Distinct focal adhesion protein modules
control the adhesion site segregation and cell
migration behavior

Technische Universitit Dortmund
Fakultit fir Chemie

Dissertation
Zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften
(Dr. rer. Nat.)
vorgelegt von
Master of Biochemistry
aus Lahore, Pakistan

Sarah Imtiaz

November 2017

Erstgutachter: Prof. Dr. Philippe Bastiaens
Zweitgutachter: PD Dr. Leif Dehmelt



Summary

Summary

Cell-matrix adhesion sites are multi-protein complexes, which regulate cell
adhesion and migration. These complex processes require a tightly regulated
organization of the adhesion sites and cytoskeleton. Contrary to the extensively
studied assembly of focal adhesions (FA), there is little known about the segregation
of adhesion sites and their functional relevance in cell motility. A multi-scale
combinatorial RNAi screen was employed to address two important questions: how
do core FA proteins mediate the adhesion segregation process and how do they

regulate the migration behavior of the cell?

The localization of tensin-1 is partially mediated by its interaction with
integrins whereas phosphorylation of tensin-1 and cytoskeletal tension is involved in
the fibrillar adhesion (FB) complex formation. However, the exact role of focal
adhesion proteins in this process remains to be identified. Based on fixed cell
imaging, we recognized distinct proteins involved in the FA segregation process.
p130CAS in association with tlnl, VASP, a-actinin-1 and zyxin functionally relates
with the well-known signaling protein FAK to regulate the localization of tensin-1 in
FA. In addition to the known function of actin in mediating the binding with tensin-1,
our studies identified a new set of actin-regulatory proteins (VASP, a-actinin-1,
zyxin) involved in the recruitment of tensin-1 in FA. Structural proteins including
kindlin-2, ILK and talin-1 in combination with other FA proteins modulate the
translocation of tensin-1 to form FB. The results of this study provide a foundation for
further characterization of molecules putatively linking core FA proteins to the

adhesion segregation process.

Two integrin binding proteins, talin-1 and kindlin-2, are independently
implicated in the regulation of cell survival, proliferation and migration. Co-depletion
of talin-1 and kindlin-2 adversely affected these cellular processes as compared to the
individual knockdowns of these proteins. These adverse effects included failure of
adhesion sites assembly, drastic reduction in cell survival and proliferation as well as

impaired motility.

Cell-matrix adhesions, in cooperation with Rho-Rac signaling, mediate

different modes of cell migration. Using a live-cell imaging screening, the missing FA
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components involved in the regulation of modes of migration in a two-dimensional
(2D) flat surface were identified. Co-depletions of signaling proteins (FAK, CAS)
resulted in a peripheral organization of FA and fast migrating cells, which failed to
form cellular protrusions. This mode supported the amoeboid type of migration.
Impaired migration upon depletion of structural proteins (talin-1, kindlin-2 and ILK)
gave rise to heterogeneous cellular phenotypes: (i) immobile, round shaped cells with
several FA in contrast to (ii) elongated, randomly moving cell with few FA. In
contrast, elongated cells, which migrate quickly, generated blunt protrusions and few
FA. This lamellipodia-based locomotion was specifically associated with the

depletion of actin-regulatory proteins (a-actinin-1, zyxin and VASP).

Notably the same set of proteins, which were involved in the adhesion
segregation process, were also associated with specific modes of migration. This
suggests a role for FB in shaping cell motility. Failure to form FB complexes is linked
to enhanced cell migration (amoeboid and lamellipodial modes), whereas the inability
to translocate tensin-1 is related to impaired migration (confined mode). Taken
together, this study has shown that FA are composed of different functional modules
that distinctly control different stages of the adhesion transformation process and the
migration behavior. Furthermore, we found that functional modules of canonical FA
proteins are related to their known functional and spatial organization in

compartments of focal adhesions.
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Zusammenfassung

Zusammenfassung

Zell-Matrix-Adhésionsstellen sind Multi-Protein-Komplexe, welche die
Zelladhédsion und -migration regulieren. Diese komplexen Prozesse erfordern eine
streng regulierte Organisation der Adhisionsstellen und des Zytoskeletts. Im
Gegensatz zu der ausgiebig untersuchten Anordnung fokaler Adhisionen (FA) ist
iiber die Segregation von Adhisionsstellen und ihre funktionelle Relevanz in der
Zellmotilitdt wenig bekannt. Ein kombinatorisches RNAi-Screening, welches sich auf
zehn FA-Proteine und deren 45 paarweisen Kombinationen konzentrierte, wurde
verwendet, um zwei wichtige Fragen zu beantworten: Wie vermitteln FA-
Kernproteine den Adhésionssegregationsprozess und wie regulieren sie das

Zellmigrationsverhalten?

Die Phosphorylierung von Tensin-1 vermittelt die fibrillire Adhdsion (FB) -
Komplexbildung, wihrend die Spannung des Zytoskeletts an der Translokation von
Tensin-1 zu FB beteiligt ist. Der exakte Modulator dieses Prozesses ist jedoch noch
nicht identifiziert. Durch Mikroskopie fixierter Zellen haben wir verschiedene
Proteine identifiziert, die am FA Segregationsprozess beteiligt sind. CAS in
Verbindung mit TInl, VASP, a-Aktinin-1 und Zyxin steht funktionell mit dem
bekannten Signalprotein FAK, welches die FB-Komplexbildung vermittelt, in einer
Tensin-1-Phosphorylierungs-abhéngigen Weise in Beziehung. Zusdtzlich zu der
bekannten Funktion von Actin bei der Vermittlung der Bindung von Tensin-1 an FAs
haben wir einen neuen Satz von Aktin-regulatorischen Proteinen (VASP, a-Actinin-1,
Zyxin) identifiziert, welche Tensin-1 in die FA rekrutieren. Strukturproteine,
einschlieBlich Kindlin-2, ILK und Talin-1 in Kombination mit anderen FA-Proteinen
wurden als Modulatoren der Tensin-1-Translokation zu FB identifiziert. Die
Ergebnisse dieser Studie liefern eine Grundlage fiir die weitere Charakterisierung von
Molekiilen, welche  mdglicherweise die  Kern-FA-Proteine mit dem

Adhasionssegregationsprozess verkniipfen.

Zwei Integrin-bindende Proteine, Talin-1 und Kindlin-2, sind unabhéngig von
einander an der Regulation des Uberlebens, der Proliferation und der Migration von
Zellen beteiligt. Im Gegensatz zu den separaten Knock-downs dieser Proteine,

beeintrichtigte der gleichzeitige Knock-down die oben genannten zelluldren Prozesse.
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Zusammenfassung

Die beobachteten Effekte waren die Beeintrdchtigung der Bildung von
Adhiésionsstellen, drastische Reduktion des Zelliiberlebens / der Proliferation und eine

beeintrichtigte Motilitét.

Der Rho-Rac-Signalweg steuert in Kooperation mit Zellmatrix-Adhédsionen
verschiedene ~ Arten  der  Zellmigration. Mithilfe eines  Live-Cell-
Mikroskopiescreenings wurden weitere FA-Proteinen identifiziert, die an der
Regulation von Migrationsmoden in einer zweidimensionalen, flachen Oberfliche
beteiligt sind. Der gleichzeitige Knock-Down von Signalproteinen (FAK, CAS)
fithrten zu einer peripheren Organisation von FA in schnell wandernden Zellen, die
keine zelluliren Fortsdtze bilden konnten, ein Modus, der die amoboidartige
Migration unterstiitzt. Im Gegensatz dazu erzeugen schnell migrierende,
langgestreckte Zellen stumpfe Fortsitze und wenige FA. Diese Lamellopodia-
basierende Fortbewegung war spezifisch mit dem Knock-down von Aktin
regulatorischen Proteinen (a-Actinin-1, Zyxin und VASP) assoziiert. Beeintrichtigte
Migration bei dem Knock-down von Strukturproteinen (Talin-1, Kindlin-2 und ILK)
fiihrte zu heterogenen zelluliren Phénotypen: (i) Immobile, runde Zellen mit
mehreren FA im Gegensatz zu (ii) verldngerten, sich zuféllig bewegenden Zellen mit

wenigen FA.

Interessanterweise waren dieselben Proteine, die an dem
Adhidsionssegregationsprozess ~ beteiligt ~ waren, auch  mit  spezifischen
Migrationsmoden assoziiert, was die Rolle von FB bei der Zellmotilitdt zeigt. Die
fehlende Bildung von FB-Komplexen ist mit einer verstirkten Zellmigration
(amoboide und lamellipodiale Modi) verbunden, wihrend die Beeintrachtigung der
Tensin-1 Translokation, mit der beeintrachtigten Migration zusammenhéngt
(eingeschriankter Modus). Diese Arbeit hat gezeigt, dass FA aus verschiedenen
funktionalen Modulen zusammengesetzt sind, welche die unterschiedlichen Stadien
des Adhésions-Transformationsprozesses und des Migrationsverhaltens steuern.
Dariiber hinaus fanden wir, dass funktionelle Module von kanonischen FA-Proteinen
mit ithrer bekannten funktionellen und rdaumlichen Organisation in Kompartimenten

fokaler Adhésionen verwandt sind.
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Introduction

1. Introduction

1.1 Cell-matrix adhesion sites

The extra cellular matrix (ECM) serves as a substrate for cell attachment and
plays an important role in defining the cell behavior®’. The complex ECM is
composed of several proteins like collagens, fibronectin, vitronectin and growth
factors®. The precise organization of these components governs the functions of ECM.
Slight changes in the molecular contents of ECM result in different cell-matrix
interactions and cellular phenotypes®. ECM conveys environmental signals to the
cells, indicating its important role in modulating cellular processes such as

morphogenesis, migration, embryogenesis, differentiation and cell attachment’.

Attachment of the cell to the ECM is initiated by integrins. Integrins are the
major cell surface transmembrane receptors present in all metazoans'® and are
composed of non-covalently coupled heterodimers of 18a and 8B subunits. The
selective combinations of these subunits result in the formation of 24 distinct integrin
receptors'’. Extracellular domain binds with ECM ligands whereas intracellular
domain binds with adhesion site (AS) proteins and actin cytoskeleton, thereby
integrin mediates downstream signaling pathways''. In addition to integrins,
transmembrane proteins such as growth factor receptors, proteoglycans, tetraspannins
and metalloproteases are also involved in the organization of adhesion sites'”.

Integrins provide a central mechanism to integrate the intracellular and

extracellular compartments by cell-matrix adhesion sites™"”

. There are two major
signaling modes of integrins as shown in Figure 1.1. In the first mode also referred as
outside-in signaling, integrins convey signals into the cell by transferring information
about microenvironment, location and composition of the matrix. For example,
exogenous tension generated by the matrix rigidity is transmitted inside of the cell by
the integrin receptor. This signaling mode takes place during the processes such as
cell migration, growth and survival. The second mode of signaling is termed as
inside-out signaling in which intracellular signals stimulate changes in integrins. The

endogenous tension produced by the actin cytoskeleton arrangement and actomyosin

contractility regulates the interaction of integrins with ECM and directly or indirectly
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modifies the activation of integrin receptors'’. Overall changes in tension level
regulate inside-out and outside-in signaling. In the current work, I examined the

perturbation of adhesion site proteins that mainly affect the inside-out signaling.

Exogenous Tension
(Matrix Rigidity)

Extracellular
Intracellular

Cas\ Src  MEK
Crk ERK JNK

Endogenous Tension
(Contractility)

Figure 1.1 Different modes of integrin signaling. Integrin receptors are responsible for bi-
directional transfer of informations between the extracellular and intracellular compartments
of the cell. This figure is acquired from Berrier and Yamada, 2007°.

Cell-matrix adhesion sites were first identified in 1971 as electron-dense
plaques in the plasma membrane of the cultured cells'®. Soon after identification, the
question arose whether they are merely artificial structures or exist in-vivo as well.
Later on, immunoelectron microscopy discovered focal contacts in epidermis of the
cells and validated their presence in-vivo'”. Subsequently, prominent adhesions sites

. . . . 16-18
were visualized in a variety of cells

. The possibility of tagging fluorescent
proteins with cDNA led to the identification of numerous components of adhesion

|
sites 9.

