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Abstract

Adhesion complexes are dense protein platforms that initially form at the cell
membrane as unstable nascent adhesions to then transition through different
maturation steps to form more stable structures such as focal adhesions (FAs) and
fibrillar adhesions (fAs). These adhesions have been studied at length for many years
and have been shown to play critical roles in cell migration, differentiation,
mechanosensing and many other fundamental cellular processes. Although
extensive studies have been carried out over tens of years, many aspects regarding
the spatiotemporal organisation of adhesion complexes still remain ill-defined. This
is, in part, owing to the immense number of interacting partners involved, but also
due to the lack of suitable techniques to address the smallest scales of spatial
organisation. In a pioneering contribution from the Waterman’s group in 2010, it
was shown that proteins of the adhesion complex are organised at the nanoscale as
stratified layers in the axial direction. Importantly, such layers and their particular
axial location are directly connected with their specific function: in the process of
adhesion, mechanosensing, signalling, linkage to the actin cytoskeleton and force
generation for mechanotransduction and mechanoresponse. A conclusion from
these studies is that organisation is directly linked to function. Surprisingly, the
existence and/or potential importance of an equivalent nanoscale organisation at
the lateral plane of the membrane has received, until now, much less attention.
Indeed, most studies today still consider adhesion complexes as large patches of
laterally homogenously distributed proteins.

The main goal of this thesis has been to contribute to the understanding of the
nanoscale lateral organisation of key proteins in adhesion complexes. For this, we
exploited single molecule localisation-based super-resolution microscopy STORM to
visualise with nanometre spatial resolution the lateral organisation of five key
components of the adhesion complex: the two integrins, asB: and a,Bs, and three of
their adaptor proteins: paxillin, talin, and vinculin.

We first established that these proteins form nanoclusters of around 50 nm size that
are preserved across the key proteins we investigated. Interestingly, these
nanoclusters have similar size and number of localisations regardless of their
localisation on the membrane, i.e., in the different adhesion structures studied,
namely, FA and fAs as well as outside, and were maintained for different cell seeding
times, from 90 minutes to 24 hours. These results suggest that nanoclustering



constitutes a general mechanism of adhesion protein organisation, constituting
nano-hubs of functional activity. When studying how protein organisation in
nanoclusters changes as a function of adhesion time, we revealed a two- and a four-
fold increase in the density of asB: and a,Bs clusters, respectively, for cells that
spread for 24 h as compared to those that spread for 90 min. Surprisingly, no
significant increase in cluster density as a function of seeding time was observed for
the adaptor proteins. Furthermore, an in-depth analysis of our integrin data
suggests that the increase in the density of integrin nanoclusters is due to selective
targeting of new integrin nanoclusters to the basal membrane. The disparity
between the nanocluster density of integrins and their adaptors indicate that only a
fraction of integrins are fully engaged with their partners, consistent with the
dynamic activation-deactivation states of integrins.

Following on from this, we then focused on mapping the distribution of these
nanoclusters, first by measuring the shortest intercluster distance (nearest
neighbour distance; NND) between clusters of the same protein, and second by
considering the shortest distance between clusters of different proteins. We found
a clear physical segregation of nanoclusters of the same protein around ~55 nm,
which is established early on after cell seeding (we observed it already at 90 min
after seeding) for asB: and their adaptors and maintained after 24 hours.
Interestingly, ayBs nanoclusters exhibited a more random distribution at earlier
seeding times and progressively reached similar lateral segregation at 24 hours.
Concomitant with this lateral segregation, we observed an enrichment of all
proteins at distances between 100-200 nm. Our observations are fully consistent
with the existence of a critical distance spacing between integrins needed to support
adhesion and for the stabilisation of focal adhesions. Furthermore, we found that
the relative distribution of nanoclusters of different proteins is predominantly
random, with the exception of asp; and paxillin, which organise with a separation of
50 nm. Such an unexpected random distribution between integrins and their
adaptors might reflect the dynamic and short-live active state of integrins, so that
together with our imaging conditions, we are not currently able to capture full
engagement of integrins within the full population of proteins inside adhesion
complexes.

Finally, we evaluated and described the mesoscale organisation of nanoclusters
inside adhesions. Specifically, we computed the shortest distance between a
nanocluster and the edge of the adhesion and studied how the distance to the edge
depends on the NND between clusters of different proteins. Remarkably, we found



a preference for asPB: nanoclusters to be at the edge of the adhesions and in close
proximity to their adaptors in a peripheral belt region of the adhesions.

Altogether, the results of this thesis demonstrate a clear lateral and hierarchical
organisation of integrins and their adaptors inside FAs. Based on our results
(together with extensive literature in the field), we propose that one population of
asPi1 nanoclusters and their adaptors preferentially localise close to the edge of
adhesion complexes regulating the process of adhesion and probably actively
engaged to the actomyosin machinery. A second population of asp; and most of the
avBs nanoclusters organise more randomly at the centre of the adhesions, with a
dynamic and brief engagement to their adaptors, probably committed to the
process of mechanotransduction. As a whole, similarly to the axial organisation of
adhesion proteins, we postulate that the lateral nano- and meso-scale organisation
of adhesion proteins are strictly related to and important for the functions of
adhesion, mechanosensing and mechanotransduction.






Resumen

Los complejos de adhesién son plataformas densas en contenido de proteinas que
se forman inicialmente en la membrana celular como adhesiones nacientes
inestables para luego pasar a través de diferentes pasos de maduracion y formar
estructuras mas estables, como las adhesiones focales (FA) y las adhesiones
fibrilares (fAs). Estas adhesiones se han estudiado extensamente durante muchos
anos demostrandose que desempefian funciones criticas en la migracion celular, la
diferenciacién celular, la percepcion y respuesta a fuerzas mecanicas, y muchos
otros procesos celulares fundamentales. A pesar de todos estos estudios, muchos
aspectos relacionados con la organizacidon espacio-temporal de los complejos de
adhesién siguen estando vagamente definidos. Esto se debe, en parte, al inmenso
numero de proteinas que interactian entre si, pero también a la falta de técnicas
adecuadas para abordar las escalas mas pequefas de su organizacidn espacial. En
una contribucion pionera del grupo de Waterman en 2010, se demostré que las
proteinas de los complejos de adhesién se organizan en la nanoescala formando
capas estratificadas en la direccién axial. Es importante destacar que tales capas y
su particular ubicacion axial estan directamente relacionadas con su funcién
especifica: en el proceso de adhesidn, mecanosensitividad, sefializacién, unién al
citoesqueleto de actina y generacion de fuerza para la mecanotransduccién y la
mecanorrespuesta. Una conclusidon primordial de estos estudios es que la
organizacién esta directamente relacionada con la funcion. Sorprendentemente, la
existencia y/o la importancia potencial de una organizacion equivalente en la
nanoescala en el plano lateral de la membrana ha recibido mucha menos atencién.
De hecho, todavia hoy en dia, la mayoria de estudios consideran los complejos de
adhesién como grandes parches de proteinas distribuidas lateralmente de manera
homogénea.

El objetivo de esta tesis ha sido contribuir a la comprension de la organizacién lateral
en la nanoescala de proteinas clave de los complejos de adhesidn. Para ello, usamos
la técnica de microscopia de super-resolucion STORM para visualizar, con resolucion
espacial nanométrica, la organizacion lateral de cinco proteinas del complejo de
adhesion: dos integrinas, asP: y a.Bs, y las proteinas adaptadoras, paxilina, talina y
vinculina.

En primer lugar, establecimos que estas cinco proteinas forman nanoagregados de
~50 nm de tamafio. Curiosamente, tanto su tamafio como el numero de



localizaciones son similares, independientemente de su localizacién en la
membrana, es decir, tanto en FAs y fAs, asi como fuera de las adhesiones,
manteniéndose constantes durante diferentes tiempos de siembra celular. Estos
resultados sugieren que la nanoagregacién constituye un mecanismo general de
organizacién de proteinas de adhesién, constituyendo nanocentros de actividad
funcional. Ademads, revelamos un aumento en la densidad de los agregados de asf:
y ouBs en células extendidas por 24 h en comparaciéon con 90 min, mientras que la
densidad de agregados de las proteinas adaptadoras se mantuvo constante. Esta
disparidad en densidades indica que solo una fraccion de las integrinas interacciona
con sus adaptadores, consistente con la existencia de estados dinamicos de
activacidn-desactivacion de las integrinas.

También nos focalizamos en mapear la distribucién de estos nanoagregados,
midiendo la distancia mas corta entre agregados de la misma proteina, y luego,
considerando la distancia mds corta entre agregados de diferentes proteinas.
Encontramos una clara segregacién fisica de agregados de la misma proteina de
alrededor de ~55 nm, y que ésta se establece temprano después de la siembra
celular para asP: y sus adaptadores, y se mantiene hasta 24 h. Curiosamente, los
agregados de a3 exhibieron una distribucién mas aleatoria en tiempos tempranos
de siembra, alcanzando progresivamente una segregacion lateral similar a 24 h.
Junto con esta segregacion lateral, observamos también un enriquecimiento de
todas las proteinas a distancias entre 100-200 nm. Nuestras observaciones son
consistentes con la existencia de un espaciado critico entre las integrinas, necesario
para sustentar la adhesion y estabilizar las FAs. Ademds, encontramos que la
distribucién espacial relativa para los nanoagregados de diferentes proteinas es
aleatoria, lo cual podria reflejar el estado activo dindmico y de corta duracién de las
integrinas, de modo que con nuestras condiciones experimentales en este momento
no podemos discernir la participacién de aquellas integrinas activas dentro de la
poblacidn total.

Finalmente, evaluamos la organizacion en la mesoescala de los nanoagregados en
las FAs, especificamente, en los bordes y el centro. Sorprendentemente,
encontramos una preferencia de los nanoagregados de asP: para situarse en el
borde de las FAs y cerca de sus adaptadores en una regién periférica a los bordes.

En conjunto, nuestros resultados demuestran una clara organizacion lateral y
jerarquica de las integrinas y sus adaptadores dentro de las FAs. Proponemos que
una poblacién de nanoagregados de asPBi y sus adaptadores se localizan
preferentemente cerca del borde de los complejos de adhesidon para regular el



proceso de adhesion y probablemente interaccionando activamente con la
magquinaria de actomiosina. Una segunda poblacién de asP: y la mayoria de los
nanoagregados de a,B3 se organizan de forma aleatoria en el centro de las FAs con
una interaccién dinamica y breve con sus adaptadores, posiblemente involucrados
en el proceso de mecanotransduccién. En conjunto, y en analogia a su organizacion
axial, postulamos que la organizacion lateral en la nanoescala y mesoescala dentro
de las FAs es importante para las funciones de adhesidon, mecanosensibilidad y
mecanotransduccion.
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Chapter 1

Biological background and state-of-the-art
techniques

The aim of this chapter is to provide the reader with the necessary general
background information that will aid in the understanding of the methodologies
used throughout this thesis as well as the biological background to rationalise our
findings and experimental plans for the future. We first provide a description of
adhesion complexes and the main proteins studied in the thesis. We then provide a
section that introduces the field of mechanobiology and the involvement of adhesion
proteins for mechanosensing and mechanotransduction. The chapter continues with
two more technical sections, one of them describing the various techniques used in
our field for cell imaging and a second final one that provides an overview on
different approaches to probe the effect of mechanical stimuli on cells.



Chapter 1

1.1 Introduction

In order to tackle many diseases affecting our lives today, it is vital that we
understand what is occurring at the cellular level. A common example is cancer.
While this is a very general term for a disease that can manifest itself in very
different variations, it is a useful example, as most people, even those outside of the
scientific field, are familiar with it. Although there are many variations of the disease
there are also certain commonalities, for example, cells proliferate at a higher rate
and often cell migration increases leading to what is known as metastasis (Friedl and
Wolf, 2003; Feitelson et al., 2015). At the cellular level, we now know that cancerous
cells proliferate and migrate more. However, in order to address this behaviour, we
must understand the molecules that play a role in these cellular processes. A family
of molecules that feature strongly in these processes is known as integrins
(Desgrosellier and Cheresh, 2010). These proteins are transmembrane receptors
found on the surface of many cell types and are the central component of adhesion
complexes. It is around these proteins and the complexes that they form that this
thesis is centred.

Various imaging techniques have been exploited over more than 30 years in order
to visualise how the different molecular components in living cells and subcellular
structures interact and even the timescales involved. Since the earliest electron
microscopy images of the dense adhesion areas in the 1970s (Abercrombie et al.,
1971) through to the modern day use of fluorescence imaging to study the
behaviour of adhesions in migrating cells (Hu et al., 2014) or the behaviour of
individual proteins inside adhesions (Orré et al., 2021), we have gained a wealth of
information. Now, with the technical developments that led to the merging of cell
manipulation devices with super-resolution fluorescence imaging techniques, we
can image specific proteins of interest in adhesions with improved resolution under
different conditions (Massou et al., 2020). This chapter will first cover an
introduction to adhesion complexes, why they are fascinating and the challenges we
face while trying to decipher the details of their inner workings, with a look at the
key components that we believe are vital background for this thesis. We will then
provide an overview of different imaging techniques used to study them. Finally, we
introduce a number of different techniques used to probe cellular response to
changes in the local environment and the application of mechanical stimuli.

1.2 Adhesion complexes: an overview
Adhesion complexes can be generally classified into two major groups: cell-cell
adhesions and cell-matrix/extracellular matrix (ECM) adhesions. Cell-cell adhesions,
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Biological background and state-of-the-art techniques

as the name suggests, are formed between adjacent cells, and they use cadherin
proteins, such as E-cadherin, as adhesion receptors. Cell-cell junctions not only allow
cells to communicate during periods of collective cell migration (Cai et al., 2014), but
also control epithelial integrity, embryonic development, and, in general, are key for
tissue formation and multicellularity (Van Roy and Berx, 2008). In contrast, cell-
matrix adhesions form between cells and their extracellular environment.
Specifically, cell-matrix adhesions are established by the interaction between
integrin adhesion receptors on the cell membrane and their ligands on the ECM. The
ECM is the macromolecule-rich network that is assembled by polysaccharides and
proteins secreted by the cell, which fill the interstitial space between cells in the
tissue, covered in more detail below. Cell-matrix interactions allow cells to attach,
migrate, degrade or sense the local environment, depending on the cell type and
ECM molecular composition (Chen et al., 1998; Oharazawa et al.,, 1999). For
example, cells of the immune system form structures termed podosomes, which
allow the cells to adhere to their substrates while degrading the local environment
enabling migration across barriers (Calle et al., 2006; Rottiers et al., 2009; Cougoule
et al.,, 2010); while adherent cells, such as fibroblasts, attach to their substrate
through so-called adhesion complexes, which are required for essential cellular
processes like migration (Kim and Wirtz, 2013). In this thesis, we will focus on the
latter integrin-based, cell-matrix adhesion complexes formed in fibroblasts.

Cell-matrix adhesion platforms, which originate at the cell membrane when
integrins form contacts with their extracellular ligands are known as nascent
adhesions (Henning Stumpf et al., 2020). These nascent adhesions are seen in
abundance at the leading edge of the cell, in the lamellipodia, Figure 1.1.

Trailing edge Leading edge

nascent adhesion
focal adhesion- rich in a5

fibrillar adhesion- rich in asf,
X branched actin

Figure 1.1 Migrating cell and its integrin-mediated adhesions

The cartoon shows how a cell polarises for cell migration with the leading edge with is lamellipodium
and the trailing edge. The lamellipodium has a high rate of nascent adhesion formation amongst the
branched actin. The mature adhesions are shown in the body of the cell. Fibrillar adhesions being rich
in asPB1 integrins and the focal adhesions are shown to be rich in a,Bs. Adapted from Seetharaman and
Etienne-Manneuville, 2018.
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Chapter 1

Nascent adhesions are dynamic structures that assemble and disassemble rapidly,
with only a small percentage maturing into larger adhesion complexes, known as
focal adhesions (Thievessen et al., 2013). Although we do not yet have a complete
picture of how they form and progress through the maturation steps, there is
evidence indicating that the biochemical composition of adhesion complexes varies
during their maturation, with adaptor proteins such as paxillin, talin, and vinculin
being important components (Zaidel-Bar et al., 2003; Thievessen et al., 2013; Saxena
et al,, 2017). Interestingly, a recent study showed that the timing of adaptor protein
arrival to the adhesions is important for the maturation to FAs, and that nascent
adhesions that bind a pre-formed complex of talin and vinculin are more likely to
mature into FAs (Han et al., 2021). Another important factor for nascent adhesion
maturation into FA is the application of integrin-transmitted forces between the
ligand at the ECM and the actin cytoskeleton, which contribute to adhesion
stabilisation and final maturation to an FA (Choi et al., 2008; Oakes et al., 2012).
Although not always considered to be a part of the adhesion maturation process, it
has been shown that another type of adhesion known as fibrillar adhesions (fAs)
originate from mature FAs. The translocation of proteins —in particular the integrin
asP1 and the adaptor protein tensin — from FAs leads to the formation of these thin
linear structures, fAs, in the central region of the basal cell membrane (Smilenov et
al., 1999; Zamir et al., 2000).

The different cellular processes regulated by adhesion complexes are highly
influenced by the biochemical and mechanical environment. Importantly, the extent
of many of these biochemical interactions has been shown to be regulated by the
mechanical properties of the cell environment, such as the rigidity and viscosity of
the substrate to which cells adhere (Guerra et al., 2010; Elosegui-Artola et al., 2016;
Bennett et al., 2018). In this thesis, we focus specifically on two types of adhesion
complexes: focal adhesions (FAs), and fibrillar adhesions (fAs), which mediate cell
attachment to the ECM, and on how key adhesion proteins —that are involved in
adhesion to and sensing of the glass substrate — are spatially organised within these
dense cell-ECM adhesions. FAs are often considered the final stage of maturation of
adhesion complexes. This process is initiated with the formation of force-
independent nascent adhesions, which upon force application grow and mature to
large FAs (with sizes > 3 um?) (Gardel et al., 2010). The dynamic assembly and
disassembly of adhesion complexes play a role in cell migration and they have been
shown to be influenced by the stiffness of the local environment (Wormer et al.,
2014). In this way, FAs act as mechanosensitive platforms. FA size and stability are
influenced by the substrate they form on, because a number of FA components
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Biological background and state-of-the-art techniques

undergo conformational changes upon force application, which in turn trigger or
disrupt downstream signalling pathways thereby influencing the final physiological
outcomes, in a process known as mechanotransduction (Hoffman et al., 2011;
DuFort et al., 2011; Li et al., 2016; Sun et al., 2016a). In comparison to FAs, fAs have
not been so extensively studied. Despite this, we know that fAs are preferentially
found in the central regions of the cell membrane where proteins such as asf; and
tensin colocalise. Tensin is seen to relocate from FA areas and this relocation is
influenced by actin interactions (Zamir et al., 2000). These adhesions have also been
shown to restructure the underlying fibronectin (FN) into fibrillar structures (Zamir
et al., 2000; Katz et al., 2000; Pankov et al., 2000). More recently, a study from the
Ivaska lab showed that fAs are mechanosensitive (Barber-Pérez et al., 2020). They
used stiffness gradient gels and showed that for cells plated on soft substrates the
active asPBi-positive fAs are significantly shorter in comparison to the same type of
adhesion on stiff substrates (Barber-Pérez et al., 2020). They also showed that this
mechanosensitive elongation of fAs is tensin-dependent by running the same
experiments in cells with tensin expression silenced using siRNA. As fAs are
responsible for the organisation of FN and therefore aspects of their own
microenvironment, further studies into the mechanisms controlling their
mechanosensitive nature will provide important insights into the cell's ability to
respond to mechanical cues as a whole.

1.2.3 Integrins

Integrins are obligate heterodimeric receptors that consist of an a and a B subunit,
each of which is a single-pass type | transmembrane protein with an N-terminal
extracellular domain, an a-helical transmembrane domain, and a short C-terminal
cytoplasmic tail (Tamkun et al., 1986). In mammalian cells, there are 18 different a
subunits and 8 B subunits, which generate the 24 known integrin heterodimers
(Kechagia et al., 2019). The roles that these different integrin heterodimers play
depend on the dimer subunits as well as on the ECM ligands to which they engage.
Moreover, integrins can adopt different conformations: bent, extended closed, and
extended open, which correspond to their activation state (see Figure 1.2) (Su et al.,
2016).
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Chapter 1

extended closed extended open

headpiece—

Figure 1.2 Different conformational states of an integrin heterodimer

The left of the image shows the a and B subunits in a bent conformation where the ligand binding site
is not accessible. The integrin in the centre is in an extended closed conformation, with the o and B
subunits extended but still closed on the lower leg (the extracellular domains that are the most
proximal to the transmembrane (TM) domain), preventing ligand binding to the B subunit head. On the
right, the integrin is in the extended open conformation, where the a and  subunits are extended and
the lower B-leg is separated from a subunit, altering the conformation of the head group to open and
thereby allowing ligand binding. Dashed lines show the possible variations for the flexible B-leg, and
the names of the different extracellular domains and regions are shown. Image adapted from Su et al.,
2016.

The activation of integrins is a stochastic process and the length of time they remain
active depends on a number of factors, such as the ECM ligand they bind to at the
extracellular domain, or the adaptors that bind to the cytosolic domain, which are
controlled via outside-in and inside-out signalling, respectively (Takagi et al., 2003;
Wegener et al.,, 2007). Inside-out signalling is how integrins are activated from
cytosolic cues where adaptors interact with the short cytosolic tail and induce a
conformational change that allows ligand binding (Hu and Luo, 2013). For example
the cytosolic protein Rap 1 binds talin via its partner Rap 1-GTP-interacting adaptor
molecule (RIAM), which aids in the delivery of talin to the cytoplasmic tail of the B
subunit (Han et al., 2006). Talin then binds to the B subunit activating the integrin
(Calderwood et al., 1999). On the other hand, outside-in signalling occurs when
integrins bind to their ligand stabilising the conformational state of the integrin,
which in turn leads to integrin clustering further enhancing the valency and avidity
for the EMC ligand (Hu and Luo, 2013). The multitude of heterodimeric pairs, the
different possible interactions with adaptors and ligands, as well as the complex
feedback and crosstalk between them makes the study of integrins and the roles
they play in adhesion complexes a very challenging task. To illustrate this point, let
us consider the two integrins at the centre of this thesis: asB; and a,ps, which are
both found in FAs. These two integrins bind to the tripeptide of Arginine (R), Glycine
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Biological background and state-of-the-art techniques

(G), and Aspartate (D), commonly referred to as the RGD sequences, which is found
in certain ECM proteins (Pytela et al., 1985; Ruoslahti, 1996). However, this
sequence is not unique but it is shared amongst a number of ECM proteins, such as
FN and vitronectin (VN). It has been shown that asp: has a higher affinity for FN
whereas a3 can bind both ECM ligands, with a preference for VN (Bharadwaj et al.,
2017; Bachmann et al., 2020). Another level of complexity arises from the different
intracellular proteins that directly or indirectly interact with the integrin cytosolic
tails. For example, the pair asBi/talin is more commonly found in FAs whereas
osBi/tensin are found to be engaged in fAs (Katz et al., 2000). Despite these
challenges, an ongoing area of research is centred around understanding the specific
roles of asB: and ayBs integrins in adhesion complexes, and how these roles are
determined and controlled (Roca-Cusachs et al., 2009; Schiller et al., 2013;
Bharadwaj et al., 2017; Diaz et al., 2019).

The signalling cascades triggered by ligand and adaptor interactions and integrin
activation regulate the phosphorylation levels of certain proteins, like myosin light
chain (MLC), as well as the activity of different actin polymerisation factors. These
downstream events in turn influence the forces transmitted across the adhesion
complex, due to actomyosin contractility and by actin polymerisation and
retrograde flow, which feed back to the state of the ligand-integrin-adaptors
interactions. This reaction and translation of forces by the cell is a major research
topic and more details will be covered in the mechanobiology section 1.3 below.

A final important characteristic of integrins is their ability to form nanoclusters at
the plasma membrane, as has been reported for different integrins in different cell
types (van Zanten et al., 2009; Changede and Sheetz, 2017; Spiess et al., 2018).
Interestingly, individual integrin nanoclusters were shown to solely contain either
active or inactive integrins, but not a mix of integrins in different states (van Zanten
et al., 2009; Spiess et al., 2018). Despite this, we do not yet fully understand the
precise need for integrin nanoclustering, whether it is a universal characteristic for
all integrins, the number of molecules involved, or what determines and controls
the nanocluster sizes. This is why we continue to study these proteins, and the
complexes they form, with the aim of providing a greater insight and understanding
to some of the cells most fundamental processes and how they are controlled.

1.2.4 Extracellular matrix

The ECM is the non-cellular network that consists of macromolecules produced and
secreted by the cell, which contributes to a tissue’s structural stability and
mechanical properties (Frantz et al., 2010). Cells interact with the ECM via different
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receptors localized on the plasma membrane and this interaction, as mentioned
previously, is finely tuned by the composition and organisation of the matrix.
Collagens, FN, VN, and laminins are well-known examples of fibrous proteins
forming the ECM (Yue, 2014). Collagens are the most abundant proteins in the
human body and, as such, play a fundamental role in ECM structure and function. In
addition, FN is also a vital component of the ECM that forms dimers to physically
link collagen fibrils in the ECM to cell membrane receptors, such as integrins.
Particularly, FN binds ay-class and asB: integrins via its RGD motif and aspB; also
interacts with the synergy site found in the ninth type-lll domain of FN, which has
been shown to be necessary for this integrin to form a stronger tensioned state bond
(Friedland et al., 2009). When cells bind to FN, they restructure the ECM protein into
fibrils mainly through asB: bonds (Mao and Schwarzbauer, 2005), which enable the
cell to migrate within the ECM. Because of the important role of FN in cell adhesion
and migration, we decided to carry out our experiments by seeding cells on FN-
coated glass, allowing asB1 and ayfBs to bind it forming adhesion complexes, FAs and
fAs.

1.2.5 Cytosolic components of the adhesion complexes

Compiling a full review of all the cytosolic proteins involved in adhesion complexes
would result in a tome at least as long as the thesis itself, which we think illustrates
the complexity and richness of these cellular structures. In the quest to map out all
the proteins involved in integrin adhesion complexes, the Humphries lab integrated
several proteomes and came up with a “meta adhesome” containing 2,412 proteins
(Horton et al., 2015). This meta adhesome was curated and analysed to establish a
consensus adhesome formed by 60 proteins (Horton et al., 2015). Even this reduced
number exceeds the scope of this thesis so we will therefore only cover the details
of the key adhesion proteins that we have experimentally addressed in this thesis:
paxillin, talin, and vinculin.

Paxillin was identified over three decades ago (Turner et al.,, 1990) and is now
commonly used as a marker protein for FA visualisation by fluorescence microscopy.
Paxillin localisation to adhesion sites is controlled by its four C-terminal LIM
domains, which directly bind vinculin, focal adhesion kinase (FAK), and kindlin
(Brown et al., 1996; Theodosiou et al., 2016; Zhu et al., 2019). Paxillin is considered
to be a signalling protein and more recently it has been shown that there is an
association with the B-tail of integrin also via its LIM domain (Soto-Ribeiro et al.,
2019; Ripamonti et al., 2021).
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Talin is one of the key proteins that can directly bind to both integrins and to actin,
and so it is an important link in connecting the ECM to the cell’s cytoskeleton.
Although they are commonly referred to as simply talin, vertebrates express two
talin isoforms, talinl and talin2, which, despite sharing a high sequence similarity,
play non-redundant roles in e.g., fine-tuning signalling in adhesions (Gough and
Goult, 2018). Talin structure comprises an N-terminal head domain and, connected
via a linker neck domain, a C-terminal rod domain (Figure 1.3). The talin head region
includes a FERM domain consisting of four subdomains (FO, F1, F2, and F3). Although
the FERM domain accounts for only ~400 of the ~2500 amino acids comprising the
full talin, it is vital for talin-integrin binding. In particular, the F3 subdomain directly
binds to the B subunit’s cytosolic tail. However, this is not sufficient to activate the
integrin, requiring the other head domains to maintain the integrin in a high-affinity
conformation through interactions with components of the cell membrane such as
the F2 domains with PtdIns(4,5)P, (Saltel et al., 2009; Iwamoto and Calderwood,
2015). The talin rod consists of 13 domains (R1-13), two of which contain actin
binding sites (ABS), while the rod also contains at least 11 vinculin binding sites (VBS)
(Gingras et al., 2005). When talin is bound to actin via its C-terminal ABS there is
force transmission across the rod revealing many VBS that are normally buried and
only get exposed upon application of mechanical forces that stretch the molecule
open (Gough and Goult, 2018). Interestingly, talin's R3 domain is the weakest
domain and the first to unfold under force (Yao et al., 2016), and it has the capability
to bind both the effector protein RIAM and vinculin. RIAM can bind talin in its
relaxed conformation, which contributes to inside-out integrin activation (Lee et al.,
2009). It has been shown that a force of ~5 pN is required to reversibly unfold talin
R3 domain (Yao et al., 2016). Furthermore, actomyosin has been seen to act as a
catch bond with a peak lifetime at 6 pN (Guo and Guilford, 2006) and rupture forces
were measured to be between 8-15 pN (Nakajima et al., 1997; Nishizaka et al.,
1995). All of these measurements show that myosin is capable of withstanding the
forces need to unfold talin. Application of such force leads to the exposure of talin's
cryptic VBS, which leads to vinculin binding and concomitant RIAM unbinding, and
the eventual stabilisation of the complex for the growth of mature FAs. Therefore,
talin is a perfect example of a mechanosensitive switch molecule whose role
depends on its environment and the force exerted across it.
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Figure 1.3 Talin structure

The structure of talin is shown, depicting the N-terminal FERM domain (FO-F3) linked to the rod domain
via an unstructured linker. The talin rod contains 13 domains (R1-R13) and a dimerisation domain (DD),
with the VBS shown in red (Gough and Goult, 2018).

Vinculin was discovered in 1979 (Geiger, 1979) and originally named simply as 130
k protein, because of its 130 kDa molecular weight. It was only later that vinculin
was given its current name, when it was seen to localise at cell adhesions and was
proposed to be involved in tethering actin to the membrane (Geiger et al., 1980). In
the following decades, as the field uncovered more about the inner workings of cell-
ECM adhesions, it became clear that vinculin is involved in important interactions
that control adhesion dynamics. We now know that vinculin is found in two
conformational states (Figure 1.4): an auto-inhibitory conformation, where the head
and tail are bound blocking the binding sites for many ligands; and an open
conformation, often referred to as the “active” form, which localises to adhesions
and binds talin and actin (Johnson and Craig, 1994; Bakolitsa et al., 2004). The
binding of two ligands is required to engage vinculin and open the conformation
from the auto-inhibitory head-tail bond to the active state, Figure 1.4 (Chen et al.,
2006; Peng et al., 2011). This engagement of vinculin with adhesion molecules
influences the adhesion turnover as well as rate of formation for nascent adhesions
and the percentage of adhesions that go on to form mature FAs (Saunders et al.,
2006; Thievessen et al., 2013).
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Figure 1.4 Schematic of the disruption of vinculin auto-inhibition by talin and actin

Left panel shows the structure of vinculin in its auto-inhibitory conformation with vinculin tail, Vt,
bound to the head domain with a strong head-tail interaction of Ky less than 10 indicated. Middle
panel shows that talin can bind the vinculin head but the binding affinity (~10-7 M) is not great enough
to overcome the binding between head and tail. Finally, the right panel depicts the need for two ligands
(vinculin and F-actin) to bind and unfold vinculin (Peng et al., 2011).
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1.3 Mechanobiology and the involvement of adhesion

proteins

Mechanobiology is the study of how cells and tissues respond and adapt to
mechanical stimuli such as forces. This includes the study of how cells (i) apply
mechanical forces to their surroundings, (ii) sense external mechanical forces, (iii)
relay or transduce mechanical signals, and (iv) eventually respond to these
mechanical stimuli. A key finding in mechanobiology, which serves to illustrate the
importance of this field, was the discovery that pluripotent stem cells differentiate
into different cell lines depending on the rigidity of the substrate they are grown on
(Engler et al., 2006; Kshitiz et al., 2012). Hence, stem cells on stiff substrates
differentiate into osteoblasts whereas cells on soft substrates become neurons
(Engler et al., 2006; Kshitiz et al., 2012). Mechanobiology is often subdivided into
two major but intertwined areas: mechanosensing and mechanotransduction.
Mechanosensing is the set of mechanisms by which a cell or group of cells detect
(sense) the forces applied, for example when the application of external force results
in the squeezing open of ion channels or in conformational changes of proteins that
changes cell behaviour. Mechanotransduction describes the mechanisms by which
cells convert (transduce) mechanical forces into biochemical responses. Although it
is not the purpose of this thesis to review in detail the field of mechanobiology, it
would be remiss of us to discuss adhesion complexes without providing an overview
of some key details in particular to understand the direction and long-term goals of
our research. Along those lines, it is important to note that integrins are capable of
forming different types of bonds with their ligands, such as catch bonds and slip
bonds. A catch bond is a non-covalent bond whose dissociation lifetime increases
with tensile force applied. Whereas, a slip bond is one where the opposite is true,
meaning that the dissociation lifetime decreases with an increase in tensile force
applied across it. At the molecular level the bond formed between asf; and FN acts
as a catch bond for pulling forces less than 30 pN and above this force it is a slip
bond (Kong et al., 2009).

The molecular clutch model is another important concept in mechanobiology,
where it represents the serial link between the actin cytoskeleton and the ECM, and
is based on the analogy of the clutch of an automobile engine, where the clutch
engages or disengages so the car can move. In this case the cell requires engagement
of the adaptor proteins in order to transmit the signal and initiate cellular response.
The molecular clutch model was first proposed as a way to understand what drives
and controls the speed of actin retrograde flow (Mitchison and Kirschner, 1988).
Even in this early publication, the authors described how the engagement of talin
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with the integrin and actin can act as a molecular clutch controlling the rate of actin
retrograde movement. More recently, the molecular clutch model was proposed as
a mechanism to explain how the cell interprets its local environment (Chan and
Odde, 2008). In there, the authors proposed an expanded version of the clutch
model to explain how cells change their behaviour when adhered to substrates of
different stiffness. This model considers that myosin exerts forces on actin that
result in constant retrograde flow of actin. Next, because molecular clutches bind
(unbind) actin at a certain kon (koff) rate, when the system is engaged and force is
transmitted to the ECM, this binding acts against the retrograde flow. Due to the
force exerted by myosin on actin, the clutch is stretched until the force transmitted
is large enough, so the bonds are destabilised and the interactions break apart. How
abruptly this rupture occurs depends on the stiffness of the clutch and the substrate.
If the substrate stiffness is relatively high, the force builds up rapidly across the
clutch and the bond breaks. This regime is termed “frictional slippage”. However, if
the substrate is soft and malleable, the force exerted across the clutch builds more
slowly allowing sharing of the load among neighbouring clutch bonds. This leads to
a higher overall tension build-up until it becomes too high and results in a cascade
of ruptured clutch bonds. This scenario is termed “load-and-fail”. The initial
molecular clutch model has been recently adapted by the group of Roca-Cusachs to
account for the importance of talin unfolding (Elosegui-Artola et al., 2016). The
model shows that when only considering the on-off talin binding rates, one achieves
a biphasic relationship between traction force and substrate stiffness. However,
when the force-dependent unfolding rate of talin, which results in vinculin binding
and molecular clutch stabilisation, is included into the model, the outcome is that of
a monotonically increasing relationship between substrate stiffness and cell traction
forces. The predictions of this mathematical model were experimentally tested by
seeding cells on substrates of increasing rigidity and embedding beads to allow for
traction force microscopy measurements. In control cells, where talin can unfold
and vinculin bind to it, their results matched with the model predictions.
Furthermore, when the same experiment was carried out using either talinl knock-
out cells depleted of talin2 by shRNA or cells expressing talin mutants that did not
bind integrins or could bind but not activate integrins, the results indicated the
existence of a biphasic relationship, as theoretically predicted by the model in the
absence of talin unfolding. They also showed that in wild-type cells, as the substrate
stiffness increases, there is translocation of the transcriptional regulator YAP from
the cytosol to the nucleus, indicating that substrate stiffnesses regulates the way
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cells control gene transcription and, consequently, protein synthesis, i.e.,
mechanotransduction.

1.4 State-of-the-art techniques for imaging adhesion

complexes

The use of microscopy to study minute specimens stretches back to the time of
Galileo Galilei, 1609. At that time, the magnification was very modest (in the order
of 10x), and there were no other detectors than the human eyes, so the
observations relied on the observer to transcribe what was seen. Nowadays, and
thanks to our current understanding of optics and how light works, we have been
able to build microscopes that allow us to observe the inner structures and
behaviour of individual cells. In parallel to the advancement of light microscopy, the
development of electron microscopy (EM) as far back as the early 1930 allowed the
exploration of different cellular structures (Kruger et al., 2000). These advances
were incredibly important for the development of modern cell biology from the
1950s onwards. However, as scientists, we always want more, more detail providing
greater understanding. It is this quest for expanding our knowledge of the natural
world that has driven scientific discoveries over the past decades.

Although EM provided exquisite detail of the structure of certain organelles, the
development of antibody labelling and the expression of fluorescent proteins
opened up many doors in the field of cell biology. The use of genetically-encoded
fluorescent proteins revolutionised the field allowing the distribution and dynamic
behaviour of specific proteins to be studied in living cells. Furthermore, the
development of organic fluorescent dyes with various different absorption and
emission spectra as well as high stability and quantum yield allowed for multicolour
fluorescent imaging of nanostructures in fixed cells. The following sections will cover
the basics of fluorescence as well as an overview of some of the techniques where
it is implemented.

1.4.2 Fundamentals of fluorescence

Fluorescence is the physical phenomenon by which a molecule emits photons after
being irradiated with light (Valeur, 2001). Upon irradiation of a fluorescent molecule
in the ground state (usually a singlet state, So), the molecule absorbs a photon of a
given frequency, ve, causing the excitation of the molecule’s electrons to a higher
energy state (commonly the first excited single state, S;). These excited electrons
eventually relax to the ground state and in doing so there is a certain probability
that this energy relaxation is accompanied with the emission of a photon, which is
the process known as fluorescence. The emitted fluorescence photon has a lower

24



Chapter 1

energy (smaller frequency, vem) than the initially absorbed photon, a phenomenon
known as Stokes shift. Ideally, a fluorescent molecule should have a relatively large
Stokes shift, such that the excitation light can be filtered out from the emitted light
(Sanderson et al., 2014).

The use of fluorescence microscopy in biology benefitted from advances in
biochemical tools, such as the discovery of antibodies, which allow for the specific
targeting of proteins of interest. Hence, the coupling of antibodies with fluorescent
molecules allows for the labelling and visualisation of such proteins in their native
cellular context. This makes it possible to investigate if proteins are associated to
particular cellular structures. Further developments, such as multicolour
fluorescence microscopy, made it possible to study the spatial relationship between
different proteins, whereas the development of confocal microscopy allowed for a
reduction of background coming from surrounding cellular structures. However,
there is a very important aspect to consider when discussing microscopy and that is
the resolution achievable. Biological samples often have a large number of proteins
packed into a very same area and the aim is often to say if these proteins colocalise
or not and this can only be determined within the limitation of the system being
used.

1.4.3 Resolution and the diffraction limit

The level of detail of a fluorescence microscopy image is determined by the
resolution of the microscope, which is ultimately limited by the combination of the
wavelength of the excitation light and the optics implemented in the setup. This is
so because the spatial resolution is fundamentally limited by the fact that light is
diffracted when it passes through an aperture. In practice, this means that a point-
like light source (such as each of the individual fluorescent molecules in the
specimen), after being transmitted and diffracted throughout the optical
components of the microscope, is detected as a broadly distributed function in the
detection plane: the point spread function (PSF), which for a simple single lens
system corresponds to an Airy function. This limitation was first described by Ernst
Abbe in 1873 (Abbe, 1873), and therefore known as the Abbe diffraction limit, and
states that for light with wavelength A traveling through a system (optical lens) of
refractive index n converging to a point with a half-angle 6, the minimum distance
between two objects that can be resolved, d, is

A A
d = 2nsind 2NA’ (1.1)
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where NA = n sinf is the numerical aperture of the optical system, which is usually
in the range of ~1-1.5, and therefore d = 1/2. Thus, for instance, with an NA=0.5
and A=633 nm, the optical resolution is approximately ~633 nm, while for an NA=1.5
and A=488 nm, the maximum achievable optical resolution would be ~164 nm.

1.4.4 Diffraction-limited microscopy technigues

Despite these fundamental limitations on the spatial resolution, diffraction-limited
microscopy has been a very valuable tool to investigate the distribution and
dynamics of cellular structures and proteins. There exist different types of
microscopy depending on, for example, the illumination strategy, where certain
illumination schemes are more suited to particular samples or imaging needs.
Hence, choosing the optimal microscopy technique and illumination scheme
depends on the cell region to be imaged (plasma membrane, cytoplasm, or nucleus),
the resolution required, and/or the timescales in case dynamic information is
needed. Here, we essentially restrict to two microscopy modalities that have been
extensively used to investigate adhesion complexes on fixed and living cells.

