, in which integrins and RTKS signal independently to the same signaling
pathways, b) collaborative signaling, in which activated integrins gather signaling effectors and
RTKSs thus enhancing signalization, c) direct activation, in which some integrins can directly
activate RTKs without the binding of ligand and finally d) amplification of signaling, in which
integrin activation increases the amount of RTKSs at the plasma membrane. (From lvaska and
Heilo, 2011)

111.2.3 - EGFR endocytosis

EGFR endocytosis is a very complex, highly regulated process that involves different
endocytosis motifs carried by its cytosolic tails, but also different adaptors and even different
endocytosis pathways. Once internalized, the fate of the EGFR may also vary depending on the

conditions of its stimulation.

111.2.3.1 - Mechanisms of EGFR uptake

The EGFR can be internalized through CME but also through some clathrin-
independent pathways. At low EGF concentration (below 10ng/ml), the EGFR is internalized
only via CME. At higher concentrations, the EGFR is also internalized through clathrin-
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independent pathways. EGFR endocytosis in clathrin-independent pathways relies on the
ubiquitination of its cytosolic tail (Sigismund et al. 2005). CME of EGFR is associated with
sustained signaling and recycling to the plasma membrane. On the opposite, when EGFR is
endocytosed trough clathrin-independent pathways, it is more likely to reach lysosomes and to
be degraded (Sigismund et al. 2008). The mechanisms supporting this clathrin-independent
pathway are still elusive but may involve a recently proposed, very fast pathway relying on
endophilins (Boucrot et al. 2015). However, EGFR internalization through clathrin-
independent pathways is still a matter of debate (Madshus and Stang 2009) and the observed

differences could be cell type specific.

There is a larger consensus that EGFR uptake is supported by CME. Yet, precise
mechanisms of EGFR recruitment into CCSs are also debated. Some studies reported that
EGFR activation (autophosphorylation) is required for its efficient recruitment at CCSs
(Lamaze and Schmid 1995; Sorkina et al. 2002). Other studies, however, proposed that EGFR
dimerization is sufficient to trigger its endocytosis and can thus happen without activation of
the kinase domain of the receptor (Wang, Chen, and Wang 2015; Wang, Villeneuve, and Wang
2005). These studies proposed that the dimerization allows the formation of a pair of dileucine
(LL)-based endocytic motifs that constitute the basic unit for binding to AP-2. Finally, there
are also evidences that experimentally-induced EGFR clustering is sufficient to trigger its
endocytosis (Heukers et al. 2013).

More precisely, some mechanisms have been proposed to regulate EGFR recruitment at
CCSs. First, a direct interaction have been reported between EGFR and AP-2 (Sorkin et al.
1996). Also, activated EGFR recruit the ubiquitin ligase Chbl that ubiquitinates EGFR itself as
well as some EGFR effectors. Ubiquitynated EGFR is recognized by the clathrin accessory
proteins Eps15 and epsin that participate in the recruitment of EGFR into CCSs (Kazazic et al.
2009). Grb2 as well as lysine residues acetylation are also involved in addressing the EGFR to
CCSs (Goh et al. 2010). It is also worth saying that the intracellular domain of EGFR is the
only among the ErbB family to promote active endocytosis (Baulida et al. 1996). In any case,
it is clear that EGFR is targeted to CCSs through different, redundant mechanisms that

cooperate to ensure that this receptor does not stay at the plasma membrane once activated.

Some studies have suggested that, upon EGF-binding, the EGFR is able to trigger a local
CCSs nucleation in order to promote its own endocytosis (Johannessen et al. 2006). On the

opposite, some other investigators found that activated EGFR is targeted to pre-existing CCSs
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(Rappoport and Simon 2009). Similarly intriguing, the absolute requirement of AP-2 for EGFR
internalization is also debated (Motley et al. 2003; Pascolutti et al. 2019). It appears that the
experimental conditions, like EGF incubation at 4°C before performing endocytosis assays,
critically affect EGFR physiology (Benmerah and Lamaze 2007). In physiological conditions,
AP-2 is required for EGFR endocytosis (Huang et al. 2004) and EGFR is targeted to pre-
existing CCSs. However, these different findings highlight the complexity of EGFR
endocytosis and its sensitivity to environmental factors.

111.2.3.2 - EGFR intracellular trafficking

2 to 5 minutes after its endocytosis, EGFR-containing-vesicles fuse with early
endosomes. The pH in early endosome is not low enough to promote EGF unbinding from the
receptor and thus the receptor continues to signal from endosomes. The early endosomes then
mature to progressively become late endosomes and multivesicular bodies. EGFR is observed
in perinuclear MVBs 15-20 min after its endocytosis (Carpentier et al. 1987; Figure 35). As
EGF does not separate from its receptor, the entire EGF/EGFR complex is recycled to the
plasma membrane. As mentioned above, a portion of internalized EGFR can recycle back to
the plasma membrane, especially if the receptor was internalized through CME. Recycling can
occur through a fast pathway, from early endosomes, or through a slow pathway, from late
endosomes and specialized Rab11-positive recycling endosomes (Sorkin et al. 1991). Most of
the internalized EGFR, however, is not recycled to the plasma membrane but rather routed to
lysosomes for degradation. EGFR ubiquitynation is essential for lysosomal targeting (Huang et
al. 2006). Of note, the different possible ligands of EGFR lead to different endocytic fates.
TGF-a associates weakly to EGFR as compared to EGF and thus dissociates from EGFR in the
acidic environment of early endosomes, leading to more EGFR being recycled (Longva et al.
2002).
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Figure 35. EGF endocytosis. A) EGF binding to its receptor leads to their recruitment into CCSs.
The EGF/EGFR complex traffic into endosomes until they are either degraded or recycled back
to the plasma membrane. (Adapted from Gostring, 2011) B) Immunofluorescence images of the
progressive EGFR activation and internalization. Scale bars, 10 pm. (From Villasenor et al.,
2015).

111.3 - EGFR IN CELL MIGRATION

EGFR regulates several aspects of cell migrations. First, EGFR directly modulates cell
motility by regulating both cell adhesion to its substrate and the cytoskeleton that powers cell
movement. In addition, gradients of EGFR ligands can lead to directed cell migration. Finally,

EGFR also regulates the organization of the ECM supporting cell migration.

111.3.1 - EGFR in cell motility

EGFR activation is known to enhance cell motility. Both TGF-a and EGF are able to
promote migration in different cell lines (Morelli et al. 1992; Westermark, Magnusson, and
Heldin 1982). EGFR overexpression in tumor cells leads to enhanced motility and invasion
(Xue et al. 2006). EGF is also known to promote cell migration by reactivating the epithelial to
mesenchymal transition (Grande et al. 2002). EGFR regulates directly cell migration by fine
tuning the activity of two major actors of the motility machinery: adhesions to the substrate and

the actin cytoskeleton.
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EGFR first modulates cell adhesion by regulating the composition of FAs (Eberwein et
al. 2015). EGFR also regulates FAs turnover by promoting their disassembly (Xie et al.
1998)through downregulating FAK (Z. Lu et al. 2001). EGFR activation can also regulate
adhesion by regulating the expression level of integrins, their expression at the cell surface as
well as their own signaling activity at the plasma membrane (Laura Moro et al. 2002). Finally,

EGFR can increase cell spreading in cells adhering to rigid matrices (Saxena et al. 2017).

EGFR signaling also affects migration by regulating the actin cytoskeleton. EGF
stimulation modulates actin rearrangement (Rijken et al. 1991) and promotes lamellipodia
extension (Segall et al. 1996). EGF-induced actin rearrangement relies on cofilin, which severs
actin filaments. EGF stimulation leads to PLC activation which, in turn, activates cofilin. This
leads to barbed ends availability and thus more sustained actin polymerization (Mouneimne et
al. 2004)

111.3.2 - EGFR in chemotaxis

EGFR also regulates directed cell migration both in vitro and in vivo. In vitro, EGFR
has been shown to regulate the persistence of migration in one given direction in 2D (Maryse
Bailly et al. 2000) and in 3D (Raja et al. 2010). Cells are also able to migrate towards an
immobilized gradient of EGF in 3D (Fisher et al. 2018). Both EGFR expression level and EGF
gradient shape modulate the cell ability to migrate towards EGF (Fisher et al. 2018; S.-J. Wang
et al. 2004)

In vitro, when exposed to an EGF gradient, cells protrude and show F-actin enrichment
towards the gradient (M. Bailly et al. 1998). To migrate up the gradient, the cell needs to
polarize its actin machinery. This is possible because EGF/EGFR-mediated regulation of actin
polymerization remains localized (Kempiak et al. 2003). While EGFR localization is
homogeneous at the plasma membrane, its endocytosis is asymmetrically regulated (Bailly et
al. 1998) and thus could explain the local effect of EGF. In fact, cofilin regulation by EGF
remains local via LIM kinase that spatially restrict activated cofilin at the leading edge. This
induces local actin polymerization and further directed migration (Yamaguchi and Condeelis
2007; Figure 36)
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Figure 36. A model for EGF-driven chemotaxis. In the cell, cofilin is globally inactivated by
the LIMK activity. At the front of the cell, higher concentration of EGF induces a higher
activation of cofilin that locally overcomes the LIMK activity. Thus actin polymerization only
pushes the membrane at the leading edge, maintaining directed migration towards the EGF

gradient. (From Wang et al., 2007)

In vivo, the directed migration of cancer cells toward an EGF source has been observed

by intravital imaging (Wyckoff et al. 2004); Figure 37). A paracrine loop involving EGF and
CSF-1 is proposed to drive this cancer cell invasion. EGF secreted by macrophages attract
tumors cells which in turn secrete CSF-1 that recruit macrophage. This leads to a positive

recruitment loop that promotes directed invasion (Wyckoff et al. 2004); Figure 37).
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Figure 37. A) Cells leaving a tumor to migrate towards an EGF gradient diffusing from a needle
(*) (Wyckoff et al., 2004). B) A paracrine loop involving EGF and CSF-1 is proposed to drive
this cancer cell invasion. EGF secreted by macrophages attract tumors cells which in turn secrete
CSF-1 that recruits macrophage. This leads to a positive recruitment loop that promotes directed
invasion (Condeelis and Segall, 2003)

111.3.3 - EGFR and the ECM

EGFR also indirectly influences cell migration through regulation of the ECM. EGFR
can both trigger ECM protein secretion and remodeling of the existing matrix. Conversely,

matrix properties also influences EGFR signaling.

EGF stimulation leads to increased expression and secretion of collagen (Laato et al.
1987) and fibronectin (Mimura et al. 2004). EGFR can also participate to matrix remodeling,
notably through regulating the expression of matrix metalloproteases. EGFR activation leads to
increased expression of collagenase (Pilcher et al. 1999) and the expression of MMPSs is
impaired in EGFR deficient cell (Kajanne et al. 2007). Nevertheless, EGF can increase or
decrease MMPs expression depending on cell types and experimental conditions (Bouchard et
al. 2010; S. Kim et al. 2009). The increase in MMPs expression take part in the larger program
of EGF-induced EMT (Wilkins-Port and Higgins 2007). Finally, the EGF ability to induce cell
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contraction and thus matrix remodeling is still debated (Kim et al. 2015; Yang, Lin, and Yu
1997).

If EGFR signaling affects the ECM, the presence of some ECM components also
increases EGFR signaling (Cybulsky, McTavish, and Cyr 1994). Changes in the matrix
composition leads to modifications of the EGF-induced gene expression pattern (Yarwood and
Woodgett 2001). Finally, the substrate rigidity is well known to affect EGFR signaling via
integrin/EGFR crosstalk signaling (Saxena et al. 2017) and this play an important role in

regulating cell migration.
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AIM OF THE THESIS

Cell migration occurs during the whole life of every individual as a part of embryonic
development and maintenance of physiological functions but it also plays a role in several
pathologies. It is powered by the actin cytoskeleton that provides the force required to push
forward the plasma membrane of the leading edge. This force leads to an actual movement of
the cell only if the actin cytoskeleton is physically engaged with the extracellular matrix via
adhesion structures. To date, different types of adhesion complexes have been described, that,
for most of them, display a similar composition and depend on connections with the actin
cytoskeleton. In addition we recently proposed that CCSs could also serve as adhesion

structures.

CCSs are primarily known as the structures supporting clathrin-mediated endocytosis
(CME). During CME, cells internalize membrane portions and their associated receptors or
cargoes. Because of the large range of receptors it internalizes, CME is key to many cellular
processes. It starts with the recruitment of receptors and their ligands inside membrane
invagination that are called clathrin-coated pits. Some of these cargoes have been proposed to
initiate CCSs formation and modulate their dynamics. These pits progressively invaginate until
scission from the plasma membrane and formation of a vesicle that further traffic inside the

cell.

We showed that a subset of CCSs, called tubular Clathrin/AP-2 lattices (TCALS), can
also serve as adhesion structures to collagen fibers. Cell adhesion and the cell’s capacity to grab
collagen fibers were inhibited by disruption of TCALs. We first observed that CCSs
accumulated along collagen fibers in the 3D environments. TCALS nucleation is triggered by
membrane curvature induced by collagen fibers contacting the plasma membrane. TCALSs
further adopt the tubular morphology of collagen fibers, wrapping around and pinching the
fiber. This morphology is rather different from the circular shape adopted by canonical CCSs

that regulate cargoes internalization.

From these, we hypothesized that matrix-bound CCS ligands could link the two roles of
CCSs: their well-documented role as endocytic structures and their newly discovered role as

adhesion structures. These matrix-bound ligands could modulate TCAL dynamics and thus
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affect 3D cell migration. In extension, gradient of matrix-bound CCS ligands could lead to

directed migration.

The main objective of my PhD was thus to establish the link between the endocytic and
adhesive role of CCSs during cell migration. This main question can be divided in several

specific objectives:

- Obtain amenable collagen fibers coated with CCSs ligand, as 3D networks are difficult
to manipulate in order to design specific experiments.

- Investigate the consequences of ligand-coated collagen fibers on TCALs and their

dynamic.

- Investigate the forces applied to ligand-coated collagen fibers and the potential role of
TCALs.