The molecular complexity of adhesion sites is larger than what we know to-
date. Many aspects such as unknown components, post-translational modifications,
proteolytic cleavage, splice variants and conformational changes feature this
complexity'’. Approaches ranging from traditional biochemical assays to microscopic
studies and functional genomics identified several protein-protein interactions of the
integrin adhesome. By combining the data from these approaches, integrin adhesome

was delineated with 90 core components that are physically present in adhesion sites
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and 66 peripheral components which interact with core components thus affecting the
activity of integrin adhesome®™. Recently a core consensus adhesome including 60
proteins was proposed, based on the combination of mass-spectometeric analysis of
integrin adhesion complexes and literature curated data. The core consensus
adhesome is comprised of four theoretical signaling modules: (i) a-actinin—zyxin—
VASP (ii) talin—vinculin, (iii) FAK—paxillin (iv) ILK-PINCH-kindlin as major units

of the cell adhesion network>'.

1.2 Types of cell-matrix adhesion sites

There are three types of commonly observed adhesion sites in the cells that
spread on rigid substrates: (i) Nascent adhesions (ii) Focal adhesions and (iii) Fibrillar
adhesions”. Distinguishing features of adhesion sites are summarized in Table 1.1.
Nascent adhesions (NA) or focal complexes are the best-studied classical adhesion
sites. Nascent adhesions are transient dot-like structures which interact with matrix

and provide the primary cell attachment®. They are rapidly formed at front of the cell

in filopodia and lamellipodia during migration™.

Is,tl;(ilpcifltrye/ corljl(l)aclzzies adll?lzg?olns Fibrillar adhesions
Location Edge of lamellipodium Cell periphery Central region of the cells
Morphology Dot-like Elongated, oval  Fibrillar or beaded
Size (long axis) 1 pm 2-5um Variable 1 — 10 pm
Typical Paxillin a, integrin as integrin
constituents Vinculin Paxillin Tensin

Tyrosine-phosphorylated  Vinculin

proteins a-actinin
Talin
FAK
Induced by Rac Rho Rho(?)

Table 1.1 Characteristic features of three distinct adhesion sites. This table is acquired
from Geiger et al., 20017,

Focal adhesions (FA) are elongated or oval shaped structures, located at the
cell periphery (Table 1.1). FA mediate the strong attachment with the substrate,
mainly via o.fs integrins and proteins such as talin-1**, connects it to the actin

microfilament bundles. Depending on the force experienced by the integrins and the
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substrate rigidity, focal adhesions transform into fibrillar adhesions. The adhesion
sites formed by a,[3; integrins attach primarily with ECM protein vitronectin while the
adhesion sites formed by asf; integrins associate with the fibronectin. Each of them
attach with a specific proteins cluster associated with the actin cytoskeleton and is
regulated by the contractility driven by myosin-II*>. Due to the rigid substrate
provided by vitronectin, o,f3; integrins experience more force generated by actin
cytoskeleton resulting in the recruitment of more adhesion site proteins and
maturation of focal adhesions. Integrins osf; most commonly bind with fibronectin,
which provide flexible and movable substrate. In this case, the force experience by
asP; integrins results in its translocation to the cell center. Tensin also translocates
with osp; integrins and takes part in fibrillar adhesions formation®® (Figure 1.2).

a Myosin-II-driven
contractility

High tension
ow translocation

High translocation V§ V. it
Low tension
Fibronectin " 05 B Tensin Q—s==py Myosin Il

- : Paxillin and other )
Vitronectin " o By l I focal-contact proteins CEEEEES F-actin
—

Figure 1.2 Segregation of cell-matrix adhesion sites. (a) The adhesion sites formed by avf3
and a5P1 integrins attach with ECM proteins vitronectin and fibronectin, respectively. (b)
The soft substrate of a5B1 integrins experiences less force generated by cytoskeleton and
translocates to the cell center. In contrary, the rigid substrate of avp3 integrins experiences
strong forces and forms mature focal adhesions at cell periphery. This figure is acquired from
Zamir et al., 2000%.
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Fibrillar adhesions (FB) are dot-like or elongated structures ranging from 1-
10 um (Table 1.1). Intracellular tension is the critical regulator for the formation,
localization and signaling of FA and FB. Focal adhesions are comprised of higher
levels of phosphorylated proteins such as FAK and paxillin. They are comprised of
actin-binding proteins such as vinculin and a-actinin. Conversely, fibrillar adhesions
have less phosphorylated FAK and paxillin but higher level of tensin. Owing to their
specific molecular composition, both adhesion types give rise to different signaling

pathways designated as signal A and signal B in Figure 1.3.

Focal Adhesion Fibrillar Adhesion

Intracellular
tension

Tonsin J src Vinculin
Paxillin o Actin-based
pY L gl (= ' : cytoskeleton

N
Signal A

Signal B

Figure 1.3 A comparison between focal and fibrillar adhesions. Integrins avp3 adhere to
the rigid substrate and form FA with higher level of phosphorylated proteins. FB are
produced due to a5f1 integrins with higher levels of tensin protein. The particular molecular
composition of both adhesion sites plays an important role in activating different signaling
pathways as illustrated. This figure is acquired from Berrier and Yamada, 2007°.

1.3 Assembly and maturation of cell-matrix adhesion sites

During migration, cells develop cellular protrusions known as lamellipodia or
filopodia due to the extending actin network?’. Rho-GTPase such as Racl or Cdc42
and phosphatidylinositol (3,4,5)-trisphosphate (PIP3)* create a cellular protrusion
(lamellipodium) linked with the extending actin network and the protrusion is
stabilized by nascent adhesions®. The Arp2/3 complex induces further branching of
actin to formulate the actin cytoskeleton which induces the extension of the

lamellipodia®*~'.

Interestingly, initiation of nascent adhesions is mediated by
crosslinking of actin and integrins instead of motor activity of the myosin. Depending
on the actomyosin contractility, nascent adhesions either develop into FA or
disassembled rapidly (turnover). RhoA signaling is involved in the disassembly of

mature FA in the rear edge of the cell™.
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Integrin Talin Actin Vinculin Paxillin
M s, o ¢
@@ ‘/ phospho non
v, Inactive Active phospho
Nascent FA Myosinll-mediated FA maturation

Z (nm)

Initial talin-integrin-  FAK-dependent
actin linkage paxillin phosphorylation

Figure 1.4 Maturation of adhesion sites. The initial link of talin-integrin-actin formulates
the nascent adhesions. Paxillin is localized to the nascent adhesion. Afterwards, FAK-
dependent phosphorylation recruits more paxillin. FAK and paxillin offer interaction sites for
other adaptor proteins whereas myosin-II-mediated actomyosin contractility promotes the
maturation of nascent adhesion into focal adhesions. The model of maturation of adhesion
sites is adopted from Case et al., 2015,

Maturation of NA into focal adhesion is a multistep process (Figure 1.4),
involving the initial talin-integrin-actin link, combined activity of Rho-GTPases
(including Rho, Rac and Cdc42)*®, FAK-dependent recruitment of phosphorylated
paxillin®, talin-induced recruitment of vinculin®®, mechanical state of the underlying

36-38 .
. Theodosiou

actin cytoskeleton and myosin-II-mediated actomyosin contractility
et al., 2016 have shown the co-operative function of kindlin-1/2 and talin-1/2 to
activate the integrins in fibroblasts®. Talin and vinculin are essential adaptor proteins
to facilitate the force transduction in adhesion sites”. The actin fibers develop into a
dense network, facilitated by the axial organization of VASP and zyxin®® and by the
interaction of a-actinin-actin®’. Focal adhesions typically disrupt within 10-20

. . . . 26
minutes or transform into fibrillar adhesions™.

1.4 Disassembly of cell-matrix adhesion sites

The disassembly of adhesion sites is observed in two different scenarios; (i)
disruption of mature focal adhesions in the rear edge of the cell and (ii) turnover of
nascent adhesions at the front of protruding lamellipodium. In both cases, disassembly
is facilitated by changing cytoskeletal forces and tyrosine phosphorylation events in
FA*!. Disruption of mature focal adhesions in migrating cells is synchronized process

and is reviewed by Broussard er al., 2008*. Contrary to the very well-known
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mechanism of focal adhesion assembly, there is not even one complete model that
explains the disassembly of focal adhesions. However, there are factors such as Rho
GTPases™, microtubules** and calpain proteases™ which are known to regulate the

disassembly in mature focal adhesions.

.
\

[\ R P

Figure 1.5 Microtubule-induced disassembly of focal adhesions. (a) A microtubule is
represented, locally targeting a focal adhesion. The blue circles depict the integrin adhesome,
connecting to the integrins and actin cytoskeleton. Microtubule-induced disassembly is
facilitated by the combined action of FAK and dynamin with the help of adaptor protein
Grb2. (b) The proposed disassembly of FA is due to the dynamin localization at the collar of
endocytic vesicle, disintegration of actin (green fibers) and adhesion site plaque proteins (blue
circles). The vesicle triggers the disassembly of focal adhesion structure, which leads to the
integrins internalization. This model is adopted from Burridge, 2005*.

Microtubules negatively regulate the cell contractility by indirectly
sequestering the signaling molecules in the cytoplasm, thereby triggering the
dissociation of focal adhesions*’. Kaverina and colleagues showed that microtubules-
dependent local delivery of relaxing factors instigates the disassembly of FA by
inhibition of Rho GTPases and actomyosin contractility*®. Furthermore, Ezratty et al.,

2005 elucidated the combined effect of microtubules and endocytosis in disruption of
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adhesion sites, involving FAK, Grb2 and dynamin in Rac and Rho independent-
manner” as shown in Figure 1.5. The endocytic vesicle resulted in the localized
removal of integrin receptors from the membrane, causing the dissociation of actin
filaments and plaque proteins (Figure 1.5). Calpain proteases suggest another possible
mechanism to destabilize the FA by proteolytic cleavage of FA proteins™ such as f3-

integrin’', FAK™* and talin>’.

1.5 Nano scale organization of focal adhesions
Super-resolution fluorescence microscopy revealed the nanoscale architecture

. .. . . . . 24.54
and axial positioning of proteins in focal adhesions™

(Figure 1.6). The nanoscale
architecture implies the significance of highly organized arrangement of the proteins
to build a functional focal adhesion unit. Kanchanawong et al., 2010 demonstrated
that focal adhesions are orthogonally separated from integrins and actin by
approximately 40 nm. The core region of FA have different layers: (i) signaling layer
includes paxillin and FAK; (ii) force transduction layer comprises the talin and
vinculin and (iii) the actin-regulatory layer contains the vasodilator-stimulated
phosphoprotein (VASP), zyxin and oa-actinin (Figure 1.6). In the current study,

proteins from different signaling layers were selected to correlate their role with their

position-specific function in FA.

140
-120 Cell edge
-100 Actin stress fibre
£ -80 3 - ' _. _' . = Actin regulatory layer
- ‘e - -
':J’ ~-60 '
Force transduction layer
-40
Imtegrin signalling layer
-20 Plasma membrane
Integrin extracellular domain
-0 | ECM
pﬁ
|l = 0o & ¢ @ < N o

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

Figure 1.6 Nanoscale organization of focal adhesions. Focal adhesions are arranged in
three different signaling layers. Each layer has its characteristic components, labeled in
different colors. The color bar on the left side indicates the distance in z-direction in nm. This
figure is acquired from Kanchanawong et al., 2010*,
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1.6 Cell-matrix adhesion sites regulate cell survival and
proliferation

The significance of cell adhesion for survival was first identified when cells,

in normal serum conditions, underwent apoptosis after detachment from ECM™>°.

Few years later, Frisch et al., 1996 showed that FAK was involved in the adhesion-

dependent cell survival. Integrins interacts with ECM proteins to activate FAK to

suppress apoptosis in epithelial and endothelial cells. This adhesion-dependent cell

g 5
death was termed as anoikis®’.