1. Total internal reflection fluorescence (TIRF) microscopy
TIRF is a microscopy technique that allows imaging a very thin region of a cell just

above the surface of a glass slide. TIRF takes advantage of the difference in refractive
index between the glass and the cell. Depending on the angle at which the excitation
laser beam arrives to the interface between the glass and the cell, light can be either
refracted and propagate forward at a different angle, or reflected back into the
objective. When the incidence angle is such that the beam is fully reflected, although
there is no transmitted light, there appears an evanescent electromagnetic field —
of the same wavelength as the incident light — that decays exponentially as it
penetrates into the cell. Usually, the exponential decay of this evanescent field
makes that it only penetrates the first ~100 nm region above the glass slide. This
means that imaging fluorophores on the basal cell membrane or very close to the
membrane is extremely efficient (Figure 1.5, A) because there is a very strong
reduction of out-of-plane and background signal emanating from the cytosol or
other regions well above the cell membrane. This highly enhanced signal-to-
background ratio contrasts with the situation one would observe when illuminating
the sample straight through the objective in an epifluorescence configuration ("Epi",
see Figure 1.5 B), where fluorescence emitted from a large volume above the glass
slide is equally detected. TIRF imaging is very well suited to study membrane
structures such as FAs, and, as it is a wide-field optical technique, it is also well suited
to study the dynamics of membrane structures or individual proteins (see Section
on Single particle tracking (SPT) below). In some circumstances, such as if one
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requires high-speed imaging of intracellular processes that take place well above the
glass slide, the shallow penetration depth of the evanescent wave used in TIRF
microscopy is a disadvantage. To overcome this, a modified illumination scheme can
be applied, by shining the incident light at an angle smaller than the critical angle
reached for TIRF. This results in a highly inclined and laminated optical sheet (HILO,
see Figure 1.5 A), which propagates into the cell and reduces out-of-sheet light
compared to epifluorescence illumination. HILO illumination has been used for fast
imaging of intracellular structures (Tokunaga et al., 2008).
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Figure 1.5 TIRF microscopy

(A) Different illumination paths implemented for TIRF, Epifluorescence, and HILO illumination adapted
from Manzo and Garcia-Parajo, 2015. (B) TIRF microscopy image of FAs (paxillin and aspB;) taken in HFF-
1 cells after 90 min spreading on FN-coated glass. Scale bar 5 um.

2. Confocal laser-scanning microscopy

As one of the most widely used imaging techniques in cell biology, confocal
microscopy has led to a vast amount of scientific discoveries and beautiful
multicolour images of cellular structures. On the one hand, this technique uses
point-by-point illumination by focusing the excitation laser on a single point of the
specimen, and the laser then scans — usually in a line-scanning mode — over the
desired field of view, thereby providing a point-by-point read-out. On the other
hand, with the aim of reducing the fluorescence signal originating from fluorophores
outside of the focal plane, confocal microscopy uses a pinhole placed before the
detector that filters out most of the out-of-focus light. This configuration results in
a focal plane image of the sample (in modern confocal setups, the thickness of the
focal plane is usually of the order of the wavelength of excitation laser) with high
signal-to-noise ratio. The sample can also be moved through the focus of the laser
in steps, resulting in z-stacks of the sample that provide insights into the three-
dimensional structure of cellular components. Thanks to the improvements in
optical engineering, it is nowadays possible to have a supercontinuum white light
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source, from which the excitation wavelengths can be tuned with high accuracy, so
itis possible to devise the optimal combination of excitation lines, fluorophores, and
detection filters for multicolour confocal imaging (Figure 1.6).

Many of the initial studies on FAs used diffraction-limited fluorescence microscopy
techniques, such as confocal microscopy. Figure 1.6 shows an example of such
images, where we can notice how similar the distribution of paxillin and vinculin are.
At this level of lateral resolution (~250-300 nm), we can appreciate that the signals
for these two FA proteins appear to almost perfectly colocalise. Therefore, being
able to image adhesion complexes with a higher spatial resolution might provide
finer details that would help in our understanding of these complexes.

Paxillin =

Figure 1.6 Three-colour confocal microscopy image of FAs

Single-plane, three-colour confocal microscopy image of mouse embryonic fibroblasts (MEFs) seeded
on FN for 24 h, where the actin cytoskeleton (magenta), paxillin (cyan), and vinculin (yellow) have been
labelled and imaged using a Leica SP8 setup with 100x oil objective (NA 1.4). Labelling of paxillin and
vinculin was done using primary and secondary antibodies, for details see Table 2.2 and Table 2.3 of
the Methods Chapter; and actin was labelled using Phalloidin-Alexa 488. Scale bar 5um.

1.4.5 Super-resolution microscopy

The concept of super-resolution imaging is a general umbrella that covers a broad
range of fluorescence microscopy techniques, where the common underlying
feature is that they overcome the diffraction limit of light, providing higher spatial

resolution than conventional diffraction-limited fluorescence microscopy.

1. Structured illumination microscopy (SIM)
This technique uses gratings to manipulate the excitation wave into a standing wave

by illuminating the sample with patterned light (e.g., a striped pattern with a known
high periodicity). Due to the interferences with the fluorescence from the small
structures, this illumination scheme shifts high-frequency information (below the
diffraction limit of light) into low-frequency information that can be detected after
passing through the objective (the Moiré pattern effect). This frequency pattern
contains sub-diffraction limit information from the small features of the cell, and if
the pattern is then rotated and imaged with the sample a number of times there is
an increase in the level of detail acquired from the sample. This technique then
requires image processing to retrieve an image from the Fourier plane, which shows
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greater structural detail, see Figure 1.7 for an overview of SIM imaging (Gustafsson,
2000).

Figure 1.7 Concept behind structured illumination microscopy

(a) Two gratings, one rotated at an angle with respect to the other. The Moiré pattern is seen in the
overlapping region. (b) Imaging region in reciprocal space for a diffraction-limited microscope. (c) The
three Fourier components of the sinusoidal illumination pattern. (d) The original observation region
plus two offset regions arising from the Moiré pattern. (e) The outlines of the image regions when the
grating is rotated to different angles with respect to the sample overlaid with the resulting Fourier
image. Adapted from Gustafsson, 2000

A comparison between TIRF and SIM images of different FA proteins can be seen in
Figure 1.8. Although the resolution of conventional SIM is limited at ~100 nm, this
technique provides a greater insight into the distribution of proteins within
structures (Figure 1.8, F—J). Moreover, it is relatively easy to implement using any
standard immunofluorescent dyes, and most importantly, it is fully compatible with
live cell imaging allowing dynamic studies with increased spatial resolution.

& Integrin @D rAK Paxillin ® Vinculin & Zyxin

Figure 1.8 Comparing TIRF and SIM images of five different adhesion complex components
Single-colour images of different FA proteins: integrin B (A,F; blue), focal adhesion kinase (FAK) (B,G;
magenta), paxillin (C, H; yellow), vinculin (D, I; cyan), and zyxin (E, J; green) imaged using TIRF (A—E)
and SIM (F-J). Adapted from Hu et al., 2015.

2. Stimulated emission depletion (STED) microscopy
STED microscopy has become a popular, widely-used super-resolution technique

since its development in the lab of Stefan Hell in 1994 (Hell and Wichmann, 1994).
STED is made possible by combining the principle of stimulated emission with the
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reshaping of beam profiles. As mentioned in the introduction of this chapter,
fluorescence emission occurs when the molecule is excited with laser of energy hvex
to the S; state where it then has a probability to decay spontaneously with the
emission of a photon of lower energy hvi. However, if before the molecule has time
to relax to the ground state (time scale ~ns), it is illuminated with a laser of longer
wavelength, there is a probability that the molecule relaxes to the ground state So
with the emission of two photons with energy identical to the incident depletion
photon, hvstep, (Figure 1.9 A) (Leutenegger et al., 2010). In order to benefit from the
process of stimulated emission to increase spatial resolution, STED microscopy uses
two laser beams to illuminate the sample, the standard excitation beam and the
STED or depletion laser beam. To generate the characteristic doughnut shaped
beam, the STED laser passes through a phase plate resulting in an intensity profile
with a minimum in the centre. The minimum of the depletion beam is overlapped
with the maximum of excitation beam profile (see Figure 1.9 B, excitation and STED
boxes). In this way, the STED and excitation beams are co-aligned such that the area
from which the fluorescence is detected is determined by the width of the central
minimum of the STED beam. The excitation beam is focused onto the sample and
excites the molecules into their excited state, whereas the co-aligned doughnut-
shaped STED beam induces stimulated emission of these molecules from the excited
to the ground state. This overlap of the two lasers ensures the photons detected are
originating from the minimum of the doughnut and the molecules outside of this
region undergo stimulated emission of photons, which are spectrally filtered out.
These two lasers are then scanned over the entire sample with a pixel size smaller
than that defined by the Nyquist criterion for imaging techniques like confocal. This
‘oversampling’ ensures that the intensity profiles of densely packed molecules can
be distinguished as discrete photon sources. The efficiency of depletion of
fluorescence is shown in Figure 1.9 C as a function of STED laser power. As a
consequence, the effective resolution improvement of STED microscopy with
respect to conventional diffraction-limited microscopy is determined by the STED
laser power as,

d= —2 (1.2)

’
2NA /1+I/Isat

where I is the STED laser power, and /sq: is the saturation intensity.

The requirement of high STED laser powers (~tens or hundreds of mW, Figure 1.9
C) for super-resolution STED microscopy is seen by many as a serious drawback, in
particular when applying STED for live cell imaging. However, in fixed samples, one
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can certainly achieve an increase in resolution as compared to confocal. This
increased resolution reveals finer details of protein distributions in cells as seen in
our example targeting the two FA proteins, paxillin and vinculin, Figure 1.10. It is
also worth mentioning that new developments such as gated STED are able to
reduce photobleaching by reducing the effective power of the STED laser beam
(Vicidomini et al., 2011). Moreover, there is extensive and continuous work from
different groups towards the development of brighter dyes with reduced
photobleaching for STED applications, including commercially available dyes from
the Abberior company.
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Figure 1.9 Overview of STED microscopy

(A) The typical Jablonski diagram for STED microscopy, based on (Leutenegger et al., 2010). (B) Scheme
for the beams that are focused onto the sample, where the overlap of the excitation and STED beams
results in detection of fluorescence from a spot with a diameter much smaller than 200 nm. (C)
Dependence of the detected fluorescence on the STED laser power. Top graph shows that the drop off
of detected fluorescence as a function of the STED laser power is very steep, and that above a certain
laser power threshold ("off" denoted area) the fluorescence detected from the area overlapping the
STED beam is negligible. Bottom graph shows how the diameter of the central spot of the doughnut
beam, and so the spatial resolution of the technique increases with increasing STED laser power.
Adapted from Clausen et al., 2013.

The proper choice of fluorophores is a hallmark to obtain high quality multicolour
STED microscopy images, which can provide important information to investigate
the relative (co-)localisation of different proteins at the nanoscale. Another
important advantage of using STED microscopy is that it is possible to quantify
changes in protein nanoclustering. For instance, STED microscopy was coupled to
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image deconvolution to study the nanoclustering of active and inactive integrins in
FAs, as well as the relative localisation of some key proteins with respect to
active/inactive integrins (Spiess et al., 2018).

Distance(nm)

s

Figure 1.10 Confocal versus STED microscopy in MEFs on FN-coated glass

Upper left of the image shows vinculin (magenta) and paxillin (cyan) imaged with confocal settings and
the lower right of the image shows the same cell imaged using dual colour STED microscopy. The image
was taken using a Leica SP8 commercial setup, where proteins were labelled with primary and
secondary antibodies, see details in the methods chapter Table 2.2 and Table 2.3. The inset illustrates
the gain in resolution of the protein spots shown in the white box. In confocal, the protein spots were
seen to have a FWHM of ~500 nm, whereas in STED it was possible to identify three distinct clusters
of ~100 nm, 80 nm, and 60 nm FWHM, respectively (from left to right on the graph and top to bottom
on the image).

Furthermore, in a publication of our lab from 2021, we used STED microscopy to
investigate the changes on the nanoclustering of the cell surface protein ICAM-1
upon exposure of the cell to shear flow (Piechocka et al., 2021). We showed that, by
comparing the spot intensities of ICAM-1 nanoclusters localised on the cell surface,
to those spots found on the glass (corresponding to single antibodies absorbed on
glass), we were able to quantify the characteristic sizes and intensities of those
nanoclusters. Our results indicated that ICAM-1 clustering increases as a response
to the application of shear flow (8 dyn/cm?) for 4 h, and that such enhanced
nanoclustering depends on the actin cytoskeleton as we observed a reduction of the
cluster descriptors back to the basal levels in the absence of shear flow when we
treated the cells with cytochalasin D (Figure 1.11), which disrupts actin
polymerisation and leads to actin cytoskeleton disassembly (Piechocka et al., 2021).
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Figure 1.11 ICAM-1 clustering after exposure to shear flow

Endothelial cells (ECs) on FN-coated glass coverslips were immunofluorescently labelled for the
membrane protein ICAM-1 (green). (A) Representative image of the ICAM-1 on an EC not exposed to
shear flow. (B—D) Representative images of the ICAM-1 on an ECs exposed to shear flow, showing a
region of interest (ROI) upstream of flow (B), downstream of flow (C), and a cell that was exposed to 4
h of flow and then treated with cytochalasin D (cytoD) (D). Scale bars are 4 um. (E) Quantification of
the fluorescent spots where ‘glass’ is considered to be the intensity coming from individual
fluorophores. Figure adapted from Piechocka et al., 2021.

3. Near-field scanning optical microscopy (NSOM)

NSOM exploits the near-field interaction of light with matter to effectively increase
the optical resolution. This is commonly achieved by using a subwavelength
aperture probe as excitation source, instead of the standard focused light through
an objective lens. The probe is scanned over the sample surface to locally excite the
fluorophores, and the emitted fluorescence is collected in the far-field using
standard optics. The resolution of the technique depends on the size of the aperture
and the distance between the sample and the scanning probe, see Figure 1.12,
(Garcia-Parajo et al., 2005). In the past, our group used this technique to image the
integrin o> on the surface of monocytes prior to ligand binding (van Zanten et al.,
2009). They showed that o> forms nanoclusters of ~85 nm in size when imaged
with NSOM, and not of ~270 nm as measured using confocal microscopy, see Figure
1.12 B, C (van Zanten et al., 2009). Although NSOM provides high spatial resolution,
it requires highly complex setups and it is a low-throughput technique, so it has been
rarely used in the field of super-resolution microscopy of biological samples.
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Figure 1.12 NSOM for imaging .8 integrins on monocytes

(A) Scheme of the setup used for imaging cells with NSOM. The zoom-in and inset show the NSOM
probe with a sub-diffraction aperture (scale bar = 100 nm) used to excite the sample. (B) Signal from
o2 on a monocyte imaged using NSOM. (C) Zoom area of the white box shown in panel (B), showing
individual a., nanoclusters and the comparison between NSOM (left half) and confocal microscopy
(right part). Figure adapted from van Zanten et al., 2009.

4. Single molecule localisation microscopy (SMLM)

SMLM is a family of imaging techniques, which provide super-resolution images
using either TIRF or a HILO illumination scheme. The general commonality shared
between all SMLM techniques is that they rely on the localisation of the centre-of-
mass positions of individual molecules, and they do that by sequentially imaging
different subpopulations of sparsely-distributed fluorescent molecules on the
region to be imaged. The localisation of each individual molecule is obtained by
fitting its intensity profile (the point-spread function, PSF) with a Gaussian profile
and detecting its centre position. This procedure is repeated over thousands of
cycles (corresponding to the sequential images — frames — of different fluorescent
molecule subpopulations), and then the identified localisations of all the molecules
in each frame are collapsed to create a single reconstructed super-resolved image.
A key requisite for SMLM techniques is to be able to fluorescently detect single
molecules, which requires their sparse distribution. There are different ways to
achieve that, which is what distinguishes the different SMLM methods from each
other. The birth of this field came from two seminal publications in 2006, one
showing sub-diffraction-limit imaging using fluorescently-labelled antibodies in a
technique named stochastic optical reconstruction microscopy (STORM) (Rust et al.,
2006), and the other one achieving super-resolution by imaging photoactivatable
fluorescent proteins in a technique known as photoactivated localisation
microscopy (PALM) (Betzig et al., 2006). As already hinted above, the critical
difference between these two techniques is that while STORM relies on
immunolabelling with specific dyes, PALM uses genetically-encoded fluorescent
proteins. They both depend on the capacity of the fluorophores to undergo a series
of photophysical cycles from dark (off) to fluorescent (on) states, which guarantees
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the requirement that only a subpopulation of the molecules is detected in each
imaging frame.

In  PALM, autofluorescent proteins can either be photoactivatable or
photoconvertible which are both irreversible processes. This means one wavelength
is initially used to activate (switch from off to on) or convert (switch from one
wavelength to another) these probes and once activated (or converted) a second
laser is used to read out the desired signal (Lukyanov et al., 2005; Lelek et al., 2021).
Eos is the photoconvertible fluorescent protein that arguably is the most commonly
used PALM probe. Eos, in its "natural", non-photoconverted state, has a green
excitation wavelength, Ag.orr = 488 nm, but when exposed to UV light, Ag.r = 405 nm,
it undergoes chemical changes and is red shifted such that its new excited
wavelength is Az.orr = 561 nm (Lelek et al., 2021). Therefore, periodically illuminating
a sample expressing Eos with UV light induces photoconversion of a subpopulation
of the fluorescent proteins, which can be imaged at the single molecule level by
using a continuous excitation laser at 561 nm. Taking advantage of the expanding
palette of photoconvertible fluorophores, in 2007 the Betzig's lab established dual-
colour PALM and used it to image cells expressing Eos and Dronpa (Shroff et al.,
2007). That study revealed for the first time the capabilities of PALM to study the
nanoscale segregation of proteins in dense cellular environments as is the case for
paxillin and vinculin in FAs (Figure 1.13 A). PALM has been developed over the years
to include modifications and improvements, such as those that led to
interferometric-PALM (iPALM) (Shtengel et al., 2009). This technique combines an
interferometer with PALM to provide 3D structural information at the nanometre
scale. For our work, the most influential example of the use of iPALM came in 2010,
when the Waterman lab presented their work revealing the axial nanoscale
architecture of FAs. The results from that seminal work showed that proteins of the
adhesion complex inhabit different layers positioned at different heights above the
cell membrane (Figure 1.13 B, C) (Kanchanawong et al., 2010).
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Figure 1.13 PALM imaging of cell-ECM adhesions

(A) The first example of dual-colour PALM imaging revealed the lateral segregation of paxillin (green)
and vinculin (red) within FAs at the nanoscale. Adapted from Shroff et al., 2007. (B) Examples of iPALM
images of integrin a, and actin where the colourmap represents the proteins axial distance from the
glass coverslip. In the left panel, ay is seen as a largely uniform yellow colour indicating its location in a
single layer close to the sample slide <50 nm from the surface. In the right panel, actin is found at
different heights above the substrate. Scale bars are 500 nm. (C) The iconic model of the 3D distribution
of the key FA proteins and the functional layer they occupy. (B) and (C) are adapted from
Kanchanawong et al., 2010.

In the case of STORM, different photophysical processes can be exploited to achieve
the activation of a subpopulation of fluorophores, which define the exact type of
STORM. In general, STORM relies on the use of photoswitchable dyes that undergo
reversible light-induced on-off transitions (blinking). Originally, STORM was carried
out using a dye pair (Cy3 and Cy5) in a buffer containing a thiol and an oxygen
scavenger to enhance reliable photoswitching when irradiated with green or red
lasers, respectively (Rust et al., 2006). In that report, the dye pair was exposed to a
high-power red laser to force the molecules into a dark state (off state), after which
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a green laser was used to switch a fraction of the molecules back to the ground state
(on state) so they can be excited by the red laser again and their emission detected
as a diffraction-limited PSF. This on-off photoswitching can be repeated multiple
times resulting in cycles of stochastic activation and detection of a subset of
fluorophores. Since photoswitching is reversible, a single fluorophore can be
activated several times and in temporally distinct acquisition frames until its photon
budget is exhausted (Rust et al., 2006). Direct STORM (dSTORM) is a technique very
similar to STORM, which is carried out using just one fluorophore per channel so it
does not depend on the crosstalk between an activator-reporter pair (it is activator-
free) like in original STORM. More in-depth discussion of this topic can be found in
Chapter 2 section 2.4, where we focus on the methods we used in the thesis.
dSTORM is possible thanks to the finding that Cy5, independently of Cy3, cycles
between on and off states when exposed simultaneously to green and red laser light
(Heilemann et al., 2008). Interestingly, organic dyes such as some Alexa Fluor and
ATTO dyes, were also shown to undergo photoswitching in the presence of thiols as
reducing agents (Van De Linde et al., 2011). In the last decade or so, other SMLM
techniques, such as PAINT and DNA-PAINT have been proposed and successfully
used in different biological contexts (Lelek et al., 2021).

Both STORM and dSTORM have been exploited by many research groups spanning
through a wide range of biological applications. Of particular interest in the context
of this thesis, these techniques have provided great insight into how proteins
distribute in force-exerting FAs, Figure 1.14 A (Hoorn et al., 2014), revealing the
nanoscale organisation of asB; integrin in separate active and inactive clusters inside
FAs, Figure 1.14 B (Spiess et al., 2018), as well as the rearrangement of actin and
formation of actin patches as a response to the application of mechanical stimuli in
the form of shear flow, Figure 1.14 C (Piechocka et al., 2021).
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Figure 1.14 Examples of dSTORM and STORM for the study of FAs and actin response to
mechanical stimuli

(A) Top panel shows an EM image of a cell protrusion on micropillars, whereas the bottom panel shows
a two-colour dSTORM image of the area marked by the black box in the top panel, where actin (green)
and paxillin (red) were labelled. Scale bar is 1 um. Figure adapted from Hoorn et al., 2014. (B)
Reconstructed STORM image (and zoom in the bottom panel) of active (green) and inactive (red)
integrin B1 nanoclusters. Scale bars are 5 um and 1 um in the top and bottom panels, respectively.
Figure adapted from Spiess et al., 2018. (C) Two-colour STORM imaging to study cell response to the
application of forces. The images show ICAM-1 (green) distribution together with actin (red) on
unstimulated ECs (top panel) and on cells exposed to 4 h shear flow (bottom panel). Arrow marks
direction of the shear flow, and the scale bars are 1 um. Figure adapted from Piechocka et al., 2021.
1.4.6 Single molecule dynamic approaches

So far, we have reviewed different imaging techniques with particular emphasis on
static imaging, where the development of super-resolution approaches has
contributed to a greater understanding of fundamental cell biology. However,
imaging of static, fixed cells provides a limited view because in living cells proteins
are mobile and transiently interacting with one another. To circumvent these
limitations, complementary techniques that can reveal the dynamic behaviour of
proteins in the cell are required. Fluorescence recovery after photobleaching (FRAP)
is a diffraction-limited optical technique that has been used over decades to study
the diffusion of specific proteins in living cells (Stutchbury et al., 2017; Legerstee et
al., 2019). Although the technique has excellent temporal resolution, it lacks the
spatial resolution and sensitivity required to investigate the dynamics of individual
molecules at the nanometre scale. Fluorescence correlation spectroscopy (FCS) is

another technique highly suitable for studying fast protein dynamics in vitro and in
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living cells with single molecule detection sensitivity. FCS, commonly implemented
in a confocal configuration, is based on the time-dependent recording and detection
of bursts of fluorescence signal as a dye moves through the microscope detection
volume. Statistical analysis (time correlation) of the recorded fluorescence intensity
traces provides information on the number and diffusion time of molecules in the
detection volume (Maiti et al., 1997; He and Marguet, 2011; Regmi et al., 2017;
Winkler et al., 2017). Due to its high temporal resolution, FCS has been commonly
applied to measure fast diffusion processes in living cells and much less applied to
study adhesion complexes which have been thought to evolve slowly in time. Below
we concentrate on another technique (single particle tracking), which is being
increasingly used to study individual molecules within adhesion complexes.

1. Single particle tracking (SPT)
One of the most common techniques for studying the dynamics of individual

molecules in living cells is single particle tracking (SPT). Similar to SMLM techniques,
each frame of an SPT experiment captures a sub population of proteins in order to
study their dynamics. However, in traditional SPT unlike SMLM techniques, this is
achieved by sub-labelling the protein of interest. The imaging is commonly carried
out using TIRF or HILO illumination, so the signal-to-background ratio is large enough
for accurate single molecule detection, and hence the technique is highly favoured
for basal membrane studies. In the past, our group has used this technique to
investigate the dynamic behaviour of integrins on the cell membrane, for example
a4P1 expressed on T cells (Sosa-Costa et al., 2016). In another study from our group,
the authors took advantage of conformation-sensitive antibodies that specifically
target active oy integrins to study how their dynamics changed in comparison to
the general population. The concept of the experiments is to record individual
molecules on the surface of the cell (Figure 1.15 B), and find their localisation
individually frame by frame (Figure 1.15 C). The analysis of these trajectories (Figure
1.15 D) in terms of their diffusion behaviour or their rate of occurrence allowed the
authors to reveal that integrins in the extended conformation are mostly stationary
on the cell membrane (Bakker et al., 2012).
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Figure 1.15 SPT of a,8; integrins on the cell membrane of monocytes

(A) Schematic representation of the different o8, (also known as LFA-1) conformations being labelled
by the antibodies and tracked on the cell surface. (B) Representative image of the labelling density at
the cell membrane, using the antibody TS2/4 to label a, B, irrespective of its conformational state. Scale
bar, 5 um. (C) Images of three individual molecules are shown in each row (top, middle, and bottom)
at different times, to illustrate the different kinds of diffusion behaviour observed. (D) Example of
reconstructed trajectories obtained for different particles where orange indicated a fast-moving
particle, blue is slow, and black is immobile. Adapted from Bakker et al., 2012.

Alsoin 2012, another study revealed that B3 and B, integrins have different dynamics
depending on the region of the cell membrane they are exploring (Rossier et al.,
2012). In this work, the authors used SPT-PALM which, as the name suggests, relies
on the use of photoactivatable fluorescent proteins such as those used in PALM, to
effectively reach sub-labelling conditions for SPT (Manley et al., 2010). Using this
approach, Rossier et al. showed for the first time that B3 (Figure 1.16 A top) and B:
(Figure 1.16 A bottom) integrins exhibit remarkably similar diffusion behaviour, but
very different dynamics inside or outside FAs (Figure 1.16 B). In addition, the authors
explored different integrin mutants to assess the role of ligand binding (B1-D130Y
mutant) and actin binding proteins, such as talin (B1-Y783A mutant) on the mobility
of the integrins (Figure 1.16 B). Interestingly, this work showed that inhibition of the
binding to actin, and thus, inhibiting full integrin activation, increased the mobility
of the integrin. These results are fully consistent with those from our group, where
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activation of o3, integrins also resulted in reduced mobility (Bakker et al 2012).

Together, these two publications established integrin mobility as a proxy for their

activation state, i.e., active integrins engage with the actin cytoskeleton and thus
remain immobile on the cell surface.
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Figure 1.16 Dynamics of 83 and 81 integrins inside and outside FAs
(A) SPT tracks superimposed on a paxillin-based mask (grey scale) of B; (top row) and B; (bottom row),
where the tracks are colour-coded according to the type of dynamics, as shown in the legend. The right
column shows the zoom-in images for FAs regions. Scale bars are 1 um. (B) shows the log of the
diffusion coefficients inside (top) and outside (bottom) in FAs. For wild type (WT) B3 and B1 (black and
brown, respectively) and two B1 mutants, D130Y, which prevents RGD binding (green) and Y783A,
which inhibits talin-dependent activation (red). The grey shaded regions on both histograms
correspond to immobile integrins. Adapted from Rossier et al., 2012.

A main limitation of SPT based on the use of organic dyes or autofluorescent
proteins is that the length of the trajectories is generally limited to few seconds,
which is in turn dictated by fluorophore photobleaching. Research from the Kusumi
lab has focused on overcoming this challenge and extending the length of the
trajectories. They achieve this by controlling the molecular oxygen available to limit
photobleaching and still insure cell survival. In addition, they also used a reduction
and oxidisation system, termed ROXS, to reduce the residence time of the molecules
in the triplet states, and thus reduce photoblinking, which is problematic for
trajectory reconnection, and photobleaching (Tsunoyama et al., 2018). Following
this approach, the Kusumi lab showed that the integrins B; and Bs change their
dynamic behaviour depending on whether they are inside or outside an adhesion
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(see Figure 1.17). Specifically, they confirmed that inside the adhesions, integrins
are less mobile. Most importantly, the authors found that integrins inside FAs are
more likely to experience a long-lasting temporary arrest of lateral diffusion (TALL)
as compared to outside FAs (Tsunoyama et al.,, 2018). Considering that
immobilisation is a proxy for integrin activation, these results confirmed that
integrins can change their conformational state from inactive (mobile) to active
(arrested or immobile) in a highly dynamic manner, even inside FAs.
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Figure 1.17 Super-long SPT trajectories for 8; and 83 integrins

Super-long trajectories (136 s) for B; (left panel) and Bs (199 s) (right panel) integrins across a number
of FAs (grey regions) where the TALL events are colour-coded according to their duration (where purple
is shortest and pink the longest). Scale bar is 2 um. Figure taken from Tsunoyama et al., 2018.

In this section, we have covered a wide array of techniques used to image proteins
in fixed or living cells, each one with its advantages and disadvantages and better
suited to specific tasks. In the final section of the introduction chapter, we look at
different experimental approaches to mechanically manipulate and stimulate cells,
with the aim of studying their response.

1.5 Techniques to probe the effect of mechanical stimuli

on cells
Cells react to changes in their environment, meaning that they can sense those
changes and respond accordingly by adapting their biological response. Examples of
this are the variation in cell spreading depending on the ligand distribution on the
substrate, or how cells change their migration mode as a response to gradients in
the rigidity of the substrate (durotaxis) or in the chemical composition of the
environment (chemotaxis or haptotaxis). However, although assaying for global
changes in cellular function is obviously important, if we are truly going to
understand the mechanisms by which a cell reacts to mechanical stimuli, then we
need methods that allow a controlled environment combined with techniques to
probe the changes at the molecular level. In particular, in the study of
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mechanosensitive structures such as adhesion complexes, a number of techniques
have been used to externally exert forces on the cell as well as to engineer different
types of substrates to investigate how the cells themselves exert forces on their
environment. This section gives an overview of these techniques used to decipher
the inner mechanisms of mechanosensing and mechanotransduction.

1.5.2 Shear flow application

In order to gain a detailed understanding of how complex biological systems work,
we need to find the right balance between choosing the minimum set of
experimental variables (and being able to experimentally control them) and keeping
a physiologically-relevant system. In here, we will explain our work in the field of
immunobiology, where we aim at understanding how T cells (a type of lymphocytes)
adhere to and roll on the endothelial cells (ECs) that line the blood vessels. Although
one would ideally study this at high resolution in an in vivo system, this is not at
present a realistic situation because the more complex the system is, the more
difficult it is to control and to image. Therefore, our group used a parallel plate flow
chamber (PPFC) to study how T cells interact with ECs and how ECs react to the

application of shear flow, mimicking the flow conditions in the blood vessels.
Specifically, we used a system consisting of a PPFC and a peristaltic pump (Figure
1.18) to apply a controlled shear flow over a monolayer of ECs for 4 hours.

CO,in

Vent

Perfusion pump

Media Supply

Objective

Figure 1.18 Setup for the application of shear flow to ECs

This system was made up of a perfusion pump supplying media at 8 dyn/cm? to the PPFC and over the
cells within. The PPCF is in a temperature-controlled environment over an inverted Olympus x71
microscope. Adapted from Sosa Costa, 2017.

The experiments then focused on studying the two sides of the system: (i) the EC
reaction to the application of shear force; and (ii) the behaviour of T cells that were
introduced into the PPFC after the ECs were exposed to shear flow, particularly
whether and how T cells altered their migratory behaviour as a response to EC
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exposure to shear flow. Our results showed that upon the application of shear flow,
the ECs rearranged and aligned to the direction of the flow (Figure 1.19 A). We fixed
and labelled those cells for the membrane receptor ICAM-1, which is the ligand for
LFA-1, an integrin on the surface of T cells. Our results indicated that ICAM-1 is
upregulated on the membrane when ECs are exposed to TNF-a (Tumour Necrosis
Factor alpha), a cytokine that is produced during acute inflammation when an
immune response is required (Figure 1.19 B). We also saw that with the application
of shear flow there was a further upregulation of ICAM-1 in the first 2 h, and after
this time the ICAM-1 signal plateaus (Figure 1.19 C). The confocal fluorescence
microscopy images revealed that as well as there being a global increase of ICAM-1
in cells after flow compared to static cells, the spatial distribution of the ICAM-1 was
also altered as a response to the flow. In static cells, ICAM-1 was seen to be
uniformly distributed on the membrane, whereas in cells exposed to flow we
observed the redistribution of the receptor upstream of flow (Figure 1.19 A). As a
follow-up to the observation that cells align along the direction of flow, we imaged
the actin cytoskeleton by confocal microscopy, and saw a rearrangement of the
actin architecture with the main fibres found to form downstream of flow. STORM
imaging revealed that, upstream of the flow, the actin at the basal membrane forms
patches rather than fibres. After observing these changes in the actin cytoskeleton,
we sought to determine the effect of shear flow on the myosin distribution.
Interestingly, our results showed that, while in static cells actin and myosin form a
characteristic sarcomeric pattern along the stress fibres, upon exposure to 4 h of
shear flow myosin appears to be disengaged from actin fibres and to reside in the
cytosol (Figure 1.19 D).
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Figure 1.19 EC response to application of shear flow
(A) Fluorescence microscopy image of ICAM-1 (green signal) in static (left panels), and 4 h shear flow
(right panels) conditions. White arrows indicate the direction of the flow. Yellow arrows point at the
upstream accumulation of ICAM-1 upon shear-force application. Scale bars, 50 um in top images and
15 um in bottom images. (B) Plot of the intensity of the ICAM-1 fluorescence over the cell normalised
to the area of the cell for cells incubated with TNFa and in resting cells with no TNFa. (C) Percentage
of upstream ICAM-1 fluorescence signal taken from individual ECs under resting (open light green
symbols) and TNFa (closed dark green symbols) conditions as a function of shear flow application. The
signal was estimated from 50% of the desired cell area and divided by the total intensity calculated
over the entire cell. (D) Confocal images of actin (magenta) and myosin-Il (green) in static ECs (left
panels) and in ECs after exposure to 4 h shear flow (right panels). Panels (A—-C) are adapted from
Piechocka et al., 2021, and panel (D) is unpublished data.

This set of experiments provided us some understanding of how ECs respond to the
exposure to shear flow. However, as mentioned earlier, there are two sides to this
story and so we also wanted to understand how these changes in the protein
distribution on the EC membrane influence T cell interaction and migration. In that
respect, we showed that T cells resting on ECs that were subjected to 4 h shear flow
were more promigratory and adopted an amoeba-like shape, as compared to a
higher percentage of T cells showing a round shape when resting on static ECs. We
hypothesised that this was a result of the increased ICAM-1 clustering observed by
STED microscopy (Figure 1.11). In order to test this hypothesis, we carried out
experiments where we coated glass cover slips with either monomeric or
nanoclustered ICAM-1, on which we seeded T cells (in the absence of shear flow)
and studied their migratory phenotype. Our results indeed validated our hypothesis,
showing that T cells seeded on nanoclustered ICAM-1-coated slides had a more
amoeba-like, promigratory phenotype and migrated faster (Piechocka et al., 2021).
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As a whole, these experiments demonstrated that shear-forces have a profound
effect in the nanoscale organisation of ICAM-1 on ECs, promoting their
nanoclustering prior to T cell engagement. Such shear-flow-induced nanoclustering
increases T cell migration, a process that might be relevant in the context in the
immune adhesion cascade.

1.5.3 Nanostructures to probe mechanical forces exerted by cells
An important aspect of mechanobiology is to understand how cells apply forces to
their surroundings. Hence, from the technical side, the development of methods to
measure such cell-exerted forces has been of utmost importance in the field. One
of these tools is the use of nanopillars and beads embedded into elastic substrates,
which have been used to study how cells interact with and mechanically deform
their local environment. The force applied by the cell can be measured by the
deflection of the nanopillars in one case (Figure 1.20 B), or by the displacement of
the beads upon cell contact (Figure 1.21, left panel). Having a quantitative readout
of the magnitude of these forces is an important first step, but it is also important
to know the molecular machinery involved in force application. In the work by Hoorn
et al., cells were plated for 16—24 h on micropillar arrays with dimensions 2 um
diameter, 2 um spacing, and with a height of 6.9 um. The pillars were characterised
and then the deflection of the pillars was measured when cells were adhered to
them. The deflection of the pillar was then correlated to the force exerted by the
cell on its surroundings. Using dSTORM, the authors observed that actin and paxillin
were enriched at the cell protrusions (Figure 1.20 A, right) and furthermore using
confocal imaging of the pillars together with actin and paxillin, they saw that the
deflection of the pillars was highest in these protrusive regions of the cell (Figure
1.20 B) (Hoorn et al., 2014).
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Figure 1.20 Study of the forces exerted by cells using nanopillar structures

(A) left is an EM image of a section of a cell on the nanopillar array and right shows the dSTORM
reconstruction with paxillin (red) and actin (green) labelled. (B) Confocal images of an entire cell (left)
and a zoomed-in region (right), seeded on nanopillars coated with FN (shown in blue), where paxillin
(green) and actin (red) were labelled and their signal is overlaid with the force vectors calculated from
the nanopillar displacement. Scale bar is 10 um and force scale bar (arrow) is 20 nN. Adapted from
Hoorn et al., 2014.
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As mentioned above, in traction force microscopy, small beads are embedded in a
polymer so the traction force exerted by the cell on the substrate can be extracted
from the measured bead displacement. An additional advantage of this technique is
that, by varying the embedding polymer composition, it is possible to control the
rigidity of the substrate the cells attach to. Hence, it is not only possible to measure
the forces applied by the cell to the substrate, but also to investigate how such
forces change with the substrate stiffness (Figure 1.21). Remarkably, increasing the
substrate stiffness also caused the nuclear translocation of the transcriptional
regulator YAP (Figure 1.21, middle column). The increased localisation of YAP in the
nucleus as a response to mechanical forces applied on and by the cell lies at the end
of the mechanosignalling cascade that leads to the cell responding by the production
of new proteins. As such, YAP nuclear translocation has become a popular readout
of mechanotransduction.

As previously indicated, it would be remiss of a researcher to study forces applied
by the cell to substrates of different rigidities and not study how this influences the
formation of FAs. Elosegui-Artola et al. showed that in cells seeded on soft
substrates, there is a reduction in the FA area, which parallels the reduced forces
exerted by the cell on the substrate and low levels of YAP in the nucleus. By contrast,
cells seeded on stiff substrates show a high traction force, and YAP translocation to
the nucleus occurs on those cells with mature FAs (see Figure 1.21, right) (Elosegui-
Artola et al., 2016). The same authors also revealed in a subsequent publication that
the application of external forces by pressing on the nucleus leads to nuclear entry
of YAP (Elosegui-Artola et al., 2017). These publications highlight that exciting
experiments can be carried out to understand how cells control their responses to
mechanical stimuli.
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Figure 1.21 The response of fibroblasts to different substrate rigidities

Left panels: traction force microscopy images with the colour map indicating the regions of the cell
that deform the substrates and displace the beads the most, where red indicates high forces and blue
low force. Middle panels: Fluorescence microscopy image of YAP labelled in cells seeded on soft
surfaces (top) or stiff surfaces (bottom), showing an enhanced nuclear YAP signal on the stiff surface-
seeded cells. Right panels: fluorescence microscopy image of a cell as it spreads on the two surfaces of
different rigidities. Cells were labelled for vinculin with the red inset showing a zoom-in of membrane
regions with and without FAs. All scale bars are 20 um. Adapted from Elosegui-Artola et al., 2016.

As we progress with our research in mechanobiology, we aim to improve the
accuracy and sensitivity of our experimental setups as well as being able to use
biological systems that are as (patho-)physiologically relevant as possible. With that
in mind, we do not only need to consider the effects of the rigidity of a substrate
where the ligand is attached and immobile, but we must also consider the case
where the ligand is not fixed in the substrate but can move once force is applied to
it. In an effort to investigate this latter situation, work coming from a collaboration
between the Roca-Cusachs and Salmeron-Sanchez labs showed how the cell
respond to changes in substrate viscosity (Bennett et al., 2018). Specifically, in those
experiments, the authors seeded the cells in RGD ligand-containing supported lipid
bilayers (SLBs) of different viscosity or fluidity. By altering the lipid bilayer
composition, they could mimic conditions of high diffusive ligand mobility (1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayers) or reduced ligand mobility
(1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) bilayers) (Figure 1.22).
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Figure 1.22 Schematic representation of the experimental assay to study the cell response to
changes in viscosity

This graphic shows the system used to measure the cellular response to substrate viscosity as well as
the layers of functionalisation to present the RGD for the cell to bind. The cell in blue is plated on a
surface of either glass (rigid), DPPC (gel), or DOPC (fluid-like). The substrates are functionalised using a
low percentage of biotinylated lipid which can bind neutravidin, which in turn binds to the biotin-RGD
motifs presenting the ligand so that the cell adheres primarily via the desired integrins, asB: and ayps.
Adapted from Bennett et al., 2018.

Their results showed that, after the cells were allowed to attach and spread on the
different substrates for 3 h, their phenotypes were strongly influenced by the
substrate viscosity. On DPPC bilayers, which have reduced ligand mobility but are
still a viscous environment, cells spread (Figure 1.23, middle) but not to the same
extent as those cells seeded on glass (Figure 1.23, left). Notably, cells seeded on
DOPC bilayers were unable to properly spread (Figure 1.23, right). In summary, this
study showed that FA formation is severely influenced by the viscosity and the ligand
density of the substrate onto which the cells are seeded.