- Investigate a potential effect of collagen-bound ligands on 3D, directed migration and

the potential role of TCALS in this process.

| started by developing a protocol to obtain individual collagen fibers coated with EGF
or LDL. I then found that collagen-bound ligands increase the local nucleation of CCSs, leading
to more TCALS being associated with EGF/LDL-coated collagen fibers. I later found that this
increased in TCALSs recruitment induces an increase in the forces applied by the cell to fibers.
I finally observed that in 3D, cells migrate toward EGF-coated collagen fibers using a
mechanism that relies on TCALSs. In conclusion, | propose a model of directed migration driven
by TCALs in response to substrate-bound CCS-ligands. In this model, an asymmetrical
distribution of ligands induces an asymmetrical nucleation and thus distribution of adhesive
clathrin structures. This leads to an asymmetric distribution of forces applied to the ECM,
ultimately leading to directed migration.
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Abstract

Migrating cells navigates in complex environments through sensing and interpreting
biochemical and/or mechanical cues. Gradients of cytokines or growth factors orient cell
migration through a complex integration of local, intracellular signaling events. Similar
mechanisms are believed to govern cell migration during haptotaxis, when cells follow signals
emanating from substrate-anchored chemoattractants. Here, we report that recently identified
tubular clathrin/AP-2 lattices (TCALS), a subset of clathrin-coated structures (CCSs) that pinch
collagen fibers, mechanically control haptotaxis along fibers decorated with ligands of CCS
cargoes, in 3D environments. We observed that epidermal growth factor (EGF) or low density
lipoprotein (LDL) bound to collagen fibers lead to an increased local nucleation and
accumulation of TCALSs. By using engineered, mixed collagen networks, we demonstrate that
this mechanism selectively increases local forces applied on ligand-decorated fibers. We show
that these effects depend on ligand’s receptors but do not rely on their ability to trigger signaling
events. The accumulation of TCALs along ligand-decorated fibers steers migration in 3D
environments. We conclude that ligand-regulated, local TCAL nucleation results in asymmetric

force distribution that orient cell migration in 3D environments.
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Main Text

INTRODUCTION

Clathrin-mediated endocytosis is a fundamental process that regulates the uptake of a wide
diversity of cell-surface receptors and their ligands. By doing so, clathrin-coated structures
(CCSs) impinge on many cellular functions including cytokinesis (Montagnac, Echard, and
Chavrier 2008), cell migration, and cell invasion (Maritzen, Schachtner, and Legler 2015). We
recently demonstrated that in 3D environments composed of collagen fibers, B1l-integrin-
enriched CCSs wrap around and pinch the fibers, thus offering many anchoring points that
facilitate cell migration (Elkhatib et al. 2017). These collagen fiber-pinching CCSs, also called
tubular clathrin/AP-2 lattices (TCALS), are frustrated in nature as they try and fail to internalize
fibers that are longer than the cell itself. Yet, although their lifetime is longer as compared to
non fiber-engaged CCSs, it is still limited in time suggesting that they may be able to bud and
to produce endocytic vesicles after an initial period of frustration on fibers. Collagen fibers are
sticky structures to which many proteins can bind or adsorb. Besides other extracellular matrix
(ECM) components, some cytokines and growth factors can also directly or indirectly bind to
collagen fibers (Hynes 2009; Schuppan et al. 1998). For example, the epidermal growth factor
(EGF) was reported to bind to collagen fibers with an estimated affinity of 1.706 uM (Yang et
al. 2009). The EGF receptor (EGFR) is mostly internalized through CCSs and this has been
suggested to play a role in chemotaxis towards EGF gradients (Wyckoff et al., 2004; S.-J. Wang
et al. 2004). Low density lipoprotein (LDL), the ligand of another major CCS cargo, was also
reported to bind to collagen fibers (Nievelstein-Post et al. 1994). We set out here to investigate
the relationship between TCALSs and two major CCSs cargos, and their role in orienting cell

migration in 3D environments.
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RESULTS
Production and characterization of ligand-decorated collagen fibers

We observed that incubating Alexa488-labelled EGF with a pre-polymerized fibrillar
collagen gel leads to an accumulation of EGF along fibers (Supplementary Fig. 1a), thus
confirming previous findings (Yang et al. 2009). Because such a gel is difficult to handle in
order to address specific questions, we setup a protocol to produce, decorate with EGF, and
manipulate individual collagen fibers (Fig. 1a). Our protocol produces collagen fibers of quite
homogenous length that can be spotted on glass or incorporated into a 3D network (Fig. 1b and
c). These fibers were homogenously decorated with Alexa488-EGF (Fig. 1b and c¢) and similar
results were obtained when using Dil-LDL (Supplementary Fig. 1b). Fluorescence recovery
after photobleaching (FRAP) assays showed that the fluorescence associated with Alexa488-
EGF does not recover when engineered fibers were spotted on 2D surfaces or incorporated into
3D networks (Supplementary Fig. 1c and d). If free EGF was added in the medium before the
FRAP experiments, a mobile fraction of approximately 50% was detected (Supplementary Fig.
1c and d). The immobile fraction observed in these latter experiments most likely correspond
to the EGF fraction that is stably associated with collagen fibers recovered at the end of our

production protocol.

We observed that fiber-associated EGF was able to activate the mitogen activated
protein kinase Erk as efficiently as free EGF alone, or free EGF added together with non-
decorated fibers, when MDA-MB-231 cells and fibers were incubated together in suspension
(Supplementary Fig. 2a and b). Akt could not be activated by free EGF alone in these
conditions, but was equally activated by EGF-decorated fibers and by free EGF added together
with non-decorated fibers (Supplementary Fig. 2a and c). These latter results probably reflect
the requirement of integrins engagement for efficient activation of the Akt pathway, this is

conflit with previously reported experiment (Velling, Stefansson, and Johansson 2008). In
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addition, MDA-MB-231 cells were able to internalize fiber-bound EGF as evidenced by the
transfer of EGF-associated fluorescence from the fibers to internal compartments
(Supplementary Fig. 2d). Together, these data demonstrate that collagen fiber-associated EGF

is functional and can be sensed and internalized by cells.

Exacerbated accumulation of TCALs along ligand-decorated fibers

We next took advantage of our protocol to generate composite 2D substrates by
sequentially spotting EGF-decorated and non-decorated fibers on glass coverslips (Fig. 1d).
When MDA-MB-231 cells were seeded for 15 min on this mixed, 2D network, we noticed that
CCSs marked with the a-adaptin subunit of the clathrin adaptor AP-2 accumulated along non-
decorated fibers as previously described (Elkhatib et al. 2017) (Fig. 1d). However, CCSs
accumulated approximately 30 % more along EGF-decorated fibers as compared to naked
fibers, whether using Alexa-488-labelled EGF or unlabeled EGF (Fig. 1d and e). We also
observed that the EGFR accumulated along EGF-decorated fibers but not along non-decorated
fibers (Fig. 1f and g image and quantif). The accumulation of TCALs along EGF-decorated
fibers was dependent on the expression of the EGFR but was insensitive to Gefitinib, a drug
that inhibits the kinase activity of EGFR (Cohen et al. 2004) (Fig. 1e). We controlled that
Gefetinib was indeed able to inhibit EGFR-triggered Erk activation (Supplementary Fig. 3a and
b). These results suggest that EGFR activation (autophosphorylation) and downstream
signaling pathways are not playing a role in the accumulation of TCALSs along EGF-decorated
fibers. We next performed live cell imaging of genome-edited MDA-MB-231 cells engineered
to express GFP-tagged, endogenous p2-adaptin subunit of AP-2. When these cells were allowed
to spread for 15 min on the composite, 2D network, we measured that TCALSs average lifetime
was slightly increased on EGF-decorated as compared to non-decorated fibers, although the

difference was not statistically significant (Fig 2a-c). However, TCALS had approximately 20%
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more chances to nucleate on EGF-decorated fibers as compared to control fibers (Fig. 2b and
d). EGFR knockdown, but not Gefetinib treatment, abolished the preferential TCALs
nucleation rate on EGF-decorated fibers (Fig. 2e). It has been suggested that, in particular
experimental setups, EGF/EGFR complexes could induce the de novo formation of CCSs
(Wilde et al. 1999; Johannessen et al. 2006). In addition, receptors are known to take an
important part in the maturation of nascent CCSs (Ehrlich et al. 2004; Loerke et al. 2009) and
experimental clustering of cell-surface receptors can induce the de novo formation of CCSs
(Liu et al. 2010). Thus, it is possible that local accumulation of EGFR driven by collagen fiber-
associated EGF results in local TCAL nucleation/maturation as suggested by our data. The role
of EGFR kinase activity in EGFR interaction with CCSs has been supported by several studies
(Lamaze and Schmid 1995; Sorkina et al. 2002) but some others suggested that EGF-induced
receptor dimerization or clustering is sufficient to be recruited at CCSs (Wang, Villeneuve, and
Wang 2005; Wang, Chen, and Wang 2015; Heukers et al. 2013). In any case, our results suggest
that EGF/EGFR-regulated local TCAL nucleation does not require EGFR activation. Along this
line, we observed that EGF still accumulates at CCSs in cells seeded on glass and treated with
Gefetinib, although less efficiently than in control cells (Supplementary Fig. 3c and d). It is
possible that the particular conditions of TCALs assembly, which is driven by a cooperation
between local membrane curvature and Bl-integrin engagement (Elkhatib et al. 2017), are
further favored by high local concentrations of functional CCS cargoes. In agreement with that,
we observed that TCALs also preferentially accumulated along Dil-LDL-decorated fibers as
compared to non-decorated ones (Fig. 2f and g). Similar to EGF-decorated fibers, CCS
nucleation rate was increased on LDL-decorated fibers as compared to naked fibers (Fig. 2h).
Thus, local accumulation of CCS ligands drives the local accumulation of TCALSs through

increased CCS nucleation.
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Local TCALs accumulation regulates local forces applied on collagen fibers

We noticed that cells spreading on the mixed 2D network developed more protrusions
along EGF-decorated fibers as compared to non-decorated fibers (Fig. 3a and b). Yet, we did
not observed any differential enrichment of Bl-integrin on one or the other type of fiber
(Supplementary Fig. 4a and b). Similarly, the focal adhesion marker vinculin was equally
distributed between EGF-decorated and non-decorated fibers (Supplementary Fig. 4c and d)
suggesting that these adhesion structures did not participate in the differential protrusion
activity on the two different types of fibers. We previously reported that TCALS help cells to
develop long protrusions in 3D collagen networks by providing several anchoring points to
collagen fibers (Elkhatib et al. 2017).Here, our data suggest that the increased accumulation of
TCALs along EGF-decorated fibers allow the cell to develop longer protrusions on these fibers
as compared to non-decorated fibers. To check whether cells specifically exert more forces on
ligand-decorated fibers as compared to normal fibers, we developed a collagen fiber remodeling
assay. EGF-decorated and non-decorated fibers were sequentially spotted on a glass coverslip
and MDA-MB-231 cells were allowed to remodel this composite network for 2 hours. Collagen
fiber remodeling was characterized by a transition from rod-like shape to circular aggregates as
cells pulled on and packed fibers on their dorsal surface. In the course of this process, TCALS
were observed colocalizing and moving together with collagen fibers on the dorsal surface of
cells (Supplementary Fig. 5a and b). In order to precisely quantify fiber remodeling, we
measured the evolution of fibers circularity over time. The data show that EGF-decorated fibers
are almost twice as much remodeled as compared to non-decorated fibers over a 120 min period
(Fig. 3c-e). The preferential remodeling of EGF-decorated fibers was dependent on EGFR
expression (Fig. 3f and Supplementary Fig. S5c¢). However, Gefetinib treatment did not
modulate the preferential remodeling of EGF-decorated fibers indicating that EGFR activation

is not required (Fig. 3f and Supplementary Fig. S5c¢). Knockdown of AP-2 subunits, but not
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clathrin heavy chain (CHC), abrogated the preferential remodeling of collagen fibers (Fig. 3f
and Supplementary Fig. S5c). This is consistent with our previous characterization of TCALs
showing that clathrin is not required for the accumulation of AP-2-positive structures along
collagen fibers and that it does not play a role in the adhesive function of TCALs (Elkhatib et
al. 2017). Of note, inhibiting the formation of focal adhesions by using talin-specific SIRNAs
strongly reduced the global fiber remodeling rates but did not inhibit the preferential remodeling
of EGF-decorated fibers (Fig. 3f and Supplementary Fig. S5c). Together, our data show that
both EGFR and TCALs are required for the preferential remodeling of EGF-decorated collagen
fibers. In addition, we observed that LDL-decorated fibers were also preferentially remodeled
over non-decorated fibers and that this also depended on AP-2 (Fig. 3g and h). Together, our
data suggest that the accumulation of TCALs along CCS ligands-decorated fibers leads to more

forces being applied on them.

Local TCALs accumulation orients cell migration in 3D

We previously reported that TCALS help cells to migrate in 3D environments by serving
as adhesive structures to collagen fibers (Elkhatib et al. 2017). We hypothesized that the
preferential accumulation of TCALs along ligands-decorated fibers could further favor cell
migration in 3D networks. We first observed that MDA-MB-231 cells located in 3D network
composed of EGF-decorated fibers were more elongated as compared to cells located in a non-
decorated network (Fig. 4a-c). Together with our previous results showing that TCALSs help
cells to build long protrusions required for migration (Elkhatib et al. 2017), these data suggested
that EGF on collagen fibers further potentiates cell elongation through favoring TCALSs
formation. However, cells migrated with a similar velocity in the EGF-decorated and non-
decorated networks (Supplementary Fig. 5d). It is possible that a homogenous distribution of

EGF-decorated fibers around the cell leads to a global stabilization of all cell protrusions,
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without a net consequence on cell displacement in one given direction. Stable protrusions
pointing in different directions could hinder a potential effect of EGF-decorated fibers on cell
migration. To test this possibility, we aimed at observing cells located in an asymmetric network
in which EGF-decorated fibers would be restricted to a defined area of the gel. For this, EGF-
decorated, or non-decorated, chopped collagen fibers produced as in Fig. 1a were added to a
mixture of non-polymerized collagen in a 1:1 ratio. A first mix containing the non-decorated
fibers was deposited as a 50 ul drop on a glass coverslip at 4°C. 6 ul of the second mix,
containing the EGF-decorated fibers, was carefully injected into the first one and the composite
gel was then allowed to polymerize. This protocol enabled the production of a composite
network with a clear segregation between EGF-decorated and non-decorated fibers, without
creating a physical interface between the two regions (Fig. 4d). We observed that cells located
in the homogenous EGF-decorated or non-decorated areas of the gel migrated randomly in all
directions (Fig. 4e). However, cells located at the boundaries between the two areas had
approximately twice as much chances to migrate towards the EGF-decorated network rather
than towards the non-decorated network (Fig. 4e and f). This preferential migration towards
EGF-decorated fibers was dependent on EGFR and CCSs (Fig. 4f). Together, our results show
that TCALs accumulation on CCSs ligands-decorated fibers allow cells to migrate towards this

type of fibers.

Overall, we have found that TCALs strongly accumulate on CCSs ligands-decorated
fibers because ligand/receptor complexes favor the local nucleation of TCALS on these fibers.
The preferential accumulation of TCALSs on ligands-decorated fibers allows the cell to exert
more forces on these fibers as compared to non-decorated fibers. As a consequence, cells
preferentially migrate towards ligands-decorated fibers in 3D environments. Strikingly, this

haptotactic mode of migration does not depend on the transduction of signaling pathways but
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only on the local accumulation of TCALs that allow cells to pull harder on collagen fibers
decorated with CCSs ligands. Thus, it is important to consider that haptotaxis is not a simple
variation of chemotaxis but is actually driven by completely different mechanisms, at least in
the case of EGF and LDL in 3D collagen networks. Because ECM fibers are abundant in
complex organisms, and many chemoattractants and other potential CCSs ligands are known to
bind to ECM, the mechanism we described here may play a central role in cell migration in

different contexts, from development to cancers.
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METHODS

Cell lines and constructs

MDA-MB-231 cells (a gift from P. Chavrier, Institut Curie, Paris, France) or genome edited
MDA-MB-231 cells engineered to express an endogenous GFP-tagged or mCherry-tagged pu2
subunit (a gift from D. Drubin, University of California-Berkeley, California, USA) were
grown in DMEM Glutamax (Gibco) supplemented with 10% foetal calf serum (Gibco) at 37°C

in 5% COa.

Antibodies, growth factors and drugs

Rabbit polyclonal anti-a-adaptin antibodies (M300) were purchased from Santa Cruz
Biotechnology Inc. Mouse monoclonal anti-a-adaptin antibodies (ab2807) were purchased
from Abcam. Activated integrin (4B4) antibody (6603113) was obtained from Beckman
coulter. Alexa488-conjugated anti-mouse (A21202) or anti-rabbit (A21202) antibodies and
Alexa545-labelled phalloidin (A22283) were from Molecular Probes. Anti phospho-Akt
(9271), Erk1/2 (9102) and phospho-Erk1/2 (9101) antibodies were purchased from Cell
Signaling. HRP-conjugated anti-mouse antibodies (115-035-062) for western blot and Cy3-
conjugated anti-rabbit (711-165-152) or anti-mouse (711-165-152) antibodies were purchased
from Jackson ImmunoResearch Laboratories. HRP-conjugated anti-rabbit antibodies (A0545)
for western blot were purchased from Sigma.