Migration

Survival / Proliferation

Tensin

a-Actinin
CAS
Paxillin Ras PI3K

Tensin .
a-Actinin

CAS

Paxillin

FAK

FAK

Zyxin

Vincullin

Src PKC Vincullin
PINCH { ILK

ERK N

&

< pincH | ILK

Kindlin2 Parvin

Intracellular Kindlin2 Parvin

1
Adhesion

Integrins

Extracellular ECM

Figure 1.7 Integrin signaling and crosstalk with other cascades. The cytoplasmic domains
of integrins are associated with FA proteins, while the extracellular domain attach to ECM
proteins. Integrin-linked non-receptor kinases such as FAK, Src and ILK interact with other
signal transduction pathways, including PI3/Akt, MAPK and PKCs. Integrins also interact
with cytoskeleton proteins. Collectively, integrin crosstalk regulates the cell shape, survival,
adhesion and migration. This figure is modified from Ozaki et al., 2011°,

Cell attachment via adhesion sites regulate cell survival and proliferation due

to the crosstalk of integrins with growth factor receptor signaling, partly due to the

59-61

physical association between these receptors™ ~ . However, integrins also directly

signal through the non-receptor tyrosine kinases Src and FAK, leading to the

62,63

activation of several pathways such as phosphoinositide-3-kinase (PI3K) and

64,65

mitogen-activated protein kinase (MAPK) pathway (Figure 1.7). The consequent

downstream signals from these pathways are critical for the regulation of cyclin-
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dependent kinases (CDKs) and cell cycle progression. The disruption of CDK
signaling causes cell cycle arrest that leads to the apoptosis (reviewed in Giancotti and
Ruoslahti, 1999%) which shows integrin-mediated cell cycle signaling is an essential

mechanism by which integrins promote cell survival and proliferation®*’.

Many adhesions site proteins have been identified in regulation of survival,
proliferation and anoikis such as CAS®®® vinculin”, talin-1"" and kindlin-2"%. The
exact mechanistic role of cell-matrix adhesion sites in adhesion-dependent cell
survival and proliferation is not fully understood, although integrin-mediated
adhesion prevents the cell death or anoikis®. This motivated us to design a screen
with pairwise depletion of FA proteins to understand their functions in these essential

cellular processes.

1.7 Cell-matrix adhesion sites and cell migration

Cell migration is an essential process during embryonic development, mitosis
and wound healing”. The abnormalities in cell migration lead to the diseased
conditions such as cancer’*. Uncontrolled migration or migration into non-targeted
tissues promotes the tumor growth and cancer metastasis™. In many cancers, higher
levels of ILK were observed, the reason that the inhibition of ILK activity is
antitumorigenic, suggesting ILK an attractive target for cancer therapeutics’”. Thus,
studies investigating those adhesion site proteins which critically regulate the

migration in-vitro might identify the candidate targets to block tumor metastasis.

The process of cell migration in 2D environments is regulated by the tight
coordination of cell-matrix adhesion sites and the cytoskeleton**"®. Adhesion-
mediated signaling crosstalk with MAPK’’, Akt’®, Erk and PKC™ to govern the
coordinated migration of the cells (Figure 1.7). Migration process is highly
synchronized and can be considered as cyclic in nature. It starts in response to
external stimuli by the formation of a protrusion, driven by actin polymerization in
the leading edge of the cell”. Subsequently, cell-matrix adhesion sites are formed to
attach with the substrate as anchoring points of migration. In the next step, forces
generated by the actomyosin contractions cause the cell body and nucleus to move
forward. The last step is the disassembly of adhesion sites in rear edge of the cell”>”,

possibly due to the microtubule signaling™. The coordinated function of microtubules
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and actin cytoskeleton is required for cell polarization and migration®'. Important
regulatory mechanisms involved in different steps of migration are summarized in

Figure 1.8.

Trailing edge _> Leading edge

Lamellipodium

PI3K -> PIP3
PH-containing proteins

Nascent adhesions

Adhesive signaling

Rac/WAVE-WASP/Arp2/3
: formins?
v N Actin polymerization
o
Trailing edge ~u y
PTEN
Adhesion sliding & disassembly Nuclear positioning &
cell body translocation
Rho/Myosin Il
] Cdc42/Pars/aPKC
Calpain
Myosin Il
MT targeting
MTs/dynei
Bundled actin dynein

Figure 1.8 Molecular constituents involved in cell migration. Migrating cells have a front
edge with many small nascent adhesions and rear edge with few focal adhesions. Shown here
is the schematic outline of the key processes and their components involved in establishing

the cell motility in a polarized cell. This figures is acquired from Huttenlocher and Horwitz,
2011%.

Cell-matrix adhesion sites and the actomyosin contractility are strong
modulators of cell migration in 3D matrices®. Lamellipodial mode of fibroblasts
migration in 2D (2 dimensional) flat surface is one of the several possible modes of
migration observed in 3D (3 dimensional). Tumor cells show high level of plasticity
and rapid switching between different modes of migration. There are several factors
involved in the regulation of migration in 3D matrices. Cell protrusions define the
mode of fibroblast migration such as lobopodia, lamellipodia and amoeboid mode of
migration (Figure 1.9). The difference among these modes of migration is based on
two features: (1) degree of cell-matrix adhesion and (2) requirement of ROCK, RhoA

and myosin-II activity®*.
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Another feature of migration is adaptive switching between different modes of
migration e.g. lobopodial to lamellipodial, reported for non-cancerous®™ and
cancerous fibroblasts™ respectively. Shafqat-Abbasi et al., 2016 reported the adaptive
switching between continuous and discontinuous mode of migration in mesenchymal
cells. The cells with continuous mode of migration show minor change in cell shape
due to well-established cell-matrix adhesions. Discontinuous mode was associated
with dramatic changes in cell shape and direction of movement, characterized by less
cell-matrix adhesions. Interestingly, these authors found the involvement of talin,

fibronectin and ROCK in producing the two different modes of migration®’.

3D lobopodia
Cell-matrix

adhesion

RhoA-ROCK-
myosin-ll
A
2
. \
3D lamellipodia __Protease activity (3D amoeboid cancer motility

Cell-matrix ' On Off Cell-matrix
adhesion Rho GTPase crosstalk adhesion
RhoA—ROCK—l - L. RhoA-ROCK- I

myosin-ll Rac1 RhoA myosin-ll

Figure 1.9 Factors controlling the distinct modes of cell migration in 3D. Three modes of
migrations can be identified in metazoan cells namely lobopodia, lamellipodia and amoeboid,
regulated by cell matrix adhesion sites, RhoA, ROCK and myosin-II activity. These figures
are acquired from Petrie and Yamada, 2012,

Despite the enormous information about the regulation of migration at
molecular level in 2D, different modes of migration are not well explored. Moreover,
the concerted activity of core FA proteins in the regulation of many aspects of cell

migration is still not well understood and has been addressed in this study.

1.8 RNAI technology
The development of RNAI technology®® opened new possibilities to study the

gene function®”"

. Initially, genome wide screens were conducted with the possibility
of observing single phenotype such as cell viability’' and growth rate’*” due to the

limitations of analytical approaches. Subsequent improvements overcame the
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restraints of analyzing high content data provided by multiparameteric imaging
screens’ ', A step further in RNAI field was taken by the introduction of pairwise
gene depletion to examine the genetic interactions. Using these combined approaches,
researchers were able to map cell cycle regulators’ and genetic interactions in

healthy” as well as in cancerous mammalian cells'”.

Adhesion sites are composed of large number of proteins'®'. Owing to this
diversity, it is challenging to study the structure-function relationship of adhesion
sites. Comprehensive RNAi screens have identified the genes that regulate
migration'®®, formation of FA'® adhesion dynamics and migration'™. However,
understanding the functional relations of canonical FA proteins upon combined
perturbations is still lacking. In this study, a combinatorial siRNA screen is devised to
uncover the functional epistasis among ten FA proteins to explore the involvement in

essential cellular processes.

1.9 Functional epistasis

When mutations in two genes give rise to the effect that is different from the
effect of individual mutations'””, the phenomenon is known as functional epistasis.
This effect can be drastic reduction (more than expected) — synergistic/negative
interaction, improvement or control-like behavior (more than expected) -
alleviating/positive interaction and effect as expected — proteins are present in a

105,106
complex

. Negative interactions are normally associated with severe phenotypes,
indicating the involvement of two genes in independent cellular pathways. While less
severe positive interactions suggest both genes are the component of a common
cellular pathway or a protein complex'”’. The disruption of particular functions of
genes or proteins reveal the nature of the epistatic interaction and functional

relationship between genes and the pathways'**'%.

1.10 Proteins studied during this work
To date, more than 180 proteins are involved in assembling the adhesion

., 101
sites

. In this study, we aimed to develop a pilot screen focusing on a subset of 10
adhesion sites proteins (Figure 1.10) and their combinations (Figure Sla). Based on
their major functions, these proteins are categorized into 5 groups: (i) Integrin binding
proteins: talin-1, kindlin-2; (ii) Kinases: FAK, ILK; (iii) Adaptor proteins: pl130CAS;
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(iv) Force modulators: talin-1, vinculin and zyxin; and (v) Modulators of actin
cytoskeleton: Zyxin, Ena/VASP (Enabled/Vasodilator Stimulated Phosphoprotein), a-
parvin and o-actinin-1. Due to their known overlapping functions, some of them are
included in more than one group. In this section, I will discuss the characteristic
features of each protein to give an overview about their significance in the formation
of adhesion sites. More detailed information about the protein functions could be
obtained from Wozniak et al., 2004, Zaidal-Bar and Geiger et al., 2010 and Lo et al,,
20067101110

1.10.1 Integrin Binding proteins

Talin-1 (tlnl) is one of the integral adhesion site proteins, which plays an
important role in the initiation of adhesion sites. The FERM domain of this protein is
p-integrin-binding site which activate the integrins by inside-out signaling''"''"?.
Nanoscale architecture of FA revealed the central role of talin in the organization of
adhesion sites by directly linking integrins and actin cytoskeleton®® (Figure 1.6).
Kindlin family proteins, also have talin-like FERM domain, were recently identified
to participate in bi-directional signaling of integrin'"’. There are three members in
kindlin family namely kindlin-1, kindlin-2 and kindlin-3'"*. I have selected kindlin-2
(kin2) as it is an essential protein for bidirectional integrin signaling, controlling the

cell adhesion and spreading'’. As shown in Figure 1.10, tlnl and kin2 both are

localized in adhesion sites in REF52 cells.
1.10.2 Kinases

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase and is one of
the earliest identified components of FA'” (Figure 1.10). This universally expressed,
integral protein has a focal-adhesion-targeting (FAT) domain which interact with

paxillin and talin'"

. FAK is a multifunctional protein and is responsible for the
activation of Rho-family GTPase''®, cell migration®, regulation of downstream
signaling by phosphorylation''’, adhesion turnover and crosstalk between integrins

and growth factors®''®.
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Vinculin

a-parvin

Figure 1.10 Immunostaining of FA proteins examined in this study. REF52 YFP-paxillin
cells were fixed with 3% paraformaldehyde (PFA), permeabilized with 0.2% triton and
incubated with primary antibodies, as indicated. The cells were stained with Alexa 568 and
Alexa 647 secondary antibodies (depending on the specie of primary antibody) and visualized
under the microscope using 40x objective. Scale bar is 20 um.
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Integrin-linked kinase (ILK); an essential kinase and adaptor protein provides

19120 LK is also involved in the

a signaling hub in the integrin adhesome like FAK
activation of integrins by direct interaction'>' and possibly due to its interaction with
kindlins'"®. Kinase domain on C-terminus mediate interactions with multiple proteins
such as paxillin, a-, - and y-parvin and possibly with the cytoplasmic tails of -

22 The N-terminus contains ankyrin-repeat domain which is responsible for

integrins
interactions with PINCH1 and PINCH2. ILK is also an essential component of
heterotrimeric ILK-PINCH-parvin complex'””. Level of ILK is increased in certain
types of cancer and inhibition of ILK has been shown to be antitumorigenic’. It is
responsible for the phosphorylation of Akt” which in turn regulates the migration in a

variety of cells’® suggesting the indirect role of ILK in modulating the migration.
1.10.3 Adaptor/scaffolding proteins

One important scaffolding protein, pI130CAS (CAS), localizes in focal
adhesions (Figure 1.10). It interacts with Src and Crk kinases'” in tyrosine
phosphorylation-dependent manner. Besides this, CAS also interact with non-receptor
tyrosine kinases such as FAK'*. Overall, it is a key-signaling node for regulating
different cellular pathways such as apoptosis and migration”'*. Other scaffolding

proteins are FAK'*, ILK'*” and adaptor proteins such as vinculin'*® and ILK'*°.
1.10.4 Force modulators

Vinculin (vin); a main adaptor protein localizes in focal adhesion (Figure
1.10) and interacts with more than 15 adhesion-site proteins. These proteins include;
talin, a—actinin, paxillin, VASP, Hic-5 and others®. Vinculin directly interacts with
force transducer protein talin and actin, which makes it an important factor to mediate
the cell adhesion and FA growth. Vinculin keeps talin in active conformation and
provide a platform for talin interactions with other proteins resulting in the growth of
FA'”.