Figure 1.23 How a cell responds to substrate viscosity

Fluorescence microscopy imaging of actin (green) and vinculin (red) in cells plated on surfaces with
different mechanical properties: rigid substrate (RGD-coated glass, left); high viscosity, low fluidity
substrate (RGD-containing DPPC bilayer, middle); and low viscosity, high fluidity substrate (RGD-
containing DOPC bilayer, right. Scale bars are 25 um. Adapted from Bennett et al., 2018.

Indeed, the combination of mechanical probing of cells with super-resolution
imaging techniques, would provide us with an even greater understanding of how
protein organisation is influenced by changes in the environment or the application
of external forces. As is often the case with experiments that combine many
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techniques, it has proven to be extremely challenging to image the effects of
mechanical forces on cells at high spatial and/or temporal resolution. It was as
recent as recent as 2020 that we saw the results of combining cell stretching devices
with super-resolution imaging (Massou et al., 2020). Giannone’s lab developed a
stretching device which overcame the challenge of imaging through PDMS by using
an ultra-thin PDMS layer mounted on a glass coverslip with glycerol between the
PDMS and the glass to allow for unhindered stretching. They saw that integrin
displacement before, during and after stretching has the same response as a bead
embedded in the PDMS, meaning it is elastic in nature. However, their technique
showed that talin has an inelastic response to the stretching which corresponds to
the unfolding of talin (Massou et al., 2020). Although this technique is very
promising for future research in the field and proves that cell stretching combined
with super-resolution imaging is feasible, it remains extremely challenging.
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Chapter 2

Detailed overview of the techniques
implemented in this thesis

Super-resolution fluorescence microscopy requires contributions from techniques
incorporating a number of scientific disciplines, especially when exploiting it to
obtain quantitative information. In this chapter, we provide the details of the
methods implemented and common to all the subsequent results chapters. These
methods range from cell culture and sample preparation for microscopy to the
manipulation of the stochastic blinking of organic dyes required for single molecule
localisation-based super-resolution imaging. In the last section of this chapter, we
describe the implementation and development of algorithms to extract quantitative
details out of the super-resolution microscopy data.



Chapter 2

2.1 Introduction

When striving to obtain insightful, objective, and reliable quantitative information
from a biological system using fluorescence microscopy, the combination of many
fields of expertise is usually required. The experimental work presented in this thesis
combines biological sample preparation, super-resolution fluorescence microscopy,
and the development and use of data and image analysis algorithms. As such, we
implemented commonly-used techniques and combined them with analytical tools
that we have developed and/or tailored to our own needs. In the following sections,
we provide a detailed description of the materials and methods that are commonly
used throughout our results chapters, while we leave other more specific methods
to be explained in their own chapter.

2.2 Preparation of biological samples

Cell seeding and fixation

HFF-1 cells (human foreskin fibroblasts, obtained from ATCC) were cultured in
DMEM + 10% FBS (cell culture medium) until passage 15 (see Table 2.1 for details of
the cell culture reagents). FN coating was achieved by preparing fresh 10 ug/ml FN
in sterile PBS and incubating the glass bottom dishes with the solution for 40 min at
room temperature (RT). After incubation, the dishes were rinsed using sterile PBS
and each was filled with cell culture medium. The cells were trypsinised for 3 min at
37°C and plated in the FN-coated 8-chambered glass bottom dishes and allowed to
settle and attach by incubating them in a humidified incubator at 37°C with 5% CO,.
After 90 min, 3 h, or 24 h, the cells were fixed with 4% PFA in PBS for 15 min at RT,
after which they were washed three times in PBS. Samples were then subjected to
an immunofluorescence labelling protocol (see subsection below), using primary
and secondary antibodies with the appropriate fluorophores for confocal or STORM
experiments (see Table 2.2-Table 2.4).

Immunofluorescence labelling

The proteins that we set to immunolabel in our experiments fall into two very
general classes. The first class is that of the integrins (asB: and a,Bs3), which are cell
surface-localised, transmembrane proteins and hence are accessible for labelling on
the extracellular side. The second class is that of the adaptor proteins (paxillin, talin,
and vinculin), which are cytosolic proteins and therefore — for antibody-based
labelling — require the cell membrane to be perforated to allow the antibodies to
cross it and access their target epitopes. The procedure of "perforating the cell
membrane" is known as permeabilization or extraction, which can be carried out by
incubating the cells with a weak detergent.
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Specifically, the permeabilization and blocking steps were performed
simultaneously by incubating fixed cells in a blocking buffer, consisting of 3% BSA,
0.2% Triton X-100 in PBS, for 40 min at RT. The blocking buffer was removed and the
cells were incubated with the primary antibodies diluted in blocking buffer for 1
hour at RT. We used commercially available primary antibodies targeting the two
main integrins of the adhesion complex (asBi, auBs3) and the key adaptor proteins
(paxillin, talin, and vinculin) (Table 2.2). All the antibodies are pan-specific
antibodies, meaning that they do not target a particular state of activation or
conformation of the protein, but label the entire population regardless of the
activation state. We optimised the labelling protocol to achieve full labelling of all
the proteins. This was achieved by carrying out titrated labelling, finding the
concentration of primary antibody above which we do not achieve an increase in
signal from the secondary antibody as measured in confocal mode. In super-
resolution microscopy standard practice, as an extra precaution, it is common to use
the secondary antibodies in excess to ensure also that all the primary antibodies are
labelled.

Next, after primary antibody incubation, the cells were washed three times with
washing buffer (0.2% BSA, 0.05% Triton X-100 in PBS) and incubated with the
secondary antibodies diluted in blocking buffer for 40 min at RT in a dark
environment (see Table 2.3 and Table 2.4). For the majority of STORM images
obtained for this thesis, we used commercially-available secondary antibodies (goat
anti-mouse and goat anti-rabbit) that were conjugated to dye pairs Alexa Fluor 405-
Alexa Fluor 647 or Cy3-Alexa Fluor 647. The conjugation was done in house, to
obtain a final product at a concentration of ~0.1 mg/ml, with ~6:1 composition for
activator:reporter dyes per antibody, following a protocol described in previous
work from our group (Borgman et al., 2020). We used these labelled secondary
antibodies at a dilution of 1:20 (final working concentration of 5 pg/ml). After
labelling, cells were washed three times in washing buffer and stored in PBS until
imaging. Any confocal or STED images obtained for this thesis were immunolabelled
using the aforementioned primary antibodies (Table 2.2) and commercially-
available dye-conjugated secondary antibodies obtained from Abberior (Table 2.3).

Table 2.1 Reagents for cell culture and sample preparation

Fetal Bovine Serum FBS Biowest S181B

. ogr . Capricorn— DMEM-

Dulbecco's Modified Eagle Medium DMEM Scientific HXRXA
Trypsin Biowest L0910-100
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Bovine Serum Albumin BSA
Phosphate-Buffered Saline PBS
Fibronectin FN
Paraformaldehyde PFA

Triton X-100

Table 2.2 Primary antibodies used in the experiments
Target Stock conc* Working

Protein HIOSE (mg/ml) dilution
asP1 Mouse 0.5 1:100
oBs Mouse 0.1 1:20

Paxillin Rabbit 0.14 1:100
Talin Rabbit 0.9-1 1:100

Vinculin  Rabbit 1.0-1.3 1:100
Vinculin = Mouse 2.0-4.0 1:100

Target Conjugated Stock conc*
: Host
Species dye (mg/ml)
Abberior
Mouse STAR 635P Donkey 1
. Abberior
Rabbit STAR 580 Donkey 1

In-house conjugated

Target dye pair
species  activator reporter
(dyes per antibody)
Alexa Fluor Alexa
Mouse 405 Fluor 647 Donkey 0.1
(6:1)
Alexa
Cy3
Rabbit y Fluor 647 = Donkey 0.1
(6:1)

*conc=concentration
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3
Sigma
Aldrich | Y32
Sigma
Aldrich  V4°0°

Table 2.3 Secondary antibodies and their fluorophores used for confocal and STED images
Working
dilution

1:200

1:200

Table 2.4 Secondary antibodies and their fluorophores used in STORM experiments

Company

Abberior

Abberior

BSA-1S

PBS 1A

11080938001
F1635-500

BP151

Comments

CD49%e
Targets as

Anti-Paxillin
[Y113]

Talin-1

Cat#

ST635P-
1001-
500UG
ST580-
1001-
500UG

Jackson 715-
1:20 Immuno 005-
Research 150
Jackson 711-
1:20 Immuno 005-
Research 152
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2.3 Confocal and STED imaging

Although the large majority of the results presented in this thesis were obtained
using SMLM, we also performed confocal and STED imaging of some FA components
(see Chapter 1). Therefore, for completeness, we include here the description of the
set-ups and imaging strategy used. All confocal and STED images were acquired on
commercial Leica TCS SP5 or TCS SP8 STED 3x microscopes. The excitation light
source on the Leica TCS SP5 system consists of three lasers at 488 nm, 543 nm, and
633 nm and the images were acquired sequentially with line accumulation of four
and an average over four frames, with a pixel size of 60.6 nm. The frequency of the
accumulation was 400 lines per second. The signal was recorded using
photomultiplier tube (PMT) detectors. For the TCS SP8 STED 3x setup, excitation was
achieved using a pulsed supercontinuum white light laser source, which we tuned
for our STED images to 499 nm, 587 nm, and 633 nm (excitation wavelengths). The
depletion laser used for STED imaging is a ps-pulsed laser at 775 nm, which we used
to deplete both Abberior STAR 580 and Abberior STAR 635p fluorescence signal. The
confocal images were taken with a 63x or 100x oil immersion objective with a
numerical aperture of 1.4, and the STED images were taken using a Leica 100x HC
PL APO CS2 oil immersion objective with a numerical aperture of 1.4. The two
channels were imaged sequentially. Images were taken with six-line accumulation
in a 19.98 x 19.98 um field of view (1024 x 1024 pixels) with a pixel size of 20 nm,
with unidirectional scanning at 600 lines per second. The detection of the two
channels was done with two separate hybrid (HyD SMD) detectors in standard mode
and acquisition windows set to 595-650 nm (for the paxillin channel) and using time
gating (gating from 2.53—6.3 ns) and to 643-753 nm (for the vinculin channel) and
using time gating (gating from 2.53-6.3 ns).

2.4 STORM imaging

In order to explore the lateral nanoscale distribution of adhesion complexes, we
used STORM, a SMLM technique (Rust et al., 2006; Huang et al., 2010; Vaughan and
Zhuang, 2011), which we introduced in Chapter 1. This technique is carried out at
label saturation (full labelling conditions), and exploits the photophysical
phenomenon of on-off switching (blinking) of certain organic dyes to detect
individual, sparsely-distributed molecules with high signal-to-background ratio,
which is obtained thanks to the use of TIRF illumination. Detection of individual,
sparsely-distributed molecules is mandatory in STORM, because image acquisition
is diffraction-limited and therefore a large number of diffraction-limited images are
taken sequentially in time in order to obtain a super-resolved image. This allows that
each individual molecule that emits fluorescence can be detected as a diffraction
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limited PSF, which, after fitting it with a 2D Gaussian profile, provides the x-y
coordinates of that single emitter as the fitted PSF centroid position (Rust et al.,
2006; Oddone et al., 2014). The precision of this centroid position determination
depends on the number of photons detected by the camera (the localization
precision scales with the square root of the number of detected photons, see
subsection below for more details).

Fluorescent probes for SMLM

In this thesis, we use the organic dye Alexa Fluor 647 (Alexa647) as our reporter
fluorescent dye, and Alexa Fluor 405 (Alexa405) or Cy3 as the activator molecules.
Alexa647 is derived from the cyanine dye Cy5, which, like other cyanine dyes, cycles
between a singlet ground state (So) and the first excited state (S:), emitting photons
during direct S; to So radiative decay (fluorescence) (Figure 2.1 A). However, once in
the S; excited state, the excited molecule has a certain probability to undergo
intersystem crossing (ISC) and internal conversion (IC) to enter a lower-energy state
with a longer lifetime, known as a triplet state (T1). The T; state has a longer lifetime
than the S; state because the T; state consists of an electron pair with parallel spins
(total molecule spin = +1). Hence, for the molecule to decay to the ground state, and
according to Pauli exclusion principle, it needs to first reverse one of the spins (so
the molecule is back at a spin = 0 configuration) so the two electrons can be in the
same orbital. In addition to the triplet state, the molecules can visit a series of other
"dark states", which can be reached by, e.g., reversible cis/trans photoisomerisation
transitions in the fluorescent molecule (Figure 2.1 B). This phenomenon is common
to most cyanine dyes. The energy landscape as a function of the twist angle in the
molecule, i.e., when photoisomerisation occurs in cyanine dyes, is shown in Figure
2.1 B, where the mismatch in energy levels arises due to changes in the
fluorophore's chemical structure. This photoisomerization reaction from the trans
(emitting state) to a cis (non-emitting state) isomer occurs when unstable 1t bonds
between electrons in the S; state allow the twisting around a carbon bond. The
transition from trans S, to cis So occurs at a rate kiso While back-isomerisation from
cis Sy to trans So occurs at rate kpiso (Tornmalm, 2019). To achieve optimal conditions
of fluorophore blinking for STORM imaging, the rate of transitions to a dark state
("off" state), kotr, needs to be high, and the rate of escape from the dark state back
to the ground state ("on" state), kon, Needs to be low. Under these conditions, only
a small subpopulation of the molecules will be capable of emitting fluorescence
photons in each imaging acquisition frame.

In addition to cis/trans photoisomerisation, there are two other important
mechanisms that help in efficient fluorophore blinking for STORM. One is by the
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influence of a second dye. This effect was identified using a Cy3—Cy5 dye pair, for
which it was observed that the addition of Cy3 in close proximity (~1-2 nm) to Cy5
allowed for a more controlled blinking behaviour of the reporter dye (Cy5) after
activator dye (Cy3) excitation (Figure 2.1 C) (Bates et al., 2005). Specifically, a high-
power red laser was used to take Cy5 to a dark state and it was found that
illuminating the sample with a lower-power green laser, which leads to Cy3
excitation, induced Cy5 to switch to an on-state and therefore to fluoresce (see
Figure 2.1 C). The benefits of using an activator-reporter dye pair holds true for a
number of reporters, including Alexa647, and activators, including Cy3 and Alexa
Fluor 405, which are the activator-reporter dye pairs we used in our experiments. A
second way to control the blinking behaviour of the STORM dyes is by using special
imaging buffers. It has been shown that the residence time in the dark states of
these dyes can be prolonged by using specific buffers that (i) act as reducing agents,
by providing electrons to the excited dyes thereby increasing the probability of the
transition to a dark state; and (ii) include an oxygen scavenging component to
maintain the molecule in the excited dark state and therefore increase the lifetime
in that state and reduce oxygen-dependent photobleaching.
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Figure 2.1 Transitions between emissive (on) and non-emissive (off) states of organic dyes
needed for STORM imaging

(A) Jablonski diagram for fluorescence and intersystem crossing (ISC) leading to molecules in a triplet
state (T1). Energy (hvex) is absorbed by the molecule and electrons are transferred to the first singlet
excited state, S;, from where the molecule can relax to the ground state, S, either radiatively with the
emission of a photon of lower energy than the absorbed one (hvs) at a rate of ki — this is termed
fluorescence —, or through a nonradiative process, which usually occurs with a lower probability (with
rate kyr). Alternatively, the molecule in the S; state can undergo ISC and eventually enter the triplet
state, T1. The return to Sp from Ty occurs at a total rate of kr, and the release of energy of this transition
is in the form of phosphorescence (because there is a change in the spin multiplicity from a triplet to a
singlet state), which we do not detect experimentally, adapted from Tornmalm, 2019. (B) Chemical
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structure of the dye Cy5 in two isoforms, where trans is fluorescent and cis is not. The energy levels for
the trans and cis configurations are depicted on the right (Tornmalm, 2019). (C) Fluorescence response
of the dye pair Cy3—Cy5, where the left graph shows the fluorescence signal detected. The right graph
shows the laser illumination scheme, where the green laser (green line) excites the activator Cy3
molecule, and the red laser (continuous red line) excites the reporter dye Cy5 from which the
fluorescence is detected. Activation of Cy3 controls the emission behaviour of Cy5 by inducing its on-
off blinking. Adapted from Bates et al., 2005.

In our experiments, we relied on the use of activator-reporter dyes and, in addition,
included the use of appropriate buffers to further control on-off-blinking.
Specifically, STORM was performed in an imaging buffer containing 100 mM of the
reducing agent cysteamine mercaptoethylamine (MEA) (77 mg of MEA in 1 ml of
360 mM HCI, stock solution 1 M), and the enzymatic oxygen scavenger Glox solution
(0.5 mg/ml glucose oxidase, 40 pug/ml catalase), and 6.25% glucose in PBS.

All our two-colour STORM images were acquired on a commercial Nikon Eclipse Ti
system (N-STORM) with a 100x oil objective with NA 1.49 using TIRF illumination.
The detector was an ANDOR technology EMCCD iXon 897 camera, with a 256x256
pixel ROI and a pixel size of 160 nm. The excitation of the dyes was achieved using
an Agilent technologies laser box with laser lines 405 nm (~22 mW), 561 nm (~35
mW), and 647 nm (~153 mW). The Nikon-developed NIS software was used for
acquiring the data. In a pre-acquisition step the sample was irradiated with the 647
nm laser at 70% (~107 mW) to force the majority of molecules into a long-lived dark
state. We then begin the STORM acquisition maintaining the 647 nm laser at a
constant power and using low power activator (405 nm or 561 nm) excitation, which
we increase incrementally, from 0.5% to 100%, as the acquisition progresses. With
each laser power increase we achieve an increase in detected reporter molecules
followed by a subsequent decline, as the molecules bleach (Figure 2.2 B). The
acquisition is stopped when there are no longer sufficient reported molecules being
detected, which in our case was after ~70,000 frames.
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Figure 2.2 Number of molecules detected as a function of frames acquired

(A) The laser sequence in our dual-colour STORM image acquisition. One frame of 405 nm laser
illumination (purple), followed by four frames of 647 nm laser illumination (red), followed by one frame
of 561 nm laser illumination (yellow) and four frames of 647 nm laser illumination (red). The rightimage
in (A) shows a representative set of images of the molecules detected in the first frame of a 647 nm
illumination cycle. Scale bar =5 um. (B) After each increase of activator laser (marked by the green and
magenta lines) there is a clear increase in the number of detected reporter molecules, which
progressively reduce in time because of photobleaching. Figure adapted from Borgman et al., 2020.

For our two-colour STORM image acquisition, we used activator-reporter-
conjugated secondary antibodies. Specifically, we used Alexad405 paired with
Alexa647 for targeting integrins, and Cy3 paired with Alexa647 for targeting the
adaptor proteins. To obtain two-colour STORM images, we acquired images
sequentially by repeating cycles of a frame-based illumination scheme (each frame
has a duration of 20 ms), as follows. First, one frame with the 405 nm laser on, which
excites the Alexa405 activator dye, which — due to an energy transfer mechanism
different to FOrster resonance energy transfer (FRET) (Bates et al., 2005) — induces
a population of the reporter dye Alexa647 in a dark off state to return to the ground
state. Second, four frames are recorded with the 647 nm laser on, which excites the
subpopulation of molecules in the on state (Figure 2.2 A). We use a four-frame
readout to allow for the full population of the reporter dye that was activated by
Alexad05 dyes to be excited and detected and therefore reduce crosstalk between
the channels. Next, a similar activation/reporter excitation sequence is done for the
Cy3—-Alexa647 dye pair, consisting of one frame with the 561 nm laser on, and four
extra frames with the 647 nm laser on. This imaging cycle that switches between
activator and reporter excitation is carried out iteratively over thousands of times,
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which results in thousands of images where individual molecules can be identified
and localised (Figure 2.2, A, right). Details of all the reagents for the imaging buffer
are laid out in Table 2.5.

Table 2.5 Reagents and dyes for STORM imaging

Glucose Oxidase

. . Sigma-Aldrich G2133
from Aspergillus niger
Hydrochloric-Acid HCl Sigma-Aldrich 258148
Cysteamine mercaptoethylamine Cys'lc\cjlzr:me Sigma-Aldrich 30070
a-D-glucose Sigma-Aldrich 158968
Catalase from bovine liver Sigma-Aldrich C100
Cy3 Sigma-Aldrich GEPA23001

Alexa Fluor 647 carboxylic acid .
succinimidyl (NHS) ester Alexab47 Invitrogen A20006
Alexa Fluor 405 carboxylic acid Alexad0s Invitrogen A30000

succinimidyl (NHS) ester
Molecule detection and localisation precision
The output of our STORM image acquisition consists of many TIRF microscopy
images showing the fluorescence signal resulting from stochastically-activated,
sparsely-distributed individual molecules. The signal from each of these molecules
appears as a diffraction-limited point spread function (PSF), so the centre position
of each PSF is localised with high precision, and represents the position of each
individual molecule. Being able to localise the molecules with very high precision is
fundamental to obtain a super-resolved STORM image. This precision is limited by
the number of detected photons in each blinking event. In each imaging frame, the
individual molecules (Figure 2.3 A) are identified using intensity thresholding and,
one by one (Figure 2.3 B), each intensity profile (Figure 2.3 C) is fitted with a
Gaussian to identify the central position (Figure 2.3 C, red circle). The final output of
this molecule localisation algorithm provides a list of x,y coordinates for each
individual molecule that has been identified, together with the frame number in
which they were found. The precision of the localisation is given by:

Ory X \/iN (2.1)

Where oy, is the precision, s is the standard deviation of the fitted PSF, and N is the
number of detected photons from the molecule. Each molecule can experience
numerous blinking events and how the x,y coordinates vary from frame to frame
determines the accuracy and resolution of the system. In our system, the precision
of the single molecule localisations is ~7 nm, while the localisation accuracy or
resolution is ~15 nm. The latter was determined by running a clustering algorithm
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on multiple localisations events arising from individual molecules deposited on
glass, and calculating the standard deviation of the localisation positions.

A B C . D
=
E—
Figure 2.3 Detection and localisation of single molecules
(A) A single camera frame obtained in a typical STORM image acquisition. (B) PSF of a single fluorescent
molecule as detected in the camera frame. (C) Intensity profile of (B), which is then fitted with a
Gaussian to find the location of the central peak, marked with the red dot. (D) Representation of the

localisation of the centre of this molecule (red cross) overlaid with the camera frame shown in (B).
Scale bars are 5 um in (A) and 500 nm in (B, D). Generated from our data based on Oddone et al., 2014.

2.5 Image reconstruction

Dual-colour STORM image reconstruction was done using Insight3, provided by Bo
Huang (UCSF, initially developed in Xiaowei Zhuang’s Lab). The molecule localisation
analysis was run over the entire data sets but recording only those localisations
detected in the second frame of the five-frame cycle (see Figure 2.2 A), that is the
first of the four reporter frames. We only considered single spots with an intensity
above a threshold (set to 600 grayscale levels on a 14-bit image), which was then
fitted with a two-dimensional Gaussian function, where the x-y coordinates of the
Gaussian centroid determine the localisation position. Each localisation was
allocated to channel one or to channel two depending on what frame it originally
belonged to. The data were then corrected for sample drift and colour crosstalk.
Insight3 software allows for drift correction using the correlated function of the
image, see (Huang et al., 2008). In this multicolour imaging scheme, the main source
of crosstalk is the nonspecific activation of the Alexa 647 by the 647 nm laser (Dani
et al., 2010), which is activator-independent and can occur in any frame. In order to
minimise this crosstalk, the number of frames between activators can be increased.
We implemented statistical crosstalk correction where the Insight3 software
analyses the full image in 50x50 nm regions of interest (ROIs) and determines if each
ROl is predominantly one colour of the other. Based on the acquisition design (in
our case, one activator frame followed by four reporter frames) the software
determines the probability of detecting a nonspecific reporter molecule (Dani et al.,
2010). The final image is corrected for crosstalk and is then built by the
superposition of all the remaining localisations, which can be rendered by a cross
marking their centres or a Gaussian profile convoluted with the point position.
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2.6 Image Analysis

Together with the emergence of super-resolution imaging techniques came the
need for stronger, more robust analytical tools. In order to quantitatively exploit the
vast amount of detailed information contained in super-resolution images, one
requires different types of specialised, custom-made algorithms and dedicated
software. Ideally, these tools should be able to handle large data sets (big data) and
require little or no inputs from the user in order to allow for analysis with minimal
user bias. In particular, the data analysis pipeline used in this thesis is centred
primarily around an algorithm developed in 1996 by Xiaowei Xu's lab, named
density-based spatial clustering of applications with noise (DBSCAN) (Ester et al.,
1996). Once the clusters were detected, we ran various custom-made MATLAB
algorithms. In addition, we used Fiji and its plugins for less complex processes.

2.6.2 Image analysis using Fiji

A Fiji plugin, developed by the Lakadamyali lab during their time at ICFO, was
implemented as an initial step to split the localisation data from the STORM images
into separate data sets corresponding to the localisations contained in certain ROls.
Figure 2.4 shows the steps involved in the categorisation of the data. First, the data
from the two channels of the reconstructed STORM image are imported and the
localisations are rendered together in a 1024x1024 pixels image (Figure 2.4 A). Next,
we apply an intensity threshold, until visually the adhesion areas are detected, a
Gaussian blur of the image (by 2 pixels), and a second threshold filter until a smooth
binary mask is obtained. The final mask retaining only the adhesion areas (Figure 2.4
B) is obtained by manually selecting the regions corresponding to the adhesion
complexes (identified by visual inspection based on their size and appearance). The
Fiji plugin then creates new files that contain only the localisations that fall within
the selected ROIs: all adhesions, only FAs, only fAs, glass, and outside adhesions (i.e.,
cell membrane that contains the remaining areas of the image that do not
correspond to all adhesions or glass). Finally, any of the ROI-associated files can be
rendered with Insight3, for example "all adhesions", as shown in Figure 2.4 C and
Figure 3.4. These final two-colour files for different cell regions can then be
individually and independently analysed with the DBSCAN algorithm.
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Insight3

A Fijirenderedimage B Mask C  rendered image

Figure 2.4 Separation of all the adhesions for analysis

(A) Localisations of both channels collapsed into one single rendered image. (B) Mask of the manually-
selected adhesions. (C) Rendered image of all the localisations of asBi1 (magenta) and paxillin (green)
found to be in all adhesions (falling in the mask region shown in white in panel B). Scale bars =5 pm.

2.6.3 DBSCAN algorithm

The DBSCAN algorithm (Ester et al., 1996) is a density-based data clustering
algorithm designed to be executed on arbitrary data sets with minimal input from
the user. Previous to DBSCAN development, there were basically two types of data
clustering algorithms: partitioning and hierarchical algorithms, examples of which
are CLARANS (Clustering Large Applications based on RANdomized Search) (Ng and
Han, 1994) and Ejcluster (Garcia et al., 1995), respectively. However, these two
types of clustering algorithms have drawbacks, especially when handling large data
sets (Ester et al., 1996). DBSCAN is a lower-complexity algorithm and therefore
overcomes this limitation. DBSCAN works by identifying arbitrary-shaped clusters of
data points with just two user-defined input values: epsilon (eps), which is a radial
distance that serves to define a local neighbourhood from a randomly selected initial
data point; and Nuin, which is the minimum number of points required to be within
the initial point's neighbourhood so it is considered part of the cluster seed (Figure
2.5). If the initial data point is not found to meet the cluster seed conditions, it is
initially characterised to be noise (although it can still be part of another cluster, see
below). Otherwise, if the initial data point is a cluster seed, then each point in the
eps-neighbourhood of the seed is similarly analysed to test if their eps-
neighbourhood contains at least Nmin points (green points and circles in Figure 2.5).
If this condition is satisfied, these new points are considered to be core points of the
cluster, and the process is iterated for them. If not, the points identified to be in the
eps-neighbourhood of the core point but not satisfying the core criteria themselves
are considered to be boundary points (orange points in Figure 2.5) and also assigned
to the cluster. This process is then iterated for all the data points that have not been
identified as part of a cluster. Finally, the points that are not connected to a growing
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cluster and do not satisfy the cluster seeding conditions for another cluster are
considered to be a non-clustered point or noise (blue points in Figure 2.5).

For the analysis of the STORM data presented in this thesis, we took eps=20 nm and
Nmin=3 localisations. This means that areas with at least three localisations in a circle
of radius 20 nm serve as minimum seeds for cluster identification. The value of
eps=20 nm was chosen based on the localisation precision (resolution) of our
STORM images, which is common practice in the field (Pageon et al., 2016; Spiess et
al., 2018). Our choice of Nmin=3 localisations was also based on common practise in
the field, see, e.g., (Pageon et al., 2016; Spiess et al., 2018), which also used DBSCAN
for SMLM analysis.

Importantly, in our cluster analysis we need to take into consideration the fact that,
during STORM image acquisition, a single fluorophore can undergo multiple blinking
events and therefore a single molecule can appear as multiple localisations. It is
therefore important to underscore that a cluster of localisations does not
necessarily infer cluster of proteins. To measure the number of localisations per
individual fluorophore, we ran the DBSCAN algorithm on the regions of our STORM
images that were outside of the cell, where we considered the localisations detected
to be from individual molecules on glass. In order to ensure we detected small
clusters, in this case attributed to single molecules, we reduced Nmin=2 and
maintained eps=20 nm. We found the mean and median number of localisations per
spot on glass for both dye pairs to be less than 10 (see Chapter 3). Therefore, of the
clusters of localisations we identified on the cell area by using DBSCAN (with Nmin=3
and eps=20 nm), we only considered those with a number of localisations > 10 to be
real protein clusters, as the rest were assumed to correspond to single molecules.
Hence, only those clusters with number of localisations > 10 were used for all follow-
up analyses carried out in this thesis. In addition to identifying the localisations
belonging to each cluster, the DBSCAN algorithm also provides the centre of mass
position (CoM) and the surface area of each identified cluster, allowing us to
perform further quantitative analyses. The surface area of a cluster was found by
taking the boundary localisations of each clusters and calculating the area of the
polygon enclosed by them.
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Figure 2.5 Working principle of DBSCAN algorithm

In the left, a set of data points is shown, where a point (green point with black outline) is chosen at
random, and its eps-neighbourhood is explored (black circumference) and tested if it contains at least
Nmin data points (Nmin=4 in this example). In this case, the newly-identified points in this neighbourhood
(red points with green outline) satisfy this condition and are therefore defined as core points of the
cluster (see panel in the right). The right panel shows the final result of DBSCAN in this set of data
points, indicating the different classifications of points in a cluster determined by their local density of
neighbouring points, adapted from Pageon et al., 2016.

2.6.4 Nearest neighbour distance (NND) computation

In order to establish how the protein nanoclusters are distributed relative to each
other, we used the MATLAB function knnsearch to compute the NND between the
CoM of nanoclusters of the same protein, NNDa.a (see Chapter 4). The distribution
of NNDa-a values provides quantitative information on how the nanoclusters of each
protein are distributed within the adhesions. We also used this function to
determine the preferential distance between clusters of different proteins, in this
case being NNDa.s (Chapter 5), and the preferential distance between clusters and
the edge of adhesions (Chapter 6).

2.6.5 Computational generation of random nanocluster
distributions

To assess whether the NND distributions obtained from the experimental data
correspond to a preferential type of organisation or to a random distribution, we
performed simulations by generating in silico NND histograms of randomly
distributed nanoclusters inside the adhesion structures, both FAs and fAs. In order
to proceed, we essentially needed two ingredients: First, to extract from the
experimental data the exact number of nanoclusters per adhesion; and second, to
distribute the same number of nanoclusters in a random fashion within the
adhesions, while excluding their spatial overlapping. We therefore followed the
different steps outlined below.

Step 1: Identification of nanoclusters inside a given adhesion. We first paired the

mask of the adhesions in a cell to the corresponding experimental data. Each
particular adhesion, An, contains a certain number of nanoclusters. The algorithm,
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coded in MATLAB, went sequentially through each mask, identified which adhesions
contained clusters, counted the number of nanoclusters belonging to each
adhesion, extracted their CoM position, and measured their physical size. Figure 2.6
shows, as example, the binary adhesion mask of a given cell and the CoM positions
of the individual nanoclusters (red points) identified in fAs.

Figure 2.6 Mask and CoM of clusters in fAs on an HFF-1 cell 24 h after seeding

The left panel shows the binary mask of all the adhesions (white regions) of the cell and the clusters
found in fAs plotted using their CoM (red dots). The right panel is a zoom-in of the region marked by
the broken yellow box on the left, that shows one fA and the clusters therein contained. In this
particular example, there are 206 experimentally identified nanoclusters.

Step 2: Sorting the nanoclusters as function of their physical size. Although our initial

approach was to computationally generate the same number of nanoclusters and
distribute them randomly over the adhesion masks regardless of their physical size,
we found that this approach was not suitable. The reason for it is that in many cases
the large nanoclusters did not fit in the remaining space available by the adhesions
after randomly positioning the large majority of smaller nanoclusters. We thus
opted for classifying the nanoclusters according to their physical size and then start
our procedure by randomly positioning first the largest nanoclusters and later all the
remaining smaller ones. In addition, as our experimental data renders well
segregated nanoclusters, we imposed in our algorithm the condition that
nanoclusters should not overlap with each other.
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To classify the nanoclusters as a function of size, we plotted the experimental cluster
radii as a cumulative distribution function, determined a threshold cluster radius,
R, Which corresponds to the lower bound of the 80th percentile. We sorted the
radii according to their size and segregated the clusters into two groups: the 20%
largest and the 80% smallest (see Figure 2.7 panel 1). Therefore, the number of large
clusters, Nyig, for any adhesion was equal to the number of clusters N with a radius
greater than the threshold, r>Rih.

Step 3: Random distribution of the largest clusters and size assignment. First, we

generated 100xNpi; random points distributed over the minimum non-tilted
boundary box containing the adhesion (see panel 2 in Figure 2.7). We then identified
and kept only those points inside the adhesion (see panel 3 in Figure 2.7). If the
number of points that fell inside the adhesion, Ni,, was larger than Ny we then
randomly removed points to ensure that Nin=Npjs. If Nin<Npig we then repeated the
procedure to generate new sets of Ni, until Nin=Npig, (see panel 4 in Figure 2.7). With
Nin=Nbig achieved, we then randomly assigned a radius to each point in Ni, from the
set of large radii determined by r>R

Step 4: Identification and rejection of overlapping nanoclusters. To identify

nanoclusters that spatially overlapped, we calculated the centre-to-centre distance
from each cluster to its k-th nearest neighbours, kND, where if the number of
clusters in an adhesion was greater than 10, Ni,>10, then k=10, and if N;»<10 then
k=Nin. We then calculated the intercluster distance (i.e., edge-to-edge distance
between nanoclusters), IC, which we defined as:

IC = kND - Rref - Rk' (22)

where Rref and R correspond to the radius of the reference and the k-neighbour
nanoclusters, respectively. If clusters overlap, i.e., ICL0, for any of the k-neighbours,
then both the reference cluster and the neighbour were rejected.

We followed this approach for all large clusters, resulting in two possible outputs:
clusters that survived the overlapping criteria (green dots panel 5 in Figure 2.7), and
those rejected due to overlapping with a neighbour (red dots in panel 5 in Figure
2.7). Thus:

IC >0 — XY;, with radius, Rs. (2.3)

IC <0 - XY, withradius, Ry;. (2.4)
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The number of clusters that survived the overlapping criteria, Ns, were then fixed in
place with their randomly assigned XYs coordinates and radius R;. All the other
clusters that failed the overlapping criteria were rejected, Ny;.

Step 5: Generation of newly proposed random clusters, Nyrop. We then took the

rejected clusters from the previous step, Nrj, and repeated the steps portrayed in
panels 6-8 of Figure 2.7, resulting in new random points Nyrop =Nrej (S€e red dots in
panel 6 of Figure 2.7). These points were once again assigned a radius from the set
of radii initially rejected, Rye;.

Step 6: Assessment of cluster overlap between those newly proposed nanoclusters
and Ns. The total number of randomly generated clusters was:

NtOt = NS + NpTOp' (25)

We calculated the kND as before, but this time we calculated them from each point
in Nprop to each point in Niot. We once again calculated the IC (Eq 2.2), however, for
this step if ICL0 we only rejected the reference cluster from the newly proposed set.
If IC>0 we added the reference cluster from the newly proposed set to the Ns pool.
This step once again gave two outputs: an updated set of clusters that survived along
with the radii they were assigned, and a number of clusters that were rejected.

We repeated the last two steps, generating newly proposed points equal in number
to the previously rejected ones and assessing if they overlap with the pre-existing
clusters, until we achieved Nrj=0, and therefore Ns=Nyj. In this way we generated a
set of randomly distributed large clusters that do not physically overlap with one
another, and with a size that was randomly extracted from the experimentally
measured nanoclusters that had radii larger than the threshold, i.e., r>Ri.

Step 7: Generation and placement of small clusters, Nsmai. With all large clusters in

place, we again repeated the last two steps above (steps 5,6) using this time Ngmal,
the remaining 80% of clusters whose r<Ri, as the input. We generated newly
proposed clusters, with Nprop=Nsman (see the step-by-step procedure in Figure 2.8),
and evaluated if the new clusters overlap, either with themselves or with the large
clusters that had been placed previously. We did this sequential loop of generation
and assessment until the number of small clusters that were rejected due to overlap
was less than or equal to 10, N <10.
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Figure 2.7 Step-by-step description of the generation of random non-overlapping circles for
the 20% largest clusters in a given adhesion

Top row (from left to right): 1, sort experimental clusters by size and find the 20% largest clusters. 2,
generate 100xNyg random points (green dots) that fall within the minimum non-tilted boundary box
of the adhesion. 3, identify the points that fall inside the adhesion area. 4, assess whether Ni,=Nbig.
Bottom row (from left to right): 5, Identify the clusters that overlap (red points), define N; as the points
that survive, i.e., do not overlap with any other point, and N, as the points that are rejected because
they overlap. 6, propose new points, Nyrop=Nrej, Shown as red points, where the green points are those
that survived the first evaluation. 7, evaluate these N to see if they overlap with any other cluster
and reject those that do (red points). 8, continue to propose new points until no overlap is found (red
points) N;=0.

Step 8: Placement of the last 10 random clusters in the adhesion. Once Ny <10, we
placed the clusters individually, one-by-one. To this end, we generated 1000 points
inside the adhesion of interest and assigned them all the same radius, r, from the
list of Rrej. We then assessed each of these 1000 clusters and found those that had
an IC>0, implying they did not overlap with another cluster. We then randomly
selected one of these nanoclusters and added it to the survived list with its radius,
r, and XY coordinates. We repeated this cycle until Nr=0.

We followed all these steps on all adhesions, and 10 times per cell to reach a close-
to-theoretical random distribution of non-overlapping nanoclusters.
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Figure 2.8 Step-by-step procedure for the generation of random non-overlapping circles,
corresponding to the 80% smallest clusters in an adhesion

Top row (from left to right): 1, all large clusters (green dots) are in place. 2, generate random points
inside the adhesion (red dots) where the number of points is equal to the number of experimentally
determined small clusters whose r<R, and assign them a radius r<Rg. 3, calculate IC, and retain (green
dots) or reject (red dots) overlapping nanoclusters. The generation and assessment for overlap on
newly proposed nanoclusters is then repeated until Ni;< 10. Bottom row (from left to right): 5, all
non-overlapping clusters have been positioned randomly (green dots) with the red dots representing
the 10 remaining clusters that have IC < 0. Panels 6-7 show the one-by-one placement of the 10 last
remaining nanoclusters. Panel 8 shows the final in silico reconstructed adhesion with all the
nanoclusters randomly distributed and with no overlap between them.

2.6.6 Data representation with GraphPad Prism

We used GraphPad Prism, version 9.1.2, as a means to represent certain data where
we had individual values of a given parameter for each cell, and wanted to assess
the distribution over the cells. In general, we used the box-and-whisker plots where
the box shows the interquartile range (IQR), the bar marks the median and the
whiskers extend to the 10th and 90th percentile. Alternatively, we also used scatter
plots where each point is a value for a cell, and where the included bars mark the
mean or median and whiskers over the distribution of cells. Whether we use mean

or median and the details of the whiskers are specified in each chapter.
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2.6.7 Statistical analysis

In order to ascertain if the variation seen between data sets is statistically significant,
we run the appropriate statistical tests for each individual case. In general, we use
the one-way ANOVA tests in the case of multiple data sets to be compared or the
paired Student’s t-Test when comparing experimental with simulated data on a
protein-by-protein basis. We used a confidence interval of 95% and the p-values
categorised as: ns = not significative, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001.
Which tests were carried out will be stated in the methods section of each chapter

2.7 Summary of data acquired

The combinations and number of images per seeding time points and labelled
proteins are detailed in the following tables. Table 2.6 shows a complete summary
of the number of images and different experiments for each protein at each time
point. These data were used in the analysis carried out for Chapter 3, Chapter 4 and
part of Chapter 6 where the analysis being performed was dependent on the
individual protein and it was not necessary to consider the partner it was originally
imaged with.