Gefitinib (CDS022106) was purchased from Sigma and used at a final concentration of 10 uM
unless otherwise stated. Before experiment, cells with gefitinib were pre-treated for 30 min at
37°C. Alexa Fluor® 488 (E-13345)- or 647 (E35351)-labelled EGF and Dil-conjugated LDL
(L3482) were purchased from Thermo Fisher. Rat tail Collagen-1 (CA10483-01) was purchased

from GIBCO. Human recombinant EGF (E9644) was purchased from Sigma.
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RNA interference

For siRNA depletion, MDA-MB-231 cells were plated at 50% confluence and treated with the
indicated siRNA (30 nM) using RNAimax (Invitrogen, Carlsbad, CA) according to the
manufacturer's instruction. Cells were used after 72 h or 120 h of sSiRNA treatment as shown
by immunoblotting analysis with specific antibodies. Equal loading of the cell lysates was
verified by immunoblotting with anti-tubulin antibodies.

The following siRNAs were used: Talin, 5-~ACAAGAUGGAUGAAUCAAUUUU-3'; u2-
adaptin, 5-AAGUGGAUGCCUUUCGGGUCA-3’; Clathrin heavy chain (CHC),
5’GCUGGGAAAACUCUUCAGATT-3'; a-adaptin, 5- AUGGCGGUGGUGUCGGCUCTT-
3’; Epidermal growth factor receptor (EGFR) 5’- GAGGAAAUAUGUACUACGA-3' (EGFR-
1) and 5’- GCAAAGUGUGUAACGGAAUAGGUAU-3' (EGFR-2); non-targeting siRNAs
(siControl), ON-TARGETplus Non-Targeting SMARTpool siRNAs (Dharmacon D-001810-

01).

Western Blots

For Western Blot experiments, cells were lysed in ice cold MAPK buffer (100mM NacCl, 10
nM EDTA, 1% IGEPAL ® CA-630, 0.1% SDS, 50mM TRIS-HCI pH 7.4) supplemented with
protease and phosphatase inhibitors. Protein concentration was measured using Pierce™
Coomassie Plus (Bradford) Assay Kit (1856210) according to the manufacturer’s instructions
in order to load equal amount of proteins. Antibodies were diluted at 1:1000 in PBS - 0.1%
Tween - 5% BSA or 5% non-fat dried milk. Analyzes of bands densitometry were performed
using ImageJ.

For testing Gefitinib-mediated inhibition of EGFR signaling, 200 000 MDA-MB-231 were

serum-starved for 2h, and then stimulated or not with 10 ng/ml EGF in the presence or not 10
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uM gefitinib for 5 minutes at 37°C. Cells were then harvested, lysed and analyzed by western

blot as describe above.

EGF/LDL-decorated collagen fibers and 3D networks

200 ul of a mix containing a 10:1 ratio of unlabeled collagen type | and Alexa548(or Alexa488
or Alexa647)-labelled collagen type I (Gibco, A1048301) at a final concentration of 1.1 mg/ml
was allowed to polymerize in a 1.5 ml Protein LoBind Tube (Eppendorf, 0030108116) for 12
min at room temperature. 200 ul of PBS were then added on ice to the mix before 3 rounds of
10s sonication were performed using a Q125 sonicator at 40% amplitude (Qsonica sonication).
2.5 ul of EGF/LDL was then added (or not) to the mix before incubation at room temperature
for 2.5h (final concentration EGF: 1.25 pg/ml and LDL: 6.25 mg/ml). 600 ul of PBS was then
added to the mix before 12 rounds of 10s sonication were performed at 40% amplitude.
Polymerized, sonicated, EGF-or LDL- or non-decorated collagen fibers were then pelleted by
centrifugation for 1h at 45000 rpm (centrifuge 5427R; rotor FA-45-30-11; Eppendorf) at 4°C.
The pellet was washed twice with cold PBS before to be either resuspended in 1 ml cold PBS
(for coverslip spotting experiments) or incorporated into another mix for 3D collagen network
preparation. Fiber solution was kept on ice to prevent collagen fibers aggregation.

For collagen fibers deposition on glass (2D), 100 ul of the mix containing polymerized,
sonicated collagen fibers were spotted for 10 min on a 12 mm coverslip (Marienflied, 0111520)
or in a glass-bottom 96 well plate (Greiner, 07-000-630) at room temperature before to be
washed twice with PBS. For sequential deposition experiments, naked fibers were spotted as
described, then washed twice with PBS before EGF- or LDL-decorated fibers were spotted for
10 min as well and washed twice using PBS.

For incorporation into 3D networks, the pellet composed of polymerized, sonicated collagen

fibers was resuspended in a 200 ul mix containing non-polymerized collagen and 45 ul of this
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new mix were deposited in a glass-bottom 96 well plates pretreated with poly-L-lysin 0.1%
(Sigma, 8920) for 10 min. For some experiments, the mix contained 200 cells/ul. The mix was
allowed to polymerize at room temperature for 30 min before to be covered with complete
medium. For generating composite 3D networks, 7 pl of a mix containing EGF- or LDL-
decorated, polymerized, sonicated fibers and 200 cells/ul was gently pipetted inside a 45 pl mix
containing naked, polymerized, sonicated fibers and 200 cells/ul that was deposited on glass a
few seconds before. All steps were performed at 4°C to prevent polymerization. The composite
3D network was then allowed to polymerize at room temperature for 30 min before to be

covered with complete medium.

Indirect immunofluorescence microscopy and fluorescence quantification

MDA-MB-231 cells plated for 15 min on the top of naked and EGF- or LDL-decorated fibers
spotted on coverslips were fixed in ice-cold methanol or PFA and processed for
immunofluorescence microscopy by using the indicated antibodies. Cells were imaged through
a 100x 1.40NA UPlanSApo objective lens of a wide-field 1X73 microscope (Olympus)
equipped with an Orca-Flash2.8 CMOS camera (Hamamatsu) and steered by CellSens
Dimension software (Olympus).

For anti-vinculin staining, cells were briefly extracted for 1 min using 0.1% Triton prior to
fixation.

For calculating the degree of CCSs or integrins or vinculin alignment along collagen fibers,
naked and decorated fibers were segmented using ImageJ software and the average fluorescence
intensity of the anti-a-adaptin or anti-integrin or anti-vinculin staining in fibers area was
measured for both type of fibers and for each individual cells and normalized to the area

occupied by respective collagen fibers. For protrusions quantification, the proportion of
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protrusions associated with each type of fibers were manually counted in ImageJ. At least 50

cells per conditions were quantified in 3-5 independent experiments.

Total internal reflection fluorescence microscopy

For total internal reflection fluorescent microscopy (TIRF), MDA-MB-231 cells seeded on
glass or onto collagen-fibers-coated glass coverslips were imaged through a 100x 1.49 NA
TIRF objective lens on a Nikon TE2000 (Nikon France SAS, Champigny sur Marne, France)
inverted microscope equipped with a QuantEM EMCCD camera (Roper Scientific SAS, Evry,
France / Photometrics, AZ, USA), a dual output laser launch, which included 491 and 561 nm
50 mW DPSS lasers (Roper Scientific), and driven by Metamorph 7 software (MDS Analytical
Technologies, Sunnyvale, CA, USA). A motorized device driven by Metamorph allowed the
accurate positioning of the illumination light for evanescent wave excitation.

To measure EGFR accumulation on collagen fibers, MDA-MB-231 cells were transfected with
a EGFR-GFP encoding plasmid (Addgene #32751) using linear PEI (MW 25.000,
Polysciences) and following manufacturer’s instructions. Cells were allowed to spread for
approximately 15 min on the top of a mixed network composed of naked and EGF-decorated
fibers spotted onto a glass-bottom fluorodish (World Precision Instruments, FD35-100) before
to be imaged for 5 min. EGFR-associated average fluorescence intensity was quantified in
ImageJ using the above described segmentation protocol at time points showing the greatest
accumulation of EGFR on fibers. At least 20 cells per condition were analyzed in 2 independent
experiments.

To monitor EGF recruitment at CCSs, genome-edited MDA-MB-231 cells on fluorodishes
were starved for 2 h and treated or not with 10 mM Gefitinib for 1h before to be incubated in
the presence of the same concentration of Gefitinib and 50 ng/ml Alexa488-EGF before to be
imaged for 10 min. For guantification, CCSs were individually segmented using ImageJ and

average EGF-associated fluorescence was measured at the time point showing the maximum
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colocalization between EGF and CCSs. At least 2000 CCSs from at least 5 cells per condition

and per experiments were quantified in 2 independent experiments.

Fluorescence Recovery After Photobleaching (FRAP)

EGF-decorated collagen fibers were spotted on glass or embedded in a 3D gel as described
above in the presence or not of 8 ug/ml Alexa488-EGF. FRAP was performed on a Leica Sp8
confocal microscope equipped with a Pecon incubation chamber to maintain the cells at 37°C
and 5% CO- and using the FRAP wizard of the Leica software. One fiber was manually selected
and subjected to 100% laser power. One frame was collected before photo-bleaching, and 40
frames were collected after bleaching to analyze fluorescent recovery at the frequency of 1
frame/30 sec. Data were analyzed using the ImageJ FRAP Profiler plugin (McMaster

University, Canada) to extract recovery curves and calculate the half-time recovery.

Fiber-associated EGF stimulation and internalization assays in suspension

For fiber-associated EGF stimulation assays, MDA-MB-231 cells were starved for 2h before to
be harvested using trypsin and incubated in suspension alone or in the presence of 50 ng/mi
Alexa-488 EGF, or naked fibers, or Alexa488-EGF-decorated fibers, or naked fibers and 50
ng/ml Alexa488-EGF as indicated. The amount of fibers used in the assay was chosen so that
the concentration of Alexa488-EGF on EGF-decorated fibers was equivalent to 50 ng/ml
soluble EGF as determined by SDS-PAGE followed by EGF-associated fluorescence
quantification using a gel imager (Biorad ChemiDoc XRS+ System) and ImageJ software. Cells
were incubated at 37°C for 5 or 30 minutes before cells were harvested at 4°C and subsjected
to lysis in cold MAPK buffer followed by western-blot analyzis using the indicated antibodies.
For fiber-associated EGF internalization assays, the same protocol was used except that fibers

were labelled using Alexa548-conjugated collagen and cells were incubated only with
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Alexad88-EGF-decorated fibers at 37°C for 5, 10, 20 or 40 minutes before to be harvested and
fixed using PFA. Fixed cells were centrifuged for 2 min at 500g and resuspended in 500 uL

PBS. Cells were then spotted on a coverslip and imaged by epifluorescence microscopy.

Spinning disk microscopy

Control or siRNA-treated, genome edited MDA-MB-231 cells were imaged for exposure times
of 200 ms at 5 s intervals for the indicated time using a spinning disk microscope (Andor) based
on a CSU-W1 Yokogawa head mounted on the lateral port of an inverted 1X-83 Olympus
microscope equipped with a 60x 1.35NA UPLSAPO objective lens and a laser combiner
system, which included 491 and 561 nm 100 mW DPSS lasers (Andor). Images were acquired
with a Zyla sSCMOS camera (Andor). The system was steered by 1Q3 software (Andor).

For calculating CCSs lifetime on collagen fibers, naked or EGF- or LDL-decorated collagen
fibers were segmented using ImageJ software and CCSs were tracked using the trackmate
plugin. Tracks corresponding to CCSs detected on only one frame were discarded. For
calculating the CCSs nucleation index, each new appearance of a u2-adaptin-mCherry marked
CCSs were manually counted on segmented fibers and results were expressed as a function of
fiber length and time. At least 700 CCSs from at least 15 cells per condition and per experiments

were analyzed in 3-5 independent experiments.

Collagen fibers remodeling assay

Naked and EGF- or LDL-decorated fibers were sequentially spotted on glass-bottom 96-well
plates before 40 000 control or siRNA-treated or Gefitinib-treated MDA-MB-231 cells were
seeded per well in DMEM supplemented with 1% FCS. Plates were then immediately imaged
at 37°C and 5% CO- by spinning disk microscopy. One frame was collected every 20 minutes

for 6 hours. Naked and decorated fibers were individually segmented and remodeling over time
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was quantified as a function of the evolution of collagen fibers circularity index using the
following ImageJ macro:

for (1=0;1<10;i++) {

run("'Subtract Background...", "rolling=10 stack");

setAutoThreshold("Default dark™);

/lrun("Threshold...");

setOption("BlackBackground", false);

setThreshold(XX,100000);

run("Convert to Mask", "method=Default background=Dark");

run("Remove Outliers...", "radius=0.5 threshold=50 which=Dark stack");

run("Analyze Particles...”, "size=10-Infinity show=Nothing summarize stack");

close();

¥

The threshold (XX) was manually defined for each fiber type and for each experiment. At least

6 wells per condition and per experiments were analyzed in 3-4 independent experiments.

3D migration assays

For spreading analysis in 3D, MDA-MB-231 were embedded in uniform 3D networks
composed of either naked or EGF-coated collagen fibers in 96-well plates and imaged with
awide field microscope 24h latter. Cell circularity was measured using ImageJ. At least 70 cells
per condition and per experiments were quantified in 3 independent experiments. Data are
expressed as ranked, inversed circularity.

For migration assays in composite 3D networks, control or sSiRNAs-treated MDA-MB-231 cells
in the presence of DMEM supplemented with 2% FCS were imaged 24h after being embedded
in the gel by spinning disk microscopy through a 10x objective by focusing on areas of the gel

were both non-decorated and decorated regions were visible. Frames were collected every 20
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min for 10 hours. Cells were manually tracked using Image J and separated into 3 categories:
cells only evolving in the non-decorated network, cells only evolving in the decorated network,
and cells reaching at some point the interface between decorated and non-decorated networks.
In that latter case, initial tracking point was set when cells reached the interface, if they were
not already at the interface at the beginning of the movie. At least 20 cells per condition and
per experiments were quantified in at least 3 independent experiments. Data are represented via

rose plot produced by the ImageJ plugin chemotaxis tool (Ibidi).

Statistical analyses

Statistical analyses in Fig. 1e, Fig. 2e, Fig. 3efgh, Fig. 4f and Fig. S5¢ have been performed
using Kruskal-Wallis One Way Analysis of Variance (ANOVA) followed by an All Pairwise
Multiple Comparison Procedure (Tukey Test). Data in Fig. 1g, Fig. 2cdgh, Fig. 3b, Fig. 4c, Fig.
S3d, Fig. S4bd and Fig. S5d have been tested using Student’s t-test. All statistical analyses were

performed using SigmaStat software.
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Figure legends

Figure 1. TCALs preferentially accumulate along ligands-decorated fibers. a, Scheme
representing the different steps of collagen fibers production and decoration with ligands. b,
Alexa555-labelled (left panel), Alexa488-EGF (right panel)-decorated fibers produced as in a
were spotted on a glass coverslip. Scale bar: 5 um. ¢, Alexa488-EGF-decorated fibers (right
panel) produced as in a were embedded in a 3D collagen network. Scale bar: 20 um. d,
Alexa488-labelled, EGF-decorated fibers (green) and Alexa555-labelled, non-decorated fibers
(Naked, blue) were sequentially spotted on a glass coverslip and MDA-MB-231 cells were
allowed to spread on this composite network for 15 min before to be fixed and stained for a-
adaptin (red). Scale bar: 10 um. e, Quantification of the enrichment of average a-adaptin
staining fluorescence intensity on Alexa488EGF-, or native EGF-decorated fibers (as indicated)
as compared to non-decorated fibers in MDA-MB-231 cells as in d and treated with the
indicated siRNA or with Gefitinib. Data are expressed as the mean + SD percentage over
average fluorescence on non-decorated fibers (* P<0.01, One Way Analysis of Variance —
ANOVA. N=3). f, MDA-MB-231 cells expressing GFP-tagged EGFR were allowed to spread
on a composite network as in d. Higher magnification of boxed area are shown. Scale bar: 10
um. f, Quantification of the enrichment of average GFP-EGFR fluorescence intensity on
Alexad488EGF-decorated fibers as compared to non-decorated fibers in MDA-MB-231 cells as
in d and treated or not with Gefitinib, as indicated. Data are expressed as the mean + SD ratio

of EGF-fibers- versus naked fibers-associated GFP fluorescence.