Zyxin (zyx) play an important role in regulating the assembly of actin stress
fibers in association with multiple interacting partners like o-actinin and VASP'.
Zyxin has a mechanosensing function due to its association with actin

polymerization'’'. Zyxin localizes in FA and stress fibers (Figure 1.10) as well as into

the nucleus to regulates the gene expression' .
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1.10.5 Modulators of actin cytoskeleton

Enabled/Vasodilator Stimulated Phosphoprotein Ena/VASP (VASP) is
predominantly present in focal adhesions (Figure 1.10), in filopodia and
lamellipodium of migrating cells. It is an important player in the formation and
reorganization of actin stress fiber during migration'>>. VASP binds with FA proteins
such as vinculin and zyxin to modulate the force transmitted by actin cytoskeleton'*".
a-parvin (a-par), initially identified and characterized as paxillin-binding protein, co-
localizes with paxillin in focal complexes in the leading protrusions during migration,
suggesting its important role in cell motility'**. a-parvin interacts with ILK and forms
the important ILK-PINCH-parvin complex' .

Another critical modulator is a-actinin cytoskeletal protein which has four

. .. 135,136
isoforms named as o-actinin 1-4"">

. a-actinin interactions enable crosslinking of
actin filaments'’. In this study, we focused on one isoform of a-actinin-1 (a-actl)
which mainly localizes in cytoplasm along the actin stress fibers'*® (Figure 1.10).
Upon phosphorylation, a-actinin-1 interacts with Src and FAK thereby enhances the
integrin-mediated signaling'”. The concise introduction of the ten core FA proteins
emphasizes on a wide-range of functions, representing the diversity and complexity of

integrin adhesome.
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1.11 Aims of the study

Cell-matrix adhesion sites provide precise communication between cells and
their environment, which is required for fundamental cellular processes such as
adhesion and cell motility. These complex processes depend on accurate organization
of the FA proteins, which is evident by their arrangement in particular compartments
of the focal adhesions. While the overall molecular architecture of FA has been
established, a little is understood about the functional crosstalk within FA to regulate
the adhesion-mediated processes. To explore this, ten core FA proteins were selected

and a multi-scale combinatorial RNAi screen was performed.

Earlier studies have revealed that FA assembly is a highly regulated process,
driven by adhesion-associated proteins. The role of FA proteins in adhesion
segregation process and functional relevance of this process in cell migration is least-
studied. First aim of this study is to explore the role of FA proteins in the formation of

FB and cell motility.

Fibroblasts on flat 2D surfaces use actin polymerization to initiate the
membrane protrusions, which are strengthened by FA leading to lamellipodial mode
of migration, the most prevalent mode of fibroblasts locomotion. However, it is not a
universal mode of migration. Recent studies have shown that fibroblasts migrate in
distinct modes, depending on the degree of adhesion driven by actomyosin
contractility and physical properties of the ECM. How FA proteins govern these
modes is poorly understood. The second aim of this study is to examine the role of

canonical FA proteins in regulating different modes of migration.

FA proteins are involved in cell survival/proliferation via integrins-mediated
adhesion. Owing to the regulation by different signaling pathways, these processes are
highly robust and efficient. The epistatic interaction of FA proteins to control these
regulatory processes is, however, not clear. The third aim of this study is to
investigate the concerted function of FA proteins in adhesion-dependent cell

survival/proliferation.
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2. Materials and Methods

2.1 Mammalian cell culture

REF52 cells stably expressing YFP-Paxillin were cultured in Dulbecco’s
modified eagle’s medium (DMEM; PAN Biotech GmbH) supplemented with 10%
fetal bovine serum (FBS) (Invitrogen), 1% non-essential amino acids and 1% L-
glutamine (PAN Biotech GmbH). Cells were maintained at 37°C with 5% CO; until
they were 80-90 % confluent. YFP-paxillin REF52 cell line was selected due to the
uniform formation and distribution of focal adhesion in these cells. In order to avoid
the variability in measurements, cells were cryopreserved from single passage in
multiple aliquots and stored at —150°C. For each experiment, a fresh vial was used

and cells were maintained for 8-10 passages before transfection.
2.1.1 Passaging of cells

Mammalian cells were grown and maintained at a confluency of 70-80%. For
splitting, the cells were washed with PBS and incubated with EDTA and trypsin for 5
min. Afterwards, the cells were resuspended in fresh DMEM media and counted
using the cell counter (Beckmann). Approximately 3x10° cells were incubated in 75

cm” flask for 2 days at 37°C with 5% CO.,.

2.2 siRNA and controls

In order to avoid off-target effects of siRNA'*, I used ON-TARGETplus
siRNA SMARTpools of oligonucleotide sequences that were obtained from
Dharmacon for the adhesion site proteins (FAK, Paxillin, Vinculin, Talin-1, o-
Actinin-1, a-Parvin, VASP, Zyxin, Kindlin-2 and pl130CAS). siCONTROL non-
specific siRNA and TOX transfection control were also obtained from Dharmacon.
The siCONTROL siRNA was also a pool of siRNA sequences. The siRNAs used for

transfection are listed in Table 2.1.
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Genes Sequence 1 Sequence 2 Sequence 3 Sequence 4

PTK2 UGUUAUUGA GGACAUUGC UGGAAAAGG CCACACACC
UCAAGCGAG UGCACGGAA AAGAGCGAU UAGCGGACU
A U U U

VCL GCACAGCGG GAGCGAAUC ACAGAUAAG CGAGAUCAU
UGGAUUGAU CCAACUAUA CGGAUUAGA UCGUGUGUU
A A A A

TLN1 CGAGAACUA CGAAUGACC GUUCGUAGA GAGAUGAAG
UGCAGGUAU AAGGGUAUU UUAUCAGAC AGUCUACUA
U A A U

FERMT2 UGAUUGGAA CAAUAUAGA GCUUGAAGU GUAGUAGGC
UUGCGUACA AAUCGGGUC UAUCGUUUU CAGUCGGGA
A U A A

BCAR1 GGGCAGCUC GGACUGAGA AGGGCAACA CAACAFAUG
GGCACGUAA AACCGAGAU UCGUGCGAC GCAAGCGCC
A U A U

ILK GCCAGAAUC GAGCAUCUG CUCAAUAGC GAGCCAAGC
UUAAUCGUA UAACAAGUA CGUAGUGUA UGUAAAGUU
U U A U

7YX GGAUGAGAC CAGUCUGUG GUAUUGACC UGGCCACAG
UGUGCGAGU UCUUCCGCU UGGAGAUCG CUAAGAUUA
A A A U

VASP GGAUUCACU GAAAGAGGA GCUGAGAAU AAAGUGAAC
UUAACGCUU AAUAAUCGA AGUCGAGGC CUGUGCGAA
U A A G

PARVA GAGAAUGAG CCGGAAGGC GCAUCAAGU GAUCCAAAC
GUGCGGACA AUGAACGCG GGAACGUAG UCACGCAAU
A A A G

ACTN1 GCACUUAUC AAAAGAGCA GGAAGGAUG GGCCCGAGU
UUCGACAAU UCGUCAAUU GUCUUGGUU UGAUUGACU
A A U A

PXN GGAACUUCU CCAGAAGGG GGCAAAGCC GCGAGGAGG
UCGAGCGGG UUCCACGAG UACUGUCGG AACACGUCU
A A A A

siCONTROL UGGUUUACA UGGUUUACA UGGUUUACA UGGUUUACA
UGUCGACUA UGUUGUGUG UGUUUUCUG UGuuUuUUCCU
A A A A

Table 2.1 siRNA used for transfection (Dharmacon)
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2.3 Transient transfection of siRNA

REF52 YFP-Paxillin cells (9 x10° cells per well) were plated in 24-well plates
Next day, cells were transfected using 1.13 pl DharmaFECT 1 (Dharmacon) diluted in
optimem media (Gibco), with two different siRNA concentrations, 50 nM (for single
KD, 1.5 pl siRNA in 23.5 pl of optimum media) or 100 nM (for double KD, 1.5 pl of
each siRNA in 22 pl of optimum media). After 20 min, this transfection mixture was
added to the cells. To circumvent the cytotoxicity of DharmaFECT, 6 h post
transfection, 300 pl of fresh DMEM was added and cells were incubated for 48 h.
Control cells were either untransfected or transfected with siCONTROL non-specific

siRNA at two different concentrations i.e. 50 nM and 100 nM.
2.3.1 Evaluation of knockdown and transfection efficiency

Western blotting analysis (Figure S1b, ¢) and quantitative RT-qPCR (Figure
S1d, e) for each individually depleted protein were used to evaluate knockdown
efficiency. For each protein, sufficient level of KD was achieved ranging from 70-
90%. In order to confirm the efficient KD of combined siRNAs perturbations, four
combinations were tested using Western blotting (Figure S2a). Quantification of the
blots indicates approximately 70-90% KD for double siRNA transfections (Figure
S2b). Typically, in large-scale screens, it is almost impossible to determine the KD
efficiency of each siRNA. In the current screen, I assessed the level of KD in all
combinations for both corresponding siRNAs using RT-qPCR. More than three
quarter siRNAs had above 70% KD (Figure S1d). Transfection efficiency was ~ 95%
in all experiments (Figure S1f) in which whole cell lysates and RNAs extracts were

prepared for Western blotting and RT-qPCR, respectively.

For each experiment, REF52 cells in two wells were transfected with TOX
siRNA at two concentrations exactly as query siRNAs i.e. 50 nM and 100 nM. The
TOX transfection control is RNA duplex that, when successfully transfected into the
cells, causes cell death. After 48 h of transfection, the cells were counted (Vi-Cell
XR, Beckman Coulter) and transfection efficiency was determined by comparing the
viable cells from TOX and NTC transfected cells. The transfection efficiency was

achieved up to 90% as shown in Figure S1f.
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2.4 Quantification of Knockdown

2.4.1 Immunoblotting

Lysates were prepared 48 h after transfection using RIPA buffer (Table 2.2).
The concentration of protein was measured using the Bradford assay. The protein
samples were mixed with 5x SDS sample buffer and denatured for 5-10 min on 95°C.
Equivalent amounts of proteins were loaded on 15% sodium dodecyl sulphate
polyacrylamide gels and the electrophoresis was executed under denaturing
conditions in gel system (Biorad, Miinchen) at 80 V for stacking gel and 120 V for
separating gel till the molecular weight marker corresponding to the size of the
protein of interest was well separated. The proteins were transferred on nitrocellulose
membrane for Western blotting in Mini protean 3 cells (Biorad, Miinchen) at 300 mA
current. The non-specific binding of primary antibodies on free binding sites on
nitrocellulose membrane was prevented by block buffer (LI-COR Bioscience). For
immunostaining, the membranes were incubated with primary antibodies (Table 2.3)

for 12-16 h at 4°C.

Lysis buffer (1x RIPA)

Component Stock Amount
Tris-HCI, 200 mM, 5mL
pH 7.5

NaCl I.5M 5mL
Na,EDTA 10 mM 5mL
EGTA 10 mM 5mL
Igepal NP40 10% SmL
Na-deoycholate 10% SmL
Na-pyrophosphate 25 mM SmL
Glycerophosphate (stock: 10 mM) 10 mM SmL
Protease inhibitor 1 tab for 50 mL
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Inhibitor cocktail I 500 uL

Inhibitor cocktail I1 500 uL

SDS 10% 500 uL

PMSF: Mixed directly before use, IM 500 pL

t12 30 min

Add H,O up to 50 mL

Table 2.2 Components of the RIPA buffer

Primary Abs Catalogue number Company

FAK 610088 BD Bioscience
Paxillin 610052 BD Bioscience
Vinculin V9264 Sigma
Talin-1 MA1-20231 Thermo Scientific
a-Actinin-1 A5044 Sigma
a-Parvin PAS5-17185 Thermo Scientific
VASP 3132 Cell Signalling
Zyxin 74751 Sigma
Kindlin-2 K3269 Sigma
p130CAS 610272 BD Bioscience
ILK 611802 BD Bioscience
GAPDH (Host: Mouse) G8795 Sigma
GAPDH (Host: Rabbit) 2118L Cell Signalling

Table 2.3 Antibodies for Western blotting and immunostaining
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After washing the nitrocellulose membrane three times with wash buffer
(0.1% Triton X-100 in 1xPBS), host-specific secondary antibodies (Table 2.4) were
applied for 1 h. Finally, the blots were washed three times with wash buffer and the
proteins were visualized using the Odyssey Imaging System (LI-COR Bioscience).
Knockdown efficiency was estimated in four combinations following the same
procedure as mentioned above. All immunoblotting experiments were conducted as

three independent biological repeats.