Table 2.6 Summary of all STORM images and experiments for each protein at each time point

aspy 11 28 28 28 28

a.Bs 12 29 30 18 30

90 min paxillin 11 24 24 20 24
talin 7 16 16 13 16

vinculin 5 18 18 13 18

asp. 9 17 17 17 17

B3 10 24 24 16 24

3h paxillin 7 16 16 14 16
talin 6 13 13 8 13

vinculin 6 12 12 11 12

aspy 7 18 18 18 18

avBs 8 21 21 8 21

24h paxillin 5 16 16 12 16
talin 4 12 12 8 12

vinculin 6 11 11 6 11

The following two tables (Tables 2.7 and 2.8) show a summary of the data acquired
for each protein pair at each time point. These data were used for the analysis of
Chapter 5 where we studied the distances between clusters of different proteins
and the second half of chapter 6 when assessing the correlation between the
proximity of different protein nanoclusters and their distance-to-the-edge of the
adhesions.
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Table 2.7 Summary of images for as8; experiments
Protein pairs

Time chi Ch2 #Samples | #lmages | #FA data sets ‘ #fA data sets

asB;  paxillin 5 8 8 8
90 min  asP: talin 4 10 10 10
asP:  vinculin 2 10 10 10

asB:;  paxillin 3 6 6 6

3h asPq talin 3 5 5 5
asB:  vinculin 3 6 6 6

asP;  paxillin 2 8 8 8

24 h asP1 talin 2 5 5 5
asP:  vinculin 2 5 5 5

Table 2.8 Summary of images for a,83 experiments

Time cl;rclitem ':;:r; #Samples ‘ #lmages | #FA datasets | #fA data sets
B3 paxillin 6 16 16 12
90 min  ofs talin 3 6 6 3
a,Bs  vinculin 3 8 8 3
B3 paxillin 4 10 10 8
3h B3 talin 3 8 8 3
a,Bs  vinculin 3 6 6 5
B3 paxillin 3 8 8 4
24h B3 talin 2 7 7 3
a,Bs  vinculin 3 6 6 1
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Focal adhesion proteins form spatially-
segregated nanohubs at the cell membrane

Adhesion complexes are protein-rich regions of the cell membrane, composed of
hundreds of different proteins. When imaged using diffraction-limited fluorescence
microscopy, adhesion complexes appear as highly-packed homogeneous structures,
wherein the adhesion proteins colocalise with one another. In this chapter, we
investigated the organisation of adhesion complexes at the nanoscale by using the
super-resolution microscopy technique STORM. We demonstrate, through the
implementation of various software algorithms to analyse the images, that a subset
of adhesion proteins (the integrins as8; and a,8s, and the adaptor proteins paxillin,
talin, and vinculin) form spatially-segregated nanoclusters at the cell membrane.
Moreover, the characteristics of these nanoclusters remain unchanged as a function
of the cell spreading time and are not influenced by the region of the basal
membrane they are populating, such as FAs, fAs, or the membrane regions outside
adhesions. We also present our analysis on the number of nanoclusters per unit area
for the different adhesion proteins, and revealed that the density of nanoclusters per
unit area increases with time for the two integrins involved at the centre of the study.
In contrast, the density of adaptor protein clusters remains unchanged regardless of
the time allowed for cell attachment and spreading, and for all the adhesion
structures investigated. We aimed to reveal the source of this increase in integrins
cluster density. Our results indicate that the increase of the number of integrin
nanoclusters in adhesions with time is likely to arise from the arrival of new proteins
at the basal membrane.
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3.1 Introduction

Adhesion complexes are high-density protein platforms that form at the cell
membrane coupling proteins of the extracellular matrix (ECM) with the cell’s
cytoskeleton. This partition is bridged by a class of transmembrane proteins, known
as integrins, and assisted by a number of different adaptor proteins. Integrins are
heterodimeric proteins found in the cell membrane responsible for cell adhesion
and migration, and also for mechanosensing (Hood and Cheresh, 2002; Schwartz
and DeSimone, 2008; Strohmeyer et al., 2017). Integrins can transiently bind their
ligand and dynamically switch between different structural conformations that
correlate to their activation state and function (Su et al., 2016; Takagi et al., 2003).
The integrin-generated link between the internal and external cell environments
allows adhesion complexes to act as bidirectional signalling platforms of the cell (Hu
and Luo, 2013; Montanez et al., 2008). The accurate binding of integrins to their
ligands and signalling to their adaptor proteins is vital for accurate cellular function,
in processes such as migration (Egles et al., 2010; Wood et al., 2011; Colburn and
Jones, 2017), differentiation (Watt et al., 1993; Neiman et al.,, 2019), and
proliferation (Walker and Assoian, 2005).

Exactly how these different signals, which are transmitted and transduced by the
cell, depend on the types of adhesions and how the proteins are organised at the
nanoscale are still not well understood. The lack of experimental data is not only
due to the inherent complexity of adhesion complexes, but also in part because,
until recently, it was not possible to overcome the diffraction limit of light and
observe how adhesion proteins were laterally distributed at the nanoscale. Thanks
to the emergence and development of super-resolution imaging techniques over
the last number of years, it has become feasible to investigate how the proteins of
the adhesion complexes are organised and distributed at the nanoscale in both axial
and lateral directions. In a seminal work, Kanchanawong et al. established, using a
technique known as interferometric PALM (see Chapter 1 for details), that adhesion
proteins segregate in the axial direction to form functional three-dimensional layers
in FAs (Kanchanawong et al., 2010). Besides being segregated in the axial direction,
other groups have reported that the main adhesion proteins also organise laterally
by forming small patches or nanoclusters within the dense adhesion complexes
(Shroff et al., 2007; Hoorn et al., 2014; Hu et al., 2015). However, despite these
groundbreaking observations, very few in-depth characterisations of these
nanostructures have been carried out. In a recent study using both STED microscopy
and STORM, Spiess et al. showed that inside adhesions, the asB: integrin forms
segregated nanoclusters in both the active and inactive states (Spiess et al., 2018).
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Moreover, dual-colour STED imaging and colocalization analysis for talin, kindlin and
vinculin indicated that other adhesion proteins may also nanocluster within
adhesion complexes. Here, “adhesion complex” is a general term that covers a range
of different attachment areas at the cell membrane. Two distinct types of adhesion
complexes are FAs and fAs. More details of the different adhesion complexes and
their dynamic evolution can be found in Chapter 1 of the thesis.

In this study, we explored the attachment areas on the basal surface of the cell
membrane. In particular, we separately investigated three major regions of the
basal membrane: FAs, located preferentially at the peripheral areas of the
membrane; fAs, mostly present on the central parts of the membrane; and the
remaining membrane area outside of these two former structures, where adhesion
proteins are present at a much lower density. Moreover, we performed experiments
at different cell seeding times, from 90 min to 24 h. By using dual-colour super-
resolution STORM microscopy, our aim has been to provide greater insight on the
nanoscale organisation of the proteins in these three different regions of the cell
membrane. We considered that by ascertaining how these proteins segregate at the
nanoscale, we would be able to contribute to the greater picture of how cells
interact with their environment in order to carry out their functional roles.

3.2 Methods

3.2.2 Sample preparation and immunolabelling

Samples were prepared by seeding HFF-1 cells on FN coated 8-well plates. The cells
were allowed to spread for different times (90 min, 3 h, and 24 h), were fixed and
then immunolabelled using primary and secondary antibodies, as described in detail
in Chapter 2.

3.2.3 Image acquisition

All the STORM images analysed in this chapter were taken on a Nikon Eclipse Ti
system using a 100x oil objective with NA of 1.49, a 256x256 pixel ROl and a pixel
size of 160 nm using TIRF illumination. The system has lasers with wavelengths of
405 nm, 560 nm and 647 nm. Confocal images were taken on a Leica TCS SP8 STED
3X with a Leica 100x oil immersion objective of N.A. 1.4. For a full description of the
image acquisition, see Chapter 2 section 2.4.

3.2.4 Image reconstruction

Dual-colour STORM image reconstruction was done using Insight3, provided by Bo
Huang (UCSF, initially developed in Xiaowei Zhuang’s Lab). The analysis was run over
the entire data sets but recording only those localisations detected in the second
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frame of the five-frame cycle, that is the first of the four reporter frames, the
localisations can be represented by a cross marking their centres or rendered with
a Gaussian profile convoluted with the point. For more detailed description, see
Chapter 2 section 2.5.

3.2.5 Image analysis

MATLAB algorithms

The majority of the analysis carried out in this chapter were completed using scripts
written and developed using MATLAB 2019b. In particular, we incorporated already-
existing algorithms such as DBSCAN (Ester et al., 1996) into our scripts. Details of
how the DBSCAN algorithm works can be found in Chapter 2 section 2.6. In brief,
DBSCAN is a density-based algorithm that we implemented as our initial analytical
step to establish if the proteins of interest formed clusters and to extract the details
for the clusters found, such as centre of mass position (CoM), number of
localisations, and area of clusters.

Data representation with GraphPad Prism

The median value per cell is calculated from the cluster analysis per cell. These
values are represented using the box-and-whisker plots in GraphPad Prism, version
9.1.2, where the line shows the median over all cells, the box extends to the
guartiles and the whiskers show the range over 90% of the distribution of the cells
for each protein. All box-and-whisker plots in this chapter will follow these limits.
Scatter plots are also used to display the distribution over individual cells where the
horizontal line marks the mean of the distribution and the whiskers show the
standard deviation. Finally, we also use stacked bar graphs in order to compare the
two integrins to talin and vinculin. The bars show the mean of each protein and the
whisker shows the standard deviation.

Statistical analysis with GraphPad Prism

The statistical analysis used in this chapter to assess the statistical significance of the
variation of the median values per cell was carried out using GraphPad Prism
(version 9.1.2). Specifically, when testing the statistical significance of the
differences between the distribution mean values of each protein, we ran one-way
ANOVA tests. The confidence interval was 95%. We only include on the graph those
pairs that show statistical significance, i.e., p-value < 0.05.
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3.3 Results

3.3.2 Dual-colour super-resolution STORM reveals nanoscale
segregation of adhesion complex components

In order to visualise the lateral distribution and organisation of adhesion complex
proteins with enhanced spatial resolution, we seeded HFF cells on FN for 24 h, fixed
them and labelled different adhesion proteins for dual-colour STORM inspection.
Representative confocal and STORM images taken at the basal membrane of two
different HFF cells labelled for asB: and paxillin are shown in Figure 3.1. While the
spatial resolution of confocal imaging is set by diffraction (around ~340—450 nm in
this particular example), the STORM image shows greater details and increased
spatial resolution, with a localisation precision of ~7 nm and an accuracy of 15 nm,
as stated in Chapter 2.

Visual inspection of these images shows that while paxillin and asB; appear to be
homogenously distributed inside FAs in the confocal micrographs (Figure 3.1 A), the
STORM image reveals that these proteins are laterally segregated from each other
and organised into discrete spots inside the adhesion structures (Figure 3.1 B). These
first observations indicate that the old but still commonly-spoken idea of proteins
being homogeneously distributed and colocalising with each other within the
adhesion complex is outdated and requires a re-evaluation.

A Confocal B STORM

& =

Figure 3.1 Confocal and STORM images of fibroblasts seeded for 24 h
The confocal image in (A) is of an HFF-1 cell seeded on FN for 24 h, labelled for asp; and paxillin and
imaged using a Leica TCS SP8 STED 3X system. (B) is a representative image for a cell seeded for 24 h
on FN, labelled for asf; and paxillin, and imaged by STORM. Scale bars of main images are 5 um and of
insetsare 1 um.
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To further enquire whether the lateral segregation observed for paxillin and asf:
also holds for other proteins associated to adhesion complexes, we performed
extensive STORM imaging of asP1, avBs, paxillin, talin, and vinculin on multiple cells.
Figure 3.2 shows representative STORM images for all five adhesion complex
components we consider here. The large field of view in all panels of Figure 3.2
shows that due to high density of the localisations in these regions the distribution
seems to appear homogeneously distributed on the adhesion complexes, similar to
the images obtained by confocal microscopy (Figure 3.1 A). However, when
inspected with greater detail (see zoom-ins in Figure 3.2), the reconstructed images
show a non-homogeneous distribution for all the adhesion proteins, laterally
segregating from each other within the adhesion complexes.

A : i avBS

b Yaeh N N, DAk 3
Figure 3.2 Reconstructed STORM images for five components of the adhesions complex
labelled in HFF-1 cells seeded for 24 h on FN
Panels (A—E) show the proteins studied in this thesis. (A) and (B) are reconstructed images of asp; and
oyBs3. Panels (C—E) show paxillin, talin, and vinculin reconstructions, respectively. The insets show a
zoom in on an adhesion area for each cell. Scale bar =5 um, inset scale bar =1 um.

In addition, the images also show differences in the density of proteins inside
adhesions as inferred from the difference in terms of the number of localisations,
with for instance a higher number of localisations from paxillin as compared to talin
or vinculin (Figure 3.2 C, D). These differences do not arise from variations in the
labelling of the adaptor proteins, since we controlled that in all cases, we work at
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fully saturating labelling conditions. It can also be noted that although the adaptor
protein spots (paxillin, talin, and vinculin) appear to be distributed evenly over the
area of the adhesions, the distributions of the two integrins (asB; and a,Bs) appear
quite distinct to one another. While a,Bs; appears to follow a homogenous
distribution similar to that of the adaptors, asB: exhibits a tendency to be more
enriched at the boundaries of the adhesions. To quantitatively substantiate these
observations, here and in the following chapters we will use various computational
tools to analyse the STORM images and obtain an in-depth description of the lateral
distribution of key adhesion proteins.

3.3.3 Key adhesion proteins organise as nanoclusters inside
adhesions

In this section, we quantitatively analyse the lateral distribution on the basal cell
membrane of key adhesion proteins, as observed in our STORM images (Figure 3.2).
We used the DBSCAN algorithm to determine if the proteins of the adhesion
complex form nanoclusters and, if so, characterise these nanoclusters by using
different metrics, such as their size, number of localisations per cluster, and
molecular density inside nanoclusters. As an initial step, the STORM data were split
into three distinct data sets, corresponding to the localisations found to be inside
adhesion complexes, on the rest of the basal cell membrane, and outside of the cell
(on glass). This allowed us to specifically analyse the localisations associated to
adhesions and characterise the protein clusters. In order to do that, we first needed
to establish what we mean by a nanocluster. As discussed in the methods chapter
(section 2.6), we require a way to distinguish individual conjugated antibodies from
nanoclusters of proteins. To establish this lower limit, we analysed individual spots
on glass (next to the cells) and extracted the distribution for the number of
localisations per spot detected, using DBSCAN with Niin=2 and eps=20 nm (Figure
3.3 A). The median number of localisations per spot on glass was 5 for Alexa405-
Alexa647-conjugated antibodies, and 3 for Cy3-Alexa647-conjugated antibodies. It
is worth noting that Figure 3.3 A does not solely reflect the distribution of
localisations per single antibody, but is rather convolved with dimers, or multimers
arising from cell debris deposited on the glass. This explains why the distribution has
a larger spread (as defined by the whiskers) than those obtained in other studies
where spots on glass were characterised in the absence of cells (Spiess et al., 2018).
Yet, we believe that our approach is more rigorous since the determination of the
number of localisations/individual antibody is performed on the same sample
containing the cells and thus under identical experimental conditions.
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These values serve us to refine the clustering analysis on cells, in order to mainly
select those nanoclusters formed by multiple proteins, and not apparent
nanoclusters of localisations emanating from multiple blinking events of a single
fluorophore. To that end, the DBSCAN parameters were fixed at Nmin=3 and eps=20
for the initial nanocluster detection on cells, as described in detail in Chapter 2,
section 2.6.3. Once these nanoclusters were detected, a further threshold was set
to exclude all spots with less than 10 localisations. Our choice of parameters was
based on other publications in the field (Pageon et al., 2016; Spiess et al., 2018) and
the reasoning that if the median of localisations per single antibody is 3—5 molecules
then the majority of spots with 10 of more localisations are likely to correspond to
true nanoclusters. Moreover, we used the Fiji plugin as explained in the methods
chapter, to exclusively select localisations contained in the adhesion structures
(Figure 3.3 B).

Our analysis revealed that the proteins considered in these experiments form
nanoclusters in the adhesion complexes (Figure 3.3 C—E). Interestingly, the number
of localisations per nanocluster, nanocluster area, and the density of localisations
per unit area appear to be conserved without any significant difference found, when
comparing the data of each protein to the others. We used the parametric one-way
ANOVA test with 95% confidence, and found all p-values were > 0.05, indicating the
variations seen between data sets are not significant. The detected clusters are
small both with respect to size and number of localisations. Taking the clusters of
asPi as a representative example, our data indicate that they have a median surface
area of 1768 nm?, which, if we assume the clusters to have a circular shape,
corresponds to a median cluster diameter of 47 nm. This observation is in
agreement with similar studies carried out on active and inactive integrin asf,
where the authors used STORM imaging and found that active and inactive integrin
nanoclusters have a median diameter of 40 nm and 35 nm, respectively (Spiess et
al., 2018). We find the median number of localisations in a nanocluster of asp; to be
around 25, resulting in a median localisation density of 0.015 locs/nm?.

Although we extracted the number of localisations per individual antibody on glass
and used this value to discriminate for nanoclustering, it is still not quantitative
enough to accurately determine the number of proteins contained in each
nanocluster. In addition, we also quantified the percentage of localisations inside
adhesion complexes that belong to nanoclusters for each of the proteins
investigated, and obtained for asPi, 84.6%; for a.Bs, 77.6%,; for paxillin, 80.2%; for
talin, 73.2%, and for vinculin, 78.1%.
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Overall, our results quantitatively show that integrin receptors and their main
adaptor proteins form nanoclusters inside adhesion complexes of remarkable
similar size, number of molecules, and molecular density. Moreover, these
nanoclusters appeared laterally-segregated within adhesions.
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Figure 3.3 Nanocluster analysis of different proteins inside adhesions

Panel (A) shows the distribution for the number of localisations (locs) per secondary antibody for either
of the antibodies, goat anti-mouse Alexa 405—Alexa 647 and goat anti rabbit Cy3—Alexa 647 on glass.
(B) A representative STORM image of an HFF-1 cell fixed after 24 h on FN and labelled for paxillin
(shown in green) and asB1 (shown in magenta), where only the localisations present in the adhesions
are considered for analysis. Scale bar = 5 um. (C-E) Box-and-whisker plots showing the number of
localisations per nanocluster (C), the nanocluster area (D), and the density of localisations per
nanocluster area (E) for the proteins in this study. Each data point corresponds to the median value
over all nanoclusters for each cell (for N values, i.e., number of independent experiments, see number
of images for the 24 h condition in Table 2.6). Only the pairs with statistical differences are marked.
not significant (ns), p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; one-way ANOVA.

3.3.4 Protein nanoclustering does not change depending on the

region of the cell membrane studied
We next examined whether there are any differences between the nanoclusters
formed in different types of adhesion complexes, in particular FAs and fAs. To study
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FAs and fAs, we acquired images that incorporate both the edge of the cell, where
FAs are primarily found, as well as a central area, which is highly enriched in fAs,
having a narrow, elongated shape. Representative images outlining these regions
are shown in Figure 3.4. The data were split into FA and fA data, as explained in the
methods section.

A All Adhesions B FAs C fAs D Out

Figure 3.4 Definition of different regions of cell membrane containing focal and fibrillar
adhesions

(A) Representative STORM image of asf; (magenta) and paxillin (green) of an HFF-1 cell spread on FN
for 24 h. Only localisations in adhesions are shown, with the localisations on glass already removed.
The white line is the manually drawn boundary to define the separation of FAs from fAs. (B—C) Images
resulting from that separation. (D) Localisations on the cell membrane not associated to adhesions,
i.e., outside adhesions. Scale bars =5 um

We then ran the DBSCAN algorithm on all files containing the localisations found
specifically on FAs, fAs, or outside adhesions. We maintained the same DBSCAN
parameters for all these analyses. We first measured the cluster descriptors for the
two integrins, asBi and ayBs, in the different regions of the cell membrane (Figure
3.5 A, B). Interestingly, these results revealed that there are no significant
differences in the clusters found in FAs compared to those found in fAs for either
integrin (Figure 3.5 C-E).

Surprisingly, we observed a significant difference in the median localisation density
of the clusters for asB: depending on whether they are found inside or outside
adhesions: they are denser outside adhesions than inside (Figure 3.5 E). This
difference essentially arises from a smaller asf:1 nanocluster area inside adhesions
(either FAs or fAs) as compared to outside (Figure 3.5 D). These results are at first
glance counterintuitive, as one may expect that inside adhesions, which are areas of
high integrin density, the nanoclusters themselves would be more packed and
therefore have a higher density of localisations. However, our results indicate that,
at least for asP1 nanoclusters, this is not the case. Although a better understanding
of the mechanism behind this reduction in density would require a more in-depth
study, we speculate that the observed lower density of localisations in adhesion
regions could arise from the engagement of the integrins with their adaptor partners
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and, consequently, the integrin nanoclusters would be expanded due to molecular
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Figure 3.5 Analysis of STORM data for integrins as8; and a,B3 after 24 h of spreading on FN,
and split by membrane regions

(A,B) Top panels show the full area of the cell membrane imaged by STORM and rendered using
Insight3, where each localisation is depicted with a cross. (A) shows asBi, and (B) shows a,fs. The
subpanels (i) and (ii) show zoom-in ROIs on high density areas, defined as FAs and fAs, respectively.
The scale bars are 5 um (A,B; top panels) and 1 um (subpanels i, ii). (C—E) Nanocluster characteristics
for asPB; (green) or ayBs (blue) nanoclusters on FAs, fAs, or outside adhesions (out). For a summary of
the number of cells analysed per integrin and per region, see Table 2.6. Only the pairs with statistical
differences are marked. *, p<0.05; **, p<0.01; ***, p<0.001; one-way ANOVA.

#Locs/nm?

Similarly, we next analysed the data of the adaptor proteins paxillin, talin, and
vinculin (Figure 3.6). Remarkably, we found no significant differences in the
nanocluster properties for any of these adaptors, except for vinculin outside
adhesions, which exhibited a larger number of localisations as compared to fA
regions, although with no changes in terms of nanocluster molecular density. We
also noticed that as compared to integrins, which show a narrow distribution in the
nanocluster parameters (Figure 3.5), we systematically recovered a larger spread on
the number of localisations and nanocluster area for all three adaptors. These
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differences might be related to the degree of integrin engagement and activation of
these adaptor proteins (see also discussion).

Taken together, these data (Figure 3.5 and Figure 3.6) show that nanoclusters
formed by all the adhesion proteins we studied have a well-defined number of
localisations and median size, and regardless of whether they are inside (FAs or fAs)
or outside adhesion complexes, with the sole exception of asBi, whose localisation
density is lower inside adhesions as compared to outside. Overall, our data thus
indicate that nanoclustering is a common feature of adhesion proteins and their
lateral segregation suggests that they might constitute nanomodules with different
function.

3.3.5 The nanocluster characteristics of adhesion proteins are
preserved regardless of cell seeding time

So far, we have reported all the experiments on cells seeded for 24 hours on FN.
When cells are seeded on a flat substrate, they attach to the surface and spread over
a period of time until they reach a stationary attachment area (Nisenholtz et al.,
2014). The initial attachment occurs within minutes whereas the spreading that
follows is a slower process, taking hours for the cell to reach a steady state (Thurston
et al.,, 1988). Because adhesion complexes play important roles in both these
processes (initial attachment and subsequent spreading), we next aimed at
investigating how the adhesion proteins are organised and segregated as a function
of cell seeding time.

To investigate how nanocluster sizes and other characteristics might vary depending
on the attachment and spread state of the cell, we seeded cells on FN for different
times (90 minutes, 3 hours, or 24 hours), and imaged them using STORM. As before,
we started by analysing the integrin clusters, retaining the separation into FAs, fAs,
and outside adhesions, with the extra layer of complexity arising from the seeding
time (90 min, 3 h, or 24 h).
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Figure 3.6 Analysis of STORM data for the adaptor proteins paxillin, talin, and vinculin, after
24 h of spreading on FN and split by membrane regions
(A—C) Cluster characteristics for paxillin (orange), talin (purple), and vinculin (yellow) nanoclusters on
FAs, fAs, or outside adhesions (out). For a summary of the number of cells analysed per adaptor and
per region, see Table 2.6. Only the pairs with statistical differences are marked. *, p<0.05; **, p<0.01;
**% p<0.001; one-way ANOVA.

Strikingly, the cluster analysis again revealed sizes and localisation densities at early
(90 min) and intermediate (3 h) time points similar to those found for the late time
point (24 h) (Figure 3.7). In order to test if any of the observed differences are
statistically significant, we ran an unpaired one-way ANOVA test. This revealed that
there was no significant difference for a,Bs clusters over time (Figure 3.7 B,D,F). The
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asPBi1 clusters present on cells seeded for 90 min show (i) a higher number of
localisations per cluster in fAs compared to FAs (Figure 3.7 A); and (ii) a larger area
for fA clusters (Figure 3.7 C), as compared to those clusters found on cells seeded
for 3 h or 24 h. Interestingly, these two measures balance each other, resulting in
the localisation densities for clusters in FAs and fAs to be statistically equivalent for
all three studied seeding times (Figure 3.7 E).

As previously mentioned, on cells seeded for 24 h, we found that the localisation
density in clusters outside adhesions was significantly higher than that in FA- and fA-
located clusters (Figure 3.5). However, this difference does not hold for the shorter
cell spreading time of 90 min, where the localisation densities for all clusters are
statistically equivalent regardless of their location within the basal cell membrane
(Figure 3.7).

We next performed an analogous analysis on the STORM data of the adaptor
proteins (paxillin, talin, and vinculin). Similar to what we saw for the integrins, we
found that the cluster characteristics for the adaptor proteins are remarkably stable
over time in terms of the quantities we analysed over time in the different regions
of the cell membrane (Figure 3.8). One observation to note is that the spread of the
median area of the vinculin clusters per cell is strikingly broader as compared to
paxillin or talin. These results might indicate that vinculin nanoclusters vary
depending on the specific role they perform. Vinculin has a well-established role in
stabilising talin-actin bonds at FAs (Humpbhries et al., 2007; Atherton et al., 2015)
and it has also been shown to be involved in clustering of GPl-anchored proteins
(Kalappurakkal et al., 2019). Because our labelling strategy targets all vinculin
proteins, it is possible that a fraction of the detected vinculin clusters is not engaged
with their usual partner proteins talin and actin. Further work will be required to
investigate this.
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Figure 3.7 Characterisation of integrin clusters for different cell spreading times and regions
on the cell membrane

(A—F) Cluster properties inside FAs, fAs, and outside adhesions (Out) for the integrins asP; (in green,
panels A,C,E), and a,Bs (in blue, panels B, D, F). (A,B) show the number of localisations (Locs) per
cluster; (C,D) show the cluster area; and (E,F) show the localisation density per unit area. For a summary
of the number of cells analysed per integrin in each region and at each time point, see Table 2.6. Only
the pairs with statistical differences are marked. *, p<0.05; **, p<0.01; ***, p<0.001; one-way ANOVA.

Our STORM data, analysed using the DBSCAN algorithm, show that the proteins of
the adhesion complex are segregated into small clusters (of ~50 nm in diameter) at
the nanoscale. We showed that, in general terms, these clusters exhibit the same
characteristics regardless of the type of adhesion they form or the time duration of
their spreading on FN. This leads us to propose that the adhesion proteins we
studied form universal nanohubs that allow them to efficiently interact in a
functional manner to form the adhesion platforms. We know that these proteins
play different roles in the adhesion complexes, whether that be signalling or
anchoring to the cytoskeleton. Remarkably, these very different roles and

interactions are not mirrored in their clustering behaviour.
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Figure 3.8 Characterisation of adaptor proteins clusters inside FAs, fAs, and outside (Out)
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adhesions, for different cell spreading times and regions on the cell membrane

Cluster properties for paxillin (in orange, panels (A,C,E)), talin (in purple, panels (B, D, F)), and vinculin
(in yellow, panels (G, H, 1)). (A,B,G) show the number of localisations (Locs) per cluster; (C,D,H) show
the cluster area; and (E,F,1) show the localisation density per unit area. For a summary of the number
of cells analysed per adaptor in each region and at each time point, see Table 2.6. Only the pairs with

statistical differences are marked. *, p<0.05; **, p<0.01; ***, p<0.001; one-way ANOVA.
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3.3.6 The number of integrin clusters per unit area, but not of
adaptor proteins, increases with cell spreading time

Our data thus far indicate that adhesion protein nanoclusters hold some universal
features, such as their sizes and localisation densities (Figure 3.7 and Figure 3.8).
Hence, we hypothesised that other characteristics of these nanoclusters,
particularly their overall organisation within the basal membrane, could determine
the way different proteins regulate adhesion size and dynamics to ultimately
mediate their physiological roles in processes such as cell attachment and migration.

In order to identify these determinants, we first quantified the evolution of the
number of nanoclusters per unit area as a function of the spreading time for the
different adhesion proteins in the different cell regions. To that end, we took
advantage of the fact that the output of the DBSCAN analysis includes the x-y
coordinates of the centre of mass (CoM) of each cluster. With this information we
coded a script to plot the CoM of each cluster onto the binary mask of the adhesions
(see Chapter 2, Figure 2.6). We next assigned the nanoclusters to the individual
adhesion type they belong to, from which we were able to count the number of
nanoclusters in each adhesion. These adhesion areas are topologically-disconnected
regions detected by MATLAB from the binary mask (see Chapter 2, Figure 2.6). This,
together with the area of each adhesion that was obtained from the adhesion mask,
allowed us to calculate the number of clusters per unit area inside the different
adhesion regions. We further categorised the individual regions as FAs, fAs, or
outside adhesions.

Our results show that for the integrins asB; and a,Bs, the number of clusters per unit
area increases with the spreading time, both in FAs and in fAs (Figure 3.9 A,B).
Specifically, for asp: the density increased from ~8.4 and 12 clusters/um?, for FAs
and fAs, respectively, at 90 min to ~23 clusters/um? for both FAs and fAs at 24 h.
Moreover, the increase in a,Bs cluster density went from ~3.5 clusters/pum? (90 min)
to ~15.5 clusters/um? (24 h), for both FAs and fAs (Figure 3.9 A,B). As expected, the
number of nanoclusters of both integrins per unit area outside adhesions was much
lower (median values ~1-3 clusters/um?) and remained unchanged over time
(Figure 3.9 A,B). These findings suggest that the cell requires higher densities of
integrin nanoclusters at the adhesion sites as cell spreading time increases.
Interestingly, although the nanocluster characteristics of both integrin receptors
appeared to be constant in time and similar for both integrins (Figure 3.7), their
lateral distribution and temporal evolution inside adhesions was markedly different.
Indeed, regardless of spreading time and type of adhesion structure, we observed
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an enrichment of asP: nanoclusters over a,Bs nanoclusters (Figure 3.9 A,B).
Moreover, this enrichment was more pronounced at earlier spreading times (90
min) with a 2.4-fold asB; enrichment on FAs and 3.4-fold enrichment in fAs as
compared to a,Bs. At 24 hours, a 1.5-fold enrichment of asp; over a,fswas retrieved,
in both FAs and fAs. These results are quite different to the ones reported by Rossier
et al., where the authors reported an enrichment of a,B3 over asB:in FAs at 3 h of
cell spreading time (Rossier et al., 2012). These differences might be due to different
expression levels between our experiments, where we labelled endogenously-
expressed asP; and a,Bsin human fibroblasts, and Rossier et al’s experiments, where
the integrins were exogenously-overexpressed in mouse fibroblasts used (Rossier et
al., 2012). On the other hand, the strong enrichment of asB; as compared to a,fs at
fAs, in particular at earlier spreading times (3.4-fold enrichment), is fully consistent
with earlier literature (Zamir et al., 2000; Katz et al., 2000). In addition, our data also
revealed the presence of a,fBs integrins in these adhesion regions. Finally, it is
interesting to note that even when the total asB; population in adhesions is larger
than that of ayBs, their relative increase as a function of cell spreading time was
much more pronounced for a,Bs, i.e., with a 4.4-fold increase at 24 h as compared
to 90 min, while for asPB1 more modest 2.7- and 1.9-fold increases were found for
FAs and fAs, respectively. These results suggest that as cell spreading time proceeds,
the requirement for a,Bs integrins at the sites of adhesion becomes increasingly
more relevant.

Next, we analysed the adaptor protein nanocluster densities following the same
workflow. Surprisingly, our results show that the density of adaptor protein
nanoclusters in adhesions remained unchanged over time for the different basal
membrane regions analysed (Figure 3.9 C-E). Paxillin nanoclusters are highly
enriched at the adhesions with ~20-22 clusters/um? in FAs and ~12-15
clusters/um? in fAs. Interestingly, the density of talin nanoclusters (median values
~5-12 clusters/um?) and of vinculin nanoclusters (~6-12 clusters/um?) was much
lower than that of paxillin and remarkably similar to each other for these two
adaptors in the two types of adhesion complexes (FAs and fAs) (Figure 3.9 D,E).

Figure 3.10 A,B shows the comparative results for both integrins, talin, and vinculin
as function of cell spreading time. Whereas the number of integrin nanoclusters
(asB1 and ayBs3) per unit area at FAs are comparable to the density of talin and
vinculin at 90 min cell spreading time (Figure 3.10 A), at longer times, there are many
more integrins than adaptors, with a more than three-fold excess of integrins at FAs
as compared to talin and vinculin. These results indicate that at longer spreading
times, a significant number of integrin nanoclusters in FAs might not be engaged
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with their adaptor partners. A similar behaviour was also observed in fAs and
outside adhesions, irrespective of the cell spreading time (Figure 3.10 B,C).

These data (Figure 3.9, Figure 3.10) opened up a new question: what is the source
for the increase in the number of integrin clusters per unit area in the adhesion
complexes as a function of cell spreading time? To address this question, we
considered six possible scenarios by which the number of clusters per unit area
could increase, which we addressed one by one.
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Figure 3.9 Number of protein clusters per unit area in different basal membrane regions as
function of spreading times
Density of clusters per unit area for the proteins, asB: (green; (A)), a.Bs (blue; (B)), paxillin (orange;
(C)), talin (purple; (D)), and vinculin (yellow; (E)) for different cell spreading times and classified
according to their location on the basal membrane, i.e., inside FAs, fAs, and outside (Out) adhesions.
For a summary of the number of cells analysed per integrin in each region and at each time point, see
Table 2.6. Only the pairs with statistical differences are marked. *, p<0.05; **, p<0.01; ***, p<0.001;
one-way ANOVA.
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Figure 3.10 Comparison of number of clusters per unit area for integrins, talin, and vinculin
Density of nanoclusters per unit area for the two integrins asP1 (green) and a,fs3 (blue) shown in a
stacked plot, and compared to the mean density of nanoclusters per unit area for talin (purple) and
vinculin (yellow), for FAs (A), fAs (B), and outside adhesions (C). Notice that the vertical axis range is
different in (C) than in (A) and (B)

1) Adhesions would decrease in area with time, resulting in an apparent
increase of the density of nanoclusters.
The first hypothesis we tested is whether the total number of integrin clusters on

the basal membrane remains constant while it is the adhesion area that decreases
with time, resulting in an effective increase of the density of nanoclusters per unit
area. To address this first point, we took the adhesion masks and measured the area
of the adhesions for different spreading times. Figure 3.11 A,B shows a
representative example of how two masks are generated from a STORM image: the
first mask corresponds to the adhesion complexes (panel A), and the second one to
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the entire basal membrane (panel B). We use the first mask to measure the
distribution of surface areas of the individual adhesions (Figure 3.11 C). With the
information obtained from the second mask, we then computed the fraction of the
cell membrane area covered by adhesions (Figure 3.11 D). These results reveal that
there are no significant changes of the adhesion area depending on the spreading
time. Although it shows that at 3 h there is a relatively small but statistically
significant dip in the area of adhesions as compared to 90 min, the area fraction of
the basal membrane occupied by adhesions remains constant with time. This,
together with the finding that the increase in the integrin cluster density is
progressive with time, led us to rule out this first scenario.
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Figure 3.11 Area of all adhesions with time

(A) and (B) show the masks of all adhesions and the mask of the full membrane area imaged,
respectively. Scale bar =5 um. (C) Distribution of total adhesion area. (D) Fraction of the cell membrane
covered by the adhesions, i.e., sum of all the adhesion areas of a cell divided by the total cell area, for
all cells studied. The data points in (C) correspond to all the adhesion areas for all the cells, and each
point in panel (D) corresponds to a fraction of a cell area for each cell analysed. For this analysis we
took all masks pertaining to all experiments targeting paxillin, imaged together with asB; or a,fs. ns,
p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; one-way ANOVA.
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2) Integrin nanoclusters formed outside adhesions could be recruited to the
adhesion sites.
A second possible explanation for the observed increased density of integrin

nanoclusters with time at adhesion sites is that a fraction of integrin clusters that
localise outside adhesions are recruited towards the adhesion sites. If so, one would
expect an increase in the cluster density in those regions with the concomitant
decrease in the density outside adhesions. In fact, this information is already
contained in our results shown in Figure 3.9, which, for the sake of visual clarity, we
plot again showing the density of integrin clusters only outside adhesions (Figure
3.12). These results clearly indicate that there is no reduction of the density of
clusters outside of the adhesions with time. In fact, the trend is that there seems to
even be an increase in the density of integrin clusters at 3 h and 24 h as compared
to 90 min. Therefore, we conclude that the increase in integrin cluster density in
adhesions with time is not due to an active recruitment of clusters into the
adhesions from the surrounding regions of the basal membrane.
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Figure 3.12 Density of integrin nanoclusters outside of the adhesions as function of cell
spreading times

Same data as shown in Figure 3.9 A,B (only outside adhesions), but with the vertical scale expanded,
with asP1 (green) and a,Bs (blue) data. Each data point represents a cell, the horizontal line marks the
mean of the distribution with the whiskers extending over the standard deviation. ns, p>0.05; *,
p<0.05; **, p<0.01; ***, p<0.001; one-way ANOVA.

3) The number of integrin nanoclusters at the adhesion sites could increase at
the expense of the non-clustered integrins.
Athird possibility we explored is whether the amount of "free" integrin localisations,

i.e., those that do not belong to nanoclusters, decreases with time in adhesions
leading to an enhanced nanoclustering capacity as function of spreading time. We
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thus calculated the percentage of localisations associated to nanoclusters in
adhesions over time. If this number increases with time, it will indicate that free,
non-clustered localisations present on adhesions at early seeding time points (90
min) go on to form new nanoclusters within adhesions as the cells settles with time.
Our results (Figure 3.13) show that there is a modest and significant increase in the
percentage of localisations associated to clusters for a,f3 when comparing 90 min
to 24 h. This increase although deemed significant is slight (increase of ~13% from
90 min to 24 h, median values) so it cannot explain the 4.4-fold increase in o,Bs
nanocluster density that we earlier determined when going from 90 min to 24 h
spreading time (Figure 3.9 A, B and Figure 3.10). The enhanced asB; nanoclustering
from free localisations is even more modest, with an increase of ~7% from 90 min
to 24 h, median values (Figure 3.13). These results thus rule out the possibility that
free integrins join together to form new nanoclusters that can account for the
increased integrin nanoclustering density as function of spreading time.
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Figure 3.13 Percentage of integrin (as8i, in green; a.,8s in blue) localisations in adhesion
complexes forming nanoclusters

Percentage of localisations belonging to nanoclusters inside adhesions. The plot has been obtained by
taking the number of localisations considered to be part of a cluster by DBSCAN, and dividing it by the
total number of localisations found to be in all the adhesions. Each data point represents a cell, the
horizontal line marks the mean of the distribution with the whiskers extending over the standard
deviation. ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; one-way ANOVA.

4) Integrin nanoclusters could split as function of spreading time leading to an
effective increase of nanoclusters per unit area.
Although the fraction of clustered localisations on adhesions seems to be constant

with time (Figure 3.13), it is possible that as spreading time proceeds, nanoclusters
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would shrink in the number of localisations they contain and therefore more
nanoclusters per unit area would be formed. Again, we already have the results to
invalidate this hypothesis, since we found no change in the number of localisations
per nanocluster for either integrin (Figure 3.7 A, B).

5) Monomers (non-clustered localisations) could be recruited to the adhesion
complexes from the membrane region outside adhesions.
A fifth possibility we considered is that free integrin localisations, which do not form

nanoclusters outside the adhesion areas, are progressively recruited towards the
adhesion complexes, with a fraction of them contributing to the formation of new
nanoclusters. To test this possibility, we quantified at the number of non-clustered
localisations per unit area outside adhesions to see if this value decreases with time.
Our results (Figure 3.14) show that this is not that case. On the contrary, the density
of non-clustered localisations outside adhesion complexes follows an incremental
trend with time for both integrins (Figure 3.14). These data allow us to rule out the
possibility that the recruitment of non-clustered proteins from outside adhesions to
adhesion complexes leads to the observed increase in integrin cluster density with
time.
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Figure 3.14 Density of non-clustered localisations outside of adhesions for different cell
spreading times

Number of non-clustered localisations per unit area outside of adhesions with time, for asps, in green,
and ayBs, in blue. In this case, the area considered is the area of the basal membrane in the cell mask
minus the sum of all the adhesion areas of the cell. Each data point represents a cell. Each data point
represents a cell, the horizontal line marks the mean of the distribution with the whiskers extending
over the standard deviation. ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; one-way ANOVA.
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6) New integrins arrive at the basal membrane over time
Finally, we show that the number of localisations for asp; and a.fBs increase with

time (Figure 3.15) and we therefore conclude that the increase in density of integrin
clusters comes from and overall increase in integrin expression at the basal
membrane with time. However, the source of these new proteins is not clear: they
could diffuse into the basal membrane from the apical membrane, be newly
synthesised proteins trafficked from the Golgi apparatus, or recycled integrins
arriving from the endo-lysosomal system.
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Figure 3.15 Density of localisations in the entire basal cell membrane for different cell
spreading times

Number of all localisations per unit area for the full basal cell membrane with time, for asp, in green,
and a3, in blue. In this case, the area considered is the area of the basal membrane in the cell mask.
Each data point represents a cell, the horizontal line marks the mean of the distribution with the
whiskers extending over the standard deviation. ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; one-
way ANOVA.