Figure 2. Increased nucleation rate of TCALs on EGF-decorated fibers. a, Alexa488-
labelled, EGF-decorated fibers (green) and Alexa555-labelled, non-decorate fibers (Naked,

blue) were sequentially spotted on a glass coverslip and genome-edited MDA-MB-231 cells
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expressing mCherry-tagged pu2-adaptin (AP-2, red) were allowed to spread on this composite
network for 15 min. Scale bar: 10 um. b, Kymographs of regions boxed in a over a 2 min time
period. ¢, Quantification of the average lifetime of CCSs located on EGF-decorated or on non-
decorated fibers as indicated (ns: non-significant, Student’s t-test. N=3). d, Quantification of
the average nucleation rate of CCSs located on EGF-decorated or on non-decorated fibers as
indicated (* P<0.01, Student’s t-test. N=3). e, Quantification of the ratio of the average
nucleation rate of CCSs located on EGF-decorated versus non-decorated fibers in MDA-MB-
231 cells treated with the indicated siRNA or with Gefitinib (* P<0.001, One Way Analysis of
Variance — ANOVA. N=3). f, Alexa555-labelled, DiL-LDL-decorated fibers (green) and
Alexa488-labelled, non-decorated fibers (Naked, blue) were sequentially spotted on a glass
coverslip and MDA-MB-231 cells were allowed to spread on this composite network for 15
min before to be fixed and stained for a-adaptin (red). Scale bar: 10 um. g, Quantification of
the average a-adaptin staining fluorescence intensity on Dil-LDL-decorated and non-decorated
(Naked) fibers (* P<0.01, Student’s t-test. N=3). Values for non-decorated fibers were set to
100%. h, Quantification of the average nucleation rate of CCSs located on Dil-LDL-decorated
or on non-decorated fibers as indicated (* P<0.01, Student’s t-test. N=3). All results are

expressed as mean + SD.

Figure 3. TCALs allow cells to preferentially remodel ligands-decorated fibers. a,
Alexa488-labelled, EGF-decorated fibers (green) and Alexa555-labelled, non-decorate fibers
(Naked, blue) were sequentially spotted on a glass coverslip and MDA-MB-231 cells were
allowed to spread on this composite network for 20 min before to be fixed and stained with
phalloidin (red). Scale bar: 10 um. b, Quantification of the average percentage of non-

decorated (Naked) or EGF-decorated fibers associated with protrusions in cells as in a (*
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P<0.01, Student’s t-test. N=3). c, Alexa488-labelled, EGF-decorated fibers (green) and
Alexa555-labelled, non-decorate fibers (Naked, red) were sequentially spotted on a glass
coverslip. Scale bar: 100 um. d, Kymographs depicting collagen fibers remodelling in the boxed
area shown in ¢ upon seeding MDA-MB-231 cells on the composite network for 120 min. e,
Quantification of the average evolution of EGF-decorated and non-decorated (Naked) collagen
fibers circularity upon cell seeding as in d (* P<0.01, Student’s t-test. N=3). f, Quantification
of the ratio of EGF-decorated fibers versus non-decorated fibers circularity at t=120 min as
depicted in e when using cells transfected with the indicated siRNAs or treated with Gefitinib
(* P<0.001, One Way Analysis of Variance - ANOVA. N=3). g, Quantification of the average
evolution of LDL-decorated and non-decorated (Naked) collagen fibers circularity upon cell
seeding (* P<0.01, Student’s t-test. N=3). h, Quantification of the ratio of LDL-decorated fibers
versus non-decorated fibers circularity at t=120 min as depicted in g when using cells
transfected with the indicated siRNAs (* P<0.001, One Way Analysis of Variance — ANOVA.

N=3). All results are expressed as mean + SD.

Figure 4. TCALSs regulate 3D haptotaxis towards EGF-decorated fibers. a, MDA-MB-231
cells were embedded in a non-decorated fibers- (upper panel) or in EGF-decorated fibers (lower
panel)-containing 3D collagen network and imaged 24h latter (representative images of three
independent experiments). Scale bar: 10 um. b, Quantification of cell elongation index
corresponding to the inverse circularity index in 458 cells embedded in naked fibers (red)- or
EGF fibers (green)-containing 3D networks from three independent experiments. Cells are
sorted along the x axis from the most (left) to the less (right) elongated (1 on y axis=perfectly

circular cell). ¢, Quantification of the mean + SD elongation index of cells embedded in naked

fibers- or in EGF fibers-containing 3D networks, as indicated (* P<0.01, Student’s t-test. N=3).
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d, Engineered composite 3D network comprising a non-decorated fibers (Naked, red)-
containing area and an EGF-decorated fibers (green)-containing area in a supporting collagen
gel was imaged by spinning disk microscopy. A phase contrast image of the same region of the
composite network is shown. Scale bar: 20 um. e, Rose plots representing the angular
distribution of migration of MDA-MB-231 cells located in the EGF-fibers-containing area (top,
green), the non-decorated fibers-containing area (bottom, red) or at the interface between the
two areas (middle). f, Box plots representing the average ratio of cells initially located at the
interface between the two areas as depicted in d and migrating towards the EGF-fibers-
containing area versus the non-decorated fibers area SD (* P<0.001, One Way Analysis of
Variance — ANOVA). A ratio of 1 indicates no preferential migration towards one or the other

area.
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Supplementary figure legends

Supplementary Figure 1. Characterization of ligands association with collagen networks. a,
Pre-polymerized, 3D collagen network was incubated for 30 min with 100 nM Alexa488-
labelled EGF before to be imaged by spinning disk microscopy. Collagen fibers (left panel)
were stained using an anti-collagen | antibody. Scale bar: 10 um. b, Alexa555-labelled (left
panel), Dil-LDL (right panel)-decorated fibers produced as in Fig. 1a were spotted on a glass
coverslip. Scale bar: 5 um. ¢, d, FRAP experiments of Alexa488-EGF on collagen fibers
produced as in Fig. 1a and spotted on a glass coverslip (a) or embedded in a 3D network (b)
with or without adding 100nM Alexa488-EGF (free EGF) in the medium 30 min before the

beginning of the experiment, as indicated.

Supplementary Figure 2. EGF on collagen fibers is functional. a, MDA-MB-231 cells were
serum-starved for 2h before to be trypsinized and incubated in suspension at 37°C with
Alexa488-EGF-decorated or non-decorated fibers produced as in Fig. 1a and supplemented or
not with soluble 30nM Alexa488-EGF for 5 or 30 min, as indicated. Cells were then harvested
at 4°C and subjected to Western blot analysis using the indicated antibodies. Actin was used as
a loading control. Control cells were incubated in suspension at 37°C for 5 min in the absence
of fibers or EGF. b, ¢, Densitometry analyses of bands depicted in a when using the anti-
phospho-Erk antibody (b) or the anti-phospho-Akt antibody (c). Controls were set to 1. d,
MDA-MB-231 cells were serum-starved for 2h before to be trypsinized and incubated in
suspension at 37°C with Alexa488-EGF-decorated fibers produced as in Fig. la for the
indicated time periods. Cells were then fixed and stained with DAPI before to be imaged by

spinning disk microscopy. Note that the initially green fibers (EGF-decorated) progressively
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become only red (Alexa555-labelled collagen) as EGF is being internalized by cells. Scale bar:

5 pum.

Supplementary Figure 3. Gefitinib treatment does not prevent EGFR recruitment at CCSs.
a, MDA-MB-231 cells were serum-starved for 2h before to be stimulated or not with 10nM
EGF with or without 10uM Gefitinib for 5 min. Cells were then harvested and subjected to
Western-blot analyses using the indicated antibodies. Total Erk (t-Erk) antibodies were used as
a loading control. b, Densitometry analyses of bands depicted in a when using the anti-phospho-
Erk antibody. Control was set to 1. ¢, Genome-edited MDA-MB-231 cells expressing mCherry-
tagged p2-adaptin were serum-starved for 2h before to be stimulated with 30nM Alexa488-
EGF for 5min in the presence or not of 10uM Gefitinib, as indicated, and imaged by TIRF
microscopy. Scale bar: 2 um. d, Quantification of the average enrichment of Alexa488-EGF
fluorescence intensity in CCSs over background (non-CCSs areas of the plasma membrane; *
P<0.01, Student’s t-test. N=3). Values for background were set to 0. All results are expressed

as mean * SD.

Supplementary Figure 4. B1-integrin and vinculin equally distribute between EGF-decorate
and non-decorated fibers. a, Alexa488-labelled, EGF-decorated fibers (green) and Alexa555-
labelled, non-decorated fibers (Naked, blue) were sequentially spotted on a glass coverslip and
MDA-MB-231 cells were allowed to spread on this composite network for 15 min before to be
fixed and stained for B1-integrin (red). Scale bar: 10 um. b, Quantification of the average 1-
integrin staining fluorescence intensity on EGF-decorated and non-decorated (Naked) fibers
(ns: non-significant, Student’s t-test. N=3). Values for non-decorated fibers were set to 100%.

¢, Alexa488-labelled, EGF-decorated fibers (green) and Alexa555-labelled, non-decorated
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fibers (Naked, blue) were sequentially spotted on a glass coverslip and MDA-MB-231 cells
were allowed to spread on this composite network for 15 min before to be fixed and stained for
vinculin (red). Scale bar: 10 um. d, Quantification of the average vinculin staining fluorescence
intensity on EGF-decorated and non-decorated (Naked) fibers (ns: non-significant, Student’s t-
test. N=3). Values for non-decorated fibers were set to 100%. All results are expressed as mean

+ SD.

Supplementary Figure 5. Characterization of collagen fibers remodelling. a, Genome-edited
MDA-MB-231 cells expressing mCherry-tagged p2-adaptin (red) were seeded onto Alexa488-
labelled collagen fibers (green) spotted on a glass coverslip for 1h and imaged by spinning disk
microscopy by focusing on the dorsal surface of the cells. Scale bar: 10 um. b, Kymograph
depicting the sequence of events occurring over time in the boxed area shown in a. c,
Quantification of the average evolution of EGF-decorated (green) and non-decorated (Naked,
red) collagen fibers circularity upon cell seeding on a composite 2D network as in Fig. 3d and
when using cells treated with the indicated siRNAs or with Gefitinib (* P<0.01, Student’s t-test.
N=3). d, Quantification of the average cell velocity of MDA-MB-231 cells evolving in
homogenous 3D networks composed of non-decorated or of EGF-decorated fibers, as indicated

(ns: non-significant, Student’s t-test. N=3). All results are expressed as mean + SD.
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DISCUSSION

Cell movement is driven by polymerizing actin pushing the plasma membrane at the
front of the cell. Actin polymerization can drive efficient migration only if the actin
cytoskeleton is physically engaged with the extracellular matrix. Focal adhesions are the best
documented adhesion structures. They cluster matrix receptors and link them to the actin

cytoskeleton, thus playing a key role in migration.

We recently discovered that clathrin-coated structures (CCSs), previously known only
as endocytic structures, can also serve as adhesion structures to collagen fibers. CCSs
accumulate along collagen fibers because 1) CCSs nucleation is triggered by the curvature that
the fiber imposes to the plasma membrane and 2) CCSs cluster 1 integrin, a collagen receptor.
These adhesive CCSs were termed tubular clathrin/AP-2 lattices (TCALSs) because they adopt
the tubular morphology of the collagen fibers, wrapping around and pinching the fibers.

During my PhD, I discovered a mechanism of 3D haptotaxis that relies on TCALs and
local force transmission. | found that collagen fibers-bound CCS ligands are even more covered
by TCALs than normal collagen fibers. This results from the preferential nucleation of CCSs
on these fibers, leading to a local accumulation of adhesive structures which in turn leads to
cell exerting more forces on ligand-decorated fibers as compared to non-decorated fibers.
Finally, this mechanism is used by the cell to migrate directionally, by following matrix-bound
protein in 3D networks.

1. - At least some CCS ligands can bind to collagen fibers

This project started with the observation that two CCS ligands (EGF and LDL) bind to
in vitro polymerized collagen networks. These observations were already reported in the
literature as EGF was shown to interact with monomeric collagen (Y. Yang et al. 2009) and
electron microscopy imaging revealed that LDL can associate with collagen fibers in rabbit’s

cardiac valve (Nievelstein-Post et al. 1994). Because it is difficult to manipulate 3D collagen
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network to address precise questions, | developed a protocol to produce short and manipulable

collagen fibers and to decorate them with specific ligands.

Nothing is known about the mechanism of EGF or LDL interaction with collagen fibers
as neither EGF nor LDL have known collagen binding domains. A study reported that the
interaction of EGF with collagen display a Kd of 1.77 x 10" M (Kuo et al. 2015). This affinity
seems week but was measured using monomeric collagen and not with collagen assembled into
fibers. It is possible that EGF have a much stronger affinity for polymerized collagen.
Visualization of EGF-coated fibers were done using EGF labelled with the fluorophore
Alexad88. Actually, Alexa488 is associated with streptavidin that binds biotin-decorated EGF.
The Alexa488-streptavidin-biotin-EGF complex could impact on the apparent affinity/stability
of EGF on collagen fibers as measured in my FRAP experiments. Indeed, more than 50% of
EGF associated with collagen fibers was immobile, confirming the stability | observed. FRAP
experiments on initially non-decorated collagen fibers in the presence of soluble EGF revealed
that the strength of EGF/collagen interaction is essentially the same as for EGF-decorated fibers
produce using my protocol. This rules out the possibility that EGF would better associate with
polymerizing collagen than with already assembled fibers. Regarding LDL, nothing is known
about its mechanism of binding to collagen and previous in vitro experiments revealed a poor
binding of LDL to collagen (Pentikdinen et al. 1997). The observed LDL/collagen interaction
have been proposed to be mediated through the collagen-binding ECM protein decorin. |

however observed that LDL can bind to collagen fibers in the absence of any added factor.

Using cells transfected with fluorescent EGFR, 1 also confirmed that EGFR
preferentially accumulate along EGF-decorated fibers as compared to normal collagen fibers.
This accumulation is not affected by the EGFR inhibitor gefitinib. This is not surprising as
gefitinib act through biding and inhibiting the kinase domain of the receptor that is not involved
in EGF-EGFR interaction. In fact, gefitinib has been shown to increase EGFR affinity for its

ligand (Bjorkelund, Gedda, and Andersson 2011) through unknown mechanisms.

2. - Collagen-bound EGEF is active and can be internalized

| also observed that collagen-bound EGF could activate EGFR-dependent signaling

pathways. Indeed, Erk was equally activated by similar concentrations of soluble or fiber-
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associated EGF. However, while Erk can be activated by EGF alone in the experimental
conditions | used (cells in suspension), Akt activation required the presence of both EGF and
collagen fibers. This confirms the existence of crosstalk signaling between integrins and EGFR,
at least for Ekt activation below EGFR signaling. These findings are in opposition with some
results from the literature. For instance, Erk activation upon EGF stimulation was reported to
Akt was shown to be activated by EGF alone in cells in suspension (Velling, Stefansson, and
Johansson 2008). Theses contradictory results may be explained by the different cell types used
in these studies as compared to the MDA-MB-231 cells | used.