Secondary Abs Host Catalogue number Company

IRDyes 680 Donkey anti-mouse P/N 925-68022 LI-COR Biosciences

IRDyes 680 Donkey anti-rabbit P/N 925-68023 LI-COR Biosciences

IRDyes 800 Donkey anti-mouse P/N 925-32212 LI-COR Biosciences

IRDyes 800 Donkey anti-rabbit P/N 925-32213 LI-COR Biosciences

Table 2.4 Secondary antibodies used for Western blotting

The blots images were exported as tif files for quantification of the
knockdown in Fiji'*'. Images were converted from 8-bit to 32-bit files. To remove the
bright particles (if any), images were cropped, background was homogenized and
removed by the rolling ball background subtraction with a radius of 50 pixels and a
sliding paraboloid. The intensity of remaining background was measured from at least
four individual spots and the average value was subtracted from the whole image.
Subsequently, images were thresholded to visualize the bands of interest. Finally, a
region of interest was drawn to measure the intensity of all the bands. Quantification
was done in Excel (Microsoft) where the intensity of each band was divided by its
respective loading control (GAPDH). The level of KD was estimated by the following

formula:
Ratio of KD condition/ratio of control

The KD level was plotted by using the MATLAB (The MathWorks Inc.).
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2.4.2 Real time quantitative PCR

RNA was extracted from approximately 7x10* transfected REF52 YFP-
Paxillin cells using RNA extraction kit (Zymo research). The amount of RNA
obtained was measured using Nano drop spectrophotometer (PeqLab). Using 1-step
RT-gPCR kit (Promega), cDNA was reverse transcribed from mRNA (5ng for each
RNA template) followed by real time PCR amplification according to the
manufacturer’s instructions. All qPCR reactions were performed in duplicates.
Expression data was first normalized to the loading control (Ldha enzyme), and
expression fold changes were calculated by comparison with the cells treated with
siCONTROL siRNA using AACt® method'*. Knockdown of each gene was
estimated by using their predesigned primers (Table 2.5) at a concentration of 200nM
for each primer. All qPCR experiments were conducted as three independent

biological repeats.

Gene Primer Sequence
PTK2 Forward CAAGAGTTTACTGGATTCCG
PTK2 Reverse GTCAAATCTGTACACTGGAG
VCL Forward CCTGTTCTCATTTCAGCTATG
VCL Reverse CAGAGCTTCTTCTATTCCTTG
TLN1 Forward GCAGATGAGTGAAATTGAGG
TLN1 Reverse TCCCCTTCATCTTTTCCTTC
FERMT?2 Forward CAACAGTGACAAAGAAGTCG
FERMT?2 Reverse ATTGAAGTAATGTCACCCAG
BCAR1 Forward CAACCATCATTCGGTGTATG
BCAR1 Reverse GGTACATCATATGTTTCCTCAC
ILK Forward ACAATGTTCTACATGAAGGC
ILK Reverse CTTCATCGATCATTACACTACG
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7YX Forward TATCACAAGCAATATGCTCC
7YX Reverse ATGAAAGTTCTTATCCAGCG
VASP Forward AAGTCATCCTCTTCTGTGAC
VASP Reverse CCTCTTTCATTTTCTGTAGCTC
PARVA Forward ATCAAGTGGAACGTAGACTC
PARVA Reverse TATTTCCTCTTGGATTTGCC
ACTNI1 Forward CCTATGTGTCTAGCTTCTACC
ACTNI1 Reverse ATCCACTCTAACAGATCACTG
LDHA Forward CTCCAGCAAAGATTATAGTGTG
LDHA Reverse TGTGGACTGTATTTCACAAC

Table 2.5 Primers used for RT-qPCR (Sigma-Aldrich)

2.5 Wound healing assay

Transfection reagents were scaled to be compatible for 24 well plates and
prepared in the same manner as mention in section 1.3. Two-well inserts (Ibidi) were
positioned horizontally in glass bottom 24-well plates (MatTek corporation). The
plate with inserts was sterilized with ultraviolet radiations under the laminar flow
(NuAire). Before seeding cells, plates were incubated for 20-30 min at 37°C for
homogenous distribution of the cells. After 48 h of transfection, cells were trypsinized
and re-plated in wound healing assay plates and left for 45 min at RT. After 18 h of
incubation, inserts were removed and cells were washed with 1XPBS (PAN Biotech)
followed by the addition of imaging media (Thermo Fischer) containing 1:2000
Hoechst (Img/ml) (Thermo Fischer Scientific, H21491) and 10% FBS to visualize the
DNA.

The plate was immobilized on the stage of an inverted wide-field microscope
(Cell-R, Olympus) equipped with CCD camera (Orca R2, Hamamatsu Photonics),
motorized stage, live-cell imaging chamber and controlled by an in-house software
based on LabView (National Instruments). In order to maintain precise z-position of
the objective, the CCD Laser Displacement Sensor (LK-3100, Keyence) was mounted

on the microscope objective revolver. A 3x3 matrix of field of views was acquired,
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centered in the middle of each wound area and the stage coordinates were stored

(Figure 2.1).

9(e[Pig 2ol re.
P e ST s
DD

Figure 2.1 Schematic presentation of 3 x 3 line scan. x and y coordinates of position one
were saved and considered as central position followed by imaging the 9 sub-positions.

Time-lapse image sequences of YFP-paxillin (ex. 510/10, em. 542/27) and
DNA (ex. 350/50, em. 440/40) were acquired for the stored positions using a dry
20x/0.75 NA UPLSAPO objective (Olympus, Japan) with an interval of 20 minutes
between the frames for a period of about 16 h. Imaging started nearly 70 minutes after

insert removal. The cells were maintained at 37°C in the presence of 5% COs,.
2.5.1 Analysis of wound healing assay data

For each time point (TP), the acquired 9 images were stitched using the
Grid/Collection Stitching Plugin'* and joined together to create a time-lapse stack
file using custom made script in Fiji'*'. Cells were tracked based on DNA staining

' in Fiji'*' and the tracks coordinates were exported. Only cells that

using TrackMate
were present in all time points were considered for further processing. Individual
tracks were examined and incorrect tracks were removed. In case of fast-migrating

cells, an additional manual tracking was performed.

Further the track analysis were performed in modified version of
CellTracker'®. The following parameters were determined for each cell: (b) Total
track length — sum of Euclidean distances between coordinates (x, y) every two
consecutive TPs; (c) Median speed of the distribution of instantaneous speeds
(distance between two subsequent TPs divided by the time elapsed between their
acquisition) (d) Euclidian distance from last TP to origin (position of the cell at TP1)
(e) Average angle of direction from origin (Figure 2.2). The obtained parameters of

the individual tracks were averaged for each condition.

Page | 27



Materials and Methods

270 deg

A /A

Distance from origin Angle of direction from origin Free areafraction 4, =4./4,

Figure 2.2 Five parameters characterizing the wound healing assay data. (a) Cells were
tracked at each time point indicated as t1 — t5 and (X, y) coordinates were determined. (b)
Total track length. (c) Median speed. (d) Distance from origin indicates distance of the cell in
last time point t5 to the first time point t1. (¢) Average angle of direction from origin was
calculated by averaging the obtained angles for each t2 — t5 in respect of tl. (f) Free area
fraction was determined by dividing the free area in last time point (AS5) to the free area in the
first time point (A1).

Fraction of the free wound area was extracted and it was estimated as:
Apree = AL/ Ar, Eq. 1

where 4 is the free wound area in the last TP and Ay is the free wound area in the

first TP. When the wound was completely closed, the Agggr = 0.

The data for all conditions were scaled in the range of [0 1] or standardized (z-

scores) for each parameter, creating a unique migration profile.

The obtained z-scores of migration profiles were classified in 9 groups (named
MCi, i =1,...,9) using k-means clustering approach with Manhattan distance
measure in Matlab. The Manhattan distance d between two points a and b in -

dimensional space is:

d(a,b) = ¥¥_,|a; — bj]. Eq.2

For each group, the average migration profiles were calculated and plotted in
polar coordinate system for better visualization, except for cluster 1, which has only

one member.
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In addition, the Pearson correlation coefficient 7ho was calculated for all
pairwise combination of the above-mentioned parameters, except Apgrpp for each
individual condition. The medians of the obtained values were determined for each
cluster to evaluate the relationship between migration profiles parameters. Only
median speed and total track length were correlated in all pairwise combination. Other
parameters were orthogonal (not correlated). The main outcome of the correlation

analysis is given in Figure S3.

Image processing and data analysis were performed by Dr. Jana Harizanova

(Max Planck Research Institute of Molecular Physiology, Dortmund).

2.6 Clonogenic assay

REF52 YFP-paxillin cells, transfected as mentioned in section 1.3, were
trypsinized and counted using the cell counter. Equal number of cells (200 cells for
each condition) were seeded in 6-well plates in 3ml of DMEM media, in triplicates.
The cells were incubated at 37°C in the presence of 5% CO, for 8 days. Afterwards,
plates were washed with 1xPBS, fixed with 4% PFA (Roth) for 10 min and stained
with crystal violet (Sigma) for 10 min. The excessive crystal violet solution was
removed by washing three times with 1x PBS. The lids were removed for 3-4 h to dry
the plates and imaged. Plates were scanned on Typhoon TRIO+ variable mode imager
(Amersham Biosciences) with the following settings: Cy5 filter (ex. 633nm, em. 670
band-pass and PMT 530), pixel size 50 microns and focal plane +3 mm. The settings
were kept constant for all the measured plates. The data shown is based on three
biological repeats of clonogenic assay screens, each repeat containing a sample in

triplicates.
2.6.1 Image processing and data analysis

Using Fiji'*' based script, plate images were cropped to generate the
individual images of each well. Further, the obtained well images were processed by
CellProfiler'* pipeline using Otsu thresholding method to identify the area and
number of the individual colonies wherever was possible. Total colony area estimated

14
4147

as in Guzman et al., 201 was used to evaluate the proliferation ability in each

condition. Based on the colony number, the survival fraction was calculated for all the
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conditions. Due to over confluency of some of the samples, the colony number was

estimated manually.

The obtained values of colony area of all KD conditions were normalized to
the corresponding control and multiplied by 100 in order to obtain the relative change
in percentage (e.g. Control = 100%, values < 100% depict decrease in colony area,
values > 100% indicate increase in colony area).

The number of colonies or cells survived after seeding represent survival

148

fraction'**. Plating efficiency (PE)'*® was calculated as

PE = Number of colonies %100 Eq_ 3

Number of cells seeded

148

The survival fraction (SF) ™ then was defined as:

PE of the treated sample
PE of the control

SF =

x100 Eq. 4

The mean value of each triplicate sample was calculated for all conditions.
Next, the mean value and standard error of the mean (SEM) from three biological
repeats were obtained for both parameters. Image processing and analysis was
performed by Dr. Jana Harizanova (Max Planck Research Institute of Molecular

Physiology, Dortmund).

2.7 Fixation and immunostaining

REF52 YFP-Paxillin cells transfected with siRNA, as explained in the section
1.3, were fixed with 3% PFA (Electron Microscopy Sciences) for 10 min followed by
permeabilization with 0.2 % triton X-100 for 5 min, blocked with 5% BSA (Serva)
for 30 min and immunostained with primary antibodies (Table 2.6) at 4°C for 12-16h.
Cells were washed three times with the wash buffer (0.02% Triton X-100 in 1x PBS)
and incubated with secondary antibodies (Table 2.6) for 1 h. After incubation with
secondary antibodies, cells were washed three times with wash buffer and incubated
in 1x PBS. Cells were either imaged immediately for Scan 1 or stored at 4°C until
imaged. After completing the first scan, cells were stained for F-actin, nucleus and
cytoplasm (Table 2.6) for 20-30 min at RT. Cells were washed once, supplemented
with 1x PBS and imaged for Scan 2. Transfection efficiency was estimated by siTOX

transfection control (“Materials and Methods”) in each plate that was used for
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imaging, which was always above 95% (Figure S4). For the multiple readout proteins,

the antibodies for immunostaining were carefully selected to avoid cross-reactivity

(Figure S5a) and bleed-through of fluorophores (Figure S5b).