3.4 Discussion

This chapter aspired to understand the nanoscale organisation of adhesion complex
proteins, particularly focusing on characterising their partitioning into small
nanoclusters. We investigated the characteristic properties of these nanoclusters,
such as their sizes and number of localisations per cluster, and whether/how they
vary as a function of their location on the basal membrane or as a function of the
spreading time. The aim was to understand these clusters to know if they had
different characteristics depending on the protein or if they were dynamic
structures that grew over time. By using STORM imaging on fixed human fibroblasts
(HFF-1 cells) along with quantitative analysis tools, we first showed that the
adhesion proteins that we have tested (the two integrins asB: and aBs, and the
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adaptor proteins paxillin, talin, and vinculin) form small nanoclusters. Interestingly,
our data revealed that these clusters have, in general, a very similar area and
localisation density regardless of the type of adhesions they are found in, and that
this even holds true for those found on the regions of the basal membrane outside
the adhesions. We also performed experiments at different times after seeding the
cells on a FN-coated glass substrate (90 min, 3 h, or 24 h). Our data showed that
adhesion protein nanoclusters remained unaltered independently on the time the
cells had to attach and spread on the substrate. Based on the outcome of our in-
depth quantitative analyses on adhesion protein clustering, we would like to
propose that these clusters constitute universal nanohubs of adhesion proteins.
Then, these nanohubs further organise as higher-level super-structures of high
cluster density, which correspond to adhesion complex structures, such as FAs and
fAs. Nonetheless, we would like to stress once more that this mesoscale
organisation of adhesion proteins into adhesion complexes (> 1 um) is not
accompanied by any change in the nanoscale organisation of the adhesion proteins
in small nanoclusters (of ~50 nm in size).

This finding, namely that there is continuity across all the clusters we studied, struck
us as a very interesting and intriguing one, because adhesion proteins play very
different roles in cells. One would expect that these varied roles could be indicated
in varying cluster sizes, but instead they appear to have a universal size, consistent
across ROIs and cell spreading time.

We then carried out further analysis on these nanoclusters, aiming at understanding
the overall evolution of the nanocluster organisation. In particular, we looked at the
number of nanoclusters per unit area for the different adhesion proteins, and how
this quantity evolved depending on the protein, the membrane region where they
are found, and the length of time the cell is allowed to attach and spread. The
outcome of these analyses showed that for the integrins asB: and a,f3 there is an
increase in the cluster density with time, and that this increase specifically occurs
inside adhesion complexes. These data also revealed that the density of asf; clusters
is consistently higher than that of a,B; clusters inside of the adhesions, regardless
of the type of adhesion (FAs or fAs) or of the cell spreading time. Strikingly, the
density of clusters per unit area for o,Bs is significantly lower than for asf; in the
experiments looking at early time point after seeding (90 min), which could be an
indicator that asP: arrives to the adhesions first to establish the initial cell
attachment points. This hypothesis is also consistent with the larger bond strength
reported for FN—asP1 as compared to FN—o,5 (Kong et al., 2009; Elosegui-Artola et
al., 2016; Bharadwaj et al., 2017). Thus, the enrichment of asf; integrin at FAs
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together with its higher bond strength would serve to maintain stable adhesions,
which are particularly important during early spreading times. Intriguingly, despite
the overall amount of asP; clusters is always larger than that of a3, we found that
the fold increase along cell spreading time is much larger for a,Bs than for asB; (4.4-
fold a,Bs nanocluster density increase from 90 min to 24 h, and 2.7- and 1.9-fold
increase for FAs and fAs, respectively, for asBi clusters). Our results suggest that as
spreading time proceeds, the role of o33 becomes more prominent or necessary for
the cells. Using in-vitro experiments, Roca-Cusachs et al. determined that the bond
strength of aPs to FN is lower than that of asB,, leading to its faster binding and
unbinding rates and suggested a possible function of o3 in mechanosensing (Roca-
Cusachs et al., 2009). In addition, using a stretching device coupled to single
molecule studies, Massou et al. recently showed that a.fs; is involved in
mechanosensing (Massou et al., 2020). Together with our results, we would like to
suggest that as cell spreading proceeds, it is possible that events of mechanosensing
and mechanotransduction mediated by a3, become more important as compared
to earlier seeding times when the cells are primarily involved in adhesion
establishment, and thus require a larger pool of asf;.

There is still a lot of controversy in the field over the specific roles that different
integrins play. In particular, the two integrins we have focused on in this thesis (asp1
and a,B3) are present in adhesions and they have the ability to bind the RGD domains
of the same ECM protein (FN) with o3 additionally binding another protein, VN
(Van der Flier and Sonnenberg, 2001). Despite these similarities, some studies have
shown that asPi is more responsible for adhesion strengthening, whereas a,Bs;
functions in mechanotransduction (Li et al., 2003; Sun et al., 2005; Jiang et al., 2006;
Roca-Cusachs et al., 2009). However, there are many recent studies that show that
integrin job splitting is not so black and white, with integrin cross talk playing a major
role (Bharadwaj et al., 2017; Diaz et al., 2019; Robert et al., 2021; Seetharaman and
Etienne-Manneville, 2018). In summary, although a clear picture for the roles the
distinct integrins play has not been reached, there is some consensus in the field on
the fact that, although different integrin heterodimers may specifically have some
primary roles, they have been seen to work together to efficiently perform cell
processes (Schiller et al., 2013; Diaz et al., 2019). This reported adaptability and
versatility of integrin roles adds an extra layer of complexity and hence makes our
quest to distinguish the specific primary roles of each integrin more challenging
(Huveneers and Danen, 2009; Zaidel-Bar, 2013; Seetharaman and Etienne-
Manneville, 2018).
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As asPB; is the integrin primarily associated to the fibrillar adhesions (Pankov et al.,
2000), it was our expectation that a distinct difference in the integrin clusters would
be observed here, either in terms of the cluster characteristics or the number of
clusters per unit area depending on their location. However, our results did not
reveal such a straightforward outcome. By contrast, our data clearly indicated that
avBs clusters are in general present, albeit at lower density for this cell type, as
compared to asPB; clusters, in both FAs and fAs.

When studying the density of clusters for the adaptor proteins, we noted that talin
and vinculin had similar densities (Figure 3.9), independent of the adhesion type or
spreading time. This might not be so surprising as both of them are partners in
forming and reinforcing the connection between integrins and the actin
cytoskeleton. However, when compared to the densities of integrin clusters, our
observation raises some questions. After a relatively short time allowed for cell
spreading (90 min), a,Bs clusters are at very low density both in FAs (median of ~3.8
clusters/um?) and in fAs (median of ~3.1 clusters/um?). Considering the two
integrins together, the mean number of integrin clusters per unit area is ~13
clusters/um? in FAs at 90 min, whereas the mean density of talin and vinculin
clusters is ~11 clusters/um? for both. Because talin and vinculin are cytosolic
proteins that get recruited upon integrin activation (Rossier et al., 2012), it seems
plausible that at 90 min the majority of the integrin nanoclusters are engaged with
talin and vinculin. As cell spreading time proceeds, the total density of integrin
clusters increases to ~34 clusters/um? in FA but, remarkably, a similar increase is
not seen for talin and vinculin, with only 12 and 10.7 clusters/um?, respectively.
Thus, the fraction of integrin nanoclusters that can be interacting with talin and
vinculin has reduced from ~1:1 at 90 min to one third by 24 h (Figure 3.10). Although
unexpected at first glance, it has been reported that there are nanoclusters of both
active and inactive integrins in FAs (Spiess et al., 2018). At early time points, when
the cells are actively spreading, it is therefore reasonable to suggest that the cells
require a large majority of the integrins localised on the basal membrane to be
active and engaged with talin and vinculin. After 24 h of attachment and spreading,
the cell has reached a plateau where the FAs are undergoing assembly and
disassembly in a balanced manner to enable the cell to remain attached while
migrating in its local environment (Webb et al., 2002). FAs are dynamic structures
(reviewed in chapter 1), but our experiments provide only static snapshots of their
organisation. As one cluster of integrins disengages with their adaptors, there would
need to be another integrin cluster close by to bind this adaptor in order to keep the
steady state of the attached cell. However, this hypothesis remains untested, to the
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best of our knowledge, so further investigations would be required to determine if
it is correct or not.

Finally, we focused on identifying the most relevant source of the increased density
of integrin clusters in the adhesions over spreading time. After addressing a number
of different possibilities that could have explained the observed increase in the
number of integrin clusters per unit area over time, we conclude that the origin of
these new integrins at the basal membrane is likely intracellular pools (either
recycled integrins stored in endosomes, or newly synthesised proteins arriving from
the Golgi apparatus) or by transcytosis or diffusion from the apical cell membrane.
Along these lines, a recent report has revealed targeted delivery of integrin-
containing transport carriers to FAs (Huet-Calderwood et al., 2017), indicating that
integrin exocytosis directly targeted to FAs and could constitute the main
mechanism that leads to a larger number of integrin nanoclusters as function of cell
spreading time.

As is the case in many exciting scientific projects, these experiments answered many
guestions about the adhesion proteins. In particular, establishing that all these
adhesion proteins segregate into nanoclusters with a universal size independent of
membrane region or time after seeding. We also discovered that the number of
clusters per unit area increases with time for integrins but not for their adaptors.
This leaves use with many more exciting questions to answer: how are these clusters
organised with respect to clusters of the same protein? How are they organised with
respect to other proteins? Is there a preferred organisation or positioning within the
adhesions? We have at our disposal dual-colour super-resolution microscopy data
so we have the opportunity to investigate how these proteins are distributed with
respect to each other. The following chapters of this thesis aim to investigate and
discuss these topics in greater detail, aiming at contributing to a better
understanding of the organisation of the proteins in adhesion complexes.
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Chapter 4

Nanoscale lateral control of integrin
nanoclusters and their adaptors inside
adhesions

In the previous chapter, we showed that integrins and the main adaptor proteins
involved in adhesion complexes laterally organise as small nanoclusters, which are
present both on focal and fibrillar adhesions, and even outside adhesions. Using
super-resolution microscopy and newly-developed algorithms, here we aimed at
elucidating whether there is a preferred lateral distribution of these protein
nanoclusters inside adhesion complexes. Remarkably, we found that as8; integrin
nanoclusters and the main adaptor proteins have an inherent nanoscale distribution
that keeps them segregated at a lateral spacing of 50-60 nm independent of the
spreading times investigated. Such a lateral nanoscale spacing is maintained in both
focal and fibrillar adhesions. Concomitant with their lateral segregation at 50-60
nm, we observed a lateral enrichment at distances of ~100 nm. Interestingly, a,83
integrin clusters developed a similar nanoscale organisation at later spreading times,
which parallels with their increased cluster density and focal adhesion stabilisation
in time. Our results are in line with earlier observations suggesting the existence of
an integrin-ligand spacing threshold below 70 nm that regulates the dynamics of cell
spreading, adhesion and migration. Based on our results, we postulate that this
spatial sensing of integrin ligands is, in fact, dictated by the inherent nanoscale
spacing of integrin nanoclusters inside adhesion complexes. The nanoscale clustering
and lateral spacing of integrins thus play an essential role in controlling the dynamics
and fate of the adhesive response.



Chapter 4

4.1 Introduction

Adhesion complexes are dense protein platforms that initially form at the cell
membrane as unstable nascent adhesions that then transition through different
maturation steps to eventually form more stable structures such as FAs or fAs. These
adhesions have been studied at length for many years and have been shown to play
critical roles in cell migration, differentiation, mechanosensing, and many other
fundamental cellular processes (Egles et al., 2010; Colburn and Jones, 2017; Watt et
al., 1993; Schwartz and DeSimone, 2008; Neiman et al., 2019). Although extensive
studies have been carried out, many aspects regarding their spatiotemporal
organisation still remain ill-defined, in part due to the immense number of
interacting partners involved, and in part due to the lack of suitable techniques to
address the smallest scales of spatial organisation.

Integrins are membrane-spanning proteins at the centre of adhesion structures,
where they link the external environment of the cell with the internal actin
cytoskeleton via a myriad of adaptor proteins. The adhesion complex proteome (the
adhesome) includes components such as the RGD-binding cell surface integrin
receptors asB: and oyfBs, extracellular matrix proteins such as FN and VN, and
adaptor proteins, such as paxillin, talin, and vinculin. However, it has been shown
that the integrin adhesome includes in excess of 200 different proteins (Winograd-
Katz et al., 2014), with ~60 of them identified as commonly found in proteomes of
integrin-based adhesions complexes (Horton et al., 2016). The enrichment of this
large amount of proteins is an indicator of how complicated it has proven to be to
decrypt the inner workings of the cell’s adhesion complex. In particular, new focus
and studies on proteins such as tensin, zyxin, or kindlin, have contributed to our
current understanding of the adhesion complex, mechanobiology and the
mechanisms at work to carry out its roles in the cell (Harburger et al., 2009;
Stutchbury et al., 2017; Bottcher et al.,, 2017; Legerstee et al., 2019; Barber-Pérez et
al., 2020; Legerstee and Houtsmuller, 2021; Orré et al., 2021).

Many technical advances have assisted in the gain of invaluable insights on the
biology of cell adhesions. In particular, the development of multicolour fluorescence
microscopy techniques provided a tool to visualise the cellular localisation of
multiple proteins simultaneously, thus informing us about functional interactions
between adhesion components. Unfortunately, these diffraction-limited
microscopy techniques still left us lacking the finer details in the sub-diffraction,
nanoscale regime. Fortunately though, with the emergence of super-resolution
techniques (Huang et al., 2009a; Lelek et al., 2021) we are now equipped with
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suitable techniques to investigate the nanoscale organisation of these dense cellular
structures. Yet, progress is slow as many of these techniques are time-consuming
and multicolour imaging with nanoscale resolution is still not a trivial task. In this
study we performed dual-colour super-resolution STORM imaging on fixed human
fibroblasts (HFF-1 cells), where the samples were always labelled for an integrin
(either asP1 or ayBs) together with one of the three adaptor proteins of interest
(paxillin, talin, or vinculin). This strategy allowed us to gain insight on the nanoscale
organisation of individual proteins (see Table 2.6), covered in this chapter and also
provided an opportunity to study the relative distribution and possible interactions
of the two integrins with respect to each of the three adaptors (see Table 2.7 and
Table 2.8), which we cover in the following chapter.

In chapter 3, we demonstrated that each of the proteins we have studied forms
physically segregated nanoclusters at the cell membrane, as opposed to the classical
view that FAs are homogeneous patches of fully-colocalising adhesion complex
proteins (Humphries et al., 2007). In a study from the Spatz group (Cavalcanti-Adam
et al., 2006), it was demonstrated that the nanoscale distribution of integrin ligands
influences cell spreading and FA dynamics. In their studies, they used nano-
patterning of RGD-coated nanospheres where, due to the small size of the sphere,
8 nm, only one integrin can be engaged at a time. They found that there is an
optimum distance of 58 nm for the separation between individual integrin ligands
in order for the cells to spread and form FAs. Above this distance, in particular, at a
ligand separation of 108 nm, cells can attach but their ability to spread and form FAs
is diminished. By studying FA turnover and examining the dynamics of cell
protrusions like the lamellipodium, they showed that adhesions formed on 108 nm
patterns have increased FAs instability. Based on these and earlier data, the authors
suggested that ligand spacing plays a crucial role in cell spreading and FA formation,
with a threshold ~73 nm (Arnold et al., 2004). However, the mechanism setting the
distance of this molecular ruler is, until now, poorly understood. More recently, the
group of Roca-Cusachs recapitulated these earlier results and assessed the role of
substrate rigidity on ligand spacing (Oria et al., 2017). When incorporating patterned
nanospheres on surfaces of different rigidities, they found that the optimal
separation of integrin molecules depends on the organisation of the ligand
distribution and on the loading-forces applied, which in turn depend on the
substrate rigidity. From these studies we learned that the organisation and
distribution of the ligand, and therefore indirectly of the integrins, influences the
cell’s ability to attach and form FAs and that this strongly depends on the substrate
rigidity. However, these studies did not provide direct evidence of how integrins are
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distributed on the cell membrane or the mechanisms by which these critical spacing
distances are established.

The work described in this chapter presents our results on the lateral organisation
of the clustered proteins that we have characterised in Chapter 3. Exploiting already-
established analytical functions and combining them with custom-made algorithms,
we studied the distribution of individual protein nanoclusters within adhesions. In
particular, we present the results obtained by computing the nearest neighbour
distances (NND) between the centroids of clusters of the same protein (e.g., aspi to
asP1), as identified from our super-resolution STORM images. We studied how this
distance distribution depended on the cell membrane regions (FAs vs fAs vs outside
adhesions), and how it changed over cell spreading time (90 min, 3 h, or 24 h). As
we already presented in Section 3.3.6, the number of integrin clusters per unit area
increases with time, which, as we show here, parallels a reduction of the NND
between integrin clusters with time. We further compared our experimental data to
simulated random data sets to ascertain if the distributions and changes with time
are different to what we would expect from randomly distributed protein clusters.
Remarkably, we discovered that integrin nanoclusters and their adaptor proteins
inside adhesion complexes are laterally spaced at the nanoscale. Our work thus
reveals for the first time a highly hierarchical lateral ordering of proteins inside
adhesions, from nanoclustering to their lateral spacing at the nanoscale.

4.2 Materials and methods

4.2.2 Sample preparation and imaging

Samples were prepared by seeding HFF-1 cells on FN coated 8-well plates. The cells
were allowed to spread for different times (90 min, 3 h or 24 h), after which they
were fixed and then immunolabelled using primary and secondary antibodies as
described in detail in Chapter 2.

4.2.3 Image acquisition

All the STORM images analysed in this chapter were taken on a Nikon Eclipse Ti
system using a 100x oil objective with NA of 1.49, a 256x256 pixel ROl and a pixel
size of 160 nm using TIRF illumination. The system has lasers with wavelengths of
405 nm, 560 nm and 647 nm. For a full description of the image acquisition see
Section 2.4 Chapter 2.

4.2.4 Image reconstruction
Dual-colour STORM image reconstruction was done using Insight3, provided by Bo
Huang (UCSF, initially developed in Xiaowei Zhuang’s Lab). The analysis was run over

107



Nanoscale lateral control of integrin nanoclusters and their adaptors inside adhesions

the entire data sets but recording only those localisations detected in the second
frame of the five-frame cycle, that is the first of the four reporter frames, the
localisations can be represented by a cross marking their centres or rendered with
a Gaussian profile convoluted with the point. For more detailed description, see
Chapter 2 section 2.5.

4.2.5 Image analysis

All the analysis carried out in this chapter was completed using scripts written and
developed in house using MATLAB 2019b. We also made use of binary masks
defined by manually selecting the adhesions from the dual-colour data sets. These
data sets are imported using a Fiji plugin, developed by the group of Melike
Lakadamyali during their time at ICFO. The data are analysed using the DBSCAN
algorithm (eps=20 nm and Nmin=3) to detect clusters of proteins. This algorithm then
provides the centre of mass (CoM) of each cluster (along with other properties as
described in Chapters 2 and 3).

Nearest neighbour distance (NND) computation

In order to establish how the protein nanoclusters are distributed relative to each
other, we used the MATLAB function knnsearch to compute the NND between
nanoclusters of the same protein, NNDa.a. The distribution of NNDa.a values provides
guantitative information on how the nanoclusters of each protein are distributed
within the adhesions.

Computational generation of random nanocluster distributions

To assess whether the NND distributions obtained from the experimental data
correspond to a preferential type of organisation or to random, we further
performed simulations by generating in silico NND histograms of randomly
distributed nanoclusters inside the adhesion structures, both FAs and fAs. In order
to proceed, we essentially needed two ingredients: First, to extract from the
experimental data the exact number of nanoclusters per adhesion; Second, to
distribute the same number of nanoclusters in a random fashion within the
adhesions, while excluding their spatial overlapping. For detailed description on how
the in silico histograms were generated see Chapter 2 section 2.6.5.

Statistical analysis with GraphPad Prism:

We performed paired t-tests between experimental and simulated data for each of
the proteins in FAs and fAs, with a confidence level of 95%; ns, p>0.05;*, p<0.05; **,
p<0.01; ***, p<0.001.
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4.3 Results

4.3.2 Super-resolution microscopy reveals laterally segregated
nanoclusters of adhesion complex proteins

As shown and discussed in detail in Chapter 3, our super-resolution microscopy data
indicated that proteins found in adhesions form segregated nanoclusters that are
distributed throughout adhesions. Here, we quantitatively analyse the mesoscopic
organisation of those clusters on the different regions of the basal membrane (FA,
fA, and outside adhesions). Representative examples of reconstructed STORM
images of integrins and the main adaptor adhesion proteins are shown in shown
Figure 4.1 and Figure 4.2, respectively.

A 5P, E:l

Figure 4.1 Lateral distribution of integrin nanoclusters in adhesion complexes
(A, B) Representative STORM images showing the individual localisations (magenta) belonging to
clusters, as identified by the DBSCAN algorithm (with a threshold of a minimum of 10 localisations per
cluster), for the integrins asP1 (A) and a,Bs (B). The right panels show representative zooms in areas of
adhesions corresponding to the regions denoted by white boxes in the left images. The white dots
indicate the CoM of each cluster. Scale bar 5 um, left panels, and 1 um, right panels.

The reconstructed STORM images show that all the adhesion proteins studied form
physically segregated nanoclusters within the high-density adhesion areas at the
basal cell membrane. The integrin aspB; is the only protein that appears, at least upon
initial visual inspection, to be distributed in a semi-organised manner within the
adhesions, showing high density regions around the edge of the adhesion (Figure
4.1 A). In order to follow up on these observations and conclude quantitively for
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each of the proteins whether these clusters have a given mesoscale organisation
that may not be apparent by visual inspection, we designed an analytical workflow
based on the computation of the nearest neighbour distances (NND) between

nanoclusters of the same protein.

A

Figure 4.2 Lateral distribution of adaptor protein nanoclusters in adhesion complexes
Representative STORM images showing the individual localisations (green) belonging to clusters, as
identified by the DBSCAN algorithm (with a threshold of a minimum of 10 localisations per cluster), for
the adaptor proteins, paxillin (A), talin (B), and vinculin (C). The images on the bottom show the zoomed
in areas of adhesions (white boxes top panels), where the red dots indicate the CoM of each cluster.
Scale bars are 5 um (left panels) and 1 um (right panels).

4.3.3 Quantification of NNDa-s of adhesion protein nanoclusters

In order to quantify the lateral organisation of adhesion protein nanoclusters, we
computed the distribution of NND between clusters of the same protein. This
quantity provides a general measure of the distribution of the clusters. Importantly,
the experimental NND distributions can be compared to in silico generated NND
distributions corresponding to different patterns of nanocluster organisation. In
particular, to establish if the protein nanoclusters are randomly distributed on
different membrane regions, we computationally generated random sets of data for
each protein (the details of how the random simulation was generated can be found
in Chapter 2).
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Similar to Chapter 3, we split the analysis in two parts by considering the NND
between nanoclusters of the same protein being localised either in FAs or fAs. In this
section, we analyse the nanoclusters on cells that had been seeded 24 h before
fixation. In general, we observed that the experimental data of asB1, aBs and paxillin
have very similar NND distribution shapes (Figure 4.3 and Figure 4.4 A,B) with
narrow distributions and peaks at ~100 nm. In contrast, the distributions of NND
for talin and vinculin (Figure 4.4 C—F) are broader with longer tails. We also noted
that the distributions for asP; in FAs and fAs are very similar whereas for the others,
in particular, talin and vinculin, the fA distributions have a larger spread, and are
also noisier for a,Bs, talin and vinculin in fAs. Altogether, these observations
provided a valuable overview of the data, but this analysis remained insufficient. As
we described in Chapter 3 these proteins have differences in the number of clusters
per um?, with asBi and paxillin having the highest density of nanoclusters of ~20
clusters per um? (Figure 3.9), which could account for the narrow distribution
retrieved by the NND analysis, i.e., the higher the density of the nanoclusters, the
larger their packing and therefore the distance between nanoclusters is reduced.

As a means to disentangle the impact of cluster density from NND distributions, we
generated randomly distributed nanoclusters on an adhesions-by-adhesion basis
(details in Chapter 2), and calculated the NND for these in silico generated
nanoclusters (see black lines in Figure 4.3 and Figure 4.4). We then compared
experimental and in silico distributions and observed that, in all instances, the
experimental distributions for the short NND values were slightly shifted to the right
as compared to the simulated random data. This trend was not maintained for the
longer tails of the distributions where the experimental and random simulations
were always very similar.

The "shift-to-the-right" of the experimental data with respect to the simulated
random data implies that the preferred distance between two close-by nanoclusters
of the same protein is larger than if the nanoclusters were distributed randomly
within the adhesions. In other words, there appears to be some factor that spatially
segregates the adhesion protein clusters from one another.
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Figure 4.3 Histograms of NND between integrin nanoclusters

NND distributions obtained from DBSCAN-analysed STORM images of HFF-1 cells at 24 h seeding. Each
histogram consists of the NNDs between clusters of the same protein over all cells. Experimental (Exp)
data for the two integrins are shown in each panel as the filled colour histograms, (A,C) for asB; (green),
and (B,D) for a,Bs (blue), whereas the simulated random distributions (Sim) are shown with the empty
black histograms. The data were split depending on whether the nanoclusters were detected in FAs
(A,B), or fAs (C,D). Number of cells for the asB; and a3 plots can be found in Table 2.6. Simulated data
in each plot correspond to ten independent random distributions of the experimentally identified
nanoclusters. The bin width is 10 nm.

112



Chapter 4

A Focal Adhesi B ibri i
ion Fibrillar Adhesions
413 ocal Adhesions 530
Tr Ex Ex
0.10/ Paxillin —sim 0.10 —sim
> >
£ 0.081 2 0.08-
Q (]
-0.06; 20.06
2 o
w 0.044 - 0.04
0.021 0.02
0 . . 7 ’ v 0 . " : - .
0 100 200 300 400 500 600 0 100 200 300 400 500 600
NND (nm) NND (nm)
C . D Fibri .
ibrillar Adhesions
20 Focal Adhesions B35
. Ex Ex
0.101 Talin :lSirg 0.10 I:ISir?\
> >
£ 0.08 2 0.08
v g
o 0.061 5-0.06
g Q
w 0.04 w 0.04
0.024 0.02
0 - v - 7 - 0 v - v ’ .
0 100 200 300 400 500 600 0 100 200 300 400 500 600
NND (nm) NND (nm)
E : F . ;
045 Focal Adhesions b Fibrillar Adhesions
Exp Exp
0.10 C—Sim 0.10 C—1Sim
) )
c 0.08; c 0.08
(] (]
& 0.061 2.0.06
o4 2
LT 0.041 L 0.04
0.02, 0.02 JfFmruaﬁﬂ“ﬂmlv\ﬁqﬂ_hhhn_-
0

0 100 200 300 400 500 600 0 100 200 300 400 500 600
NND (nm) NND (nm)
Figure 4.4 Histograms of NND for three different adaptor protein nanoclusters
NND distributions obtained from DBSCAN-analysed STORM images of HFF-1 cells at 24 h seeding. Each
histogram consists of the NNDs between clusters of the same protein over all cells. Experimental data
for the three adaptor proteins is shown as the filled histogram, paxillin (orange), talin (purple) and
vinculin (yellow), whereas the simulated random distributions (Sim) are shown with the empty black
histograms. The data were split depending on whether the nanoclusters were detected in FAs (left
panels), or fAs (right panels). Number of cells per plot for the different adaptor proteins, paxillin, talin
and vinculin clusters in FAs and fAs, can be found in Table 2.6. The simulations contain data pooled
from ten independent random redistributions of the experimentally identified nanoclusters. The bin
width is 10 nm.

In order to test the statistical significance of the observed differences between the
experimental and the simulated data, there are a number of different values that
can be extracted and compared: the peak of the distributions, their full width at half
maximum (FWHM), their mean, or their median. We chose the median asitis a value

113



Nanoscale lateral control of integrin nanoclusters and their adaptors inside adhesions

independent of the histogram bin size and moreover, it is a more representative
value for skewed distributions such as ours. We calculated the median NND value
for each cell, and represented the results as box-and-whisker plots for each of the
proteins (Figure 4.5 and Figure 4.6). Paired t-tests were used to determine whether
the subtle differences we observed are statistically significant. The results from
these analyses indicated that the median NNDs values of experimental and in silico
random distributions are not significantly different for asP: or paxillin in either FAs
or fAs (Figure 4.5 A and Figure 4.6 A). By contrast, we saw that for a,Bs the difference
is significant for the distance between clusters in FA but not in fAs (Figure 4.5 B).
These data indicate that the a,Bs clusters in FAs are significantly further apart from
each other than if they were randomly distributed, whereas the clusters in fAs have
a median NND similar to that of a random distribution of clusters. Talin is the only
protein studied that shows a significantly larger median NND per cell for both FAs
and fAs (Figure 4.6 B). Interestingly, the median NND of vinculin also exhibits a
significant difference from random but with the opposite trend, meaning that the
NND between vinculin clusters is smaller than that of the random distribution
(Figure 4.6 C).
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Figure 4.5 Box-and-whisker plots of the distribution of median NND values per cell comparing
experimental (Exp) and randomly distributed (Sim) data, for both integrin clusters in FAs and
fAs at 24 h after cell seeding

Box-and-whisker plots show the median NND per cell of nanoclusters of the same protein, asp; (A) and
oyBs (B). The details of the box-and-whisker plots are described in the methods section along with the
details of the statistical tests carried out. *, p<0.05; **, p<0.01; ***, p<0.001. Paired Student's t test.
Number of cells for the asB; and a3 plots can be found in Table 2.6.
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Figure 4.6 Box-and-whisker plots of the distribution of median NND values per cell comparing
experimental (Exp) and randomly re-distributed (Sim) data, for adaptor protein nanoclusters
in FAs and fAs at 24 h after cell seeding

Box-and-whisker plots show the median NND per cell of nanoclusters of the same protein, paxillin (A),
talin (B) and Vinculin (C). The details of the box-and-whisker plots are described in the methods section
along with the details of the statistical tests carried out. *, p<0.05; **, p<0.01; ***, p<0.001. Paired
Student's t test. Number of cells per plot for the different adaptor proteins can be found in Table 2.6.

Together, these data provide a general overview of the lateral distribution of these
five components in both FAs and fAs when the cells are fully spread on the substrate
(at 24 h after seeding). While full distributions are all encompassing and often
contain too much information obscuring finer details of the data, they act as a useful
first step in the analysis pipeline to indicate what information might be extracted
and what further evaluation is required.
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4.3.4 Clusters of the same proteins are segregated from each
other at a characteristic preferred distance

In the previous section, we characterised the main tendency of the NND
distributions by their median value, which we used to run comparison tests to
evaluate if the protein clusters are randomly distributed. Although this assessment
provided us with valuable quantitative information on the spatial organisation of
the nanoclusters, the analysis was limited, as evaluating a full distribution by a single
value does not provide a complete picture. To circumvent this limitation, we
undertook a more robust evaluation by directly comparing the full experimental and
random distributions. In order to achieve this, we defined the delta-value
distribution as the difference between the experimental and the simulated random
data distributions,

ANNDy = Hyyy (NND) — Hyipn (NND) (4.1)

where Hexp(NND) and Hsm(NND) correspond to the histogram values for the
experimental and simulated data, respectively. The x-axis NND values correspond to
the centres of each histogram bin (bin width=10 nm). The ANNDy distribution
removes the influence of the density of nanoclusters in an adhesion because the
simulated data sets are generated by randomly redistributing the experimentally
obtained nanoclusters at an adhesion-by-adhesion basis. This way of representing
the data provides us with new insights on subtle but relevant differences between
the experimental and simulated data sets (Figure 4.7 and Figure 4.8). The negative
troughs and positive peaks of the ANNDy distribution represent depletion and
enrichment, respectively, of nanocluster population with these centre-to-centre
distances between them. Strikingly, the trough of each ANNDy-plot lies at NND
values ranging between 45 nm and 65 nm, for all of our proteins of interest,
regardless of whether they are on FAs or fAs (Figure 4.7 and Figure 4.8).
Furthermore, the peaks of the ANNDy-plots lie at NND values ranging from 95 nm
(for asBi) to 115 nm (for aBs and talin), meaning that these nanoclusters are
preferentially segregated at distance of ~95 and ~115 nm, respectively, as
compared to what would be expected if the clusters were randomly distributed
within adhesions. Exceptionally, we observed that the peak value for talin
nanoclusters in fAs corresponds to an NND of 175 nm (Figure 4.11 D). However, as
this plot shows very large fluctuations an accurate determination of the peak
position was very challenging, we did not take this into further consideration.

Next, when comparing the ANNDy-plots for the nanoclusters in FAs to those in fAs,
we essentially saw no marked differences between them, indicating that the
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exclusion and enrichment regions are generally preserved in both types of adhesion

structures. Interestingly, for all the proteins studied, the width of the trough regions

was narrower with a well-defined minimum value, while the enrichment regions

were somewhat broader and extending over longer NND values. In the cases of asf:

and paxillin (both FAs and fAs) the enrichment was clearly more pronounced at

distances of 95 nm and 105 nm, respectively and around 115 nm for a,fs. Overall,

these results indicate the occurrence of a clear lateral spacing between

nanoclusters, i.e., a physical exclusion at ~55 nm intercluster distances, with those

excluded nanoclusters then progressively enriching the space up to distances

around 200 nm.
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Figure 4.7 ANNDy-plots for integrins in FAs and fAs after 24 h cell spreading
(A-D) show the A-values (ANNDy, see Eq. 4.1) in FAs (A,C) and fAs (B,D) for the two integrins asp (A,B)
and a,Bs (C,D). Red arrows and numerical values indicate the NND corresponding to the maximum and

minimum values of the ANNDy-histograms.
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Figure 4.8 ANNDy-plots for adaptor proteins in FAs and fAs after 24 h cell spreading

(A—F) show the A-values (ANNDy, see Eq. 4.1) in FAs (A,C,E) and fAs (B,D,F) for the three adaptor
proteins, paxillin (A,B), talin (C,D) and vinculin (E,F). Red arrows and numerical values indicate the NND
corresponding to the maximum and minimum values of the ANNDy histograms.
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4.3.5 Effects of the seeding time on the nanocluster organisation
in adhesion complexes

In order to gain a greater understanding of the organisation of the protein
nanoclusters in adhesions, we ran the same analysis as presented above on STORM
images obtained from cells that were allowed to spread for shorter lengths of time
(90 min or 3h). Specifically, to investigate whether and how the spreading time
affects the distribution of intercluster NNDs, we computed the NND histograms and
the ANNDy-plots for each protein in FAs and fAs, and plotted them together for each
time point (Figure 4.9 to Figure 4.12).

When looking at the NND histograms, we observed that the NND distributions for
the integrin clusters in FAs become narrower with spreading time (Figure 4.9 A,C),
which is consistent with the observed increase in time of the density of integrin
clusters per unit area (Figure 3.9). In contrast, the NND distributions for the adaptors
in FAs remained constant and independent of the seeding time (Figure 4.10 A,C,E),
again in agreement with the unaltered adaptor cluster density as function of seeding
time reported in Chapter 3, Figure 3.9.

Remarkably, the minima and maxima of the ANNDy, plots for as[3;and all the adaptor
proteins investigated in FAs remain similar and independent of cell seeding time,
with positive peaks at around 95-115 nm, and negative troughs at around 45-65
nm. These results indicate that this preferential lateral arrangement, i.e.,
enrichment and segregation at given distances between the different protein
nanoclusters, is already pre-established at early seeding times. Interestingly, in the
case of a,fBs, the depth of the minima and height of the maxima are quite small at
earlier spreading times, and become more pronounced as spreading time
progresses (Figure 4.14 D). These results indicate that, in contrast to asfBi, avBs
lateral ordering is progressively reached at later stages of cell adhesion.
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Figure 4.9 The effect of seeding time on intercluster NND distributions for integrins as6; and
a,Bsin FAs

(A,C) Histograms of the experimental NND distributions for the asp: (green) (A) and a,Bs (blue) (C)
integrins in FAs for the designated cell spreading times. Histograms for the random simulations have
been omitted for the sake of visual clarity. (B,D) ANNDy-plots for the subtraction histograms for
simulated data from experimental for the asP; (green) (B) and a,Bs (blue) (D) integrins in FAs at the
three different seeding times (90 min, 3 h and 24 h).

120



Chapter 4

Focal Adhesions

12 x10°?
= Paxillin ==~ 90 min
104 [15, ~--3h
—— 24 h
> LI
sl
g ¢ [
L 4 \
w =
2 ” '
oL — %“"
0 100 300 400
NND (nm)
C
12 x107
Talin ==~ 90 min
101 3h
S 8
o
=y
(o
L 4l
(3
2.
0 . . :
0 100 200 300 400
NND (nm)
E
12 x10?
90 min
10 3h
=5 24 h
C
S 6
O
L 4
(N
2
0 T T T
0 100 200 300 400
NND (nm)

)(10'2I
2 ; ~ - 90 min
A - 3h
1y ——24h
i \2.
Of——++ S —
e |
14 I!
2 \"’
b
-31 I‘< 55nm
0 100 200 300 400
NND (nm)
x1072
——==90 min

0 100 200 300 400
NND (nm)
)(10‘2I
21 | 90 min
3h
4o 24 h
0 | -
B
-2 |<755nm
|
_3- |
0 100 200 300 400
NND (nm)

Figure 4.10 The effect of seeding time on intercluster NND distributions for adaptor proteins

in FAs

(A,C,E) show the histograms for the all the NNDs for the paxillin (orange), talin (purple) and vinculin
(yellow) data in FAs for different time points. (B,D,F) are the ANNDy plots for the subtraction
histograms for simulated data from experimental at the three different seeding times (90 min, 3 h and

24 h).

We next proceeded with the analysis of the NND distributions of the nanoclusters
localised on fAs. Our results showed that asp1 and paxillin maintain the pronounced
troughs and peaks, at ~55 nm and ~100 nm, respectively, independent of time
(Figure 4.11 A, B and Figure 4.12, A,B). Interestingly, and similar to FAs, the ANNDy-
plots for a,B3 become better defined and less noisy with spreading time, giving rise
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Figure 4.11 The effect of seeding time on intercluster NND distributions for the two different
integrins in fAs

(A,C) show the histograms for the all the NNDs for the asp; (green) and a,fs (blue) integrins in fA for
different spreading times. (B,D) are the ANNDy, plots at the three different spreading times (90 min, 3
hand 24 h).

to the appearance of a well-defined minima at NND ~55 nm (Figure 4.11 C,D),
possibly indicating that the distribution of a,Bs clusters becomes more ordered as
cells spread for longer (>3 h) times. The other two adaptors, talin and vinculin, show
ANNDy, plots with a much less pronounced shape and large fluctuations (Figure 4.12
C—F), indicating that their spatial cluster distribution on fAs is much more random
than the other proteins and also more random than their own distribution in FAs.
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Figure 4.12 The effect of seeding time on intercluster NND distributions for adaptor proteins
in fA

(A,C,E) show the histograms for the all the NNDs for the paxillin (orange), talin (purple) and vinculin
(yellow) data in fAs for different spreading times. (B,D,F) correspond to the ANNDy-plots for the three
different spreading times (90 min, 3 h and 24 h).

Intriguingly, despite these facts, the negative trough is still present, although less
pronounced (Figure 4.12 D,F). Therefore, our results indicate an inherent spatial
control of integrin nanoclusters and their adaptor proteins enforcing a preferred
minimum lateral spacing between nanoclusters of the same protein.
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4.3.6 The progressive lateral ordering of a,83 integrin
nanoclusters with spreading times correlates with increased FA
stabilisation

While asBiintegrin nanoclusters establish a lateral spacing at early spreading times,
in the case of a,Bs integrin nanoclusters, we found that their lateral distribution is
rather random at earlier times and progressively organises reaching a well-defined
lateral spacing at 24 h of spreading time. These results suggest once more that asp:
and a,Bs might be playing different roles during the process of cell adhesion and
spreading. Since it has been suggested that a,fs is mainly responsible for
maintaining and stabilising FAs (Roca-Cusachs et al., 2009; Schaufler et al., 2016;
Bharadwaj et al., 2017), we hypothesised that the increased lateral ordering of a,B3
along time could contribute to stronger stabilisation of FAs. To address this
hypothesis, we determined the fraction of mature FAs as function of cell spreading
times (Figure 4.13). Indeed, and as expected, the number of mature FAs per unit
area at 24 h is significantly larger than at shorter spreading times, albeit their sizes
remain similar.
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Figure 4.13 Evaluation of FAs over time

These plots were generated using paxillin masks from asf; and a,p3 experiments and considering areas
> 3 um? to be FAs (Thievessen et al., 2013). (A) shows the number of FAs per unit area per cell, for all
three time points. (B) shows the area of FAs over time where each point on the graph is the median FA
area per cell. The bars and whiskers show the mean of the distribution over all cells + the standard
deviation. Details of the statistical analysis are described in the methods section along with the details
of the statistical tests carried out. One-way ANOVA; ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001.