It also seems that Erk signaling is more sustained in time when EGF is associated with
collagen fibers. This could result from the EGF/collagen interaction as the cell could take more
time to internalize collagen-bound EGF, leading to a longer signaling period. This could also
be due to the different pattern of EGF presentation to the cell. In one case, EGF is soluble and
thus presented evenly distributed all around the cell. On the opposite, collagen fiber-bound EGF
is presented as patches of local, high concentration and most of the rest of the membrane is free
of EGF. In the case of soluble EGF, all receptors are internalized upon stimulation. When EGF
is presented bound to collagen, most of the EGFR may remain available to sustain the signal.

In any case, more precise kinetic experiments would be required to draw a definitive conclusion.

| also confirmed that cell internalize collagen-bound EGF. CCSs accumulation along
EGF-decorated fibers suggest that collagen-bound EGF is directly internalized from the fibers.
Nevertheless, it remains possible that a portion of EGF/EGFR complexes detach from the
collagen fibers prior to be recruited at non-fiber associated CCSs. Here also, more experiments
would be required to unambiguously demonstrate that CCSs that accumulate on fibers are

actually able to internalize fiber-associated EGF.

3. - Accumulation of TCALSs along collagen fibers decorated with CCS ligands

| observed that TCALs accumulate more on EGF/LDL-decorated collagen fibers as
compared to non-decorated ones. The accumulation of TCALs along EGF-decorated collagen
fibers is lost in cells depleted for EGFR but not in cells treated with gefitinib. TCALs

preferential accumulation along ligand-coated fibers could results from an increase of either
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CCS local nucleation rate and/or lifetime. | observed that CCS lifetime was only slightly
increased on EGF-coated fibers. On the opposite, CCS nucleation rate was significantly
increased along ligand-decorated collagen fibers as compared to naked fibers. EGFR depletion
but not gefitinib treatment abolished the increased CCS nucleation rate on EGF-coated fibers.
These observations could bring new insights on two ongoing debates: the requirement of EGFR
phosphorylation for its internalization and the ability of receptors to mediate de novo formation
of CCSs.

First, the requirement of EGFR phosphorylation for its recruitment into CCSs, and
hence its internalization, remains unclear in the literature. Some studies found that the tyrosine
kinase activity is required for EGFR recruitment at CCS (Sorkina et al. 2002) and
internalization (Lamaze and Schmid 1995). Other studies suggested that receptor dimerization
is sufficient for EGFR internalization, regardless of the phosphorylation state (Q. Wang,
Villeneuve, and Wang 2005). Finally, a study found that artificial clustering of EGFR is
sufficient to induce internalization (Heukers et al. 2013). In our case, gefitinib treatment did not
affect the preferential accumulation of TCALs along EGF-coated collagen fibers nor the
recruitment of EGF into CCSs. This suggests that EGFR tyrosine kinase activity, and hence
autophosphorylation, is not required for EGFR recruitment at CCSs and subsequent
internalization. This means that EGFR signaling and endocytosis are uncoupled, EGF-induced

dimerization of its receptors regulating both signaling and endocytosis independently.

Second, the ability of receptors, especially EGFR, to induce de novo formation of CCSs
is also debated. Some studies found that EGFR can induce CCSs nucleation in a signaling
dependent manner (Johannessen et al. 2006; Wilde et al. 1999). On the other side, some
observed that EGFR is internalized through preformed CCSs (Rappoport and Simon 2009). If
the constitutively internalized LDLR was never reported to induce de novo formation of CCSs,
a study found that clustering of the constitutively internalized transferrin receptor induces CCS
nucleation (A. P. Liu et al. 2010). In our case, collagen fiber-bound ligands induce CCS
nucleation using a signaling independent mechanism as gefitinib did not affect this parameter,
and LDLR is not known to elicit any specific signaling event. Either the observed EGF/LDL-
induced nucleation relies on different mechanisms or they rely on similar mechanisms
potentially induced by their association with collagen fibers. For EGFR, we can hypothesize
that dimerization reveals a functional endocytosis motif, as suggested, that further recruits the
endocytic machinery, leading to CCS formation. Another non-exclusive and very likely

125 | DISCUSSION



hypothesis is that the accumulation of EGF or LDL along collagen fibers induce the clustering
of their receptors. These clustered receptors could induce CCS formation as reported for TfR
in experimental clustering conditions (A. P. Liu et al. 2010).

4. - Cells protrude more on EGF-coated collagen fibers

| observed that cells tend to protrude more on EGF-decorated fibers spotted on 2D
coverslips. Around 70% of EGF-coated fibers were associated with a protrusion and this
proportion drop to 50% for non-coated fibers. Protrusion formation is driven by actin
polymerization and EGF ability to locally induce actin polymerization (Kempiak et al. 2003)
could explain the preferential protrusion activity on EGF-decorated fibers. Another possibility
is that the preferential protrusion activity on EGF-coated collagen fibers is linked to the
preferential CCSs accumulation on these fibers (see next section). On the opposite, neither
integrins nor focal adhesions seemed to be involved in this mechanism as they distributed
evenly between naked and EGF-coated collagen fibers. Further experiments are required to
determine the actors and mechanisms involved in preferential protrusion along EGF-coated

collagen.

5. - Cells pulls more on CCS ligands-decorated collagen fibers

| observed that when cells are plated on the top of collagen fibers sparsely spotted on a
coverslip, they pull on the fibers and pack them on their dorsal surface as condensed aggregates.
We took advantage of this to estimate cells remodeling capacities by measuring the evolution
over time of fibers circularity. | observed that cells preferentially remodel collagen fibers that

are decorated with CCS ligands as compared to naked fibers.

In the case of both EGF- and LDL-decorated fibers, AP-2 depletion reduced the
preferential remodeling. This means that more forces are applied on decorated-fibers in a CCSs-
dependent manner. However, although the preferential remodeling is lost in these conditions, it
was not the consequence of a reduced remodeling of decorated fibers but was rather due to an
increased remodeling of non-decorated ones. Observations from the lab showed that focal
adhesions are increased in size upon CCSs depletion, probably reflecting the role of endocytosis
in regulating the dynamics of these structures. This could explain the overall increase in

remodeling levels observed after AP-2 depletion. However, clathrin depletion did not reduce
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the preferential remodeling of EGF-coated fibers. This is in agreement with our previously
published model in which TCALs role as adhesive structures were actually shown to be
independent of clathrin. In the absence of clathrin, a structural core made of AP-2 and other
adaptors remains, still able to cluster receptors, and still able to wrap around and pinch collagen
fibers (Elkhatib et al. 2017). In addition, the fact that clathrin depletion did not inhibit the
preferential remodeling of decorated fibers indicate that this process is independent of
endocytosis and probably rely only on the adhesive role of TCALSs as we previously reported.

EGFR depletion also abolished the preferential remodeling of EGF-coated fibers.
Decorated fibers were specifically less remodeled in these conditions as compared to control
cells. This confirms the role of EGFR in the preferential remodeling of EGF-coated fibers, most
likely through its role in promoting local TCALSs nucleation on decorated fibers. In agreement
with my observations that tyrosine kinase activity is not involved in TCALSs nucleation on EGF-
decorated fibers, its inhibition using gefitinib did not affect the preferential remodeling of these
fibers. The observed preferential remodeling of LDL-coated fibers also advocates for a

signaling-independent mechanism.

Finally, talin depletion did not affect the preferential remodeling of EGF-decorated
fibers. However, the global levels of remodeling were strongly reduced. This suggests that focal
adhesions play an important role in fibers remodeling but do not allow to discriminate between
the different types of fiber, in agreement with my observations that focal adhesions are equally

distributed between decorated and non-decorated fibers.

We already reported that TCALS help the cell to grab and move collagen fibers. My data
here suggest that TCALSs are responsible for the increased forces applied on decorated fibers.
Force production in the cell is usually provided by the actin network but it is not known if and
how TCALSs can connect actin to transmit forces. Focal adhesion directly interact with the actin
network and this slows down the actin retrograde flow, leading to effective pushing forces and
generation of protrusions. A similar mechanism could be at play here. Observations from the
lab show that, in cells crawling on a 2D surface, CCSs located at the leading edge move toward
the cell center before budding and actually follow the actin retrograde flow. This means that
they are somehow connected to the actin cytoskeleton. Several components found in CCSs are
able to bind actin and thus, CCSs anchored to the substrate could potentially slow down the
actin retrograde flow. It is also possible that actin interacts more sterically than specifically with
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the TCALs/CCSs. The actin retrograde flow could simply bump into the membrane
invagination formed by CCSs or bump into the fibers upon TCALs-mediated membrane
wrapping around fibers. In any case our data suggest that the more TCALSs on a fiber, the more
forces are applied on this fiber and thus more forces are applied on CCS ligands-decorated

fibers.

6. - In 3D, cells migrate towards CCS ligands-decorated collagen networks

To see if collagen-bound CCSs ligands affect 3D adhesion and migration, naked or
decorated collagen fibers were incorporated into 3D collagen networks. Cells were more spread
in EGF-decorated 3D collagen network as compared to regular collagen network. The increased
spreading could be due to more TCALs accumulating on EGF-decorated fibers and facilitating
cell adhesion to surrounding fibers. This still needs to be confirmed by ablating TCALs
formation. Yet, cell velocity was not increased in EGF-decorated networks. This may reflect a
global stabilization of protrusions pointing in different direction so that in fine no net advantage
for motility can be measured in these conditions. However, when at the interface between
regular and EGF-decorated networks, cells preferentially migrated towards the EGF-decorated
network. This directed migration was lost upon depletion of EGFR or AP-2. These findings
reveal an EGF-dependent haptotaxis in 3D that relies on clathrin structures.

At the interface, cells most likely protrude in random directions, but it is likely that the
extra accumulation of TCALs along EGF-decorated fibers may stabilize protrusions pointing
towards these types of fibers. As a consequence, cells would preferentially migrate towards
these fibers, leading to the directed migration | observed. Additional experiments on protrusion

lifetime at the interface are required, though, to test and validate this model.

7. - Model and conclusion

Together, my results allow to draw a general model for haptotaxis mediated by CCS
ligands. Asymmetric distribution of fiber-associated CCS ligands around the cell leads to an
asymmetrical distribution of adhesive TCALSs because of local increased nucleation rate on
ligands-decorated fibers. Because we previously reported that TCALs help to stabilize
protrusions, this asymmetric distribution of TCALSs may lead to an asymmetric stabilization of

protrusions and an asymmetric distribution of forces applied on the ECM. This mechanism
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would induce a directed migration towards ECM-anchored CCS ligands. Interestingly, the local
accumulation of TCALs that drives this 3D haptotaxis does not rely on activation of signaling
pathways as proposed for classical chemotaxis.

These results suggest that haptotaxis is mediated by different mechanisms from
chemotaxis, at least in the conditions used in this study. In the case of EGF, chemotaxis is
mediated by an asymmetric distribution of actin polymerization in response to EGFR signaling.
In our model, EGF haptotaxis is driven by an asymmetric distribution of TCALS, independently
of EGFR signaling. In vivo, directed migration towards EGF gradients is probably a

combination of both mechanisms.

| here provide evidences for haptotaxis mediated by EGF or LDL, but the described
mechanism could apply to any CCS ligands able to bind to the ECM. Many CCS ligands are
known to associate with collagen or with other ECM components. 3D haptotaxis mediated by
TCALs could thus be found in numerous examples of directed migration in vivo, from

embryogenesis to cancer invasion.

In addition | set up a protocol allowing the study of haptotaxis independently from
chemotaxis. The effect of decorated-collagen fibers can be tested in cell in suspension, in 2D
or in 3D collagen networks. This allows to study the induced signaling activation, to visualize
the localized effect of decorated fibers and to test the ability of collagen-bound chemoattractants
to induce directed migration. This protocol could be used for other CCS ligands but also to
decorate collagen fibers with some ECM components in order to build and assemble complex
network in a precise manner. In conclusion, this protocol may prove useful for many studies in
different fields.
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Tubular clathrin/AP-2 lattices pinch collagen

fibers to support 3D cell migration

Nadia Elkhatib, Enzo Bresteau, Francesco Baschieri, Alba Lépez Rioja,
Guillaume van Niel, Stéphane Vassilopoulos and Guillaume Montagnac
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CELL ADHESION

Tubular clathrin/AP-2 lattices pinch
collagen fibers to support 3D

cell migration

Nadia Elkhatib,"* Enzo Bresteau,' Francesco Baschier,! Alba Lépez Rioja,’
Guillaume van Niel,®$ Stéphane Vassilopoulos,”® Guillanme Montagnae'

Migrating cells often use focal adhesions in order to move. Focal adhesions are less prominent
in cells migrating in three-dimensional (3D) as compared with 2D environments. We looked
for alternative adhesion structures supporting cell migration. We analyzed the dynamics of
clathrin-coated pits in cells migrating in a 3D environment of collagen fibers. Both topological
cues and local engagement of integrins triggered the accumulation of clathrin-coated
structures on fibers. Clathrin/adaptor protein 2 (AP-2) lattices pinched collagen fibers by
adopting a tube-like morphology and regulated adhesion to fibers in an endocytosis-independent
manner. During migration, tubular clathrin/AP-2 lattices stabilized cellular protrusions by
providing anchoring points to collagen fibers. Thus, tubular elathrin/AP-2 lattices promote
cell adhesion that, in coordination with focal adhesions, supports cell migration in 30

lathrin-mediated endocytosis is a funda-

mental process that controls a wide varety

of cell functions, including eytokinesis (1),

oell migration, and cell invasion (2). Clathrin-

coated structupes (OCS58) allow migrating
cells to adapt to their environment by selectively
controlling the uptake of specific cargos (), reg-
ulating processes such as cell protrusion (4) and
adhesion dvnamics (5, 61 CCS recruitment at focal
adhesions (FAs) regulates integrin endocytosis
and leads to adhesion dissssembly and cell move-
ment (5, §). Conversely, CCS dyvnamics ks locally
miodulated by cellular adhesions (7, 81 However,
whether this reflects a physical engagement of
integrin-rich OCSs with the extracellular matrix
{ECM) or an indirect regulation by adhesion sites is
unclear. In addition, integrin-positive flat clathrin
structures () establish tight contacts with planar
substrates (10, suggesting that they could par-
ticipate directly in cell adbesion (77). The extracel-
Tular ervvironment impinges on adbesion dynamaies,
and FAs are reduesd in size and number when
cells are cultured on physiologically soft substraturm
or in a soft three-dimensional (30) network of col-
lagen fibers (12-16). However, although cdathrin-
mediated endocytosis plays a mle in cancer cell
migration in a 3D network of collagen fibers (4, 17),
CCS dynamies, structure, amd functions in phys-
iologically relevant environments are unknown.
W set out to investigate CCS dynamies in cells
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facing a 3D environment composed of collagen
fibers.

CCSs accumulate along collagen fibers

We first observed that CCSs of breast cancer-
derived MDA-ME-231 cells marked with the
a-adaptin subunit of the clathrin adaptor protein
2 (AP-2) were often located along collagen fibers
in the 3D network (Fig. 1A). Visualization of 3D
reconstructions of eells in the collagen netwark
(movie 51}, followed by automatie detection of
CC8s and fibers, revealed that 63.3 = 6.6% (SEM)
of OCSs were in contact with fibers [as compared
with 43.5 + 7.9% (SEM) when the position of col-
lagen fibers were randomized; P < 0.01] (Mate-
rials and methods). Electron microseopy analyses
confirmed that CCSs established intimate eon-
tacts with collagen fibers [64.1 + 17.5% (SEM) of
detectable CCSs were contacting collagen fibers)
{fig. 51, A to C). Although the ultrathin sectioning
of the sample did not allow us to fully visualize
the morphology of CCSs in contact with fibers,
wie occasionally observed collagen fibers appar-
ently laying in the cleft of invaginated OC8s (Fig.
1B amd fig. 51, A to C) The strong accumulation of
CCS: along collagen fibers suggested that either
the lifetime of CCSs andfor their nucleation
rate at cellfeollagen fibers contact sites were
increased. Live cell imaging of genome-edited
MDA-MB-231 cells expressing a green fluoreseent
protein (GFP-tagged endogenous p2-adaptin sub-
unit of AP-2 (I8) revealed that CCSs tended to
nscleate preferentially on collagen fibers (Fig. 1C,
fig 81D, and movie 52) and that fiber-contacting
C8s were longer-lived as compared with OC8s
located in other reghons of the plasma membrane
(Fig. 1D and movie 52). These observations explain
why OC8s accumulate on collagen fibers and sug-
gt that eollagen fibers control OCS recruitment.