Primary Catalogue ’ Secondary Catalogue
Ab Number Company Ab number Company
a-tubulin ab89984 Abcam DYLight 350 | SA5-10069 | LPermo
— Scientific
= . NBP1- Novus Life
b Tensin 84129 Biologicals Alexa 368 A11036 Technologies
PINCH 612710 BD Alexa 647 A31571 Life :
Biosciences Technologies
Atto 740 .
phalloidin 07373 Sigma
Thermo
a
= HCS cell H32714 Fischer
« | mask L
S Scientific
Thermo
Hoechst H21491 Fischer
Scientific

Table 2.6: Reagents used for live and fixed cell imaging

2.8 Automated image acquisition for fixed cells screen

The automated microscope system'*’ based on IX81 microscope (Olympus)
was used for automatic image acquisition with the following excitation and emission
filters: Alexa 350 ex. 350/50, em. 440/40, YFP ex. 510/10, em. 542/27, Alexa 568 ex.
560/40, em. 628/40, Alexa 647 ex. 643/20, em. 692/40 and Alexa 750 ex. 725/40, em.
810/90. Images were acquired using 40% air objective (0.95 NA, Olympus, Japan), as
per each well 100 field of views (10x10 matrix) were collected. Screen imaging was
conducted as two consecutive scans (named Scan 1 and Scan 2) i.e. Scan 1 readouts
are tubulin, paxillin, tensin-1 and PINCH and Scan 2: DNA, HCS cell mask, tensin-1

and F-actin respectively.
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3. Results

3.1 Multi-scale combinatorial RNAi screening approach

To study the effects of co-depletion of FA proteins in regulating the critical
cellular processes, a multi-scale combinatorial RNA1 screen was conducted (Figure
3.1). The Multi-scale screen include anchorage-dependent clonogenic assay to study
the cell survival and proliferation (named as Screen 1), wound healing assay to
explore the cell migration (named as Screen 2) and fixed-cells imaging screen to
determine the formation of adhesion sites (named as Screen 3) as shown in Figure 3.1.
For the screening purpose, a FA reporter cell line — REF52 expressing YFP-Paxillin
(gift from Benjamin Geiger, Weizmann Institute of Science, Israel and Joachim Spatz,
MPI for Intelligent System, Germany) was used. Based on the selected set of core FA
proteins, there were a total of 10 individual and 45 pairwise combinations (Figure

Sla).

In Screen 1, REF52 cells transfected with all individual and combinations of
siRNA were subjected to anchorage-dependent colony formation assay (Figure 3.1).
To determine the ability of the cells to survive and proliferate, two parameters were
extracted for each KD condition; (1) colony area (used as a measure of proliferation)
(2) number of colonies (used to estimate the survival fraction/cell survival), explained

in details in the “Materials and methods” section 2.6.1.

In Screen 2, the wound healing assay was employed to assess the migration
ability of the transfected cells (Figure 3.1). Hoechst staining permitted the tracking of
more than 200 cells and extraction of multiple parameters. To identify the modes of
migration in REF52 fibroblasts, we used a unique combination of multiple migration
associated parameters (MAR) namely: (1) median speed, (2) free area fraction
(represents wound closure), (3) average angle of direction, (4) distance from origin
and (5) track length (Figure 2.2). Based on these parameters, migration profiles were
plotted that allowed the evaluation of overall migration behavior upon pairwise
depletion of FA proteins. Additional cell-based parameters were manually assessed as

mentioned in Table 3.1 and Table 3.3.
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Figure 3.1 Schematic illustration of multi-scale combinatorial RNAi approach. In the left
panel, the “input” indicates the transfection of cells with individual and combinations of
siRNAs. Transfected cells were examined using three different experimental approaches
referred as “methods” in the middle panel. The output in the right panel specify the possible

interactions, responsible for modulating the cellular functions such as cell survival,

proliferation and migration. Part of this figure is adopted from Humpbhries et al., 2015".

The term “Semi-collective migration” was used when cells in the leading edge
does not display collective migration but follower cells migrate collectively. Free area
fraction parameter indicates the conventional outcome of wound healing assay 1i.e.
enhanced, impaired or control-like migration. Migration was considered enhanced in
the cases when migrating cells closed the wound earlier than control. Migration was
considered impaired when the cells ‘failed to close the wound’ or ‘partially closed the
wound’ as compared to the control. Image processing and data analysis were
performed by Dr. Jana Harizanova (Max Planck Research Institute of Molecular

Physiology, Dortmund).

In Screen 3, REF52 cells were transfected, fixed and immunostained for
readout proteins (PINCH, tensin-1, tubulin and F-actin and stably expressed YFP-
paxillin) followed by automated imaging of all KD conditions. The imaging was
conducted in two consecutive scans to acquire the multiple readout proteins (Figure

3.1). Paxillin and PINCH were used as FA reporter proteins whereas tensin-1 was
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used as a marker for fibrillar adhesions'. Actin and tubulin were selected to
visualize the possible defects in actin and tubulin cytoskeleton. Phenotypic descriptors
of focal adhesions and fibrillar adhesions were extracted based on paxillin, PINCH
and tensin-1, while tubulin, F-actin and DNA were used to extract the parameters to

define cellular phenotypes (Not included here. The work is in progress).

Together, the set of readout parameters from multi-scale screen were used to
understand how cell attachment via adhesion sites modulates the cellular functions

indicated as output (Figure 3.1).
3.1.1 Positive and Negative controls

Untransfected cells were used as a negative control. The cell shape, the
formation of cellular cytoskeleton, FA and FB in control cells is shown in Figure 3.2a.
The downregulation of FAK and kin2 influences on (1) the adhesion sites formation,
(2) cell survival and proliferation and (3) migration, were consistent with the

published reports therefore selected as positive controls.

(1) siRNA-mediated depletion of FAK is known to affect actin cytoskeleton
thereby reducing the number of FA'>. Likewise, depletion of kin2 reduces the
number of FA and cell spreading'>. These phenotypes were confirmed in this study
(Figure 3.2a). (2) We observed a significant reduction in colony area and cell survival
upon the individual depletion of kin2 or FAK (Figure 3.2b), the results which is in

154,155

accordance with the literature (3) The wound healing assay exhibited enhanced

migration upon downregulation of FAK and impaired migration upon depletion of

156,157

kin2 (Figure 3.2c), also in line with the published reports . These results

corroborated the published phenotypes validating the multi-scale screening approach.

As stated above, the individual depletions of FAK and kin2 clearly reduced
CA and SF (Figure 3.2b). However, upon concurrent depletion of both proteins, the
cells proliferated in a control-like fashion (Figure 3.3a). Similarly, co-depletion of
FAK and kin2 resulted in different migration behavior as compared to the respective
individual KD conditions (Figure 3.3b), indicating the epistatic interaction. The
identification of new protein-relations hints the potential to detect the epistatic

interactions involved in regulation of the selected cellular functions.
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Figure 3.2 Negative and positive controls for multi-sclae RNAI screen. (a) Representative
images of each indicated condition present the staining of tensin-1 in fibrillar adhesion;
paxillin, PINCH and tensin-1 in FA; F-actin, and tubulin in cytoskeleton. (b) Representative
images from the anchorage-dependent assay exhibit the clonogenic ability in control as well
as in cells depleted with FAK and kin2. All the images are presented under the same
brightness and contrast settings. Bar plots showing the comparison of the KD effect on colony
area (CA) and survival fraction (SF). p-values are mentioned above each bar. Error bars
represent standard error of mean (SEM). (c) Migration profiles of control cells and two single
KDs. The free area fraction indicates enhanced migration in FAK-depleted cells (pink dot at
0) and impaired migration in case of kin2-depleted cells (pink dot at 1). Each parameter is
plotted in the range of [0 1] and the limits are valid for each profile.
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Figure 3.3 Epistatic interaction between FAK and Kin2 for regulating cell survival,
proliferation and migration. (a) Effect of individual and combined KD of FAK and kin2 on
cell survival and proliferation. All the images are shown under the same brightness and
contrast settings. p-values are mentioned above each bar. Error bars represent standard error
of mean (SEM). (b) Migration profiles of FAK and kin2 plotted for 5 selected parameters as
indicated in the legend. Each parameter is plotted in the range of [0 1] and the limits are valid
for each profile.

Here, we co-perturbed FA proteins to investigate the protein relations or
functional epistasis. Functional epistasis explains the interactions of proteins with one
another, that occurs either in the same or different signaling pathways or proteins
which form a complex. This description is strictly related to the functions without a
direct genetic link'”. Based on this description, I have explained the existence of
proteins in similar or in alternative pathways to regulate cell survival, proliferation
and migration. There are two types of functional epistasis: negative and positive.
Negative epistasis between two mutations is observed when the combined effect is
lower than the individual mutations (drastic reduction). On the other hand positive
epistasis between two mutations is observed when the combined effect is higher than

the individual mutations (improved fitness)'* as shown in Figure 3.3.

3.2 Role of FA proteins in cell survival and proliferation
To determine the impact of single protein depletions on cell survival and
proliferation, two parameters — colony area and survival fraction — were extracted and
compared with the control. Decrease in the expression of FA proteins led to the

significant reduction in proliferation. The involvement of vin, zyx and a-par in
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regulating proliferation is reported for the first time (Table 3.1, Figure S6). Depletion
of FAK, tInl, kin2, CAS, ILK, VASP and a-par produced significant reduction in cell
survival (Table 3.1, Figure S6). VASP was previously not known to affect cell
survival. Four proteins tlnl, vin, zyx and a-actl had no significant effect on cell
survival (Table 3.1, Figure S6). The known and validated as well as new effects with

the corresponding proteins are summarized in Table 3.1.

Proteins Colony area Survival References
fraction

FAK dedede edede 158;57,154

Vin *ededk 0

Tinl Sk 0 159,160

Kin2 dedede S 155.161.72

CAS *kdk S 162,163;163,164

ILK ®ekk ek 165;166

Zyx weded 0

VASP weded s 167

a-par *kk POTORY 168

a-actl Fekk 0 169

Table 3.1 List of the proteins screened in the clonogenic assay with annotation of the
siRNA knockdown effect on cell survival and proliferation. The column “colony area”
depicts the effect of proteins KD on cell proliferation. The “survival fraction” column
specifies the effects of protein downregulation on cell survival ( “***” shows significnat
reduction, “0” shows no significnat difference from the control, based on t-test). Orange
highlighted color expresses the known as well as validated phenotypes in this screen. The
pink color indicates newly discovered effects of the siRNA KDs.

To identify the effects of ‘combined perturbations’ on cell survival and
proliferation, the two parameters i.e. CA and SF were similarly extracted for all KD
conditions. Thirty-nine out of forty-five combinations displayed significant negative
regulation of colony area, ranging from a slight decrease (a-actl+zyxkp) to a drastic
reduction (tlnl+kin2kp) (Figure 3.4). Only six pairs were similar to the control. Tinl

and a-act]l were present in 5 and CAS in 3 combinations which displayed a significant
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reduction in colony area (Figure 3.4). These findings facilitated the identification of

epistatic interactions involved in regulation of the cell proliferation.

a-actinin
0.8
a-Parvin
0.6
VASP <<
oa O
Zyxin g
40.2 g
ILK L
10 GCJ
CAS g
Kindlin2 =
104 D
Talin1 |
-0.6
Vinculin
-0.8
FAK
-1
¥

Figure 3.4 Effects on CA upon individual and pairwise depletion of FA proteins. (a) The
outcomes of single (diagonal of the matrix) and pairwise depletions of FA proteins on colony
area is presented in matrix form. The scale bar shows relative change in colony area,
normalized to the control in log scale. The quantification is based on three independent
biological repeats.

Likewise, survival fraction was significantly reduced in 38 pairs while remain
unaffected in 3 pairs. An insignificant increase in survival fraction was observed in a-
partVASPxp (Figure 3.5). In contrast to an insignificant effect of individual
depletion, vin in combination with all other nine proteins negatively regulates the cell
survival. Only two combinations (a-actl+vingp and kin2+tlnlgp) display a
pronounced reduction in survival (Figure 3.5). For each combination, a representative
image of colony formation is shown in Figure S7. The KD combinations such as kin2
and CAS exhibits control-like survival, suggesting a positive epistasis since the

individual depletions of corresponding proteins clearly reduced survival (Figure 3.5).
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Figure 3.5 Impacts of depletions of FA proteins on cell survival. The matrix represents the
effects of single (diagonal of the matrix) and double perturbations on survival fraction in the
entire set of combinations. The scale bar shows the relative change in SF, normalized to the
control in log scale. The quantification is based on three independent biological repeats.