Together with the fold-increase of ayBs expression (see Chapter 3), its increased
lateral ordering in adhesion complexes and increased fraction of FAs as function of
cell spreading time, our results fully support the notion that a,Bs is preferentially
involved in FA strengthening.
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4.4 Discussion

In this chapter, we studied in detail how adhesion protein nanoclusters are spatially
organised in focal and fibrillar adhesions. In particular, we examined the distribution
of nanoclusters of the same protein within adhesions, aiming at understanding their
mesoscopic nanocluster organisation. We first carried out our analyses on fully
spread cells at 24 h after seeding, after which we follow on by comparing the data
over a time course including shorter spreading times of 90 min and 3 h.

Taken together, our results reveal the existence of a minimum lateral separation
between nanoclusters. The negative troughs in all the ANNDy-plots of inter-cluster
NNDs are indicative of distances that occur less frequently than predicted by
simulations of random organisation and could be interpreted to be exclusion zones.
This lateral spacing was found at a distance comparable to that of the median
diameter of a cluster, where the median diameter was ~43-50 nm, while the
negative troughs ranged from 45-65 nm. Our initial understanding was that this
finding was obvious and came about due to the NND being measured from centre-
to-centre of clusters, therefore, the minimum distance would be the sum of the radii
of two clusters, otherwise the clusters would overlap and consequently be
considered as a single cluster. However, this should also have been the case for the
random data and consequently the ANNDy-plots would fluctuate around zero.
Therefore, our data suggest the existence of an active mechanism driving the
separation of nanoclusters at very short lengths scales (~50 nm). Furthermore, the
observation that the maxima of the ANNDy plots occur at NNDs within 200 nm raises
interesting questions related to the origin of this preferred intercluster separation.

Earlier work showed that integrins are able to sense the lateral spacing of their
ligands with the existence of a ligand spacing threshold between 50-70 nm above
which cells fail to spread and to form stable adhesions (Arnold et al., 2004;
Cavalcanti-Adam et al.,, 2007; Huang et al., 2009b; Schvartzman et al., 2011).
Remarkably, this nanometric ligand spacing is of similar size as the separation
distance we have determined by directly visualising the nanoscale organisation of
integrin nanoclusters and their adaptors inside adhesion complexes. Thus, our
results indicate that the ligand threshold, inferred via cell spreading and adhesion
measurements, in fact corresponds to an inherent nanometre scale interspacing of
integrin nanoclusters on the cell membrane. Indeed, it has been already suggested
that the local density of individual integrin receptors plays an essential role in
controlling the dynamics and fate of the adhesive response (Cavalcanti-Adam et al.,
2007).
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The relevance of this critical ligand spacing has been also investigated by comparing
the kinetics of cell spreading on homogenously-coated ligand surfaces and those on
nanopatterns separated at different distances (Cavalcanti-Adam et al., 2007). The
authors observed no difference in terms of cell spreading area, spreading time and
FA turnover and composition as function of seeding time, when comparing
homogenous ligand surfaces to 58 nm nanopatterned surfaces. Yet, the average
density of RGD molecules on the homogeneous surface has been estimated to be
nearly two orders of magnitude larger than on the nanopatterned surfaces
(Cavalcanti-Adam et al.,, 2007) . Based on our findings, we rationalise these
observations by the fact that integrin nanoclusters are inherently regulated by the
cell with a minimum lateral segregation of ~55 nm, and thus, a ligand spacing <55
nm would result in a ligand density that would be redundant and not used by the
cell to further increase its spreading and/or adhesion. For larger ligand separations
above 100 nm, cell spreading and FA turnover are highly compromised (Cavalcanti-
Adam et al., 2007). We speculate that the reasons for it might be related not only to
the reduced ligand density, leaving an increasing number of integrins unengaged,
but also due to the fact that integrins organise in nanoclusters and the larger ligand
separations would prevent full nanoclusters from engaging with their ligands.
Integrin nanoclustering would also contribute to overcome the single molecule
ligand spacing strategy used in these experiments (Arnold et al., 2004; Cavalcanti-
Adam et al., 2006, 2007; Huang et al., 2009b; Schvartzman et al., 2011), i.e., single
ligands spaced at 50 nm could rapidly re-bind to integrins provided that the latter
are sufficiently close to each other, i.e., organised as nanoclusters.

The mechanisms responsible for the spatial sensing of ligands have remained, until
now, poorly understood. Our work now shows that this “molecular ruler” is set by
the underlying nanoscale distribution of integrin nanoclusters on the cell
membrane. Yet, what controls this nanoscale distribution? There are different
possible explanations for this, the most obvious being that other proteins act to limit
cluster size and to control the separation between nanoclusters. In fact, it has been
suggested that a cross-linking adaptor protein of a size comparable to the lateral
spacing we have measured might connect integrins to the actin cytoskeleton, acting
as a molecular ruler that senses ligand spacing directly (Huang et al.,, 2009b;
Schvartzman et al., 2011). Although this adaptor protein has not yet been identified
(being talin the prime suspect), we believe that essentially any adaptor protein
nanocluster, in particular paxillin, might serve to physically define integrin lateral
spacing (see also Chapter 5).
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More recently, the group of Roca-Cusachs has proposed a different physical
mechanism based on force loading to regulate the lateral spacing of integrins in cells
(Oria et al., 2017). Following their experimental observations on ligand substrates
with different rigidities, the authors proposed an expanded molecular clutch model
that couples ligand spacing to the elasticity of the substrate. In this way, forces
applied to one ligand would also deform its neighbours, incorporating the
mechanical coupling between ligands into the model. Forces loading on the
molecular clutch (formed by integrins and their adaptors) arise from myosin
contractility pulling actin towards the cell centre and being counterbalanced by the
elastic resistance of the ligand substrate to deformation. For a given substrate
stiffness, the larger the spacing between ligands, the higher the loading force on
integrins, such that above a given threshold, the clutches are not able to withstand
the force and the adhesion collapses. Thus, according to this model, there is a
regulation of molecular force loading that integrins are able to withstand in balance
with the forces exerted by the actomyosin machinery. This balance makes that the
optimal lateral spacing of integrins in rigid substrates is around 55 nm. Although our
data do not currently allow us to favour one mechanism over the other, it would be
interesting to perform super-resolution experiments on substrates of different
rigidity and/or altering cell contractility to assess whether lateral spacing of integrin
nanoclusters is indeed affected.

According to this molecular clutch model, why would a,Bs integrins reach this
optimal length scale slower than asf; integrins? One possibility is that the
engagement with the actomyosin machinery, and thus cell force generation, is lower
at earlier seeding times and mainly supported by asB; integrins. Indeed, at early
seeding times during cell spreading there is a larger number of nascent or
intermediate adhesions as they are forming the cell membrane, so that spreading
and actin engagement, in the lamellipodium, region is more dynamic (Zimerman et
al., 2004; Alexandrova et al., 2008). As time proceeds, cell force generation becomes
larger so that asB; alone is not able to compensate for, requiring a3 integrins to
come into play and then re-arranging themselves into this optimal lateral spacing to
maintain the force balance.

In summary, the results shown in Chapter 3 and 4 underscore the importance of
lateral nanoscale organisation of integrins and their adaptors inside adhesions
regulating the activity and function of both integrins in the process of cell adhesion
and spreading. First, integrins and their adaptors are inherently nanoclustered
maximising rapid re-binding of integrins to fibronectin. Second, the lateral
organisation of these nanoclusters is well defined by a lateral segregation of at least
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55 nm. In the case of asB; integrins and adaptors, this lateral spacing is already
defined at 90 min seeding times, while in the case of a,fBs; integrins, the lateral
ordering occurs progressively. These results are consistent with a role of asp:
supporting early and stable adhesion and with a,3; becoming more relevant at later
stages, and involved in the re-enforcement of FAs by possibly establishing links with
the actin cytoskeleton. The re-enforcement of FAs over time is also consistent with
our results showing a larger percentage of FAs at 24 h, where also the fold increase
on owfB3 nanocluster density as compared to asB; is more than a factor of two larger.

It is interesting to mention that a recent report from the Spatz group also identified
the importance of lateral spacing of asBi integrins in collective 2D cell migration (Di
Russo et al.,, 2021). In particular, they found that the collective movement of
keratinocytes (faster focal adhesion dynamics, better keratinocyte coordination)
improves at an optimal asB; integrin nanospacing of 50 nm, and being independent
of substrate stiffness. The authors reasoned that this integrin spacing is optimal not
only for force generation but also for intercellular force transmission mediated by
E-cadherin. Thus, nanoscale integrin spacing might not only be present and
important for adhesion and migration on isolated cells, but also relevant for
collective cell migration and hence, efficient tissue regeneration (Di Russo et al.,
2021).

In general, the results of this chapter provide us with interesting new insights into
the distribution and organisation of key adhesion complex proteins while also
delivering new and exciting questions to approach and answer in the future.
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Chapter 5

Lateral distribution of adhesion protein
nanohubs at the cell membrane

In the previous chapters, we showed that the lateral organisation of integrins and
their main adaptors inside adhesions is highly hierarchical, with the occurrence of
nanoclustering for all the proteins investigated, and moreover, a distinct distribution
of these nanoclusters inside adhesions which deviate from random. In this chapter,
we aim at understanding the lateral organisation of integrin nanoclusters with
respect to their different adaptors. For this, we used similar analytical tools as
exploited in Chapter 4, but focussing on the lateral relationship between as8; and
o83 to their adaptors, paxillin, talin and vinculin. In the canonical model of integrin
activation, protein adaptors are recruited to the sites of integrins, and thus, we were
expecting to observe close proximity between integrins and their adaptors. Contrary
to these expectations, we found that the distribution of clusters relative to clusters
of another protein is close to random, in particular when we compare as6; and a,83
to talin or vinculin. The only pair that exhibited a distinct variation from random was
as81 and paxillin in FAs and fAs. We explain these unexpected results by considering
that only a small subpopulation of integrins is active at a given time point and thus
engaged to their adaptor proteins. Capturing these interactions within the full
distribution of proteins present in the adhesions is challenging and would require
different imaging strategies as to the ones exploited in this research.
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5.1 Introduction

As mentioned in previous chapters, adhesion complexes are dense platforms
formed by integrins and many other adhesion adaptors that allow cells to sense their
extracellular milieu and to relay this information to the cell interior via the actin
cytoskeleton. Although for many years it has been thought that components of
adhesion complexes were homogeneously distributed within the membrane, recent
literature in the field as well as our results shown in Chapter 3 and 4 demonstrate a
much higher level of organisation at the nanoscale. Although we still lack a
comprehensive picture of the nanoscale organisation of integrins and their adhesion
partners, there exist some reports in the literature that indicate that these proteins
segregate at the nanoscale, some of which we briefly review here. Work carried out
in the last decade by the Waterman lab, exploited the super-resolution technique
known as interferometric photoactivated localisation microscopy (iPALM) to study
the axial distribution of adhesion proteins (integrins and their adaptors). This work
revealed that these proteins are segregated into functional axial layers
(Kanchanawong et al., 2010). Specifically, they described three main layers: the
integrin signalling layer (0-50 nm away from the ECM — glass substrate in this case
— in the axial direction), composed mainly of integrins and paxillin; the force
transduction layer (40 nm separating integrins and actin), with talin and vinculin;
and the actin regulatory layer (with a peak of 100 nm away from the ECM), consisting
of proteins associated to the maintenance of actin stress fibres, see Figure 1.13 in
the introductory chapter. This study provided an invaluable understanding of the
organisation of the proteins in the axial direction above the basal cell membrane,
but did not provide a map of how these proteins are laterally organised by,
potentially, segregating at the nanoscale. The most recent and elucidating study on
this topic investigated the clustering of asPi integrin in FAs using the super-
resolution techniques STED and STORM (Spiess et al., 2018). The authors revealed
that active and inactive integrins coexist in FAs as segregated nanoclusters, with
talin, kindlin, and vinculin partially colocalising with these integrin nanoclusters.

In the previous two chapters, we demonstrated that each of the adhesion proteins
investigated at the nanoscale by means of super-resolution microscopy form
nanoclusters. Moreover, these nanoclusters are remarkably similar in terms of sizes
and number of molecules, regardless of their partitioning inside or outside
adhesions, and independent of cell seeding time. Interestingly, we also observed
that all the protein nanoclusters investigated are physically segregated from each
other, as opposed to the classical view that FAs are homogeneous patches of fully-
colocalising adhesion complex proteins (Humphries et al., 2007). By using dedicated
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analysis algorithms together with simulations of random organisation we further
discovered that integrins and their adaptor proteins maintain a lateral nanoscale
segregation between themselves at around 55 nm with an enrichment at ~100 nm.
The notion of a critical lateral spacing between integrins to support cell spreading
and adhesion had previously been put forward (Cavalcanti-Adam et al., 2007; Oria
et al., 2017) however, to our knowledge, direct observation of this characteristic
spacing at the single cell level had never been done before. Moreover, we showed
in Chapter 4 that this critical lateral spacing is also followed by all the protein
adaptors investigated, i.e., paxillin, talin and vinculin, suggesting that once integrins
establish this spacing, the engagement with their adaptors follow a similar lateral
distribution.

In this chapter, we focused on the lateral organisation of integrin nanoclusters with
respect to their adaptors. We studied how this distance distribution depended on
the cell membrane regions (FAs vs fAs), and how it changed over cell spreading time
(90 min, 3 h, and 24 h). We further compared our experimental data to simulated
random data sets to ascertain if the distributions and changes with time are
different as to what we would expect from randomly distributed protein clusters.
We find that within the scope of our imaging and analytical tools, the distribution of
the clusters relative to clusters of another protein is similar to random.

5.2 Materials and methods

5.2.2 Sample preparation and imaging

Samples were prepared by seeding HFF-1 cells on FN-coated 8-well plates. The cells
were allowed to spread for different times (90 min, 3 h, or 24 h), after which they
were fixed and then immunolabelled using primary and secondary antibodies as
described in detail in Chapter 2.

5.2.3 Image acquisition

All the STORM images analysed in this chapter were taken on a Nikon Eclipse Ti
system using a 100x oil objective with NA of 1.49, a 256x256 pixel ROl and a pixel
size of 160 nm using TIRF illumination. The system has lasers with wavelengths of
405 nm, 560 nm and 647 nm. For a full description of the image acquisition, see
Section 2.4 Chapter 2.

5.2.4 Image reconstruction

Dual-colour STORM image reconstruction was done using Insight3, provided by Bo
Huang (UCSF, initially developed in Xiaowei Zhuang’s Lab). The analysis was run over
the entire data sets but recording only those localisations detected in the second
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frame of the five-frame cycle, that is the first of the four reporter frames, the
localisations can be represented by a cross marking their centres or rendered with
a Gaussian profile convoluted with the point. For more detailed description, see
Chapter 2 section 2.5.

5.2.5 Image analysis

All the analysis carried out in this chapter was completed using scripts written and
developed in house using MATLAB 2019b. We also made use of binary masks
defined by manually selecting the adhesions from the dual-colour data sets. These
data sets are imported using a Fiji plugin, developed by the group of Melike
Lakadamyali during their time at ICFO. The data are analysed using the DBSCAN
algorithm (eps=20 nm and Nmin =3) to detect clusters of proteins. This algorithm then
provides the CoM of each cluster (along with other properties as described in
Chapters 2 and 3).

Nearest neighbour distances (NND) computation

To establish how the integrin nanoclusters are distributed relative to their partners,
we used the MATLAB function knnsearch to compute the NND between the centres
of mass of nanoclusters of different paired proteins, NNDas and NNDga. The
distributions of NNDa.g provide a quantitative measure of the proximity between the
nanoclusters of different proteins, which can be used as an indirect indication of
possible protein-protein interactions.

Computational generation of random nanocluster distributions

To assess whether the NND distributions obtained from the experimental data
correspond to a preferential type of organisation or to random, we further
performed simulations by generating in silico NND histograms of randomly
distributed nanoclusters inside the adhesion structures, both FAs and fAs. In order
to proceed, we essentially needed two ingredients: First, to extract from the
experimental data the exact number of nanoclusters per adhesion; Second, to
distribute the same number of nanoclusters in a random fashion within the
adhesions, while excluding their spatial overlapping. For detailed description on how
the in silico histograms were generated see Chapter 2 section 2.6.5.

Fitting model for NND between clusters of different proteins

To extract meaningful information from distributions of NND between protein
clusters there are a number of quantities one can use: the peak value position of the
histogram, the mean, the median, and the full width at half maximum (FWHM), to
name just a few. In order to extract the peak value position from the NND histogram
between clusters of different proteins it was necessary to fit a smooth curve because
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the histograms of the binned experimental data do not normally show a well-
defined peak due to the discrete nature of the data. The model we used builds upon
the analytical distribution of NND for randomly localised points (Poisson point
process), modified to account for different point densities in the different adhesions,
which we show follow a normal distribution in Figure 5.1 B.

Let us now derive the mathematical function that describes such a distribution. We
start by considering a finite flat two-dimensional region of arbitrary shape and area,
A (Figure 5.1 A, blue ellipse), containing a finite number of protein clusters, N (Figure
5.1 A, red crosses, indicating the CoM of the clusters), resulting in a density of points
per unit area, ¢,

N
Q= Z (51)
We first develop the mathematical description of the distribution of NND between
randomly localised points. For an arbitrary point j, the probability, p(r), that its
closest point is located at a distance r is given by the probability that no other point
is closer than r , multiplied by the probability that at least one other point is in the
infinitesimal circular ring of radii [r, r+dr]:
T
p(r)dr = (1 - [, p(x)dx) -

(N-1)2mrdr

" (5.2)
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Figure 5.1 Schematic of the mathematical model used to describe the distribution of NND

between clusters of two different proteins

Schematic representation of an adhesion with six clusters (whose CoM are represented by the red
crosses). (B) Distribution of number density of clusters per unit area for a representative cell (black
dots) and corresponding fit with a Gaussian (blue line), with mean ,{@, and standard deviation, oy, are
marked. (C) Schematic representing a number of different areas (e.g., different FAs) with different
density of clusters and therefore different probability distributions, Pu(T).

This estimation does not include edge effects because we assume that the area is
greater than the typical NND squared (i.e., A>>r2) and therefore that the number of
clusters is much larger than 1, N>>1:

(N-1)2mrdr

- ~ @2nrdr N >» 1. (5.3)

With this approximation, we can integrate Eq. (5.2) as

p(r) = 2nre(1 — forp(x)dx). (5.4)

Taking the derivate of both sides of this equation with respect to r leads to

LD = 2mp(1 - fy p)dx) + 219 (= [ pGOdx) . (55)

Then, using the fact that Eq. (5.4) can be rewritten as
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(1- forp(x)dx) - 20 (5.6)

2nre’

and applying the Leibniz integral rule,

(-2 [ p(dx) = —p(r), (5.7)
we can express Eq. (5.5) as

ar( _ p@ _ 2rrop(r) = (% - 27TT<P) p(r). (5.8)

dr r

After some algebra, we can find the analytical expression for p(r) as

dpp((rr)) = (% - 21Tr(p) dr, (5.9)

f ip((:)) = (% - 271407”) dr, (5.10)
Inp(r) = Inr —ner? + ct, (5.11)
p(r) =k re mer? (5.12)

Using the normalisation condition, we can find the value of the integration constant,
k, as
oo _ [e's} —mor? _ (—_1) —mr? © _
Jy p(Mdr=1=k [ re dr=1=k(;-)e l, =1

2me

Altogether, the Poisson point process distribution of NND for randomly distributed
points in a two-dimensional space is given by

p(r) =2nep - -r- e T (5.14)

We next expand on this distribution function by considering different regions with
different point densities. This situation corresponds to our experimental conditions,
where the density of protein clusters per unit area varies amongst adhesions (Figure
5.1 C). We assumed a normal distribution of densities amongst adhesions, which we
showed is a reasonable approximation of the actual density distribution in our data
(Figure 5.1 B). Hence, the point density ¢ follows a probability distribution w() as

Y
w(p)~ exp (— %) 1 >0, (5.15)

Where @ and o, are two fitting parameters describing the density distribution. Next,
by convolving p(r) with w(¢), and integrating over all possible values of ¢ > 0, we
obtain the new modified NND probability, P(r, @,04), as
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P(r,@,05)~ [y p() - w(p)dg,

P(r,¢,0,) =

C- fooo 2 T e T - exp (— (‘p_@z) do . (5.16)

2
204

Imposing normalisation:

Jo P(r,@,0,)dr=1>C= %(1+erf(ﬁi¢>> ) (5.17)
results in,
#2
= — 9, 203, V(r)
P(r, @, a(p) = 2e % T—1+erf(ﬁi<p>' (5.18)
where

p-mor?
V(r) = |V2ro, — n(noir? — @) - (1 —erf (M> e((p 2"2 ) (5.19)
= 9 7 ¢ V2mo, ’ '

and erf(x) is the error function:
_ i X _¢2
erf(x) = ﬁfo e tdt . (5.20)
We finally obtain an analytical description of this probability distribution,
P(r,¢,0,) =

92 (p-nofpr?)”

552 oL ri-p 2
20 2.2  — [ 20,
2 - 2 —m(m -¢)| 1- . ¢
e r[V2may, m( aor (p)( erf( Vog e

(5.21)

1terf (ﬁ(?;@)

With this nonlinear mathematical model for the distribution of clusters, we
manually selected seed values such that by fitting using the Newton's method for
nonlinear fitting (computed using Wolfram Mathematica 9) we achieve an r? of at
least 0.95, if the fitting was possible. When fitting the simulated data, a high r? value
(usually>0.99) was always achievable, as we generated 10x more data per condition
to achieve a random simulation. However, occasionally due to the nature of some
of the experimental data this was more challenging. Figure 5.2 shows a
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representative image of our fitting in the case of experimental and simulated data
for the asBi-to-paxillin at 24 h condition.

A B
.3 -3
x10 Experimental 6 x10° Simulated
6
w
G4 Qo4
Q.
2 2
0 200 400 600 800 0 200 400 600 800
NND (nm) NND (nm)

Figure 5.2 Examples of experimental and simulated data fitted using the model

(A,B) are representative histograms for experimental and simulated NND data between clusters of asB1
and paxillin. These histograms were fitted with a curve from the model described above. Bin width= 20
nm.

Data representation with GraphPad Prism

The median value per cell is calculated from the cluster analysis per cell. These
values are represented using the box-and-whisker plots in GraphPad Prism, version
9.1.2, where the line shows the median over all cells, the box extends to the 1% and
3" quartiles and the whiskers show the max to min range over the distribution of
the cells for each protein. All box-and-whisker plots in this chapter will follow these
limits.

Statistical analysis with GraphPad Prism

We performed paired t-tests between experimental and simulated data for each of
the proteins in FAs and fAs. With a confidence level of 95%; ns, p>0.05;*, p<0.05;
** p<0.01; ***, p<0.001.

5.3 Results

5.3.2 Super-resolution microscopy reveals the lateral segregation

between nanoclusters of different adhesion complex components

As already mentioned in Chapter 2, most of the super-resolution images collected
in this thesis were performed in two colours, i.e., always labelling one of the
integrins as reference with the second colour being either paxillin, talin or vinculin.
Some representative dual-colour images are shown in Figure 3.1, Figure 5.3 and
Figure 5.4. After visual inspection of the STORM images taken in HFF-1 cells that
spread for 24 h, we noticed that integrin nanoclusters appear to be in close
proximity to those of the adaptor proteins. However, despite this proximity between
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nanoclusters of different proteins, we rarely observed colocalisation events,
meaning that the nanoclusters remain segregated from each other. To substantiate
these observations with quantitative information, we started by reconstructing the
dual-colour images using only the localisations found to form nanoclusters and
identifying their centre-of-mass (CoM) positions (Figure 5.3 and Figure 5.4). These
dual-colour images were taken in a pairwise manner such that they always included
an integrin — either asP; (Figure 5.3) or ayBs (Figure 5.4) — together with an adaptor
protein — paxillin (Figure 5.3 A, Figure 5.4 A), talin (Figure 5.3 B, Figure 5.4 B), or
vinculin (Figure 5.3 C, Figure 5.4 C). Observing on the scale of a reconstructed image
of a whole cell, it is difficult to draw any conclusions about the nanoscale
organisation of the protein clusters relative to each other. However, we can zoom
in on these reconstructions and reveal individual clusters (insets (i) in Figure 5.3 and
Figure 5.4) or zoom even further still to observe the localisations within these
clusters (insets (ii) of Figure 5.3 and Figure 5.4). It is then at the level of nanoclusters
that we observed with enhanced detail on how these pairs of proteins are
distributed relative to each other.

Despite the high densities of proteins in adhesions, the overlap or colocalisation of
clusters of two different proteins is rarely observed. We noticed that for the
integrins asP1 and a,Ps the nanoclusters seem to occur in pairs with talin or vinculin
(see inset B(ii) and C(ii) of Figure 5.3 and Figure 5.4, where integrins are magenta
and adaptors are in green) but with no clear overlap occurring. We also noticed that
despite that high density of paxillin, the clusters appear to have very low
colocalisation with either integrin (see inset A(ii) of Figure 5.3 and Figure 5.4)
although the occurrence of clusters in close proximity appears to be high especially
for asPi near the edge of the adhesions (see inset A(ii) of Figure 5.3). With these
intriguing observations noted, it became clear that we require extensive
guantitative analysis in order to understand the details of how clusters of different
proteins are distributed and interact with each other.
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Vinculin

Figure 5.3 Integrm as6; and adaptor proteins nanocluster distribution in adhesion comp/exes
on HFF-1 cells at 24 h of seeding

The images show the individual localisations belonging to clusters of asp; (in magenta) and the adaptor
proteins paxillin (A), talin (B), or vinculin (C) (in green). Cluster detection on the STORM data was
performed using the DBSCAN algorithm (final threshold of at least 10 localisations per cluster).
Subpanels labelled as (i) show the zoomed-in regions corresponding to individual FAs (marked by a
white square in the left panels). Subpanels labelled as (ii) show subsequent zoomed-in regions (of the
regions marked by white squares in subpanels (i)), where the white and red crosses indicate the CoM
of each asB; and adaptor protein cluster, respectively. Scale bar =5 um (large ROIs), 1 um (i), and 200
nm (ii).

B

Talin

Figure 5.4 Integrin a,83 and adaptor proteins nanocluster distribution in adhesion complexes
on HFF-1 cells at 24 h of seeding

The images show the individual localisations belonging to clusters of a,Bs (in magenta) and the adaptor
proteins paxillin (A), talin (B), or vinculin (C) (in green). Cluster detection on the STORM data was
performed using the DBSCAN algorithm (final threshold of at least 10 localisations per cluster).
Subpanels labelled as (i) show the zoomed-in regions corresponding to individual FAs (marked by a
white square in the left panels). Subpanels labelled as (ii) show subsequent zoomed-in regions (of the
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regions marked by white squares in subpanels (i)), where the white and red crosses indicate the CoM
of each a,f; and adaptor protein cluster, respectively. Scale bar =5 um (large ROIs), 1 um (i), and 200
nm (ii).

5.3.3 Quantification of lateral distances between nanoclusters of

different adhesion proteins in cells spreading for 24 h

We visually observed instances of nanoclusters of two different proteins being in
close proximity to each other (Figure 5.3 and Figure 5.4). Motivated by these
observations, we performed a rigorous quantitative analysis to report on the
preferred distances between the clusters of the different adhesion protein pairs. As
described in the Chapter 2, section 2.6.5, we computationally generated sets of data
representing a random distribution of nanoclusters in the adhesions. This allowed
us to relate the experimental distributions of nearest neighbour distances (NND)
between the CoM of clusters of two different proteins (see red and white crosses in
Figure 5.3 and Figure 5.4, inset (ii)), to the expected NND distributions from a
random nanocluster distribution, as obtained in our simulated data sets.
Importantly, it has to be noted that the NND between two different protein clusters
is not symmetric, meaning that the distance from an integrin cluster to its nearest
adaptor cluster is not necessarily the same as the distance from an adaptor cluster
to its nearest integrin cluster. The reason for this disparity is essentially given by the
fact that integrin nanoclusters and their adaptor nanoclusters have different
densities. Taking all this into account, we studied the distributions of NNDs in the
case of each protein, for the different regions of the cell membrane (FAs, fAs, and
outside adhesions). We first focussed on HFF-1 cells seeded on FN that were allowed
to spread for 24 h.

We computed the full distributions for the NNDs from the CoM of protein A to
protein B (where protein A is asB; or aBs, and protein B is paxillin, talin, or vinculin),
and compared them to the random distributions for clusters in FAs (Figure 5.5), fAs
(Figure 5.6), or outside adhesions (Figure 5.7). We observed that the experimental
and the simulated random NND distributions have very similar shapes for clusters
inside adhesions (Figure 5.5 and Figure 5.6). Intriguingly, when we examined the
NND distributions for clusters outside of adhesions, the experimental distribution
showed a shift to smaller distances as compared to the simulated random
distributions for all instances except vinculin to integrins (Figure 5.7). This initial
analysis suggests that, while the clusters in the high-density adhesion complexes
(both FAs and fAs) seem to be randomly distributed with respect to their partners,
the clusters found outside the adhesions are in closer proximity to their partner
clusters compared to what would be expected if they were randomly distributed.
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Figure 5.5 Distribution of NNDs between integrins and adaptor protein clusters in FAs at 24 h
Each histogram consists of the NNDs between clusters of the different proteins over all cells (see Table
2.7 for asP; data and Table 2.8 for a,f3 data). Left panels (A,C,E) show the experimental (Exp) NND
distributions for each integrin (asPs, solid green lines; a,fBs, dashed blue lines) to its adaptor (paxillin,
A; talin, C; vinculin, E). The corresponding simulated (Sim) random distributions are shown in black
(solid and dashed lines for the random simulations of asBi1 and a,fs, respectively). The right panels
(B,D,F) show the NND distributions for each adaptor (paxillin, B; talin, D; vinculin, F) to clusters of one
of the two integrins. Continuous and dashed lines show distributions from adaptors to asB; and a,Bs,
respectively. Orange, purple and yellow denote experimental data for the adaptors, paxillin, talin and
vinculin, respectively, and black corresponds to the simulated data for each panel. The simulated data
sets have ten times as many data points as the experimental ones. The bin width is 20 nm.

142



Chapter 5

Fibrillar Adhesions
-2 -2
A ox10 B ox10
Exp Sim Exp Sim
e e 01534 tO Paxillin e e Paxillin to 5B,
15 ].J]h -------- a,f; to Paxillin Paxillin to a,;
(U
0 10
a
5
Ly e
0 ol —
0 200 400 600 800 0 200 400 600 800
NND (nm) NND (nm)
<2 -2
C ox10 D ,ox10
Exp Sim Exp Sim
e 53, tO Talin —— = Talin to asP,
15{ = =ee= eee- afstoTalin | 15] L === === Talin to a3,
.
010
a
5
0 - ' oL 3227 “ -
0 200 400 600 800 0 200 40 600 800
NND (nm) NND (nm)
<2 -2
E ,ox10 F o0
Exp Sim Exp Sim
e = 53, t0 Vinculin — Vinculin to asB,
15{ = =e=ee me—— a,B; to Vinculin 151 ==== Vinculin to o
w [V
010 0 101
a a
5 51
o TAoain 3 o+ Aoy - .
0 200 400 600 800 0 200 400 600 800
NND (nm) NND (nm)

Figure 5.6 Distribution of NNDs between integrins and adaptor proteins in fAs at 24 h

Each histogram consists of the NNDs between clusters of the different proteins over all cells (see Table
2.7 for asP; data and Table 2.8 for a,Bs data) and compared to the NND values obtained from
simulations of random organisation. The explanation of the colours and lines used are similar to the
previous figure (see also the legends on the corresponding panels).
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Figure 5.7 Distribution of NNDs between integrins and adaptor proteins outside adhesions at
24 h
Each histogram consists of the NNDs between clusters of the different proteins over all cells (see Table
2.7 for asP; data and Table 2.8 for a,Bs data) and compared to the NND values obtained from
simulations of random organisation. The explanation of the colours and lines used are similar to Figure
5.5 (see also the legends on the corresponding panels).

These data hint towards the intriguing possibility of a direct or indirect interaction
between integrin and adaptor protein clusters of paxillin and talin outside
adhesions, which could serve to bring those protein clusters together to form the
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so-called nascent adhesions, which act as seeding points for adhesion complex
formation.

In order to gain better understanding of the relative organisation between these
protein pairs, and to assess whether their distributions are different from random,
we implemented a fitting model to describe the NND distributions per cell (see
methods section 5.2.5 for details). With this fitting model we can obtain numerical
estimations for different distribution descriptors, such as the peak NND value per
cell, for both the experimental and the simulated random distributions. From these
values, we calculated the relative difference between the experimental peak NND,
PeakNNDeyp, and the random peak NND, PeakNNDsim, which we named & NNDyeak,

PeakNNDgyxp—PeakNNDgim
PeakNNDgim )

SNND,peq) = (5.22)

This value indicates how the peaks of the experimental NND distributions per cell
vary from random, with negative values indicating that the peak of the experimental
data is at a shorter distance than the simulated one, and positive values
representing a separation between clusters that cannot be accounted for by a
random distribution of clusters. Interestingly, the mean values of §NNDgeak for asp:
to paxillin and vice versa (Figure 5.8) resulted negative in all regions (FAs, fAs and
outside adhesions), implying that the most common distance between asfB; and
paxillin clusters is shorter than if the two proteins were distributed randomly,
regardless of the region of the cell membrane. In contrast, the mean values of
ONNDgeak for ayBs to paxillin and vice versa were close to zero in FAs and fAs,
indicating no preferred organisation between them. In the case of talin with respect
to both integrins, the mean 6NNDgeak resulted close to zero on FAs, but positive in
the case of fAs, suggesting that on these types of adhesions, integrins and talin are
actively separated from each other. Finally, in the case of vinculin and integrins, no
preferential organisation was found both of FAs and fAs. Strikingly, for all the protein
combinations studied, the mean SNNDg.a« resulted negative outside adhesions.

As discussed during the analysis of the NND between clusters of the same protein
(Chapter 4), summarising a full set of data by a single value does not provide a
complete picture for how the protein clusters are spatially organised. Therefore, we
also generated ANNDy-plots where we subtracted the random simulated NND
distribution from the experimental data NND distribution, to highlight any subtle
differences between the two distributions. This analysis was done for the clusters
specifically localised in each of the three regions the cell membrane (FAs, Figure 5.9;
fAs, Figure 5.10; and outside adhesions, Figure 5.11). Although these plots show the
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detailed differences per bin of the histogram, they reveal a similar trend as the
variation of the peak NND (Figure 5.8). Interestingly, the trend of paxillin being
closer to asPB: and vice versa is maintained in the ANNDy plots, with a maximum
difference at 50 nm for both paxillin to asB: and asB: to paxillin and in all three
regions. However, this preferred distance is not observed for the a,fs to paxillin
plots in FAs or fAs. In the case of the clusters outside adhesions, there appears to be
a positive peak at ~70 nm for a3 to paxillin (Figure 5.11 A) and a peak at ~110 nm
for paxillin to a,Bs (Figure 5.11 B). Furthermore, the ANNDy-plots for talin and
vinculin with respect to either integrin maintained the predominantly random trend
observed when we considered only the peak NND in FAs and fAs (Figure 5.8).
Additionally, the analysis of clusters outside of the adhesions shows a slight positive
trend for distances less than 200 nm for talin data (Figure 5.11 C, D), and it is reduced
and noisier when we consider vinculin (Figure 5.11 E, F).
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Figure 5.8 Relative difference between peak values for experimental and simulated data
(6NNDpear) per cell imaged at 24 h
Each point on the graphs represents the relative difference between the experimental and simulated
peak NND values per cell, for distances from integrin nanoclusters to paxillin (A), talin (B), or vinculin
(C) and vice versa. Each graph has data for FA, fAs and outside adhesions. The bar marks the mean and
the whiskers show the standard deviation over the cells. The single dots on panel C correspond to a
single cell, because of the six cells imaged at 24 h for a,f3 and vinculin only one cell had fibrillar

adhesions.
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Figure 5.9 ANNDy-plots between clusters of different proteins in FAs after 24 h spreading
(A—F) show the ANNDy-plots for the FA data in Figure 5.5. The left panels (A,C,E) show Integrins, asp
(green) and a,Bs (blue), to adaptors. The right panels (B,D,F) show data from adaptors (paxillin, orange,
talin, purple, vinculin, yellow) to integrin (asB1, continuous line, and o3, broken line).
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Figure 5.10 ANNDy-plots between clusters of different proteins in fAs after 24 h spreading

(A—F) show the ANNDg-plots for the fA data in Figure 5.6. The left panels (A,C,E) show Integrins, asp:
(green) and a,Bs (blue), to adaptors. And the right panels (B,D,F) show data from adaptors (paxillin,

orange, talin, purple, vinculin, yellow) to integrin (asB1, continuous line, and a,f3, broken line).
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Figure 5.11 ANNDy-plots between clusters of different proteins outside adhesions after 24 h
spreading

(A—F) show the ANNDy, -plots for the outside adhesion data in Figure 5.7. The left panels (A,C,E) show
integrins, asP; (green) and ayBs (blue), to adaptors. And the right panels (B,D,F) show data from
adaptors (paxillin, orange, talin, purple, vinculin, yellow) to integrin (asBi1, continuous line, and o,fs,
broken line).
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5.3.4 Quantification of lateral distances between nanoclusters of
different adhesion proteins in cells as a function of spreading time
In Sections 5.3.2 and 5.3.3, we have presented results from experiments carried out
on cells fixed 24 h after seeding, when the cells have reached a steady state in terms
of spreading and adhesion complex formation. Despite the importance of
understanding the spatial organisation of adhesion protein nanoclusters at steady
state, these data cannot provide us with a dynamic view on cluster organisation
during cell attachment to the substrate and spreading. To tackle this question, we
investigated how adhesion protein nanoclusters are distributed relative to each
other at earlier times after seeding (90 min and 3 h), and compared them to the
steady state distributions at 24 h after seeding. Specifically, from the STORM images
we collected on cells fixed at these different spreading times (90 min, 3 h, or 24 h),
we studied the lateral distribution of integrin (asB: or ayBs) clusters with respect to
those formed by the adaptors (paxillin, talin, or vinculin), in the three previously
defined basal membrane regions.

Our main observations from previous section on the 24 h data hold true for the
earlier time points. Our results indicate that the relative distribution between asf:
and paxillin clusters is maintained in time, with little to no variation seen with time
when considering the data from asB; to paxillin (Figure 5.12 and Figure 5.13 A).
When we considered the reverse case, i.e., from paxillin to asBi, we observed a
modest increase in the variation with time for FAs (Figure 5.12 B), no change with
time for fAs (Figure 5.13 B) and a reduction in the variation with time for the clusters
found outside adhesions (Figure 5.14 B). Interestingly, for this protein pair, the
highest variation from random for the three time points in the three regions is
always found at distances of ~50—-70 nm. Although the data for asfB; with respect to
talin or vinculin showed less variation from random, it is possible to appreciate a
trend suggesting that talin and vinculin clusters in FAs are excluded at shorter
distances from asB; clusters (Figure 5.12 D and F). The asB; to talin or vinculin data
in fAs (Figure 5.13 C, E), as well as the talin to aspB; (Figure 5.13 D), fluctuate around
zero and appear to resemble a random distribution. Notably, when looking at the
distribution of vinculin and asP1 clusters in fAs (Figure 5.13 F), the ANNDy-plots
resemble those obtained in FAs at early time points (Figure 5.12) — with troughs in
a range of 30-70 nm —, while the data at 24 h appear indistinguishable from random.

Interestingly, when we analysed how a,B; clusters found in FAs and fAs are spatially
distributed with respect to the three different adaptor proteins, our results showed
that they generally follow a random distribution for all studied spreading times (90
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min, 3 h, and 24 h) (Figure 5.15 and Figure 5.16). The most notable difference is that
at 90 min after seeding, o.Bs showed negative troughs (i.e., exclusion) at short
distances for all three adaptor proteins in FAs and fAs, which transitioned to a
random distribution at 24 h (Figure 5.15 and Figure 5.16).