16 June 2007

To study the underlying mechanisms of this
process, we used a 2D svstem by polvmerizing a
limited number of collagen fibers on glass eover-
slips. Cells plated on such a substratum contact
both eollagen fibers and the collagen-coated glass
coverslip, Fifteen min after plating cells, CC8s
strongly aligned along collagen fibers (Fig. 1E).
Similar sccumulation of CCSs along collagen fibers
was also visible in Hela cells (fig. $24). Vineulin-
positive foeal and/or naseent adhesions were often
found on collagen fibers as well but were more
perpherally distributed as compared with CCSs,
and CCSs did not colocalize with them nor with
cortactin stretches that mark ECM degradation
structures termed linear invadopodia (fig. 52, B
and C) (19, 20). In addition, clathrin heavy chain
(CHC) and dynamin-2 were not required for AP-
Z-positive structure recruitment on collagen
fibers (fig. 52, D to G). When cells were allowed
to spread for more than 15 min, the number of
OCSs eolocalizing with collagen fibers dropped,
and by 1 hour, b0 obvious alignment was detected
amymore (Fig. 1E). The loss of CC8s from collagen
fibers during cell spreading on 2D differs from the
3D condition in which CCSs were consistently
seen associated with fibers long after embedding
the cells in the collagen network. We notieed that
cell spreading area was inversely eorrelated with
the degree of CCSs alignment along fibers at any
given time point after eell plating on 2D (Fig. 1F).
Inhibiting cell spreading by inactivating the FA-
associated protein talin inereased alignment of
OCSs along collagen fibers, also at late time points
(fig. 52, G to [} Becanse membrane tension in-
creases during eell spreading in two dimensions
(21, 22y and has been proposed to be weaker in
softer 3D environments (2.3), we speculated that
it could be an important parameter regulating
OCS acrumulation on collagen fibers. Indeed, in-
creasing membrane tension by exposing cells to
hypotonic medium led to a partial loss of CCSs
fromm fibvers (Fig. 1G). Thus, high membrane tension
resulting from cell spreading on a stiff 2D substrate
prevents COS ascumulation on collagen fibers.

Tubular clathrin/AP-2 lattices pinch
collagen fibers

We next took advantage of the 2D system to analyoe
the marphology of collagen fiber-contacting CCSs
in a more eomprehensive manner than was pos-
sible in the 3D condition. For this, we performed
metal-replica electron microscopy analysis of the
adherent plasma membrane of unmofisd cells after
a 15-min plating period onto collagen fibers. The
electran density of collagen fibers made them eastly
traceable, sven when located below the plasma
membrane (Fig. 2, A to F). This feature allowed us
to unambiguously analvze “en face® the many
OCSs that were detected on collagen fibers, which
is in agreement with our immunofluorescence
analyses (Fig 2, A to D). Clathrin coats on fibers
were cormposed of continuons and interconnected
lattices that elongated along the long axis of the
fiber, seemingly wrapping arcund and pinching it
(Fig. 2, B to D, and fig 53, A and B). 3D visual-
pration confirmed that these structures assembled
as semitubes aroind eollagen fibers (Fig 2, C and
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D, and fig. S3, A and B, insets), demonstrating the
plasticity of clathrin assemblies that were able to
adopt the topology of the plasma membrane. These
tubes could span the size of three to four canon-
ical clathrin-coated pits and may represent a curved
version of the flat clathrin lattices observed in
areas of the plasma membrane far from collagen
fibers (Fig. 2C and fig. S3B). It is also possible that
dathrin-coated tubes are an intermediate arrange-
ment of maturing CCSs on fibers. Furthermore, we
confirmed through immunogold labeling of cells
completely lacking any detectable clathrin coats
at the plasma membrane (Materials and methods)
that CHC was dispensable for the accumulation of
a-adaptin on collagen fibers (Fig. 2E and fig. S3C).
Close inspection of metal replicas revealed the
presence of characteristic patches of proteinaceous
material which comesponded to the coat of dathrin-
adaptors (Fig. 2, G to 1, and fig. 83, D and E). These
structures were also found to accumulate on col-
lagen fibers, confirming that dathrin itself was
not required for patches of adaptors to accumulate
on and to wrap around fibers (Fig. 2F). Thus, we
named the CCSs that accumulated on collagen
fibers tubular clathrin/AP-2 lattices (TCALS).
In agreement with our immunofluorescence
analysis, we observed fewer clathrin coats on col-
lagen fibers after a 30-min plating period (fig.
S4A). In contrast, and also confirming our immu-
nofluorescence analysis, TCALs were abundant
on collagen fibers in talin-depleted cells after a
30-min spreading period (fig. S4. B to D). Flat
dathrin lattices in regions away from fibers were
rare in control cells at this time point (fig. S$A).
This latter observation is in agreement with the
measured lifetime of CCSs in cells plated on a
planar, collagen-coated substratum and analyzed
during different time windows upon plating [69.2 +
28.8 s (SEM) during the first 15 min of spreading
versus 43.2 + 13.9 s (SEM) between 15 and 30 min
of spreading], suggesting that clathrin structures
are longer-lived early after plating because they
remain flat for a prolonged period of time.

Mechanism of CCS recruitment on fibers

Both OCS lifetime and nudeation rate are increased
on collagen fibers in the 3D network, explaining
why CCSs accumulate on fibers (Fig. 1, C and D).
However, in the 2D system we did not measure a
significant difference in lifetime between CCSs
located on fibers or in other areas of the plasma
membrane (Fig. 3A). This may have been a con-
sequence of CCSs' engagement with the ECM be-
cause in this assay, the cell contacted both collagen
fibers and the collagen-coated glass. Nevertheless,
CCS nucleation rate was increased on collagen
fibers in the 2D system, which is in agreement with
our observations in the 3D situation (Fig. 3, B
and C). We reasoned that the plasma membrane
of cells in contact with collagen fibers is likely to
be locally curved. Indeed, adaptor-dependent
clathrin-assembly is facilitated by membrane
curvature in reconstituted in vitro systems (24). Thus,
we decided to analyze whether the local topology
of the plasma membrane could account for an
increased CCS nucleation rate. To test this hypothe-
sis, we plated cells onto noncoated fluorescent beads
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Fig. 1. CCSs accumulate along collagen fibers. (A) MDA-MB-231 cells were seeded in a 3D
network of collagen fibers (red) and fixed 24 hours later before being stained for a-adaptin (green). A
single optical section is shown. Scale bar, 10 um. (Insets) Higher magnifications of boxed regions.
Scale bars, 3 um (B) Electron microscopy micrograph of a MDA-MB-231 cell in the 3D collagen
network depicting a collagen fiber in the cleft of a CCS. Scale bar, 100 nm. (C) Kymograph showing
CCS (green) dynamics and collagen fibers (red) in a genome-edited MDA-MEB-231 cell expressing
endogenous GFP-tagged p2-adaptin, imaged with spinning disk microscopy every 5 s for 5 min in the
3D collagen network. (D) Quantification of the lifetime of CCSs located on fibers or not, as indicated
in genome-edited MDA-MB-231 cells in the 3D network (mean £ SEM: n = 125 CCSs, *P < 0.0L
Student’s t test). (E) MDA-MB-231 cells spreading on a thin layer of collagen fibers (red) polymerized
on glass were fixed at the indicated time point and stained for a-adaptin (green). (F) Distribution
of the average fluorescence intensity of a-adaptin staining per collagen fibers as a function of cell
spread area. For linear regression, correlation coefficient (r) = 0.6475; P < 0.0001, ANOVA test.

(G) Average fluorescence intensity of a-adaptin staining on collagen fibers 15 min after plating in control
or hypotonic medium as indicated (mean + SEM; n = 3 expanments, *P < 001, Student’s ¢ test).
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spotted onto collagen-coated glass coverslips. We |

used 200-nm-diameter beads to mimie the defor-
mation imposed by collagen fibers that have a com-
parable diameter. At 15 min after plating, CCSs
often colocalized with fluorescent beads (Fig. 3,
D and E). The number of beads colocalizing with
CCSs was higher than expected by chance be-
cause randomizing the paosition of beads dramat-
ically reduced the occurrence of colocalization
events (Fig. 3E). Live cell imaging analysis showed
that beads were stably bound to the coverslip and
were not internalized by cells (Fig. 3F). In addition,
multiple CCSs sequentially assembled on the same
beads, confinming that local membrane curvature
triggers CCS nucleation (Fig. 3F). When using
collagen-coated fluorescent beads, the percent-
age of beads colocalizing with CCSs increased to
nearly 45% (Fig. 3E). This suggested an active and
local role of the ECM in CCS accumulation at curved
sites. Because membrane curvature is key in control-
ling local CCS nudleation, and membrane ten-
sion inhibits CCS accumulation on collagen fibers
(Fig. 1G), it is possible that high tension prevents
the membrane to bend suffidently at fiber/cell con-

Fig. 2. Ultrastructural characterization of
TCALs. (A to 1) Survey view of the cytoplasmic
surface of the plasma membrane in unroofed
control [(A) to (D) and (G)] or CHC-depleted
[CE). (F). (H), and (1)] MDA-MB-231 cells plated
for 15 min on a thin layer of collagen fibers
polymerized on glass. For (B) to (F), use view
glasses for 3D viewing of anaglyphs (left

eye, red). In (E), (G), and (H), a-adaptin was
immunolabeled with gold particles (yellow
dots). Arrows indicate collagen fibers. Pictures

in (G) to (1) show areas of the plasma membrane

in contact with the flat, collagen-coated glass
coverslips and depict flat clathrin-coated lattice
(G) and characteristic patches of proteinaceous
material [(H) and (I)] positive for a-adaptin (H)
and thus corresponding to the coat of clathrin-
adaptors. Scale bars, (A) 1 gm, (B) to (H)

500 nm. and (1) 200 nm.
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tact sites, thus preventing an inereased CCS nu-
cleation rate. Accordingly, we observed a slight
but reproducible defect of CCS accumulation on
beads when membrane tension was increased
upon incubation in hypotonic medium (Fig. 3G).

fl-integrin (the B-subunit of all the human
collagen-binding integrin heterodimeric receptors)
strongly accumulated along the entire length of
collagen fibers in contact with the cell in the 2D
assay, which is in agreement with recent find-
ings in 3D collagen networks (Fig. 44) (25). How-
ever, dose inspection of Bl-integrin staining showed
that it was enriched at OCSs (Fig. 4B and fig. S5A).
In addition, Bl-integrin was also enriched at a
subset of CCSs in cells plated on a planar, collagen-
coated coverslip (fig. S5B). The alternative clathrin-
adaptor Dab2 has been proposed to link fl-integrins
to CCSs (5, 26-28), and we observed that the vast
majority of CCSs, including those located on col-
lagen fibers, contained Dab2 (fig. S5C). Dab2
slencing inhibited fl-integrin enrichment in OCSs
located on fibers, suggesting that it is necessary
to cluster integrins at CCSs (Fig. 4C). In addition,
cells depleted for Dab2 did not display the strong
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| accumulation of OCSs along collagen fibers that

is observed in control cells after a 15-min plating
period (Fig. 4D and fig. S6, A to D). It was not
possible to directly assess the role of Bl-integrin
in CCSs recruitment on collagen fibers in the 2D
system because its inhibition prevents cell adhe-
sion. However, inhibiting pl-integrins by using
a blocking antibody (4B4) significantly reduced
the lifetime of fibers-associated CCSs in the 3D
network, without affecting the lifetime of CCSs in
other region of the plasma membrane (Fig. 4E).
Similarly, Dab2 depletion reduced the lifetime of
CCSs on collagen fibers (Fig. 4E). Thus, CCSs on
collagen fibers experience “frustrated” endocyto-
sis because budding forees may be balanced by the
Dab2- and Bl-integrin-dependent engagement of
CCSs with fibers.

TCALs regulate cell adhesion to
collagen fibers

Next, we imvestigated whether the tight interaction
we uncovered between CCSs/TCALs and ECM
could play a role in cell adhesion. As expected, ad-
hesion of MDA-MB-231 cells to a collagen-coated
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substratum drastically depended on Bl-integrin
because virtually no cells could adhere upon in-
cubation with a Bl-integrin blocking antibody (fig.
S7A). We next measured cell adhesion at 15 min
after plating in cells depleted of AP-2 subunits,
CHC, or dynamin-2. Cell adhesion to collagen-
coated plastic dishes was not significantly affected
upon inhibition of either of these proteins (fig.
S7BC). However, plastic represents a rigid envi-
ronment on which cell contractility is high (12),
and FAs were readily detectable 15 min after plat-
ing (fig. S7D). On the other hand, cells showed
very few detectable FAs 15 min after plating onto
a 5-kilopascals (kPa) collagen-coated gel (fig. S7TD).
We reasoned that rapid FA formation on the non-
physiological hard substratum may hinder a po-
tential role for CCSs in cell adhesion. Indeed,
AP-2 was required for optimal cell adhesion on
the soft substratum (Fig. 4F). However, neither
CHC nor dynamin-2 depletion inhibited cell ad-
hesion on soft collagen (Fig. 4F). Because AP-2-
positive structures are still visible at the plasma
membrane in the absence of CHC or dynamin-2
(fig. S2, D and E) (29, 30), our results indicate
that AP-2-dependent protein clustering at the
plasma membrane, but not endocytosis per se, is
required for optimal adhesion. Along this line,
AP-2-positive structures were still able to cluster
Bl-integrin on fibers in the absence of CHC (fig.
S7E). We also assessed the role of the integrin-
binding, phosphotyrosine binding domain (PTE)-
containing clathrin adaptors Numb, ARH, and
Dab2 in the adhesion assays. Only Dab2 was
required for cell adhesion on the soft substratum
(Fig. 4F and fig. S7, B and F). We next inves-
tigated the possibility that adhesive TCALs may
allow the cell to “grab” collagen fibers. When cells
are plated on a thin layer of collagen fibers, they
face a mixed environment because the glass cover-
slip is rigid but the network of collagen fibers
shows some degree of flexibility and can be re-
arranged by cells (fig. STG). Inhibiting the forma-
tion of CCSs using AP-2-specific small interfering
RNAs (siRNAs) impaired collagen fiber rearrange-
ment (Fig. 4G). Dab-2 was similarly required for
fiber rearrangement (Fig. 4G). However, we did
not detect rearrangement defects with CHC-
or dynamin-2-silenced cells, indicating that
cells can grab collagen fibers in an endocytosis-
independent manner (Fig. 4G) We obtained sim-
ilar results with cells that underwent two rounds
of CHC depletion (Materials and methods) (fig.
S7H). In addition, expression of a wild-type Dab2
construct was able to correct the remodeling
defect seen in Dab2-depleted cells, but a PTB-
deleted mutant, unable to recruit Bl-integrins to
clathrin structures (27), was not (fig. S71). Both
constructs were correctly localized (fig. S7J), sug-
gesting that integrin recruitment by Dab2 in CCSs
is crucial to grab and move collagen fibers. Thus,
CCSs regulate cell adhesion to collagen fibers,
which depends on OCSs' capacity to locally clus-
ter integrins at the cell surface.