A hierarchical clustering approach was employed to determine the protein
pairs which regulate the cell survival and proliferation in similar fashion. Based on
the computed z-scores for CA and SF, the data were grouped in six clusters (Figure
3.6). For all pairs, a representative image of colony formation, arranged according to
the clusters, is shown in Figure S7. The image processing and data analysis was
performed by Dr. Jana Harizanova (Max Planck Research Institute of Molecular

Physiology, Dortmund).
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Figure 3.6 Clustering of KD conditions that regulate the cell survival and proliferation.
Z-score for CA and SF were computed for each condition, including single and double KD.
The clustering unified the KD conditions into six groups, symbolized with different colors in
the legend on °‘left top’. Control is highlighted in red color. The names of the proteins are
mentioned for distant clusters (1, 3, 4 and 5) whereas for cluster 2 and 6, names of proteins
are mentioned in Figure S8.

3.2.1 Specific clusters outline differential regulation of cell survival and
proliferation

Knockdown conditions in cluster 1 reduced CA while the survival fraction
remain unaffected (Figure 3.6). Kin2+CASkp slightly modulated CA and SF as
compared to the more prominent effect of individual depletions (Figure 3.9a).
Improved cell survival upon combined depletion signifies the presence of both
proteins in the same pathway or their close association. It also points out their co-
depletion had no effect on the compensatory pathway, especially for survival.
Possibly unperturbed FAK, which is a signaling hub for controlling survival and
proliferation, served as a compensatory route’. The effect of VASP-depletion seems

to dominate on controlling CA in VASP+a-actlkp, as indicated by relatively smaller

Page | 40



Results

colonies, while the effect of a-actl KD dominated on SF (Figure 3.9b). These results

imply that both the proteins regulate CA and SF independently.
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Figure 3.7 Cluster 1 regulates the colony area. Bar plots indicate the quantification of CA
and SF for single as well combined depletion of (a) kin2 and CAS (b) VASP and a-actl. It is
also indicated by the representative colony formation images. All the images were presented
under the same brightness and contrast settings. The values were normalized to the control
and represented in the log scale. Zero represent control and the values close to zero indicate
KD effect similar to the control. p-values are mentioned above each bar. Error bars represent
standard error of mean (SEM).

The protein pairs identified in cluster 2 exhibited reduction in cell survival and
proliferation. In 10 combinations, the effect of mutually depleted proteins on CA
(Figure S8) or SF (Figure S18a) was related to one of the contributing proteins. Most
common proteins in this cluster were a-par (in 5 pairs), zyxin (in 4 pairs), vin (in 3
pairs), VASP (in 3 pairs) and a-actl (in 2 pairs). The individual KD of a-par, zyxin,
vin, VASP and a-actl were also present in this cluster which explain the reason of
their dominant effect in combined depletion. A representative example of zyx+a-

parkp disclosed decrease in both parameters (Figure 3.10a).
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Figure 3.8 Regulation of proliferation and survival in cluster 2 and 3. Bar plots denote the
quantifcation of CA and SF for (a) zyx+a-parKD from cluster 2 (b) VASP+ a-parKD from
cluster 3. Clonogenic assay images for all labelled KD conditions were presented under same
brightness and contrast settings. The values were normalized to the control and represented in
the log scale. Values close to zero indicate KD effect similar to the control. p-values are
mentioned above each bar. Error bars represent standard error of mean (SEM).

Clustering analysis identified cluster 3 with only two members i.e. a-
partVASPxp and control (Figure 3.6). The quantification of CA and SF of o-
par+VASPxkp revealed no significant difference from control. The co-depletion of a-
par and VASP improved the colony forming ability as compared to the individual
KDs (Figure 3.10b), indicating positive epistasis and their presence in the common
pathway. Simultaneous depletion led to the activation of a compensatory pathway for

cell survival.

All members of cluster 4 slightly reduced SF but exert no effect on CA
(Figure 3.6). Representative example tin1+ILKkp shows improvement in proliferation
as compared to the individual knockdowns (Figure 3.9a), suggesting a positive
epistasis and involvement in the same pathway. FAK was present in all the
combinations of cluster 4. FAK KD strongly affects cell survival and proliferation'>*
which is in accordance with our results (Figure 3.9b). It was expected that the mutual
depletion of FAK with other FA proteins would give rise to adverse effects.
Surprisingly, the combined depletion of FAK with CAS, tInl, kin2 and VASP led to
improved survival and proliferation (Figure 3.9b-¢), suggesting their presence in the
same pathway. All aforementioned KD conditions regulated cell survival and
proliferation in a similar manner as control, most likely due to the function of

alternative pathways that maintained these essential cellular processes.
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Figure 3.9 Cluster 4 regulates cell survival and exhibit positive epistasis. Bar plot of CA
and SF quantifcation of (a) TIn1+ILK KD (b) and four combinations of FAK, as specified.
The values were normalized to the control and represented in the log scale. Values close to
zero indicate KD effect similar to the control. p-values are mentioned above each bar. Error
bars represent standard error of mean (SEM). All the images were presented under same
brightness and contrast settings.

Combinations in cluster 5 showed significant decrease in both parameters.
Individual depletion of vin or a-actl caused decrease in CA but no significant effect
on SF. However, their combined depletion produces severe reduction in both
parameters, displaying a clear example of negative epistasis (Figure 3.10a). This

suggests the involvement of vin and a-actl in two parallel pathways, thereby
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combined disturbance in both pathways led to the prominent decrease. The depletion
of tinl marginally reduced CA and SF but its co-depletion with a-par resulted in
severe effects (Figure 3.6). This result specifies the significance of mutual function of
FA proteins from different structural layer to control the cell survival and
proliferation. The results obtained from the depletion of tinl and kin2 are discussed in

more detail in section 3.4.1.
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Figure 3.10 Regulation of CA and SF by cluster S and 6. Bar plots of CA and SF
quantifcation for (a) Vinta-actlKD from cluster 5 and (b-d) from cluster 6 for the lebelled
KD conditions. The values were normalized to the control and represented in the log scale.
Values close to zero indicate KD effect similar to the control. p-values are mentioned above
each bar. Error bars represent standard error of mean (SEM). All the images were presented
under same brightness and contrast settings.
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Cluster 6 causes prominent reduction in both the parameters. Similar to cluster
2, the effect of one of the individually depleted protein prevailed in case of
proliferation (Figure S8) or survival (Figure S10a) in 13 combinations. Knockdown of
ILK (in 5 pairs), FAK (in 4 pairs), CAS (in 4 pairs) and kin2 (in 1 pair) were also
included in this cluster, which justify the dominance of their effect in mutual
depletions. Interestingly, two pairs (a-par+ILKkxp and CAS+ILKkp) displayed CA
and SF, significantly indifferent from their respective single KDs (Figure 3.10c ,d). In
these two pairs, ILK and o-par form PINCH — ILK- a-parvin (PIP) trimeric
complex'”’. Immunostaining revealed paxillin and tensin-1 positive FA in -
par+ILKkp while CAS+ILKkp cells lack PINCH (Figure S10b). When proteins are in
a complex, the effect on the phenotype is often not further increased upon depletion of
one of its components'’'. This supports our results that components of PIP complex
regulate CA and SF in the similar manner upon individual as well as combined
depletion of these proteins (Figure 3.10c), further hints towards the constitution of

PINCH- ILK— CAS complex.

The mutual depletion of proteins in six combinations of this cluster affected
CA and SF differently as compared to corresponding individual KDs. One example is
a-parta-actlxp where CA and SF were more prominently decreased as compared to
individual KDs of both the proteins (Figure 3.10b), indicating negative epistasis and
their involvement in parallel pathways. This cluster included 22 KD conditions and
the most frequent proteins were modulators of cell survival and proliferation namely:
a-par, vin (found in this study), FAK, CAS, ILK and kin2 (known modulators that

were confirmed in this study).

Most of the genetic interactions in yeast and human occur within the same
pathway/complex produce similar or aggravated effects. Fewer interactions are
reported between different pathways which are usually lethal. In this manner, cells
perform different functions via alternative pathways to maintain cellular homeostasis
and normal functioning' . Results of survival and proliferation assay also indicate the
similar pattern since most of the epistatic interactions were positive except few

negative epistatic interactions.
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3.3 Identification of the critical adhesion site proteins regulating
migration

Multiparameteric profiles were generated to evaluate the effects of individual
protein depletions on migration (Figure S11), which in combination with manual
assessment of time-lapse imaging resulted in the identification of several modes of
migration (Table 3.2). Manual assessment revealed prominent difference in cell shape
and size, ability of collective migration and number of FA in different KD conditions
(Table 3.2). Depletion of seven proteins (FAK, zyx, vin, a-actl, VASP, ILK and tInl)
enhanced the migration. Kin2 impaired the migration while a-par and CAS revealed
control-like migration (Table 3.2). A clear relation was observed between enhanced
migration and presence of numerous FA in vin, ILK, VASP and a-actl KDs, while
fewer FA were observed in case of tinl, FAK and zyx downregulation (Figure S12).
On the other hand, impaired migration in case of kin2 KD was associated with lower
number of FA (Table 3.2, Figure S12). These results are in line with the findings of
Wong et al., 2007. These authors reported the relation of lower number of focal

' The known and validated effects of individually

adhesions and impaired migration
depleted proteins as well as novel effects are summarized in Table 3.2. These findings
provided the basis for comparing the effects, induced by the co-depletion of FA

proteins.

k-means clustering approach was employed to identify how similarly or
dissimilarly the KD conditions (individual and pairwise depletions) regulates the
migration. Z-scores were calculated for each parameter to create unique migratory
profiles which were further classified into 9 clusters (Figure 3.11) (“Materials and
methods” section 2.5.1). Forty-two out of forty-five combinations displayed different
migration profiles as compared to the control profile (Figure 3.11). The KD
conditions in each cluster are mentioned in Figure S13 and the line profiles in Figure
S14. Our analysis discovered most of the pairs with the combined depletion of
proteins were involved in the regulation of cell migration, very likely due to the

highly interconnected network of adhesion site proteins>’.
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Protei | Cell shape | Cell size | Collective | FA | Mode Migration | Ref.
ns migration
FAK Round Small Yes F Amoeboid- Enhanced 174,
blebby 157
Elongated
Vin Round Medium | Yes N Amoeboid- Enhanced 173,176
Elongated ruffling Impaired
Tlnl Round Medium Semi F Lamellipodial- | Enhanced 103,177
. 178
Multi- Small tethering Impaired ’
protrusive
Kin2 Moon Small Random F Confined Impaired 179.180
shape movement TR
180-182
Round
CAS Control like | Control Yes N Control like- | Control like | '
like Lamellipodial .
Impaired
ILK Elongated Large Semi N Lamellipodial- | Enhanced 184, 185
2 ,186
Round Small tethering Impaired
Zyx Semi-round | Large Yes F Amoeboid- Enhanced 187 188
189
Polygonal blebby Impaired
VASP | Semi-round | Large Yes N Amoeboid- Enhanced 190.191
pseudopodal Rl
a-par | Control like | Control Yes N Control like Control like | '*
like Enhanced
a-actl | Semi-round | Control Yes N Amoeboid- Enhanced 192
like pseudopodal sl

Table 3.2 The effects of core FA proteins depletion on different cellular and migration-
associated phenotypes. The “cell shape” column shows the most prominent cellular
morphologies upon proteins downregulation. Next column of “cell size” lists — small, control
like and large cell sizes (comparison to control). The “collective migration” column shows
three outcomes — ability to migrate collectively — yes, iniability to migrate collectively — no
and semi-collective migration — semi. The column “migration” lists three most conventional
outcomes of migration assays i.e. enhanced, impaired, no effect (indifferent from control).
The column FA (focal adhesions) enlists the formation of numerous (N) and few (F) FA in
each KD condistion. The representative images are included in Figure S18. Orange
highlighted color shows the known as well as validated phenotypes in this screen. Blue color
indicates known phenotypes, but not validated in this screen. The pink color illustrates the
newly discovered phenotypes.
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Figure 3.11 Classification of the KD conditions regulating migration by k-means
clustering. The clustering approach identified 9 different clusters. Colored dots in migration
profile represent unique parameters mentioned in the legend in bottom right panel. Each
parameter is plotted in the range of [0 1]. Highlighted protein pairs belong to the clusters 1,3,
4 and 5 of cell survival and priferation, therefore colored accordingly.
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3.3.1 Cluster 1: 3D-Lamellipodial mode of migration

Migration cluster 1 (MC1) comprises only one pair zyx+a-actlgp display the
speediest migration to close the wound after 6 h of insert removal (Figure S15),
specified by the maximum track length and distance from the origin (Figure 3.12a).
Cells in this KD condition migrate individually and randomly (Movie 3.1) as
compared to collective migration of control cells (Movie 3.2, Figure 3.12d). Time-
lapse video microscopy revealed dramatic changes in cell morphology (Figure 3.12b,
Movie 3.1). The rapid migration was due to the spontaneous switching between
elongated and polarized cell shapes (Movie 3.1). Notably, zyx+o-actlgp migration
behavior was entirely different from individual depletion of zyx (MC2) and a-actl
(MCT7). The anchorage-dependent assay revealed slight reduction in cell proliferation

and survival (Figure 3.12¢).