Finally, we analysed the distribution of clusters found on the cell membrane outside
of the adhesion complexes for experiments with asp; (Figure 5.14) and o3 (Figure
5.17). We observed that for paxillin to either of the integrins, there was a peak in
the ANNDy-plots at shorter distances (<200 nm), although the peak was much more
pronounced for paxillin to asB; (Figure 5.14 B) than for paxillin to o, (Figure 5.17
B) (with a ~six-fold difference), and this was true at all time points. For the ANNDy-
plots of talin to asP; (Figure 5.14 D) the peak was found to be approximately three
times less than the peak seen for paxillin to asB;. Furthermore, we also noted that
the ANNDy value for talin to asP: was influenced by time, where the peak at 3 h was
twice that of the peaks at 90 min or 24 h (Figure 5.14 D). When we did the same
analysis for talin to a,Bs we saw a much-reduced peak (Figure 5.17 D) similar to that
found for vinculin (Figure 5.17 F) and very close to random. When we considered
the distances from asPi to paxillin (Figure 5.14 A) the peaks were not varying with
time, however the peak values were reduced to approximately a sixth of the peaks
found for paxillin to asPBi. The trend observed from asPB; to talin (Figure 5.14 C)
resembled that of its counterpart, talin to asf;, including the enhanced peak seen
at 3 h after seeding. When considering the remaining plots of asB: to vinculin, the
trend was random with no discernible peaks at short distances (Figure 5.14 E).
Finally, when we considered a,s to adaptors the trend was the same: there was no
variation with time and only a subtle positive peak below 200 nm, resembling a very
close to random distribution at all time points.
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Focal Adhesions
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Figure 5.12 The effect of seeding time on NND distributions for experiments with as8; and

adaptor proteins in FAs

(A,C,E) show the ANNDy-plots for asB; to adaptors, paxillin (A), talin (C) and vinculin (E) with time.
(B,D,F) show the ANNDy-plots from an adaptor, paxillin (orange), talin (purple) or vinculin (yellow), to
an asP; cluster with time. For three different time points, 90 min, 3 h and 24 h, as shown in figure

legend.
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Fibrillar Adhesions
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Figure 5.13 The effect of seeding time on NND distributions for experiments with as8; and

adaptor proteins in fAs

(A,C,E) show the ANNDy -plots for asB; to adaptors, paxillin (A), talin (C) and vinculin (E) with time.
(B,D,F) show the ANNDy -plots from an adaptor, paxillin (orange), talin (purple) or vinculin (yellow), to
an asP; cluster, with time. For three different time points, 90 min, 3 h and 24 h, as shown in figure

legend.
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Outside Adhesions
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Figure 5.14 The effect of seeding time on NND distributions for experiments with as8; and

adaptor proteins outside adhesions

(A,C,E) show the ANNDy -plots for asB; to adaptors, paxillin (A), talin (C) and vinculin (E) with time.
(B,D,F) show the ANNDy -plots from an adaptor, paxillin (orange), talin (purple) or vinculin (yellow), to
an asP; cluster, with time. For three different time points, 90 min, 3 h and 24 h, as shown in figure

legend.
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Figure 5.15 The effect of seeding time on NND distributions for experiments with a,8s and
adaptor proteins in FAs

(A,C,E) show the ANNDy -plots for a,Bs to adaptors, paxillin (A), talin (C) and vinculin (E) with time.
(B,D,F) show the ANNDy -plots from an adaptor, paxillin (orange), talin (purple) or vinculin (yellow), to
an ayfs cluster, with time. For three different time points, 90 min, 3 h and 24 h, as shown in figure
legend.
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Figure 5.16 The effect of seeding time on NND distributions for experiments with a,8s and
adaptor proteins in fAs
(A,C,E) show the ANNDy-plots for a,B; to adaptors, paxillin (A), talin (C) and vinculin (E) with time.
(B,D,F) show the ANNDy-plots from an adaptor, paxillin (orange), talin (purple) or vinculin (yellow), to
an ayfBs cluster, with time. For three different time points, 90 min, 3 h and 24 h, as shown in figure
legend.

157



Lateral distribution of adhesion protein nanohubs at the cell membrane

Outside Adhesions
A x10? B x10?
L mmmes 90 min ] T 90 min
6 a,B; to Paxillin ¢ — —3h 61 Ppaxillin to aBs; — —3h
——24h ——24 h
4 4
=
a
Z 2
g .
?l 4
-~ 0 —
2 -2
0 200 400 600 800 1000 0 200 400 600 800 1000
C xi02 NND (nm) D x102 NND (nm)
..... 90 min | . ===== 90 min
& a,B; to Talin — —3h 61 Talinto o,Bs — —3h
—24h —24h
4 4

2 -2
0 200 400 600 800 1000 0 200 400 600 800 1000
E  x102 NND (nm) F x102 NND (nm)
] . . mmme- 90 min ] . ! ~w=== 90 min
6] apBstoVinculin  — —3h 61 Vinculintoo,B; — —3h
—24 h 24 B
4 4
> =
=)
2 2
g
0
-2 -24
0 200 400 600 800 1000 0 200 400 600 800 1000
NND (nm) NND (nm)

Figure 5.17 The effect of seeding time on NND distributions for experiments with a,8s and
adaptor proteins outside adhesions

(A,C,E) show the ANNDy -plots for a,Bs to adaptors, paxillin (A), talin (C) and vinculin (E) with time.
(B,D,F) show the ANNDy -plots from an adaptor, paxillin (orange), talin (purple) or vinculin (yellow), to
an ayfBs cluster, with time. For three different time points, 90 min, 3 h and 24 h, as shown in figure
legend.
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Interestingly, and perhaps surprisingly, taken together, our data suggest that the
distribution relationship between integrins and their partners is not as we had
initially thought. Because direct or indirect binding of these adaptor proteins to the
integrins impact the formation of FAs (Turner et al., 1990; Ripamonti et al., 2021;
Gingras et al., 2008; Tanentzapf and Brown, 2006; Calderwood et al.,, 1999;
Humphries et al., 2007; Zhang et al., 2008; Yao et al., 2015), we naively expected the
existence of a preferred distance between clusters of each pair of proteins.
However, our data shows that only asBi and paxillin have this preferential
separation in all regions of the membrane, and that a random distribution between
protein clusters is found for talin and vinculin with respect to the integrins asfB; or
avBs in adhesions. Unexpectedly, we found that there is a preference for short
distances between clusters outside the adhesions. Given that this is a membrane
region of very low cluster density, our finding that those clusters are not randomly
distributed with respect to one another points towards the existence of a cluster-
cluster attraction/interaction mechanism outside adhesion complexes.

5.4 Discussion

In this chapter, we focused on how nanoclusters of different proteins are organised
with respect to each other, with the aim of investigating the interactions between
integrins and some of their key adaptor proteins. We first carried out our analyses
on fully spread cells that were fixed 24 h after seeding, after which we end up by
comparing the data over a time course including shorter spreading times of 90 min
and 3 h.

Our results of NND between nanoclusters of asPi and paxillin showed a preferential
proximity of ~50—-70 nm between them and being maintained on the three regions
of the membrane investigated, FAs, fAs, and outside adhesions. This preferential
proximity moreover, remained constant as function of seeding time. In strong
contrast, the relative organisation in FAs and fAs of integrin nanoclusters (asB1 or
avfBs) with respect to the adaptor proteins talin or vinculin appeared to be random,
as shown by comparing the peaks of the experimental and simulated distributions
(Figure 5.8) and the ANNDy-plots (Figure 5.9 and Figure 5.10). As we have already
touched upon earlier, it seemed reasonable to expect a certain level of organisation
between these pairs in adhesion complexes, where integrin and adaptor proteins
functionally interact and are therefore often acting as engaged pairs (Calderwood
and Ginsberg, 2003; Tanentzapf and Brown, 2006; Ripamonti et al., 2021). In this
scenario, the relative distribution between these partners should vary from random.
However, the correct interpretation of our data requires a more careful
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consideration for two reasons. First, in our work, we evaluated a snapshot of a
dynamic process, where we imaged just two proteins at a time. Second, talin can
bind to both integrins (Calderwood et al., 1999; Cluzel et al., 2005; Liu et al., 2015)
and integrins can dynamically transit between active and inactive conformations (Li
et al., 2017; Sun et al., 2019). Hence, the dynamic and transient nature of integrin
activation and inactivation (Bakker et al., 2012; Rossier et al., 2012; Rossier and
Giannone, 2016; Tsunoyama et al., 2018) would lead to rapid engagement and
disengagement of the adaptor proteins. A random distribution of adaptor
nanoclusters with respect to the integrins would then allow for an efficient re-
engagement of free adaptors. It is also important to note that integrins have a higher
density of nanoclusters as compared to talin or vinculin, as shown in Chapter 3.
Therefore, if a talin molecule becomes disengaged there is a high probability that
there would be an available integrin nanocluster in close proximity to re-engage
talin and to maintain the overall homeostasis of the FA. By this reasoning, one could
argue that we could then expect to see a level of organisation when we study the
ANNDy from talin to a given integrin. However, here we studied only a
subpopulation, i.e., talin to asp; or talin to a,fs. We would need to image all three
proteins together or silence the expression of one of the integrins in order to gain a
better understanding of the organisation of talin with respect to the integrins. This
argument also holds for vinculin, as the presence of vinculin to reinforce the
integrin-talin-actin bond is dependent on its ability to bind talin and actin and so is
independent of which integrin is in the complex (Humphries et al., 2007; Hirata et
al.,, 2014), and so a random distribution of vinculin with respect to the integrins
agrees with the currently accepted biological models. To gain a better
understanding of these interactions following a microscopy-based approach as the
one we used in this thesis, will require further imaging. Going forward with the
knowledge we have gained in this study we now have a number of avenues to
explore. One possibility is to use antibodies targeting only active integrins.
Additionally, increasing the number of proteins that can be simultaneously imaged
would allow investigating the relative distribution of up to three proteins, e.g., the
two integrins together with an adaptor such as talin. The results of these
experiments would provide us with further insight and will hopefully be part of the
future work in our group.

Finally, we would like to discuss the finding that, on the membrane regions outside
adhesions, there are clusters of different proteins found at shorter distances than
predicted by a random distribution (Figure 5.11, Figure 5.14, and Figure 5.17). To us
this was remarkable, as the area of the cell membrane outside adhesions is large
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and the density of adhesion protein clusters is relatively low, <10 clusters/um?
(Figure 3.9). Because of this low density, we would have expected that the protein
clusters would be further away from one another and the existence of occasional
short distances between the clusters would follow a random distribution.
Intriguingly, the observed peak at short NND is more pronounced when looking at
the NND from adaptor proteins, such as paxillin and talin, to integrins than vice versa
(Figure 5.14 and Figure 5.17). One way to interpret these results is to consider the
proteins in question: integrins are membrane proteins that remain inserted into the
membrane, however paxillin, talin, and vinculin are soluble proteins and therefore
only remain at the cell membrane when anchored to another membrane
component. Therefore, the more pronounced peak from paxillin or talin to integrin
asP1 could be due to the fact that all the adaptor clusters found at the membrane
are engaged with an integrin that tethers them to the membrane preventing them
to diffuse away to the cytosol. When considering the integrins to the adaptors, we
see a reduced or no peak as they are membrane proteins that do not need to be
engaged to remain at the surface. We suggest that our data provide information on
the elusive and transient nascent adhesions, which form on low adhesion protein
density regions of the basal membranes. Nascent adhesions form independent of
the surface rigidity (Changede et al., 2015) and act as nucleating points for adhesions
formation (Choi et al., 2008). They have been shown in previous studies using
diffraction-limited microscopy to be short-lived and found to account for ~60% of
the adhesions formed in the cells. Only a mere ~30% of those resulted in midsize
adhesions and a remarkable low percentage, i.e., ~5% form the fully mature force-
dependent FAs (Thievessen et al., 2013). Future studies focusing at imaging multiple
proteins simultaneously with super-resolution microscopy will complement recent
findings from Han et al. (Han et al., 2021) that indicated that the fate of the nascent
adhesions depends on the arrival of the adaptors, which form the initial nucleating
point and thereby dictate whether maturation to FAs occurs or not. Our data may
agree with this new publication as we detect a population of talin and paxillin that
is in close proximity to the integrin asPBi. Nevertheless, this recent work showed a
dependence on all three adaptors at the nascent adhesion sites while we have only
detected a very subtle peak for vinculin to a,fs and an apparent random association
to asps.

In general, the results of this chapter provide us with interesting new insights into
the distribution and organisation of key adhesion complex proteins while also
delivering new and exciting questions to approach and answer in the future.
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Integrin asB1 nanoclusters are distributed
preferentially on the edge of focal adhesions

So far, the research presented in this thesis has focused on the characterisation of
adhesion protein nanoclusters (Chapter 3), how they are organised considering the
spatial distribution of nanoclusters of the same protein (Chapter 4), and the relative
distribution between nanoclusters of different proteins (Chapter 5). In this chapter,
we assessed the organisation of the nanoclusters with respect to the adhesion
complexes themselves. We show that as8; integrin nanoclusters are preferentially
found on the edges of FAs. Interestingly, this characteristic arrangement is
strengthened at longer cell spreading times. In contrast, a,8; shows no obvious
preferential organisation within adhesions upon visual inspection. However,
interestingly, at early time points our data show a small population of a,8; clusters
that exhibit an organisation different to random, which was lost after 24 h. We
further combined the analysis presented in Chapter 5 (the NND distribution between
different protein clusters), with the distance to the adhesion edge computed in this
chapter. Using this approach, we found that those as8; nanoclusters enriched on the
edge of FAs are also close to their nearest neighbour adaptor cluster. Our data
together with data in earlier publications are consistent with the hypothesis that
as8; and a,,B3 play different roles in FAs, and with asB; itself having distinct roles
depending on its tensioned state. We therefore propose a model where as8; in the
ring around the adhesion edge is functionally engaged with adaptors such as talin
and paxillin for maintaining cell attachment, whereas as8; and a,83 in the central
region of the adhesions synergise together for mechanosensing and
mechanotransduction.



Chapter 6

6.1 Introduction

The adhesion complexes, which form between the extracellular matrix (ECM) and
the cell's cytoskeleton, have been studied extensively since their discovery 50 years
ago (Abercrombie et al., 1971). In the half a century since, the development of
imaging techniques and biochemistry tools have allowed us to gain a better
understanding of these complexes, from the seemingly straightforward question of
the protein players involved, to their role in processes such as cell migration and,
more recently, the details of how mechanosensing and mechanotransduction work.
While many questions have been answered, many uncertainties still remain for us
to explore. The canonical view until recently was that the proteins of the adhesion
complex were uniformly distributed throughout the adhesion. Since the
development of super-resolution microscopy over 15 years ago (Huang et al.,
2009a), we have achieved a more detailed view of how adhesion complex proteins
are spatially organised at the nanometre scale. In particular, Kanchanawong et al.
showed that a number of key adhesion proteins are axially stratified in different
layers above the basal membrane of the cell (Kanchanawong et al., 2010), whereas
other studies showed that a number of these proteins form nanoclusters at the cell
membrane (Shroff et al., 2007; van Zanten et al., 2009; Spiess et al., 2018).

Integrins are the central protein family forming these adhesion platforms as they
are transmembrane proteins that link the ECM with the cell’s cytoskeleton. The two
main integrins forming adhesion complexes on FN substrates are asP: and aps
(Kumar, 1998; Schiller et al., 2013). Understanding their specific roles has been the
aim of extensive research in the past years, which still remains a challenging task
due to the seemingly symbiotic relationship between these two integrins. Despite
this, already back in 2009 it was suggested that asp:1 determines adhesion strength
whereas ayB3 plays a role in mechanotransduction (Roca-Cusachs et al., 2009). An
example of the signalling crosstalk between these two integrins was shared in 2013,
when it was shown that cells that express a,-class integrins activate the RhoA
signalling pathway without a positive read-out for phosphorylated myosin light
chain (pMLC) (Schiller et al., 2013). The authors further suggested that asB; was the
beneficiary of this RhoA signally cascade. In more recent work from the Fassler and
Miller labs, it was shown that cells expressing only the asp; integrin formed strong
adhesion bonds with FN, which were reduced in cells expressing both asp: and a.fs,
likely due to talin equivalently binding to either integrin (Bharadwaj et al., 2017).
They also showed that by specifically activating a,Bs; using a VN-coated cantilever,
the strength of the bonds formed between asB; and FN was enhanced. In summary,
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the study by Bharadwaj et al. underscored how these two integrins work closely
together to control cell adhesions.

Another important finding in the field has been that asB1 can be found in adhesions
in two different mechanical states: relaxed or tensioned (Friedland et al., 2009). The
authors showed that the tensioned state of asB; is myosin-dependent. Moreover,
they found that in the presence of a myosin inhibitor, the tensioned state could be
recovered by the application of an external force to the cell. The study also showed
that the FN bonds formed in the different states were biochemically distinct: relaxed
asB1 requires the RGD motif of FN, whereas tensioned asf; binds FN depending on
the synergy sites (see also Chapter 1 for further details).

The cytosolic family of proteins known as Kank proteins are a relatively new
adhesion protein family (Chen et al., 2018), which in vertebrates is formed by four
paralogues (Kank1-4). Of these, Kank2 has been shown to be present in FAs, and it
can bind B; and Bs integrin tails equally well. Interestingly, Kank2 has been shown to
form a ring or FA belt on the edge of FAs (Sun et al., 2016b). That particular study
also showed that Kank2 has the ability to induce adhesion sliding, where they
showed with live cell microscopy that Kank2 and paxillin form thin elongated
structures from the proximal border of FAs into the centre. The similarity of these
elongated central structures and the fact that they showed that Kank2 regulated the
tensions state of asP; and induced bond slippage for asB: and FN indicates to us that
this ring on the periphery of a FA might act as a precursor to fA formation where
asBs is the main integrin.

Thus, despite an enormous amount of literature in the field, the specific roles of
both integrins in the processes of adhesion, migration and mechanosensing remain
unclear. We hypothesised that the versatility in terms of function of both integrins
binding to the same ligand might be accomplished by their different nanoscale
distributions inside FAs. Thus, in this chapter we quantified the nanocluster
distribution of both integrins and their adaptors with respect to the edge of
adhesions. Our results revealed that asB; integrin nanoclusters are preferentially
enriched on the edge of FAs/adhesion complexes, as compared to other adhesion
proteins. Moreover, we find a region close to the adhesion edges (<100 nm from the
edge) where the population of asB; is close to and potentially engaged with paxillin
and talin nanoclusters. By contrast, a,B; clusters lack this organisation with respect
to the edge of adhesions and its nearest neighbour adaptor proteins, and they
instead exhibit a random distribution throughout the adhesions. These data,
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together with all those from preceding publications, have allowed us to propose a
model for the lateral organisation of proteins in FAs.

6.2 Materials and methods

6.2.2 Sample preparation and imaging

Samples were prepared by seeding HFF-1 cells on FN coated 8-well plates. The cells
were allowed to spread for different times (90 min, 3 h and 24 h), after which they
were fixed and then immunolabelled as described in detail in Chapter 2 section 2.2.

6.2.3 Image acquisition:

All the images analysed in this chapter were taken on a Nikon Eclipse Ti system using
a 100x oil objective with NA 1.49 a 256x256 pixel ROl and a pixel size of 160 nm using
TIRF illumination. The system has lasers with wavelengths of 405 nm, 560 nm and
647 nm. For a full description of the image acquisition see Chapter 2, Section 2.4.

6.2.4 Image reconstruction

Dual-colour STORM image reconstruction was done using Insight3, provided by Bo
Huang (UCSF, initially developed in Xiaowei Zhuang’s Lab). The analysis was run over
the entire data sets but recording only those localisations detected in the second
frame of the five-frame cycle, that is the first of the four reporter frames, the
localisations can be represented by a cross marking their centres or rendered with
a Gaussian profile convoluted with the point. For more detailed description, see
Chapter 2 section 2.5.

6.2.5 Image analysis

The majority of our analysis carried out in this chapter were completed using scripts
written and developed in house, using MATLAB 2019b. We also incorporate already
existing algorithms such as DBSCAN (Ester et al., 1996) into our scripts. DBSCAN was
the initial analysis to identify clusters of our proteins of interest.

We then used the inbuilt MATLAB function ‘bwboundaries’ to identify the adhesion
boundaries. This function identifies the pixel coordinates where the binary mask
switches from 0 to 1. This function output is a list of coordinates that correspond to
the centres of the pixels around the inner edge of the structure.

We also made use of the MATLAB function ‘knnsearch’ to find the shortest distance
from the cluster CoM to the edge of an adhesion. In a similar way to the previous
chapters, we use an algorithm developed in house to generate a random distribution
of nanoclusters in adhesions. A detailed description of the steps we used can be
found in Chapter 2.
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Data representation with GraphPad Prism

Median values for the distance-to-edge per cell were calculated from the full
distributions of the experimental and simulated data. We then found the relative
difference and these values are represented as scatter plots using GraphPad Prism
(version 9.1.2), where the lines and the whiskers show the mean value and the
standard deviation, respectively, of the distribution of median values for each cell.

Statistical analysis with GraphPad Prism

The statistical analysis used in this chapter to assess the statistical significance of the
variation of the median distance-to-edge per cell was carried out using GraphPad
Prism (version 9.1.2). Specifically, when testing the statistical significance of the
differences between the distribution mean values, we ran one-way ANOVA tests or
paired Student’s t-test when comparing the experimental with simulated
distributions of median distances to the edge for each protein. The confidence
interval was 95%.

6.3 Results

6.3.2 Super-resolution microscopy reveals that clusters of as6;
are enriched on the edge of FAs

In here we focus on investigating the distribution of adhesion protein nanoclusters
relative to the overall structure of the adhesions they form. This study was
motivated by the observation that asB; nanoclusters appeared to be enriched at the
edges of FAs, as seen in our multicolour STORM images (Figure 6.1). The images
qualitatively indicate that, regardless of the adaptor it was paired with, asp:
nanoclusters are enriched around the edges of the FAs while the associated adaptor
clusters appear more homogeneously distributed across the FAs (Figure 6.1, inset (i)
for each panel). As the structures of fAs are, by their nature, very narrow and
elongated, the possible enrichment of asB; clusters around the adhesion edge was
not so obvious (Figure 6.1, inset (ii) for each panel).

In contrast, visual inspection of the reconstructed STORM images of a.fBs, did not
reveal any obvious organisation of a,B3 with respect to the adhesion (FA or fA) edges
(Figure 6.2). Moreover, in agreement with the multicolour STORM images of asp1
and the adaptors (Figure 6.1), the nanoclusters of the adaptor proteins, when
imaged together with a,Bs, appear to be homogenously distributed both in FAs and
fAs, thus providing an extra layer of validation of our multicolour super-resolution
microscopy approach.
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In summary, our qualitative observation of multicolour STORM images suggests that
asP1 nanoclusters are enriched at the edge of FAs, whereas a,fs, paxillin, talin and
vinculin clusters seem to be uniformly distributed across the adhesions.

Figure 6.1 Multicolour STORM images of as6;
24 hon FN

Rendered STORM images of all the localisations of asB1 (in magenta) with the different adaptors (in
green): paxillin (A), talin (B), or vinculin (C). Bottom row shows zoom-in regions of FAs (panels i) and
fAs (panels ii) for each protein pair. Scale bars of main images are 5 um and of zoom-ins are 1 um.

Vinculin

ol % 78

d its adaptor proteins in HFF-1 cells plated for

24 hon FN

Rendered STORM images of all the localisations of a,f3 (in magenta) with the different adaptors (in
green): paxillin (A), talin (B), or vinculin (C). Bottom row shows zoom-in regions of FAs (panels i) and
fAs (panels ii) for each protein pair. Scale bars of main images are 5 um and of zoom-ins are 1 um.
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6.3.3 Integrin as6; clusters are preferentially found on the edge of
FAs at 24 h of cell seeding

The observed difference between the organisation of the nanoclusters of the two
integrins, asB: and ayBs, struck us as potentially very interesting as it may point to
the different roles that these two integrins have in the adhesion complex. In order
to analyse quantitatively this preference of asfB: nanoclusters to accumulate at the
edge of FAs, we developed novel analytical tools, based on NND computations, to
compute the distance from the adhesion protein nanoclusters to the edge of the
adhesion they form. Building on the analysis carried out in previous chapters, we
performed the distance-to-edge computations on an adhesion-by-adhesion basis,
using built-in MATLAB functions (see Methods section 6.2.5 of this chapter). In brief,
we first found the edges of the adhesion areas in the binary mask (Figure 6.3, blue
boundary). We then computed the NND between the CoM of each nanocluster and
the centre of the edge pixel. This distance, which we call distance-to-edge,
corresponds to the minimum distance from a nanocluster to the adhesion edge. The
proximity to the edge of asB: nanoclusters is illustrated in Figure 6.3 C, where we
show a representative image of a FA, where the CoM of the asB; clusters (shown in
magenta) appear to be preferentially localised closer to the adhesion edges (shown
in blue), and where paxillin clusters (shown in green) appear more uniformly
distributed across the adhesion.

Figure 6.3 Definition of adhesion edge for distance-to-edge analysis

(A) Binary mask of the manually selected adhesions with the edges detected by MATLAB (blue). (B)
Image of the mask with adhesion edges in blue, as shown in (A), together with the localisations of the
CoM of the clusters of asB; (magenta) and paxillin (green). (C) Zoom-in of the yellow dashed box in (B),
where the top panel shows the CoM of asB; clusters inside the adhesion with edges marked by blue
points, the middle panel shows the CoM of paxillin clusters, and the bottom panel shows the CoM of
both asB; and paxillin clusters together with adhesion edges.

Using this approach, we computed the distance-to-edge for the nanoclusters of the
different adhesion proteins, in an adhesion-by-adhesion basis, for both
experimental and simulated data. In general, if the nanoclusters are uniformly
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distributed, one would expect that the probability of finding a cluster at a specific
distance-to-edge decreases with increasing distance from edge. This occurs because
there is a larger area along the perimeter of a shape, e.g. for a circular shape this
decrease is linear with the distance to the edge. We found that our experimental
and simulated data indeed exhibit this behaviour (Figure 6.4 for FAs and Figure 6.5
for fAs). These results reveal that the nanoclusters of all studied adhesion proteins
follow, in terms of their spatially distribution with respect to the adhesion edge, a
similar distribution to the random situation. However, and despite the similarity
between the experimental and random distributions, we could observe subtle but
significant differences that indicate an increase in the probability of finding asB:
clusters very close to FA edges as compared to the random distribution (Figure 6.4
A). A similar trend was also detected in the case of talin nanoclusters, although the
effect was less pronounced (Figure 6.4 D). By contrast, and in line with our visual
inspection, a,Bs nanoclusters do not appear to be preferentially positioned at the
edges of FAs, but instead they appear to be partially excluded from the adhesion
edges (Figure 6.4 B). This exclusion from the FA edges was also observed for the
clusters of the adaptor proteins paxillin and vinculin (Figure 6.4 C and E). Another
observation made from the experimental histograms was the presence of a small
shoulder, indicating deviation from the random distribution, with a higher
probability to find clusters at distances between 40 and 100 nm from the edge, in
particular for asBi, paxillin, and talin (Figure 6.4 A, C, and D, respectively). This
shoulder was less pronounced for a,Bs (Figure 6.4 B) and with vinculin showing a
distribution essentially indistinguishable from random (Figure 6.4 E).

We next performed the same analysis for the adhesion protein clusters on fAs. Our
results show that the trend is generally more similar to random (Figure 6.5), which
likely results as a consequence of the elongated shape of fAs themselves. The
distance-to-edge of clusters of a,f3 (Figure 6.5 B), talin (Figure 6.5 D), and vinculin
(Figure 6.5 E), appeared to follow similar distributions as their random counterparts.
By contrast, the data for asB; (Figure 6.5 A), and paxillin (Figure 6.5 C), show a
shoulder (frequency higher than random) for those clusters located at around 40—
100 nm from the fA edge, similar to that seen in the case of FAs, albeit the extent of
this shoulder was less pronounced (Figure 6.4 A, C). Taken together, although we
observe small differences between experimental and simulated data for some
adhesion proteins, this type of analysis might seem to essentially suggest that
adhesion protein nanoclusters are randomly distributed with respect to the fA
edges.
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Figure 6.4 Histograms of distance-to-edge distribution of adhesion protein clusters on FAs
Distance-to-edge distributions obtained from DBSCAN-analysed STORM images of HFF-1 cells fixed 24
h after seeding. Each histogram represents the frequency distribution over all cells of the cluster
distance-to-edge, that is, the NND between the cluster CoM and the FA edges. Experimental (Exp) data
sets are shown as the coloured histograms in each panel, corresponding to asPi (A, green), a,fs (B,
blue), paxillin (C, orange), talin (D, purple), and vinculin (E, yellow), whereas the simulated random
distributions (Sim) are respectively shown as black histograms in each panel. Bin width=10 nm.
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Figure 6.5 Histograms of distance-to-edge distribution of adhesion protein clusters on fAs
Distance-to-edge distributions obtained from DBSCAN-analysed STORM images of HFF-1 cells fixed 24
h after seeding. Each histogram represents the frequency distribution over all cells of the cluster
distance-to-edge, that is, the NND between the cluster CoM of and the fA edges. Experimental (Exp)
data sets are shown as the coloured histograms in each panel, corresponding to aspB: (A, green), a,fs
(B, blue), paxillin (C, orange), talin (D, purple), and vinculin (E, yellow), whereas the simulated random
distributions (Sim) are respectively shown as black histograms in each panel. Bin width=10 nm.

As mentioned above, representing the entire data distributions as histograms
provides us with a very general overview of how the nanoclusters are distributed
with respect to the adhesion edges. In order to investigate the details of these
distributions and to allow us to carry out statistical analyses, we looked for single
parameters that can globally characterise the population. We first computed the
median values of the distance-to-edge per cell of both the experimental
(med(D2E.,,)) and simulated (med(D2Ein)) data sets, from which we calculated the
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relative difference between the medians, which we term the edge proximity factor
(EPF) defined as:

(med(D2Egyp)—med(D2Egim))
med(D2Esim) '

EPF = (6.1)

We calculated the EPF of each protein per cell in both FAs or fAs, Figure 6.6. With
this data we aimed to establish two things: (i) if the distribution of nanoclusters for
each protein was significantly different from random; and (ii) if our visual
assessment that asB; was more prone to being located on the edge of adhesions,
compared the other four proteins analysed, was found to be quantitively significant.
To test whether the distribution of EPF values was different from zero (the EPF value
expected form a random distance-to-edge distribution), firstly, we ran a paired
Student’s t-test for each protein comparing the distance-to-edge distributions for
the experimental data with the corresponding simulated data, see significance
markers over each condition in Figure 6.6. Following that, having established that
the median distance to the edge for clusters of asf: was significantly shorter than
predicted by random, we then ran a one-way ANOVA test on the EPF distributions
for the five components, separating the cluster data depending on if they are from
FA or fAs. This analysis provided us information about the differences between the
distributions for each protein. However, we were only interested in how the four
proteins a,Bs, paxillin, talin and vinculin, varied with respect to asB;, which was
found to be closest to the edge. Therefore, from the final analysis we only show the
significance of the variation for asB;to each other protein, Figure 6.6.

This analysis showed that EPF~-0.3 for asB; clusters in FAs (green circles, Figure
6.6), meaning that the median distance from aspB; clusters to the edge of an FA was
shorter than the one expected from a uniform distribution of clusters throughout
the FA. Interestingly, we found that all the different proteins in FAs, with the
exception of vinculin, exhibited negative median EPF values. These results thus
indicate that both integrins, paxillin and talin preferentially locate close to FA edges,
with asB1 being the most noticeable one. In the case of fAs, we found more variation
across proteins: whereas asf; and talin showed significant proximity to the fA edges,
paxillin and vinculin appeared to be actively away from the edges, and a,B3 was
randomly distributed in fAs. Nevertheless, it is worth mentioning that the larger
variations found across proteins in fAs might be partly due to their narrow and long
shapes making the analysis more challenging.

We further assessed how each protein differed from the others, with a particular
focus on the variation between asB; and the other four proteins (Figure 6.6). We
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found that, although integrins, paxillin and talin were significantly closer to the edge
than simulated data, the extent of the difference was significantly larger for asB as
compared to the other proteins in FAs. We also found that the differences for
clusters in fAs was less pronounced with a significant difference found between a5
and paxillin and vinculin, both of which were found to be further away from the
edges than predicted by simulations of random organisation. In addition, the
difference for asB; with a,Bs or with talin were not significant (Figure 6.6, median
value over the different cells, Table 2.6).
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Figure 6.6 The edge proximity factor (EPF) per cell imaged at 24 h after cell seeding

EPF per cell for each of the proteins investigated, considering if they are in FAs or fAs. Data are shown
as individual median values per cell together with the mean + stdev superimposed in black. Statistical
significance between different adhesion types and between different protein clusters was tested using
a one-way ANOVA test (significance symbols shown on top of the bars connecting the different
conditions) (see Methods section 6.2.5 for the details), whereas to test whether the experimental
distribution is statistically different from a random distribution, i.e. if the EPF is statically different to
zero, we used a paired Student’s t-test to compare the experimental and simulated distributions of
median distances to the edge (med(d2e)) (significance symbols shown on top of each EPF distribution),
where ns = not significative, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001.

The data in Figure 6.6 indicates whether a protein’s distribution is different from
random and also whether that means clusters are enriched closer to (negative EPF)
or further from (positive EPF) the adhesion edge, but this analysis does not provide
us with information regarding the actual distances to the edge. In order to explore
with more detail whether our experimental data differs from random and how that
difference changes as a function of the distance-to-edge, we generated once more
A-plots, which correspond to the difference between the shortest distance-to-edge
(d2e) histograms of experimental and simulated data sets for each protein,

Ad2e = Heyp,(d2e) — Hgimy (d2e) . (6.2)
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In these plots, positive values indicate a larger population of nanoclusters at a given
distance, compared to random organisation. The Ad2e plots conclusively show that
the highest, positive peak appears for asB; data at short distances from the edge
(Figure 6.7). In the case of FAs, the most proximal distance where asf: nanoclusters
are enriched occurs at ~20 nm, while for fAs this value is ~40 nm (Figure 6.7 A). This
analysis also showed that ayB3, paxillin and talin clusters in FAs have distributions
that vary from random (Figure 6.7 B,C,D), which according to the statistical tests ran
on the EPF are significant, Figure 6.6. However, the Ad2e plots for a3, paxillin and
talin show very different shapes compared to the well-defined peak of asp: data.
With the Ad2e-plots it is now revealed that although the median distance-to-edge
per cell, for a,Bs and paxillin, was found to be shorter than what was predicted by
random simulations the clusters are in fact excluded from the immediate adhesion
edge. Instead, these Ad2e-plots reveal that the clusters populate a region between
40-100 nm from the edge. These Ad2e-plots provided additional information as
compared to the plot of the relative difference between median distance to edge
(Figure 6.6), they give us access to finer details, in terms of the preferred distances
involved. For paxillin, our data shows the appearance of a negative trough at
distances below 50 nm for both FAs and fAs. This negative trough indicates an
exclusion of clusters from the edge of the adhesion with an enrichment at a distance
of 50—-100 nm. The data for vinculin, Figure 6.7 E, shows an apparent exclusion from
the edge of adhesion with the negative values <50 nm. In the case of the vinculin
plot for FA data we see that it fluctuates around zero indicating a random
distribution which is also what we saw for EPF of vinculin in FAs, Figure 6.6.
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Figure 6.7 Ad2e-plots for NND between nanoclusters and the edge of FAs or fAs in HFF-1 cells
imaged at 24 h after plating

Ad2e-plots for the FA (solid lines) and fA (dashed lines) computed from the data in Figure 4.3 and Figure
6.5, respectively. These plots show the variation from random in the distribution of distances to the
edge for clusters of each of the proteins: asP: (A, green), a,Bs (B, blue), paxillin (C, orange), talin (D,
purple), and vinculin (E, yellow).

6.3.4 Distance-to-edge of adhesion protein clusters as a function
of spreading time

In the previous section, we investigated how adhesion protein nanoclusters are
spatially organised with respect to the adhesion edges after 24 h of cell seeding. At
that specific time point, cells reached a steady state characterised by full attachment
and spreading. We next aimed at uncovering if and how the distribution and
organisation of adhesion protein nanoclusters inside the adhesions evolved as a
function of spreading time. To this end, we expanded our distance-to-edge analysis
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(Ad2e-plots) in HFF-1 cells fixed at earlier time points after seeding (90 min and 3 h),
and compared those results to the 24 h steady state condition (Figure 6.8).

We start by describing the Ad2e-plots corresponding to the nanocluster distribution
on FAs (Figure 6.8 A, C, E). These results confirm that asB; nanoclusters show the
greatest level of mesoscopic re-organisation during the dynamic evolution of cell
spreading, exhibiting the largest positive peaks amongst all the studied adhesion
proteins (Figure 6.8 A, C, E). Notably, the position of this peak for asB; nanoclusters
shifts from being at ~50 nm from the edge at 90 min spreading time towards shorter
distances (~15 nm) at 3 h and 24 h. We interpret this very short distance-to-edge as
the clusters of asB; being on the very edge of the FA delineating its boundary.
Although our data show that a,B; clusters are slightly enriched at the edge at 90 min
time point (Figure 6.8 A), this Ad2e-plot is quite noisy. Furthermore, at 3 hand 24 h
this peak is not discernible and the positive values are much smaller than those for
asPB; (Figure 6.8 C, E). The behaviour of paxillin observed in the 24 h condition (Figure
6.7 C) — exclusion of clusters from the very edge of FAs and a concomitant
enrichment at distances of ~50 nm from the edge —, was maintained during the
entire time evolution after cell seeding (Figure 6.8 A, C, E, orange lines).

We next analysed the Ad2e-plots for all the proteins in fAs. Notably, the Ad2e-plots
of paxillin and vinculin consistently show the presence of a negative trough for
distances to the edge below 50 nm (Figure 6.8 B, D, F, orange and yellow curves,
respectively). These results indicate that these protein nanoclusters are partially
depleted from the adhesion edges during the entire spreading process (from 90 min
to 24 h after seeding). In addition, paxillin, vinculin, talin, and asp.: all exhibit a
positive peak at ~40—-75 nm from the edge (Figure 6.8 B, D, F). The Ad2e-plots for
talin and a,Bs in fAs show a noisier behaviour and show greater variation over time.
In particular, the highest positive peak at ~25-30 nm from the edge is found at 3 h
of cell spreading (Figure 6.8 D, purple and blue curves, respectively), and then vanish
after 24 h of cell spreading (Figure 6.8 F).
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Figure 6.8 Ad2e-plots for NND between nanoclusters and the edge of FAs or fAs in HFF-1 cells

imaged at 90 min, 3 h and 24 h after plating
Ad2e-plots for nanoclusters in FAs (A, C, E) or fAs (B, D, F) for each adhesion protein: asp; (green), a,Bs
(blue), paxillin (orange), talin (purple), and vinculin (yellow). Cells were fixed and imaged by STORM at
90 min (A, B), 3 h (C, D), or 24 h (E, F) after seeding them on FN-coated coverslips.

Taken together, the results of our analysis at different times after cell seeding
indicate that there is a non-random mesoscopic organisation of adhesion protein
nanoclusters within adhesions. In particular, this degree of spatially non-uniform
cluster organisation is most pronounced for the integrin asB: in FAs, where it is
found preferentially distributed on the edge of the adhesions, and for paxillin
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nanoclusters, which appeared to be enriched at regions between 50 and 100 nm
away from FA edges. The Ad2e-plots for fAs show larger variations and fluctuations
as function of cell seeding times. Since the analysis on fAs might be influenced by
the elongated shape of these adhesion structures, making a distance-to-edge
measurement difficult to interoperate, we restricted our next analyses solely to FA
data.

6.3.5 Distance-to-edge of adhesion protein nanoclusters as a
function of intercluster distance

Based on the results presented in the last two sections, we sought to investigate
whether there is a correlation between the intercluster distances of different
adhesion proteins and their location with respect to the adhesion edges in FAs. We
hypothesised that nanoclusters found in close proximity to each other are likely to
be engaged or interacting with one another in a functional manner. In order to
define a "possible interacting distance" between nanoclusters, we took advantage
of our data presented in Chapter 5 (section 5.3.4), which showed that the
preferential distance between asB: and paxillin nanoclusters is ~70 nm (Figure 5.9).
Therefore, we used a conservative threshold distance of 100 nm to separate
"possibly interacting clusters" (with intercluster distances <100 nm) from un-
engaged, non-interacting clusters (with interclusters distances >100 nm). This
threshold distance allowed us to split our data in two groups of nanoclusters and
separately analyse the distance-to-edge distributions for each subset. In this way,
the analysis provides a means to test the possibility of a preferential positioning of
proximal or engaged nanoclusters with respect to the adhesion edges.