TCALs stabilize cellular protrusions
If TCALs are adhesive structures pinching and
grabbing collagen fibers, they may help cells to

Elkhatib ef al., Sctence 356, eaals713 (2017)

migrate in the 3D network. Cell velocity in the 3D
environment was reduced in AP-2- and Dab2-
silenced cells and to a lesser extent in CHC- and
dynamin-2-depleted cells (Fig. 5A). Cells treated
with AP-2 or Dab2 siRNAs had a tendency to form
more protrusions per unit of time as compared
with that in controls, although this was not sta-

tistically significant (fig. S8A). In addition, AP-2
and Dab2, but not CHC, were required for op-
timal elongation of cellular protrusions (Fig.
5B). Similar differences were observed when mea-
suring only the leading protrusion of actively
migrating cells (fig. S8B). Thus, CCSs are re-
quired for the extension of long protrusions in an
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endogenous GFP-tagged u2-adaptin (green). (C) Quantification of CCS nucleation rate index on
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A merge picture is shown. Scale bar, 10 pm. (E) Quantification of the percentage of uncoated or
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(green). (G) Quantification of the percentage of collagen-coated beads found below cells and
colocalizing with CCSs 15 min after spreading in isotonic or hypotonic media as indicated (mean + SEM;
n = 3 experiments, *P < 0.01, Student's t test).
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endogytosis-independent manner and suggest that
CCSs’ roles in adhesion and endocytosis are two
distinct functions that both participate in cell mi-
gration. Furthermore, CCS lifetime may not be a
critical parameter in this process because CHC-
depleted cells harbored very long-lived structures
on collagen fibers [152.8 + 438 s (SEM)] without
any detectable consequence on protrusion dynamics
and collagen remodeling capacity (Figs. 4G and 5B).

Our data suggest that TCALs may help the cell
to migrate by anchoring protrusions to collagen
fibers (movie S3). FAs are mostly observed at the
extremities of elongated cells in the 3D network
(fig. S8C) (13), whereas CCSs are distributed all
over the cell’s plasma membrane (Fig. 1A). We
hypothesized that in addition to FAs, TCALs pinch-
ing collagen fibers may generate friction, helping
the cell to build long protrusions and to migrate.
To test this possibility, we laser ablated the FA-rich
leading extremity of the main cell protrusion and
monitored the consequences for its stability. Im-
mediately after ablation, we observed a relaxation
of the collagen network around the edge of the
protrusion (Fig. 5C). Particle image velocimetry
(PIV) analysis showed that relaxation occurred
bidirectionally along the long axis of the protru-

sion (Fig. 5C). Fiber relaxation away from the lead-
ing edge demonstrated that the cell exerts traction
forces on the network. Relaxation in the direction
of the cell body is most likely a consequence of
protrusion retraction that occurred immediately
after ablation of the extremity (Fig. 5, D and E). This
suggested that the protrusion was under tension
before ablation—most likely as a result of pulling
forces exerted by the cell at FAs, Silencing AP-2 or
Dab2, but not CHC, led to a more pronounced
retraction of protrusions as compared with that in
control cells (Fig. 5, D and E and movie S4). Thus,
CCSs stabilize ceflular protrusions in an endocytosis-
independent manner. Together, our data suggest
that TCALs anchor the protrusion to collagen fibers
and that this is critical to sustain high tension
across the cell and to form long protrusions.

Outlook

Overall, we have found that TCALs are recruited at
contact sites with collagen fibers and control cell
adhesion to these fibers, powering cell migration
in 3D environments. We propose that this mode
of adhesion is critical for the mesenchymal mode
of migration, in which TCALs provide several and
dynamic anchoring points to collagen fibers, al-

lowing the cell to cope with FA-assodiated high ten-
sion across protrusions. Because ECM fibers are
abundant in complex organisms, this mode of
adhesion could play a general and universal role
in helping cells to interact with their environment.

Materials and methods
Cell lines and constructs

MDA-MB-231 cells (a gift from P. Chavrier, Institut
Curie, Paris, France) or genome edited MDA-MB-
231 cells engineered to expressed an endogenous
GFP-tagged 12 subunit (a gift from D. Drubin, Uni-
versity of California-Berkeley, California, USA) were
grown in DMEM Glutamax supplemented with
10% foetal calf serum at 37°C in 5% CO,. DNA
sequences encoding residues 1-766 (full length)
or 172-766 (APTE) of Dab2 were obtained by PCR
by using ¢cDNA of mouse Dab2 (a kind gift from
M. Mettlen, University of Texas Southwestern
Medical Center, Dallas, USA) as a template. PCR
fragments with engineered flanking restriction
sites were subcloned into the multi-cloning sites
of pEGFP-C2 (Clontech) to encode inframe fu-
sion proteins with the amino-terminal EGFP-tag.
MDA-MB-231 lines stably expressing EGFP, EGFP-
Dab2 or EGFP-Dab2APTE were generated upon
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Fig. 4. TCALs regulate binding to collagen fibers. (A) MDA-MB-231
cells spreading on a layer of collagen fibers (left) were fixed and stained for
activated pl-integrin (right) 15 min after plating. Scale bar, 10 ym. (B and
C) Average fluorescence distribution along collagen fibers of pl-integrin
and a-adaptin in (B) control or (C) Dab2-depleted cells. Error bars indicate
mean * SEM. (D) Average fluorescence intensity of a-adaptin staining per
collagen fibers measured 15 min after plating in control or Dab2-depleted
cells. (E) Average lifetime of CCSs in contact (black bars) or not (gray
bars) with collagen fibers in the 30 network in cells treated with indicated

Elkhatib ef al., Sctence 356, eaals713 (2017) 16 June 2017

135 | ANNEX

siRNAs and with or without 4B4 blocking antibody, as indicated.

(F) Calcein-loaded MDA-MB-231 cells treated with the indicated siRNAs
were plated on collagen-coated 5-kPa acrylamide gel for 15 min before
washing unattached cells. Cell-associated fluorescence was measured and
expressed as a percentage £ SEM of control cells. (G) Quantification of
collagen fibers moverment measured during the first 15 min of spreading of
MDA-MEB-231 cells treated with the indicated siRNAs. For (D) to (G), data
are expressed as mean * SEM: n = 3 experiments, *P < 0.01, Kruskal-Wallis
one-way ANOVA.
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transfection of cells with corresponding plas-
mids followed by selection using G418. These
MDA-MB-231 lines were used for rescue experiments
in the collagen fibers remodelling assay (see below)
upon depletion of endogenous Dab2.

Antibodies and drugs

Mouse monoclonal anti-clathrin heavy chain (CHC)
antibody and mouse monoclonal anti-a-adaptin
antibody were obtained from BD Transduction
Laboratories (Becton Dickinson France SAS, Le Pont-
De-Claix, France). Rabbit polyclonal anti-a-adaptin
antibodies (M300) were purchased from Santa Cnuz
Biotechnology Inc. (Santa Cruz, CA, USA). Cortactin
was obtained from Millipore and Vinculin anti-
bodie was a kind gift from Dr. M. Glukhova. HRP-
conjugated anti-mouse and anti-rabbit antibodies for
Western blot and Cy3-conjugated anti-rabbit anti-
bodies were from Jackson ImmunoResearch Labo-
ratories (West Grove, PA, USA). Alexad88-conjugated
anti-mouse antibodies and Alexa545-labeled phal-
loidin were from Molecular Probes (Invitrogen).
484 antibody was obtained from Beckman coulter.
Blebbistatin was purchased from Sigma and used
a final concentration of 10 pM.

RNA interference

For siRNA depletion, MDA-MB-231 cells were
plated at 50% confluence and treated with the
indicated siRNA (30 nM) using RNAimax (Invi-
trogen, Carisbad, CA) according to the manufac-
turer's instruction. Protein depletion was maximal
after 72 hours of siRNA treatment as shown by
immunoblotting analysis with specific antibodies.
For some experiments a modified protocol was
used (see below). Equal loading of the cell lyvsates
was verified by immunoblotting with anti-tubulin
antibodies. The following siRNAs were used: a-
adaptin, 5 AUGGCGGUGGUGUCGGCUCTT-3;
p2-adaptin, 5“AAGUGGAUGCCUUUCGGGUCA-
3'; Clathrin heavy chain (CHC), 5'GCUGGGAAA-
ACUCUUCAGATT-3"; Dynamin-2 SMARTpool
siRNAs (Dharmacon); Talin, 5~ACAAGAUGGA-
UGAAUCAAUUUUS3"; Dab2-1, 5-GGUUGGCCU-
UAGUAGUCAATT-3'; Dab2-2, 5“GAGCAUGAA-
CAUCCAGAUAATT-3"; ARH-1, 5“GAUACAGCUU-
GGCACUUUATT-3"; ARH-2, 5-'CAGACAAGAUG-
CACGACAATT-3; Numb-1, 5-GGACCUCAUAGU-
UGACCAGTT-3"; Numb-2, 5“CAUAGUCGUUGGU-
UCAUCATT-3’; non-targeting siRNAs (siControl),
ON-TARGETplus Non-Targeting SMARTpool
siRNAs (Dharmacon).

Fluorescent beads

Red fluorescent (580/605) 200 nm diameter
carboxylate-modified fluospheres (Thermofisher)
were incubated or not overnight with 50 pg/ml
collagen in 0.02M acetic acid before being soni-
cated and spotted on collagen-coated glass cover-
slips or glass-bottom fluodishes (World Precision
Instruments) for 30 min at 37°C. 300,000 parental
or genome edited MDA-MEB-231 cells were seeded
in complete medium in 6 well plates or fluodishes
and imaged immediately by spinning disk micros-
copy (see below) or fixed in ice-cold methanol at
munofluorescence using anti-a-adaptin antibodies.
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Fig. 5. TCALs regulate migration by stabilizing cell protrusions. (A) Average velocity of MDA-
MB-231 cells treated with the indicated siRNA and migrating in the 3D collagen network (mean =
SEM; n = 3 experiments, *P < 0.05, **P < 001, Kruskal-Wallis one-way ANOVA). (B) Average
maximum elongation of all visible protrusions in MDA-MB-231 cells treated with the indicated siRNA
and migrating in the 3D collagen network (mean £ SEM; n = 3 experiments, *P < 0.01, Kruskal-Walks
one-way ANOVA). (C) The extremity of a MDA-MB-231 cell migrating in a 30 collagen network (top) was
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before and after laser ablation, as indicated. The dashed line shows where ablation was performed.
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ablation, to ilustrate collagen fiber movernents upon relaxation. Color-coded bar of displacement
intensity is shown. Scale bar, 10 um. (D) Representative galleries of protrusion retraction over 140 s after
laser ablation of the extremity of MDA-MB-231 cells treated with the indicated siRNAs. Green arrows
show the extremity of protrusions. Dashed lines show where laser ablation was performed. White arrows
show the free extremity of retracting protrusions after ablation. Scale bar, 10 ym. (E) Average distance of
protrusion retraction over 3 min after laser ablation of their extremity in MDA-MB-231 cells treated with
the indicated siRNA (mean £ SEM; n = 3 experiments, *P < 0.01, Kruskal-Wallis one-way ANOVA).
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A least 20 eells per conditions and per experiments
in 3 independent experiments were analyzed.

Collagen nelworks

For preparation of a layer of thin eollagen fibers, a
30 pl droplet containing a 10:1 ratio of unlabeled
and Alexas48-labeled eollagen type [ (rat tail acid
extracted, BD bioscience) respectively, at a final
concentration of 2.2 mg/ml was polvmerizad on
glass eoverslips or on glass-bottom dishes (Fluorod-
ish, World Precision Instruments) ab room temper-
ature for 3 min before the exeess of non-polymerized
collagen being gently washed with PBS. The prep-
aration was used immediately and immenged in
complete medivm seeded with 100,000 cellsfml
Cielks were imaged during the spreading period by
spinning disk microscopy (see below) or fixed
with ice-cold methanol at the indicated time after
plating and stained with indicated antibodies. For
detection of fl-integrin, cells were incubated at 49C
for 1 hour in the presence of the anti-activated
fl-integrin antibody {dlone TS2/16, Santa Cruz)
before to be fixed and processed for secondary
and other antibodies labeling. At least 20 cells
per conditions and per experiments in 3 inde-
pendent experiments were analyzed.

For 30 cell migration assays, a 50 pl droplet of
collagen [ at a final concentration of 2.2 g ml
and seeded with 10,000 MDA-MB-231 cells was
palvmerized on glass-bottom dishes at room tem-
perature for 30 min before to immerge the setup
in pre-warmed complete medium. The next day,
cells were imaged by phase contrast microseopy
at 100 ms expasure every 20 min for 30 hours for
migration assays or every 2 min for 4 hours for
protrusion dynamics measurements. For CCSs dy-
naumics analysis in the 30 environment, the drophet
of collagen contained a 10:1 ratio of unlabeled and
Alexasas-labeled collagen, respectively, and eells
were imaged the next day by spinning disk micoos-
copy (see below). In all cases, a single optical see-
tion was selected and imaged. Manual tracking of
cell migration and measurement of protrusion or
CC8s dynamics parameters were performed using
Metamorph software. At least 10 cells per condi-
tions and per experiments from 3 independent
experiments were analyzed.

Indirect immunofluocrescence microscopy
and fluorescence guantification
MDA-ME-231 eells plated on the top of a thin yer
of collagen fibers on coverslips or on the top of
fluorescent beads spotted on collagen-coated co-
verlips were fixed in ice-cobd methanol and pro-
cesged for immunofluorescence microscopy by
using the indicated antibodies. Cells were imaged
through a 100= 1L40NA UPlanSApo objective lens
of a wide-field 1X73 microscope (Olympus)
equipped with an Orea-Flash2 8 CMOS camera
(Hamamatsn) and steered by CellSens Dimension
softwane (Olympus).

For anti-vinculin amd fl-integrin staining, cells
were briefly extracted for 1 min using 001% Triton
prior to fixation.

For calculating the degree of CCSs alignment
along collagen fibers, collagen fibers were seg-
mented using Fiji software and the average fluo-
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reseenee intensity of the anti-o-adaptin staining
in fibers area was measured for each individual
cells and pormalized to the area occupied by col-
lagen fibers. At least 20 cells per conditions and
per experiments in 3 independent experiments
wene analyzed. Data are expressed as a mean per-
centage of control situation = SEM.

For 3D immunofluoreseence analyses, cells were
fixed with 4% PFA 24 hours after embedding in the
callagen network eontaining a 10:1 ratio of un-
labeled and Alexas48-labebed collagen. Cells were
stained using anti-p-adaptin antibodies, (APG clone,
ThermoFisher). Stacks of images were collected
along the z-ads with a 02 pm interval between
optical seetions and cells wens resonstructed in 3D
uging lmarss software, Distane: between each indi-
vidual e-adaptin-positive dots and the most ad-
Jjacent eollagen fibers wene automatically measured
upon segmentation of both structures using the
Spots-Close-To=Surface XTension tool of Imaris
software. Parmeters used to sepment objects wene
08 pm XY and 15 pm £ diameters for spot de-
tection in the green channel (AP-2 staining) and
0.8 pm sphercal diameter for the Surfaces ob-
jects detection module in the red channel {col-
lagen fibers). A distance of less than 0.5 pm was
considered a positive hit (see movie 51). To as-
sezs the specificity of colocalization, the same pro-
cess was applied to the same cells matched with
irrebevant eollagen network regions. 12 cells per exper-
iments in 2 independents experiments were anabasd.