We carried out the analysis for each pair of proteins imaged on FAs at three different
spreading time points. We generated Ad2e-plots where we now consider separately
those clusters with a partner protein nearest neighbour (NN) closer than 100 nm
("proximal to NN", light shaded bars of Figure 6.9—Figure 6.14) and the remaining
clusters ("far from NN", dark shaded bars of Figure 6.9-Figure 6.14). Our results
from the previous section showed a population of asB; nanoclusters close to the FA
edges (Figure 6.8 A, C, and E). We now realise that this population close to the edge
is a mixture of asBinanoclusters close to their NN and far away from their NN,
regardless of the investigated adaptor (Figure 6.9-Figure 6.11, left panels).
Moreover, when we considered the distance to the edge of the different adaptor
proteins taking into account their proximity to asB:, we observed some interesting
trends.
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First, we found a population of paxillin nanoclusters in close proximity to their asp:
neighbours within a region of 30—130 nm to the FA edge (Figure 6.9). Moreover,
these proximal asBi—paxillin nanoclusters shifted to regions closer to the FA edge as
function of seeding time, being around ~85 nm at 90 min and ~55 nm, and 3 h
respectively. It was then seen that at 24 h there was a reduction of this peak. Second,
at 90 min and 3 h, talin nanoclusters found close to FA edges had a similar probability
for being proximal or not, to asP: nanoclusters (Figure 6.10). Interestingly, at 24 h,
all the talin nanoclusters close to the FA edges are also proximal to asf:
nanoclusters. We found that the talin population close to their aspB; neighbour had
a peak preferred distance to the edge of ~55 nm at 24 h, with the asB; close to talin
showing approximately the same peak. Finally, when asP:1 was analysed together
with vinculin, we detected a less dominant population of asB: nanoclusters close to
its vinculin NN, as compared to the other adaptors (Figure 6.11). When we
considered the distance-to-edge for vinculin clusters, we saw an exclusion of
nanoclusters from the immediate edge, (30-50 nm), at all three time points,
regardless of their proximity to asB:. We also detected a population of proximal
asPi-vinculin nanoclusters at ~45-135 nm from the FA edges at 90 min and 3 h, that
reduced closed to zero at 4h after cell seeding.
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Figure 6.9 Ad2e-plots for the minimum distance to the edge of FAs of the as8: and paxillin
clusters, splitting the data between clusters that are proximal vs. far to its nearest neighbour
(NN) partner protein cluster, for cells seeded for different times

Ad2e-plots of the distance-to-edge for clusters proximal to their partner NN, (NNDa.s <100 nm; light-
coloured bar plots) and for clusters far from their partner NN (NNDas >100 nm; dark-coloured bar
plots). (A,C,E) show distance-to-edge Ad2e-plots for asPi clusters in FAs (green), considering their
proximity to paxillin clusters. (B, D, F) show distance-to-edge Ad2e-plots for paxillin clusters in FAs
(orange), considering their proximity to asP clusters. HFF-1 cells were fixed and imaged at 90 min
(A,B), 3h (C, D), or 24 h (E, F) after seeding on FN-coated glass.
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Figure 6.10 Ad2e-plots for the minimum distance to the edge of FAs of the as8; and talin
clusters, splitting the data between clusters that are proximal vs. far to its nearest neighbour

Distance to edge (nm)

Distance to edge (nm)

(NN) partner protein cluster, for cells seeded for different times

Ad2e-plots of the distance-to-edge for clusters proximal to their partner NN, (NNDa.s <100 nm; light-
coloured bar plots) and for clusters far from their partner NN (NNDas >100 nm; dark-coloured bar
plots). (A,C,E) show distance-to-edge Ad2e-plots for asPi clusters in FAs (green), considering their
proximity to talin clusters. (B, D, F) show distance-to-edge Ad2e-plots for talin clusters in FAs (purple),
considering their proximity to aspB; clusters. HFF-1 cells were fixed and imaged at 90min (A,B), 3 h (C,

D), or 24 h (E, F) after seeding on FN-coated glass.
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Figure 6.11 Ad2e-plots for the minimum distance to the edge of FAs of the as6; and vinculin
clusters, splitting the data between clusters that are proximal vs. far to its nearest neighbour
(NN) partner protein cluster, for cells seeded for different times

Ad2e-plots of the distance-to-edge for clusters proximal to their partner NN, (NNDa.s <100 nm; light-
coloured bar plots) and for clusters far from their partner NN (NNDas >100 nm; dark-coloured bar
plots). (A,C,E) show distance-to-edge Ad2e-plots for asPi clusters in FAs (green), considering their
proximity to vinculin clusters. (B, D, F) show distance-to-edge Ad2e-plots for vinculin clusters in FAs
(yellow), considering their proximity to asf; clusters. HFF-1 cells were fixed and imaged at 90min (A,B),
3 h(C, D), or 24 h (E, F) after seeding on FN-coated glass.
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In the case of a,B3, we already showed in the previous sections that these
nanoclusters had a reduced tendency to be enriched on the edge of adhesions, as
compared to asB: clusters. Yet, we aimed at establishing whether there are
preferred regions within the adhesions where adaptors and a,Bs clusters are found
to be in close proximity, possibly engaging with one another. This analysis indicated
that the majority of the a,Bs integrin nanoclusters proximal to their NN adaptors
were randomly distributed throughout the adhesion. Instead, the population of o,
nanoclusters far from their NN were preferentially closer to the adhesion edges, in
particular at early time points, 90 min and 3 h (Figure 6.12—Figure 6.14).
Furthermore, paxillin clusters were preferentially found around 40—-100 nm from the
edge, regardless of their proximity to a,Bs nanoclusters and seeding times (Figure
6.12). In the case of talin nanoclusters, our data indicated a higher preference for
talin clusters non-proximal to a,3; to be at the very edge of FAs, at 3 h or 24 h time
points (Figure 6.13 D, F, dark purple). By contrast, the talin clusters proximal to a3
showed a close to random distribution in the FAs at early spreading times (90 min,
3 h) (Figure 6.13 B, D, light purple), which at 24 h evolved into a distribution with a
higher preference for clusters to be in the region between 40—-100 nm from the edge
(light purple Figure 6.13 F). This trend is similar to that observed with the asp;-talin
data (Figure 6.10 F, light purple). Finally, when we considered the vinculin-a,Bs pair,
our results most notably show that, while at 3 h and 24 h the Ad2e-plot distributions
were noisy and close to random (Figure 6.14 C—F ), at 90 min there was a population
of both a,Bs-vinculin clusters enriched in the region between 40-140 nm from the
edge (Figure 6.14 B), regardless of the proximity from vinculin to the integrin.
Furthermore, a,Bs also had a population close to the edge at 90 min (Figure 6.8 A,
blue curve) and now we show that a larger population of these clusters, is distant
from, and hence probably not engaged with, its vinculin NN (Figure 6.14 A, dark
blue). In summary, when comparing the a,ps data with asB; data we can state that
avBs clusters are generally distributed in a more random fashion. Moreover, the
small population of a,ps clusters found close to FA edges did not appear to be in
close proximity to any of the adaptor proteins investigated.
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Figure 6.12 Ad2e-plots for the minimum distance to the edge of FAs of the a,8sand paxillin
clusters, splitting the data between clusters that are proximal vs. far to its nearest neighbour
(NN) partner protein cluster, for cells seeded for different times

Ad2e-plots of the distance-to-edge for clusters proximal to their partner NN, (NNDa.s <100 nm; light-
coloured bar plots) and for clusters far from their partner NN (NNDa-s >100 nm; dark-coloured bar
plots). (A,C,E) show distance-to-edge Ad2e-plots for a,Bs clusters in FAs (blue), considering their
proximity to paxillin clusters. (B, D, F) show distance-to-edge Ad2e-plots for paxillin clusters in FAs
(orange), considering their proximity to a,Bs clusters. HFF-1 cells were fixed and imaged at 90 min (A,B),
3 h(C, D), or 24 h (E, F) after seeding on FN-coated glass.
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Figure 6.13 Ad2e-plots for the minimum distance to the edge of FAs of the a,8sand talin
clusters, splitting the data between clusters that are proximal vs. far to its nearest neighbour

Distance to edge (nm)

Distance to edge (nm)

(NN) partner protein cluster, for cells seeded for different times

Ad2e-plots of the distance-to-edge for clusters proximal to their partner NN, (NNDa.s <100 nm; light-
coloured bar plots) and for clusters far from their partner NN (NNDas >100 nm; dark-coloured bar
plots). (A,C,E) show distance-to-edge Ad2e-plots for a,Bs clusters in FAs (blue), considering their
proximity to talin clusters. (B, D, F) show distance-to-edge Ad2e-plots for talin clusters in FAs (purple),
considering their proximity to aypBs clusters. HFF-1 cells were fixed and imaged at 90 min (A,B), 3 h (C,

D), or 24 h (E, F) after seeding on FN-coated glass.
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Figure 6.14 Ad2e -plots for the minimum distance to the edge of FAs of the a,85 and vinculin
clusters, splitting the data between clusters that are proximal vs. far to its nearest neighbour
(NN) partner protein cluster, for cells seeded for different times

Ad2e-plots of the distance-to-edge for clusters proximal to their partner NN, (NNDa.s <100 nm; light-
coloured bar plots) and for clusters far from their partner NN (NNDa.s >100 nm; dark-coloured bar
plots). (A,C,E) show distance-to-edge Ad2e-plots for a,Bs clusters in FAs (blue), considering their
proximity to vinculin clusters. (B, D, F) show distance-to-edge Ad2e-plots for vinculin clusters in FAs
(yellow), considering their proximity to a,f; clusters. HFF-1 cells were fixed and imaged at 90 min (A,B),
3 h(C, D), or 24 h (E, F) after seeding on FN-coated glass.
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Overall, in this section we showed that there is a greater level of spatial organisation
of the integrin asP: together with its adaptors than that observed for a,Bs. The
adaptor proteins proximal to their asBi; NN were found to be preferentially in a
region 40-100 nm away from the FA edges. Furthermore, the fraction of asp:
nanoclusters proximal to their adaptors were located at ~50 nm from the FAs. In
strong contrast, a,B3; nanoclusters exhibited a more random distribution within FAs,
with only a very modest fraction being close to the FA edges and without any
preference for being proximal to any of their adaptors.

6.4 Discussion

The results presented in this chapter provide strong evidence of a non-uniform
mesoscopic organisation of adhesion protein nanoclusters in FAs, and that this
organisation is distinct for the integrins asB: and a,Bs. These findings, which to the
best of our knowledge have not been reported before, may shed some light on the
long-standing debate of the different roles of the two main FA integrins, asB; and
oBs. The first indication of this difference in organisation came from our findings
that asB: nanoclusters preferentially localise on the edge of FAs, where they form a
ring-like structure similar to that observed for the adhesion protein Kank2 (Sun et
al., 2016b). We first showed that the spatial organisation of asP: nanoclusters in FAs
is different from a random cluster distribution. Indeed, the median value of the
distribution of distances between asBi1 nanoclusters and the edge of the adhesion
was significantly smaller than the corresponding value obtained from simulated data
of random organisation. Moreover, this marked difference between the
experimental and the simulated data for asfB: nanoclusters was significantly larger
than the variation seen for other adhesion proteins or between nanoclusters in FAs
and fAs (Figure 6.6). We next exploited the power of our quantitative analysis tools
on STORM data to investigate in more detail how the different adhesion proteins
organise in FAs and fAs. To that end, we computed Ad2e-plots — which characterise
the deviation from a random distribution of clusters — of the different adhesion
proteins in FAs and fAs in cells plated for 24 h on FN (Figure 6.7). The results of this
analysis indicated that the comparison of random and simulated data for a3, talin,
and vinculin nanoclusters was not dependent of the type of adhesion (FAs or fAs).
We saw that they had broader spreads and reduced peaks indicating that they are
distributed in a close-to-random fashion (Figure 6.7 B, D, E). In contrast, the Ad2e-
plots for paxillin and oasB: indicated a certain level of non-random cluster
organisation. On the one hand, paxillin appeared to be excluded from the immediate
edge in both FAs and fAs, with an enrichment of clusters in the region ~30-100 nm
from the edge. On the other hand, we detected again a tendency for asB; clusters
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to be more densely distributed on the edge of FAs (the region between 0—100 nm
from the FA edge), with the highest abundance at 25-35 nm, or 35—-45 nm from the
edge of FAs or fAs, respectively. These observations have led us to propose that asp:
nanoclusters may define the edge of an adhesion as, the variation from random
peaks at values ~25 nm from the edge, which corresponds to the median cluster
radius, as described in Chapters 3.

asP1 has been shown to be the main integrin involved in the formation of fAs , which
in turn have a characteristic linear organisation (Schaufler et al., 2016; Barber-Pérez
et al., 2020). This idea agrees with our observations of the variation from random of
asPs clusters (with a peak distance at ~35 nm), because a random organisation of
clusters seems unlikely due to the nature of the adhesions. Interestingly, when we
investigated how the organisation of adhesion protein clusters evolved as a function
of the spreading time, we found an opposite behaviour of the two integrins: while
asP1 was found to be closer to the edge of FAs with time, a3 transitioned to a more
random distribution. We showed that the adaptors follow the same trend at a3
with time, with the exception of talin, which appears to follow the trend of asp; but
to a somewhat lesser extent. These data allow us to suggest the possibility that the
non-uniform organisation of asP: in FAs is already established at early time points,
when cells begin to establish strong adhesions with the substrate and are actively
spreading, to then shift in a more pronounced manner towards the edge of the
adhesion with time. By contrast, a,Bs clusters lose the somewhat peripheral
distribution in adhesions and become more randomly distributed with the
progression of time after seeding. These results, in combination with previously
published reports from other groups (Roca-Cusachs et al., 2009; Bharadwaj et al.,
2017), strongly support the model in which these two integrins perform different
roles in the adhesion complexes, where the function of asp: requires a certain level
of organisation and accumulation at the edge of FAs, in contrast to that of a.fs,
which is randomly organised, following a uniform distribution across the FAs.

In the final section of this chapter, we investigated possible correlations between
the proximity of clusters of different proteins in relation to their spatial location
within adhesions. The aim was to understand if there was a hierarchical, multi-level
organisation of adhesion protein nanoclusters relative to each other and relative to
the entire adhesion. Our data point towards the existence of a region within the first
100 nm from the adhesion edges — akin to the "FA belts" proposed by Fassler and
colleagues (Sun et al.,, 2016b) — where clustered asB: molecules are able to
functionally interact with paxillin, talin, and, to a lesser extent, vinculin. We showed
(Figure 6.9—Figure 6.14) that clusters of asps, paxillin, talin and vinculin, are close to
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each other and more densely populating the 100 nm-wide FA belt. However, this
trend is diminished or lost completely when considering the adaptors paired with
ovfBs. We interpreted these data as an indication that asp: together with its adaptors
are forming a ring around the edge of adhesions where they are engaged. We
propose that this is contributing to the cellular capacity to attach to the substrate in
a similar way to the mechanism utilised by certain cell types — such as endothelial
cells, osteoclasts, invasive cancer cells, or immune cells — in the formation of
podosomes, actin-rich structures used by these cells to attach to their environment
(Linder and Aepfelbacher, 2003; van den Dries et al., 2013). However, instead of the
protrusion that is formed in the podosome core (Figure 6.15), we propose that a,B3
together with a subpopulation of asp: are found throughout the adhesion core to
function in mechanosensing of the environment and in mechanotransduction, while
a second population of asfB: forms this ribbon-shaped region at the periphery of the
adhesions to enable firm attachment to the substrate (Figure 6.16). We hypothesise
that this is made possible by the existence of asB; in two distinct tensional states
(Friedland et al., 2009) along with the different signalling cascades that lead to
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Figure 6.15 Model depicting the interplay of the actin network and myosin IIA at podosomes
Left podosome is in early stages of formation with paxillin and talin already at their maximum levels in
the ring, while vinculin is at relatively low levels with the tension across the actin network. Zyxin is
depicted as a linker between the core branched actin and the actomyosin machinery in the ring.
Polymerisation of the branched actin is shown to occur close to the membrane while and in early stage
the polymerisation at the membrane and depolymerisation at the other end, (depicted with grey
arrows) at in a state where there is less polymerisation than depolymerisation. As the podosome
matures and grows (right) the polymerisation of actin at the membrane is increased forcing the
membrane down into the substrate, due to the stiff glass substrate here the branched actin is forced
up transmitting force across the actomyosin and adaptors. This force induces increased recruitment of
proteins such as vinculin and zyxin, figure was adapted from van den Dries et al., 2013.
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myosin-dependent or independent force generation (Schiller et al., 2013). The study
by Schiller et al. underscored the importance of regulating the two integrins in FAs.
This has been studied by blocking one or other of the integrins and measuring
aspects such as cell speed, directionality, cell area and FA area. It was shown that if
either integrin is blocked a cell’'s speed increases however the directionality
decreases. It was also shown that with only asB: engaged, due to the blocking of
ovfs, the FA area was seen to be significantly larger than if neither integrin is blocked
or only asPs is blocked (Missirlis et al., 2016).

FA Edge FA Centre

o o

a5B1 avB3 Paxillin  Talin  Vinculin  Actomyosin

Figure 6.16 Our working model for the organisation of integrin nanoclusters in adhesion
complexes

Schematic representation of a FA, showing the ring around the edge of the adhesion with clusters of
asPB:1 (green) under tension due to the actomyosin machinery attached via paxillin (orange), talin
(magenta), and vinculin (yellow). The core of the FA contains both asB: and a,f3, where in our model
asP; is in its relaxed, FN-bound state functioning in mechanosensing. Although, we have no direct
evidence we consider the possibility that the core region contains actin possibly assembled via formins
and or Arp2/3. Image based on van den Dries et al., 2013.

Although our current hypothesis is based on a number of different analyses, further
experimental work will be required to test the predictions of our model. As a first
step, we propose that simultaneous STORM imaging of the two integrins, asB; and
ovBs, will serve to conclusively assess whether asf; is the protein establishing the
edges of the focal adhesion. By expanding this approach with the use of specific
antibodies against active or inactive integrins, we will be able to decisively monitor
which fraction of the proteins forming the ring are active and engaged. Secondly,
we propose to further investigate the mechanisms of actin filament polymerisation
involved in the process, which could be done by imaging myosin and mDia or other
formins. If our reasoning is correct, we predict that we would see a greater tendency
for phosphorylated myosin light chain, pMLC, to be found at the asB; rings, whereas
formins would be mainly present in the central areas of the adhesions. Another
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approach we can use to visualise actin is the recently developed polar-STORM
technique, which combines in-plane single-molecule orientation measurements
with super-resolution STORM imaging (Cruz et al., 2016). With polarisation sensitive
imaging of actin, we should be able to identify different actin structures. If our
hypothesis is true, with this technique, we would expect to see aligned actin
filaments on the edge of FAs and disordered or branched actin in the central regions.
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Conclusions and Outlook

The overarching goal of this thesis has been to contribute to the understanding of
the nanoscale lateral organisation of key proteins involved in adhesion complexes.
For this, we exploited super-resolution STORM imaging and visualised with ultrahigh
spatial resolution the lateral nanoscale organisation of five key components involved
in adhesion complexes: the two integrins, as8; and a,8s, and three adaptor proteins,
paxillin, talin, and vinculin. Along with extensive imaging, we also applied and
developed different types of data analysis algorithms to bring quantitative
understanding on the organisation of these adhesion proteins on different adhesive
structures, in particular, focal adhesions and fibrillar adhesions. In this final chapter,
we summarise our findings and discuss our working model, already proposed in
Chapter 6, by placing it in the context of our own findings and pre-existing research
in the field. Finally, we look to the future of research in our field and propose ways
to build on our experimental results in order to gain a greater understanding on the
biological mechanisms responsible for the control and organisation of cell-ECM
adhesion complexes.



Chapter 7

7.1 Main findings of our research

Despite the immense amount of work carried out over the last decades in the
converging fields of integrin biology, adhesion complexes, and mechanobiology, we
are still uncovering new fundamental details of how these topics are intertwined.
The experiments and analyses presented in this thesis are our contribution towards
a better understanding of these intricate biological processes. We believe that our
work contributes to a more detailed insight of how the nanoscale organisation of
integrins and their adaptor proteins influence the adhesion complexes and their role
in mechanobiology. When we viewed our research in the context of prior
publications, we found that our results agree and significantly expand on those
earlier findings, allowing us to develop new hypotheses and to suggest potential
lines for future research.

The first major finding of this thesis is that the five adhesion complex components
we chose to study, asfi, avBs, paxillin, talin, and vinculin, all formed nanoclusters at
the basal membrane of human fibroblast cells. We showed that these nanoclusters
were of similar size (cluster area 1500-2000 nm?2) and it was maintained regardless
of the time allowed for cell spreading. It has been recently shown that asf; integrins
are found as distinct active and inactive nanoclusters in FAs (Spiess et al., 2018). Our
data, despite being carried out on the full integrin population, is in agreement with
the findings of Spiess et al., in terms of the existence of nanoclustered integrins on
the cell membrane and also their physical sizes. Our new findings in terms of the
apparent independence of cluster sizes with cell seeding times, and the prevalence
of nanoclustering for all the proteins investigated, suggest that these proteins form
universal nanohubs that can serve for the efficient engagement to the extracellular
matrix (ECM) in the adhesion complex.

Due to the similarities in the cluster sizes, we sought out other features that could
reveal what influences the different roles of the key proteins in controlling cellular
behaviour. Interestingly, we found that the number of nanoclusters per unit area
(density of nanoclusters) increased with seeding time for asp; and o,B3 integrins —
but not for the adaptor proteins — in both focal (FAs) and fibrillar (fAs) adhesions.
Additionally, we found that at 90 min after cell seeding, there were twice as many
clusters per unit area for asPi as compared to a,fs. We found the discrepancy
between the density of the clusters of these two integrins interesting, as it suggests
that, at earlier time points while the cell is still spreading uniformly, the role of asf:
seems to be dominant. Furthermore, our data showed that the density of o,fs
nanoclusters increase by four-fold between 90 min and 24 h, which might indicate
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a functional switch for this integrin as the cell transitions from a uniformly-spreading
state to the more elongated, polarized phenotype that is associated to migrating
cells (Cavalcanti-Adam et al., 2007; Seetharaman and Etienne-Manneville, 2018).
Thus, our results indicate that the relative nanoclustering density between both
integrins as function of cell seeding times are strongly related to the cell state, i.e.,
from uniform cell spreading and adhesion, requiring a larger contribution from asf;
integrins, to polarisation and migration, where the role of a,f; becomes more
important.

Regarding the adaptor proteins, the fact that they form nanoclusters at a constant
density within adhesions regardless of the spreading time is intriguing, especially in
view of the varying integrin cluster density data and the steady-state of the cell. A
main role of the adaptor proteins is to engage with integrins to trigger signalling
(Turner, 2000; Humphries et al., 2019) and to link and reinforce the linkage with the
actin cytoskeleton (Humphries et al., 2007; Atherton et al., 2015). Our experimental
data show that talin and vinculin both have a similar cluster density in adhesions
(~10 clusters/um?) that is well-preserved across all spreading time points, which
agrees with the idea that they work together to anchor integrins to actin and
reinforce this link to withstand greater forces (Humphries et al., 2007; Zhang et al.,
2008; Case et al., 2015; Rothenberg et al., 2018; Boujemaa-Paterski et al., 2020).
Therefore, we suggest that the ratio of integrin to adaptor protein clusters can be
interpreted as an indicator of the switch in cell behaviour. At early seeding times (90
min after plating), we found a ~1:1 ratio in the numbers of nanoclusters of
integrins:talin (or vinculin), whereas at later time points (24 h), the ratio increases
to ~3:1. We can rationalise these results by considering that, at any given time
point, integrins can exist as active and inactive nanoclusters within adhesion
complexes (Spiess et al., 2018). At early times after seeding (90 min) —when the cells
are uniformly spreading (Figure 7.1 A) —, there would be a large adhesion-related
activity that requires engagement with adaptors and, as a consequence, integrin
activation. It therefore seems reasonable to expect that the ratio of active-to-
inactive integrins is high, requiring full engagement of the adaptor proteins. By
contrast, at later time points (our 24 h condition) (Figure 7.1 C) — when the cells are
in a promigratory, polarised state —the FA formation is in a steady state, where new
adhesions are formed in the leading edge while FAs are disassembled at the rear of
the cell (Webb et al., 2002). Under such steady conditions, cells might undergo more
dynamic transitions between engaged (active) and disengaged (inactive) integrins
and therefore the ratio between active-inactive integrin clusters should decrease.
Hence, it seems plausible that, although the total integrins:adaptor proteins ratio
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increases with time, the ratio between active integrins:adaptor proteins would
remain approximately unaltered.

A

B 3 h C 24 h

90 min

S FAE" § Y B> 8 VRN )
Figure 7.1 Representative STORM images of fibroblasts at the different times after plating
them on FN-coated glass

STORM images of HFF-1 cells plated on FN-coated glass, and fixed at different times after seeding: 90
min (A), 3 h (B), and 24 h (C). The cells were stained for asB1 (magenta) and paxillin (green). At 90 min

and 3 h, cells spread well and uniform. At 24 h, cell show clear polarisation. Scale bars: 5 um.

There are numerous studies that used genetic approaches to investigate how key
adhesion proteins and their mutual interactions control the integrity of FAs, the
assembly stability and disassembly. To elucidate the specific roles of asp; and a,Bs
integrins, Schiller et al. generated immortalized mouse kidney fibroblasts that were
knocked-out for all integrins (pan-knock-outs), which they then transduced with
individual integrins. Using this approach, they found that cells that only express asp:
spread very well, have more nascent adhesions and less FAs, whereas vice versa was
seen for cells expressing only o,Bs (Schiller et al., 2013). When both integrins were
expressed, there was a middle ground indicating that the two integrins work
together to maintain an equilibrium in terms of the numbers of nascent adhesions
and FAs (Schiller et al., 2013). Interestingly, vinculin and its interaction with actin
also play a role in controlling the maturation of adhesions, because vinculin knock-
out cells present a reduced number of nascent adhesions and a significant increase
in mature adhesions, leading to adhesion growth up to at least the intermediate
adhesion phase (Thievessen et al., 2013). Other studies showed that even after the
depletion of talin2 in talinl-null cells, cells undergo an initial phase of uniform
spreading after seeding. However, when those talin-depleted cells are allowed to
spread for 90 min, they stop spreading and instead, they round up (Zhang et al.,
2008). These publications are some prime examples that highlight how important
the balance between these proteins and their interactions is to control cell
spreading and the interaction with the environment.
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In Chapter 3, we also briefly explored potential mechanisms that could lead to the
increased nanoclustering density of asB: and a3 in FAs as a function of spreading
time. Amongst others, we particularly ruled out diffusion of integrins from the
outside to the inside of adhesions. Although single particle tracking (SPT) studies
have shown that integrins can freely diffuse outside adhesions and can enter
adhesions to then become immobilised (Rossier et al., 2012; Rossier and Giannone,
2016; Tsunoyama et al., 2018), our STORM data on fixed cells do not support such
mechanism as the primary one to increase integrin density in adhesions. Instead,
our data are more consistent with the recruitment of integrins either from another
region of the membrane (apical cell membrane) or from other cellular organelles,
such as the endosomes — through which integrins recycle —, or the Golgi apparatus
—from where newly-synthesised integrins are trafficked to the membrane (Moreno-
Layseca et al., 2019). In the future, we think that working out the exact route and
mechanism for the delivery of these integrins will be an important and interesting
area of research. Along these lines, it has been shown that integrins are endocytosed
by a number of different routes, such as by clathrin-mediated endocytosis during FA
disassembly (Chao and Kunz, 2009), but also by clathrin-independent routes
(Lakshminarayan et al., 2014), and that microtubules and their transport capabilities
are involved in the stabilisation of adhesions localised at the trailing edge of
migrating cells (Theisen et al., 2012). These earlier contributions provide specific
targets to guide future work aimed at understanding how these proteins are
delivered to the desired region of the cell membrane as the cell spreads and
migrates.

In subsequent chapters, we exploited our DBSCAN cluster data by implementing a
number of analytical tools to study nanocluster distributions and their organisation
in adhesion complexes. Interestingly, we found that integrin nanoclusters and their
adaptors are laterally segregated at a characteristic distance of at least ~55 nm
inside adhesions, at each time point. These results led us to recall previous
publications that focused on the importance of ligand spacing for efficient cell
spreading. The results presented in those publications suggested the existence of a
yet-to-be-identified molecular ruler that cells use to sense ligand spacing
(Cavalcanti-Adam et al., 2006, 2007). More recently, the group of Roca-Cusachs
proposed a different mechanism based on force loading on integrins to explain this
critical ligand spacing (Oria et al., 2017). In this thesis, we have uncovered a similar
lateral spacing trend but this time by directly studying the lateral organisation of the
actual integrins on cells spread on surfaces homogeneously-coated with the ligand
(FN). Although the mechanisms that determine the integrin cluster size and their
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intercluster separation remain poorly understood, we believe that the force balance
between actomyosin contractility and substrate rigidity sensed by integrins could
determine their critical lateral spacing, along the lines of the proposed model by
Oria et al. Below this critical separation, the presence of integrins would be
redundant and of no utility to the cell, and above that, FA and mechanotransduction
would be compromised. It would be therefore particularly interesting to perform
STORM imaging on cells seeded on substrates with different rigidity (or viscosity)
and to address whether integrin spacing is indeed dependent on force sensing. An
alternative mechanism of integrin spacing (along the lines of the existence of a
molecular ruler) might involve the presence of GPl-anchored proteins inside
adhesions. Indeed, it has been proposed that GPl-anchored proteins could influence
integrin clustering in adhesions via vinculin and inner-leaflet phospholipids
(Kalappurakkal et al., 2017). Dual-colour STORM imaging of integrins together with
GPI-APs could directly address this hypothesis.

During the course of this research, we also studied the distribution of nanoclusters
of different proteins with respect to each other. Strikingly, we found that adhesion
protein nanoclusters distribute in a random fashion with respect to the clusters of
the other adhesion proteins, with the exception of the asB:1 and paxillin pair (Figure
5.9 — Figure 5.11). These data suggest that these two proteins can be closely
interacting to trigger downstream signalling pathways. However, the random
distribution of integrin asP: and aBs clusters with respect to talin and vinculin was
surprising as we would have expected a closer proximity of these partners within
adhesions. To rationalise these results, we must consider a number of factors
related to integrins and the adaptor proteins, as well as our imaging conditions.
From the side of the integrins, we know that integrins dynamically transit between
different conformational states (Rossier et al., 2012), and they can be either active
or inactive within the FAs (Spiess et al., 2018). Moreover, we also know from our
own data that there is a lower nanocluster density of talin and vinculin as compared
to the integrin availability inside adhesions, consistent with the results of Rossier et
al. and Spiess et al. Thus, if at a given time, only a sub-population of integrins are
actively engaged to their adaptor partners, the effective pool of active, and thus fully
engaged integrins, could be washed out within the full distribution of proteins so
that we are not able to detect a preferred proximity. In addition, we must also
consider that we image just a single integrin species at the time together with one
of the adaptors and, importantly, that we used pan-specific antibodies that label all
integrin conformations. Together, these would further reduce our probability of
detecting fully engaged integrins. We propose to overcome these limitations in the
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future by means of three different approaches. One, we could increase the
specificity of our integrin labelling, by either using conformation-specific antibodies
(that selectively detect active integrins) or cation treatments to increase the levels
of activated integrins (Luo et al., 2007; Bakker et al., 2012; Rossier et al., 2012). Two,
we could use cells that specifically express different mutants, resulting in dominant
active forms of proteins such as talin and vinculin enabling us to evaluate how the
conformational form of these proteins influences their distribution with respect to
integrins. A third possibility would be to perform three-colour super-resolution
imaging of the two integrins with a given adaptor. However, this still remains
technically challenging, especially for STORM imaging, so we would have to consider
other super-resolution techniques such as STED microscopy.

Finally, we focused on defining the distribution of protein nanoclusters with respect
to the edges of adhesions, first by considering each protein independently, and
second by studying if the distance between clusters of different protein pairs
depended on their location within the adhesions. We showed that asf: clusters
were preferentially located at shorter distances to the adhesion edges. Interestingly,
our data revealed that, as cells were settling on the substrate and spreading time
progressed, there was a larger population of asB; clusters closer to the edge, while
avBs clusters became more randomly distributed. Strikingly, we revealed a region,
located at the periphery of FAs, where a relatively large population of asfi clusters
— but not of a,Bs clusters —is in close proximity to the adaptor proteins talin, paxillin,
and, to a lesser extent, vinculin. Thus, our results reveal the existence of a protein
“ring” around FAs enriched with asf1, paxillin, talin, and vinculin nanoclusters and a
more random distribution of all of these proteins in the central regions of FAs.

7.2 Working model

Before presenting our working model it is important to consider a number of key
publications related to the crosstalk between integrins as well as the types and
strengths of the bonds formed by integrins and their ligands (Li et al., 2003; Kong et
al., 2009; Roca-Cusachs et al., 2009; Litvinov et al., 2011, 2019; Elosegui-Artola et
al., 2016; Bharadwaj et al., 2017; Chen et al., 2017). In particular, single-molecule
studies showed that the catch bonds formed between asB; and FN and between
avBs and FN have different characteristics. While asp1 forms a catch bond with FN in
the range of 10-30 pN with the peak lifetime at 7 s and a slip bond behaviour above
that (Kong et al., 2009), a,Bs and FN show a catch bond behaviour for relatively
smaller forces, between 5-25 pN, with the peak life time at 5-6 s (Elosegui-Artola et
al., 2016). The different behaviour of these molecular bonds could influence the
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specific roles of these two integrins in the adhesion. In addition, asB: has been
shown to exist in two active states, relaxed and tensioned, and the transition
between these states is triggered upon force exertion either by myosin Il or by
external forces (Friedland et al., 2009). In the context of our results, this could
indicate that osPi has potentially two roles: a myosin Il-dependent role,
preferentially occurring at the edge of the FAs, and a myosin ll-independent role
located at the centre of the FAs. Also in 2009, Roca-Cusachs et al. presented
evidence supporting the idea that asB; plays a greater role in cell attachment while
avBs works together with talin to enable mechanotransduction (Roca-Cusachs et al.,
2009). Furthermore, genetically-modified cells engineered to express only a,-class
integrins with B, only a,-class, or only asBi, portrayed different cell attachment
strengths after being in contact for 120 s with a functionalized surface: asp: showed
the largest detachment force (7 nN), whereas a,-class-only-expressing cells showed
the lowest force (3 nN), and the force in cells with ay-class integrins in combination
with B1 lay in a middle ground (~4 nN) (Bharadwaj et al., 2017). Thus, putting all
together, we suggest that the roles of aspB; and a3 are influenced by their lateral
organisation within the FA: asB: on the edges of adhesions with a primary role in
adhesion strengthening and o,Bs randomly distributed throughout to enable
efficient mechanosensing and mechanotransduction. Three pieces of information
work well together to point towards a3 having a primary role in mechanosensing
and mechanotransduction: (i) the lower force threshold found for molecules of a3
(Elosegui-Artola et al., 2016); (ii) as well as in FN-seeded cells that only express a3
(Bharadwaj et al., 2017); and (iii) our results showing that a,Bs is distributed
throughout the adhesion in a random manner.

Interestingly, high-resolution time-lapse traction force microscopy has been used to
characterise the distribution and dynamics of cell-generated forces exerted by
individual mature FAs of cells seeded on a FN-coated polyacrylamide substrate
(Plotnikov et al., 2012). Those results indicated the existence of two different types
of force: a dynamic tugging traction and a stable traction. These forces localise
differently inside FAs, with the stable traction acting at the adhesion centre and the
dynamic tugging traction acting in the distal half of the adhesion. The traction
behaviour in neighbouring adhesions is uncorrelated, indicating a localised
interaction of individual FAs with their environment. This latter interaction depends
on Rho-associated protein kinase (ROCK) signalling, and when ROCK was inhibited —
which leads to reduced levels of MLC phosphorylation —, the FAs shifted their
traction-exerting mode from a stable force to a tugging force generation (Plotnikov
et al., 2012). We can take these avenues of research a step further by hypothesising
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that the different mechanical forces are linked to specific integrins and actin
structures. Despite the absence of direct evidence in favour of this hypothesis, we
suggest that there is grounds for it based on the observed correlations between the
distinct localisation of the different forces inside the adhesion (Plotnikov et al.,
2012) and our work showing the differential partitioning of the integrins a,fs and
asPi1 within FAs. Taking these pieces of evidence together, we propose that the
segregation of the two integrins we observed could be indicative of their distinct
roles in the adhesions (adhesion and mechanosensing).

Taking all of our findings together, we propose a working model to describe the
lateral organisation of proteins at the nanoscale inside FAs in relation to their
function (Figure 7.2). We postulate that (i) asBi, through the ring on the FA
periphery, primarily functions for substrate attachment in its high tensional state;
(ii) the ayBs and asP; integrins in the central region of the FA undertake the role of
mechanotransduction; and (iii) the difference in these roles is dictated by the
distinct mechanical forces exerted on the integrins, depending on where they are
located in the FAs, and for asB; perhaps also on the difference in tensional state. In
the upper part of the scheme in Figure 7.2, we show a representation of a FA
containing nanoclusters of the proteins we studied at their relative cluster densities.
The black inner ellipse in Figure 7.2 represents the approximate boundary between
what we consider as the FA edge region and the central region. Within the edge
region, there is an increase of asP; clusters in closer proximity to paxillin, talin, and
vinculin. When considering the axial distribution of components around these
protein clusters at the FA periphery (bottom panel of Figure 7.2), we propose that
the clusters of asP: that interact with talin and vinculin also engage with paxillin and
actomyosin filaments, similar to the organisation found in podosomes (see Figure
6.15 and van den Dries et al., 2013). In the central region of FAs, the adhesion
protein clusters are more randomly organised, and thus, most probably engaged
with shorter branched actin filaments rich in actin polymerising proteins like Arp2/3.
With this picture in mind, we suggest that the peripheral FA ring shares some
organisational and functional similarities with podosome rings, such as their
engagement with the cellular actomyosin machinery and their primary role in the
attachment of the cell to the substrate. By contrast, we propose that the more
randomly-organised central area of the adhesion plays the major role in
mechanotransduction, which is influenced by the type of actin involved.
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Figure 7.2 Working model for the lateral distribution of proteins in FAs
The upper half of the diagram represents an overview (top view) of the protein clusters found in a FA,
where we maintained the relative median densities of clusters. The lower half of the diagram shows a
more-detailed cross-sectional view (lateral view) of the dashed box in the top panel. The asB; clusters
(green) on the FA edge are in a very close proximity to the adaptor protein clusters and also to
actomyosin filaments (red and blue). Those clusters in FA centre are more randomly distributed with
respect to one another, with no active myosin to apply high forces to the integrins.

7.3 Outlook and future plans

The research presented in this thesis has not only validated and expanded previously
published findings, but also opened more doors for further research. Firstly, it will
be highly informative to visualise the nanoscale distribution of asf; and a,Bs with
respect to each other, as well as the ratio of active to inactive integrin nanoclusters
as a function of spreading time, to asses if it changes at the different stages of cell
attachment and spreading. These questions can be approached experimentally with
relative ease, by doing two-colour STORM imaging on fixed cells as described in this
thesis. Perhaps the major potential issue here could be linked to sourcing a
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combination of compatible primary antibodies that specifically target the different
integrins and integrin conformations. A second pressing question relates to actin
organisation at the nanoscale within adhesion complexes. Are different actin
polymerisation mechanisms favoured at different regions of the adhesion? To
elucidate these questions, we propose to image the distribution of pMLC in the
adhesions. In addition, it would be enlightening to image actin organisation within
adhesions by using polarisation-sensitive super-resolution microscopy (Cruz et al.,
2016).

Besides the questions that arose within the framework of this thesis, there are
different avenues to explore adhesion complex formation in cells on a rigid
environment. The experimental approach used in this work relied completely on
imaging fixed cells. However, complementing our work with experimental
approaches that can provide dynamic information of these structures and the
interactions of their components in live cells, will be paramount to fully comprehend
the inner workings of cell-ECM adhesions. Work from the Giannone and Kusumi labs
already showed that it is possible to monitor the dynamics of individual integrins in
FAs (Rossier et al., 2012; Tsunoyama et al., 2018; Orré et al., 2021). Our group has
also explored the dynamics of various types of integrins expressed on cells of the
immune system (Bakker et al., 2012; Borgman et al., 2014; Sosa-Costa et al., 2016).
The next goal is to establishing multi-colour single-molecule tracking tools to
simultaneously track both integrins together as well as monitoring the dynamics and
interactions between integrins and adaptor proteins in living cells. Specifically, we
will use genetically-encoded self-labelling tags, such as SNAP-tag (Gautier et al.,
2008) and HaloTag (Los and Wood, 2006), fused to our proteins of interest. These
tags can be labelled by specific ligands that can be conjugated with fluorescent dyes.
We will use the new set of highly-photostable, membrane-permeable dyes of the
family of Janelia Fluor dyes (Grimm et al., 2017). This approach will allow us to track
the dynamics of cytosolic adaptor proteins in living cells at a single-molecule level
by tuning the concentration of the dye-conjugated ligands to ensure sub-labelling
conditions. We will then complement this approach in order to achieve dual-colour
SPT by targeting a specific integrins with a Fab fragment conjugated to a compatible
dye. With this combined approach, it is even possible to use a third fluorescent
reporter, such as a fluorescently-tagged protein to mark the adhesion areas. We
foresee that with the combined use of Fab fragments, SNAP-tag/HaloTag dye-
conjugated ligands, and fluorescently-tagged proteins, we will be able to select the
most suitable dyes that can render long SPT tracks and therefore allow us to study
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the dynamics of pairs of proteins (integrin/adaptor protein) and correlate their
dynamic behaviour to their location on the membrane (e.g. inside or outside FAs).

A final research topic of great interest is to fully understand the mechanobiology of
adhesion complexes at the nanometre scale. We plan to expand our research and
study the static organisation and dynamic behaviour of adhesion complexes in cells
plated on substrates of different mechanical properties. It is known that plating cells
on different environments can trigger different signalling pathways, which can be
especially important for stem cell differentiation (Engler et al., 2006; Kshitiz et al.,
2012). In addition, seeding cells on substrates of various rigidities results in different
phenotypes in terms of spreading and FA formation (Prager-Khoutorsky et al., 2011;
Wong et al., 2014; Elosegui-Artola et al., 2016). Similar work has been carried out
for cells seeded on ligand-containing lipid bilayers of different viscosities, so the
ligand has a bilayer composition-dependent diffusion coefficient. The results of
those experiments indicated that the ligand mobility influences the cells' ability to
spread and form FAs (Bennett et al.,, 2018). However, these experiments were
carried out using diffraction-limited confocal microscopy, so we aim in the future to
be able to image the nanoscale organisation of FA proteins in cells interacting with
different viscosities, with our super-resolution microscopy-based approach. Our aim
is to decipher whether/how the distribution and/or formation of adhesion protein
nanoclusters depend on the mobility of the ligand and the rigidity of the substrate.
Ideally, we will also perform dual-colour SPT experiments on cells seeded on bilayers
of different viscosity to study how the traction forces alter integrin dynamics.

We are convinced that the work presented in this thesis contributes to a greater
understanding of how proteins of the adhesion complexes spatially organise at the
nanoscale, and with that it has also become our guide for our future research. We
are now truly immersed in the exciting field of mechanobiology and the future
research possibilities are immense: from questioning if integrins are already
clustered leaving the Golgi apparatus to understanding what controls the size and
organisation of the clusters at the cell membrane and if perhaps GPl-anchored
proteins are involved. Each new question that arises is as intriguing and exciting as
the previous one.
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