Electron microscopy of unroofed cells

Adherent PM from MDA-MB-231 eells plated for
15 or 30 min on glass coverslips coated with a
thin laver of collagen were disrupted by sonica-
tion as described previously (37). Glutaraldehyde/
paraformaldehyde-fived cells were further sequen-
tally treated with Os04, tannie acid amd uranyl
acetate prior to dehyvdration and Hexamwethyldi-
silazane dryving (HMDS, Sigma-Aldrich). Dried
sarmples wene then rotarv-shadowed with platinum
and carbon with a high vacuum sputter coater
{Ledea). Platinum replicas were floated off the
glass by angled immersion into hvdrodluorie acid,
washed several times by floatation on distilled
water, and picked up on 200 mesh formvarcarbon-
coated EM grids. The grids were mounted in a
ewrentric sde-entry goniometer stage of a trans-
mission electron microscope operated at 80 kV
(Philips, model CM120) and images wene reconded
with a Morada digital camera (Olympus). Images
wiere processed in Adobe Photoshop to adjust bright-
ness and contrast and presented in inverted con-
trast. Anaglyphs were made by converting the
-107 tilt image to red and the +10° tilt image to
cyan (bluefgreen), layvering them on top of each
other using the sereen blending mode in Adobe
Photoshop, and aligning them to each other.
For analyzes of CHC-depleted cells, cells were
transfected onee with CHC-specific siENAs and
then a second tirme, 48 hours later, with the same
stEMNAS to completely eliminabe any trace of clathrin
at the plasma membrane of most cells as visible on
EM muetal replica. Celks were analyvaed 96 hours after
the first transfection. Of note, this protocol did not
produce different functional results as mpansd to
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a single round of SIBNA transfection as confirmed
using the collagen remadeling assay (fig. S806).

Electron microscopy of cells in 3D

For électron microseopy of MDA-MB-231 cells cul-
tured in a 30 network of collagen fibers, cells were
firoed with 2.5% glutarakdehyde in 01 M cacodylate
buffer (pH 7.4) and then washed with PES and
incubated for 1 hour with 1% osmium tetrosxide.
The samples were then debivdrated and proces-
sed for Epon resin embedding and ultrathin sece-
tions and then contrasted with uranyl acetate
and lead citrate. Samples were observed under
an electron microseope (Philips CM120; FEI Come-
pany, Eindoven, The Netherlands) and digital ac-
quisitions were made with a numeric camer (Keen
View; Soft Imaging Svetem, Germany).

Spinning disk microscopy

Genome edited MDA-MEBE-231 cells were imaged
for exposure tmes of 200 ms at 5 & intervals for
the indicated time using a spinning disk micro-
soope (Andor) based on a CSU-W1 Yokogawa head
mounted on the lateral port of an inverted [X-53
Olympus microscope equipped with a 60x LI5NA
UPLSAPO objective lens and a laser combiner
system, which included 491 and 561 nm 100 mW
DPSS lasers (Andor). Images were acquined with a
Zyla aCMOS camera (Andor). The system was steerad
b 1653 software (Andor) For genome edited MDA-
MB-231 cells cultured in 3D collagen network, a
z-stack of 34 frames at 025 pm interval were ac-
quired every 5 & Subsequent quantifications were
perdformed only on one selected optical sedtion

For caleulating the nucleation index of OCSs
on collagen fibers, collagen fibers were segmented
using Metamorph software. 2-3 unambiguously
individual fibers were selected per cell and the
number of p2-adaptin-GFP spots appearing along
these fibers in a 10 min time window was mea-
sured. Nucleation index was caleulated by divid-
ing this numbser by time (in min) and by the length
of the collagen fibers (in pm). As a control, the same
analysis was performed after shifting the position
of the fiber by approsimately 10 pixels so that the
virtual fiber remained in the cell and did not over-
lap with an actual fiber. 15 cells from 2 independent
experiments were analyzed. Data are expressed
as a mean percentage of control situation + SEM.

For measuring the lifetime of CCSs in 2D or 3D
eonditions, time periods between first and last
detection of individual p2-adaptin-GFP spots on
fibers or in other area of the cell were measured
manually using Metamorph software in 2 differ-
ent 6060 pixels larpe regions per cell over a5 min
period. At least 8 eells from 2 independent ex-
periments were analvzed for a total of at least
125 CCSs per cond itions.

For measuring the movement of collagen fibers,
MDA-MB-231 spreading on the topof a thin laver
of collagen fibers were imaged every 2 min for
30 min by spinning disk microscopy. To caleu-
late the movement index, fibers were segmented
using Metamorph software and the cumulative
area oecupied by fibers below individual cells
during the 30 min acquisition window was mea-
sured and divided by the amea occupied by the
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same fibers in the first frame of the movie. At least
30 cells per conditions from 3 independent experi-
ments were analyzed. Data are expressed as a
mean percentage of control situation + SEM.

TIRF microscopy

For total intemal reflection flusnescent microsoopy
(TIRF), MDA-ME-231 cells seeded onto collagen-
fibers-coated glass coverslips were fived in iee-cold
methanol and stained with indicated antibodies
before being imaged through a 100x 149 NA TIRF
objective kens on a Nikon TE2000 (Nikon France
SAS, Champigny sur Marne, France) inverted mi-
crosmpe equipped with a QuantEM EMOCCD cam-
era (Roper Scentific SAS, Evry, Franee | Photometrics,
AZ USA)Y, a dual outpat laser launeh, which in-
cluded 491 and 561 nm 50 mW DPSS lasers (Roper
Scientific), and driven by Metamorph 7 software
{MDS Analytical Technologies, Sunnyvale, CA, USA).
A motorized device driven by Metamorph allowed
the accurate positioning of the illumination light
for evanescent wave excitation.

Laser ablation

Laser ablation was performed on a Leica Sp8 con=
focal microseope equipped with a Peeon incuba-
tion chamber to maintain the cells at 37C and
5% C0,. The FRAP wizard of the Leica software
was used to laser ablate cell protrusions. Briefly,
wide-field images of MDA-MB-231 cells migrating
in the 3D collagen network were acquired 15 be-
fore laser ablation. Laser ablation was then per-
formed in two-photon mode with 2 eonsecutives
15 laser puilses at 820 nim and 100% of power focised
on the specimen through a 63= 14 NA objective.
Cells were imaged immediately after ablation
every 1s for 3 min. Displacement field of collagen
fibers was caleulated using the PIV plugin mn-
ning umnder Image) (32) based on fluorescence
pletures of Cy-3-labeled collagen fibers acquined
15 before and 15 after laser ablation.

Adhesion assays

MDA-MB-231 cells treated with indicated siENAs
were incubated with 5 pM caleein (Sigma) for
30 min in DMEM to label cells. Cells were then
washed in PBS, harvested using Versene (PBS,
0.02% EDTA) for 5 min at 37°C and resuspended
in DMEM 10% FCS. 24 wells polystyrene plates
{Faleon) or 5 kPa 24 wells soft plates (ExCellness)
were incubated for 60 min at 37°C with 50 pg/ml
collagen in 0.02M acetic ackd. 400,000 cells were
seeded per well and allowed to adhere on the
eollagen-roated polystyrens or soft plates for 15 min
at 37°C. Cell-associated caleein fluorescence was
then immediately measured using a FLUOstar
Optima plate reader (BMG Labtech) before and
after washing thoroughly wells 3 times with PBS.
Ratio between fluorescence levels before and
after washing was used to calulate the adhesion
irdew. Experiments were performesd 3-5 times in
triplicate. Results ane expressed a8 a mean per-
centage of control eells (siControl) = SEM.

Statistical analyses
Statistical analyses in Figs. 3E; , D to G; and 5, A,
B, and E; and figs. 521; 57, C, F, and I; and 58, A
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and B have been pedformed using Kruskal-Wallis
Omne Way Analysis of Varianoe (ANOVA) followed
by an All Pairwise Multiple Comparison Prooe-
dure {Tukey Test). Data in Figs. 1, D and G; and 3,
Cand G; and figs. 51D and 57, A amd H, have been
tested using Student’s ¢ test. Statistical analysis of
Imaris-sxtracted data on the percentage of OCSs
contacting collagen fibers in the 3D emvironment
was performed using Student's ¢ test. All statistical
analyses were performed using SipmaStat software.
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RESUME LONG EN FRANCAIS

La migration cellulaire est un mécanisme fondamental qui se produit pendant toute la vie de
chaque individu. Elle joue notamment un réle dans le cadre du développement embryonnaire, du
maintien des fonctions physiologiques normale, mais est également impliquée dans le développement
de plusieurs pathologies. La migration cellulaire repose sur le cytosquelette d'actine. C’est la
polymérisation d’actine contre la membrane plasmique qui permet le mouvement des cellules vers
I’avant. Cette force ne se traduit par un réel mouvement de la cellule uniquement si des structures
d'adhésion engagent physiquement le cytosquelette d'actine a la matrice extracellulaire. A ce jour,
différents types de structures d'adhésion ont été décrites. Elles présentent pour la plupart une
composition similaire et dépendent d’interactions avec le cytosquelette d'actine. Cependant, nous avons
récemment proposé que les structures recouvertes de clathrine puissent également servir de structures

d’adhésion.

Les structures recouvertes de clathrine sont principalement connue pour étre au coeur de
I’endocytose dépendante de la clathrine (EDC). Au cours de I’EDC, les cellules internalisent des
portions de membrane et les récepteurs ou cargos qui s’y trouvent. L’EDC participe a la régulation de
nombreux récepteur membranaire et est ainsi centrale dans de nombreux processus cellulaire. L’EDC
débute par I’accumulation de récepteurs et de leurs ligands dans des invaginations de la membrane
plasmique appelés puits recouvert de clathrine. Ces invaginations augment progressivement jusqu’a
leur séparation de la membrane ce qui conduit a la formation de vésicules diffusant a l'intérieur de la

cellule.

Nous avons donc précedemment montré qu’une sous population de ces PRCs, appelé structures
tubulaires de clathrin/AP2 (STCA), peut également servir de structure d’adhésion sur des fibres de
collagene. Nous avons d’abord observé que des structures de clathrine s’accumulent le long des fibres
de collagéne dans des réseaux en 3D. Cette accumulation s’explique par une augmentation locale de la
nucleéation des structures de clathrine. La nucléation des structure de clathrine etant induite la courbure
de la membrane associé a la fibre collagéne. Les STAC vont prendre suivre la courbure membranaire
et pincer la fibre de collagéne. L’accumulation d’intégrines dans ces STAC les transforme en structure
d’adhésion que les cellules utilisent pour migrer dans des réseaux en trois dimensions. Mon travail de

theése vient a la suite de ce projet et cherche a faire le lien entre le réle d’adhésion et le role d’endocytose



des structures de clathrine. Plus précisément, j’ai postulé que des ligands li¢ a la matrice extracellulaire

pourraient influencer la dynamique des STCA et ainsi orienter la migration cellulaire.

J’ai d’abord montré que deux ligand connus pour étre internalisés par la voie dépendante de la
clathrine, le facteur de croissance épidermique (EGF) et les lipoprotéines de basse densité (LDL), sont
capable de se lier a des réseaux de collageéne. J’ai ensuite mis au point un protocole permettant de
transformer ces réseaux décorés en fibres individuelles. Ces fibres sont plus faciles @ manier que les
réseaux 3D et permettent une meilleure précision dans 1’étude de leurs effets sur les cellules. J’ai ensuite
déposé des cellules sur un réseau 2D de fibres nues et décoré afin d’observer la distribution des
structures de clathrine. J’ai observé que les fibres décorées étaient associées a plus de structures de
clathrine que les fibres nues. Cette accumulation est due a une augmentation de la nucléation des
structures de clathrin associées aux fibres décorées. Cette nucléation préférentielle dépend notamment
du récepteur a ’EGFR mais pas de son activation. J’ai également montré que les cellules produisent
plus de protrusions sur les fibres décorées par de I’EGF. Toujours en 2D, j’ai également montré que les
cellules appliquent des forces plus importantes a des fibres décorées par rapport a des fibres nues. Ce
surplus de forces appliqué aux fibres décorées nécessite les récepteurs des ligands mais également la
présence de structure de clathrine. Ces résultats suggerent que des STCA sont les structures d’adhésion
responsable des forces appliqué préférentiellement aux fibres décorées. J’ai ensuite développé un
protocole pour créer une interface en un réseau 3D de collagene nu et un réseau de 3D de collagéne
décoré par de ’EGF. J’ai ainsi pu observer que les cellules migrent préférentiellement en direction du
réseau de collagéne décoré par de I’EGF. A nouveau, cette migration préférentielle est dépendante a la
fois du récepteur a I’EGF mais aussi de la présence de structure de clathrine. Ces résultats révelent un
haptotactisme des cellules pour I’EGF, le fait que les cellules migrent en suivant une molécule liée au
substrat. Ces résultats suggérent également que les structures de clathrine sont les structures

d’adhésions a I’ceuvre dans cette migration dirigée.

En conclusion, nous proposons un modele ou les cellules peuvent migrer en suivant des ligands
lies a la matrice extracellulaire. Dans notre modele, une distribution asymétrique de ligands entraine
une distribution asymétrique des structures de clathrine a I’intérieur de la cellule. Ces structures
adhésives régulent les forces appliquées a la matrice, et donc la distribution asymétrique des forces se
conclue par la migration dirigée des cellules. Ce mécanisme permet ainsi aux cellules de suivre des

gradients de ligands liés a la matrice et ainsi de s’orienter dans 1I’organisme.
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Résumé : La migration cellulaire est un
processus fondamental au maintien des fonctions
physiologiques de 1’organisme. Elle est
également centrale dans de nombreuses
pathologies et entre notamment en jeu lors de la
dissémination =~ métastatique. Lorsqu’elles
migrent, les cellules utilisent des structures
d’adhésion afin de s’appuyer sur leur
environnement. Nous avons récemment montré
que les puits recouverts de clathrine, plus connus
pour leur rdle dans I’endocytose, peuvent
également servir de structures d’adhésion. Dans
ce manuscrit, je démontre que certains ligands
internalisés par la voie d’endocytose clathrine
peuvent également se lier a la matrice et orienter
la migration cellulaire en régulant les structures
adhésives de clathrine.

J’ai commencé par montrer que le collagéne est
associé a plus de structures de clathrine et a plus
de protrusions lorsqu’il est recouvert par des
ligands. J’ai ensuite montré que les cellules
appliquaient plus de forces sur des fibres de
collagénes décorées par des ligands et que ce
surplus de force nécessite la présence de
structures de clathrine. Enfin j’ai montré que les
cellules suivent les ligands liés a des réseaux de
collagéne en 3D et que cette migration dirigée
nécessite également la présence de structures de
clathrine. Ce mécanisme de migration pourrait
notamment permettre aux cellules de suivre des
gradients de ligands liés a la matrice in vivo et
ainsi de s’orienter dans I’organisme.
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Abstract: Cell migration is a fundamental
process in the development and homeostasis of
multicellular organisms. It is also central to
many pathologies and it is especially important
for metastatic dissemination. When migrating,
cells use adhesion structures to push on their
substrate in order to move forward. We recently
showed that clathrin coated structures, primarily
known as endocytic structures, can also serve as
adhesion structures. In this manuscript, I show
that some ligands internalized through clathrin
mediated endocytosis can also bind to the
extracellular matrix and orient cell migration
using adhesive clathrin structures.

I first showed that ligand-decorated collagen
fibers are associated with more clathrin
structures and more protrusions. I then showed
that cells applied more forces to the ligand-
decorated collagen fibers and this extra amount
of forces requires the presence of clathrin
structures. Finally, 1 showed that cells can
migrate following collagen-bound ligands in
3D, this directed migration also requiring the
presence of clathrin structures. Such migration
mechanism could be used by cells to follow in
vivo gradient of matrix-bound ligands and thus
find their way when migrating inside the body.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