Control Zyx+a-act1 KD @ Length total way run [mm]
@ Average distance from origin [mm]

@ Median speed [mm/min]
@ Average angle of direction from origin [deg]
’ ‘ @ Free area fraction in the last frame
Control Zyx+a -act1 KD
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Figure 3.12 3D-Lamellipodial mode of migration. (a) The migration profile of zyx+a-actl
KD suggests the fast migration as compared to the control. (b) Representative images of
migrating cells after 5 h of live-cell imaging showing zyxin+oa-actlKD induce different
cellular shapes. Red arrow indicates polarized and white arrows indicate elongated cellular
phenotypes (c) Representative images of anchorage-dependent assay showing the survival
and proliferation upon zyxin+a-actlKD. (d) Trajectories of randomly selected 30 cells
indicate highly random and miss-directed migration upon KD of zyx and a-actinin-1. Each
parameter is plotted in the range of [0 1] and the limits are valid for each profile.

Experiments performed with fixed-cells imaging corroborated these cellular
morphologies (Figure 3.13). To determine the distribution of actin/tubulin

cytoskeleton and adhesion site proteins, fixed cells imaging results were manually
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assessed. Elongated cells revealed disorganized and dramatically reduced tubulin-
actin cytoskeleton as well as accumulation of actin at the cell borders (Figure 3.13).
These cells failed to form adhesion sites as shown by the YFP-paxillin and PINCH

staining in case of FAs and tensin-1 staining as marker of FB (Figure 3.13b).

W paxillin

(o

Cylindrical cell

Polarized cell

Figure 3.13 Elongated and polarized cellular phenotypes in a-actl+zyxgp. The top panel
indicates control cells with multiple adhesion sites and well-organized cytoskeleton. Control
cells were acquired under the same conditions for all migration experiments. The control cells
are presented only in this figure and are also valid for further results. (b) Cells transfected
with zyx and a-actl siRNA exhibits elongated (middle panel) and polarized (bottom panel)
cellular morphologies. In elongated cell, arrow indicates accumulation of tensin-1 in

perinuclear areas. In polarized cells, arrows indicate presence of paxillin and PINCH positive
FA without tensin-1. Scale bar is 20 pm.

Elongated cell shape and inability to form stress fibers (low level of actin) is a
characteristic feature of 3D-lamellipodial cells**. In contrast, polarized cells observed
in this KD condition had relatively more FA and spread cytoskeleton. The stress
fibers (SF) and microtubules (MT) were disorganized. Polarized cells produced FA
but tensin-1 was missing from FA and FB (Figure 3.13b), demonstrating the role of a-
actl+zyx in localization of tensin-1 to FA. Collectively, these findings indicate that a-
actl+zyxgp display 3D-Lamellipodial mode of migration that is characteristic for
cells in 3D matrices®. Furthermore, these results suggest that the combined
expression of a-actl+zyx is critical for lamellipodia formation, cytoskeletal

organization, cell polarization, FA formation and stabilization.
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3.3.2 Cluster 2: Amoeboid-blebby mode of migration

MC2 KD conditions exhibit ill-defined lamellipodia, lack of cellular
protrusions or, if present, shorter ones and majority of round/semi-round cells (Figure
3.14a). These features hint modulations in Rac1 signaling, which a known mediator of
lamellipodia formation®. Interestingly, the most common protein in MC2 was FAK
(Figure 3.14a), suggesting phenotypic dominance of FAK in three pairs. Cells
presenting this cluster tend to move collectively except few leader cells with
minimum cell-cell contact (Figure 3.14a) as observed in the case of FAK+vingp
(Movie 3.3). Less number of FA, which are particularly arranged along the periphery,
(Figure 3.14a) were linked with fast migrating cells (Figure 3.14b). Collectively, these
features relate this migration pattern with characteristic amoeboid-blebby mode of

84,193

migration , except the difference in number of FA i.e. reported low number of

cell-matrix adhesion sites®* versus several FA in MC2 (Figure 3.14a,c).

a FAK+vin KD

FAK+ILK KD FAK+zyx KD FAKKD Zyx KD

b Cluster 2 FAK+vin KD Control

® Length total way run [mm]
’ @ Average distance from origin [mm]
" ‘ © Median speed [mm/min]

@ Average angle of direction from origin [deg]
4’ @ Free area fraction in the last frame

FAK+Vin KD
Paxillin® " Tensin-1 Tubulin

Figure 3.14 Cluster 2 exhibits amoeboid-blebby mode of migration. (a) Shown here are
the representative images from live-cell video microscopy for indicated KD conditions,
representing leader cells at the wound edge (b) Average migration profile of cluster 2, one
selective KD condition (FAK+vin) and control are shown. Each parameter is plotted in the
range of [0 1] and the limits are valid for each profile. (c) Immunostaining and imaging of
FAK+vin KD display the formation of FA (paxillin, PINCH) and inability to formulate FB
(tensin-1 staining) as well as distribution of SF and MT (using actin and tubulin). Scale bar is
20 pm.
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The migration profile of representative example FAK+vingp indicates higher
speed as compared to control, leading to the coverage of more area to close the wound
completely (Figure 3.14b). Immunostaining of cells depleted with FAK and vin
confirmed formation of peripheral FA containing paxillin and PINCH. Thinner SF
and MT were formed but the organization was clearly disturbed (Figure 3.14c). These
results suggest the involvement of MC2 proteins in the following processes;
stabilization of FA, formation of characteristic lamellipodia of fibroblasts,

cytoskeleton organization and semi-amoeboid mode of migration.
3.3.3 Cluster 3: Discontinuous and confined mode of migration

Knockdown conditions categorized in in cluster 3 negatively regulate the cell
motility (Figure 3.15a). This unique mode of migration displays two distinct sub-
modalities named as confined, represented by immotile cells (Figure 3.15b) and
discontinuous, a mode characterized by the cells which are able to move around
origin with continuous change in their shape and form short and long cellular
protrusions (Figure 3.15¢). Cells in confined modality produce several FA as
compared to the cells exhibiting discontinuous sub-mode (Figure 3.15b, c). Depletion
of FAK+tIn1, tinl+zyx, kin2+a-par and CAS+ILK resulted in severe reduction in cell

spreading, cell polarization and directional cell migration (Figure 3.15b, c).
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a Cluster 3 Control

1
@‘ @ Length total way run [mm]

@ Average distance from origin [mm]

" © Median speed [mm/min]
’ @ Average angle of direction from origin [deg]

“ @ Free area fraction in the last frame

FAK+tin1 KD TIn1+zyx KD Kin2+a-par KD CAS+ILK KD

(o)

Confined

(@]

Discontineous

Figure 3.15 Cluster 3 represents heterogeneous modes of migration. (a) Average
migration profiles of cluster 3, all KD conditions and control is mentioned. Each parameter is
plotted in the range of [0 1] and the limits are valid for each profile. (b) Live-cell imaging of
REF52 cells, stably expressing YFP-paxillin, migrating during wound healing assay for
labelled KD conditions show two different cellular phenotypes (b) confined and (c)
discontinuous. Scale bar is 20 um.

Immunostaining of co-depleted cells of FAK and tInl indicate presence of
several FA in the cells that correspond to confined modality (Figure 3.16, Movie 3.4).
Fewer focal adhesions were observed in cells that exhibit protrusive and
discontinuous modality (Figure 3.16, Movie 3.5). Interestingly, tensin-1 was present
in FA in cells exhibiting confined modality and absent in cells displaying
discontinuous modality. In former condition, the cells failed to form FB although
tensin-1 was present in FA, suggesting the role of these proteins in segregation of FA

into FB due to the essential involvement of tensin-1 in this process'”. Cytoskeleton
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was less affected in confined modality but severely disorganized with almost no stress
fibers and very few microtubules in discontinuous modality as indicated by the actin
and tubulin staining (Figure 3.16). Time-lapse imaging clearly shows the co-existence
of both modalities in FAK+tlnlxp (Movie 3.4 and Movie 3.5). In all KD conditions of
MC3, either tinl or kin2 or ILK was present. Confined sub-modality indicates the
strong involvement of MC3 protein pairs in cell polarization and the formation of FB
to induce cell migration. Presence of discontinuous mode signifies the importance of
these proteins in maintaining cell polarity, typical lamellipodia formation and FA

stabilization.

FAK+tin1 KD

Discontineous

Confined

e d

Figure 3.16 FAK + tIn1 KD exhibits heterogeneous cellular phenotypes. Immunostaining
and imaging was conducted for 5 proteins as shown in the figure. Two different cellular
shapes, elongated and roundish, corresponding to confined and discontinuous modalities,
were present in cells depleted with FAK+tIn1. Scale bar is 20 um.

3.3.4 Cluster 4: Confined mode of migration

The KD conditions in cluster 4 led to the restricted and impaired migration
which is evident by lower track lengths and distance form origin in the average
migration profiles of MC4 (Figure 3.17a). The cells transfected with kin2, the most
frequent in MC4, in combination with four other proteins (FAK, vin, tinl, a-actl)
showed less and peripheral FA, small and round cells leading to the limited
movement (Figure 3.17b). Based on these features, cluster 4 depicts confined mode of
migration. Similar to MC3 and MCS, almost all KD conditions of MC4 had one of the
three integrin binding proteins; tlnl, kin2 and ILK except in two combinations

zyx-+vingp and vinta-pargp (Figure 3.6).
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YFP-Pax

Figure 3.17 Cluster members of MC 4 display confined mode of migration. (a) Shown are
the migration profiles of MC4 (average profile), control and indicated KD conditions. Each
parameter is plotted in the range of [0 1] and the limits are valid for each profile. (b) Images
from live cell video microscopy indicate limited number of FA and small, less spread cells in
protein depletions mentioned in the figure. Scale bar is 20 um.

Combined KD of kin2 with CAS or vin completely impaired the migration as
compared to control (Figure 3.18a) and more drastically as compared to individual
KD of kin2 (Figure 3.17). The inability to migrate was not related with proliferation
defects since cells were reasonably proliferative although significantly less than
control in both KD conditions (Figure 3.18b). Time-lapse images disclosed that cells
in the leading edge failed to develop FA, lamellipodia and changes in cell
morphology resulting in incapability to migrate (Figure 3.19). The follower cells
(cells behind the leading edge) with several FA (Figure 3.19) move around the
original position in kin2+vingp (Movie 3.6) and kin2+CASkp (Movie 3.7). Overall,
these findings show MC4 is associated with impaired migration, reduced cell

spreading, less FA, loss of directionality and cell polarization.
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Figure 3.18 Cell survival, proliferation and migration in kin2+CAS and kin2+vin KD.
(a) The migration profiles indicate the strictly resticted migration of kin2+CAS and Kin2+vin
depleted cells as compared to control. Each parameter is plotted in the range of [0 1] and the
limits are valid for each profile. (b) Representative images of colony formation assay show
marginal reduction in proliferation and survival. All the images were presented under same
brightness and contrast settings.
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Kin2+vin KD
YFP-Paxillin", "

YFP-Paxillin

Figure 3.19 Incapacity of lamellipodia formation and cell morphology change in non-
migrating cells in kin2+CAS and kin2+vin KD. Upper pannel of 8 images specify the
kin2+vin KD condition. The cell ‘pointed by arrow’ exhibit almost no change in shape in 160
min but remained unable to migrate. Each image is taken with the interval of 20 min.
Similarly, in case of kin2 and CAS KD, the ‘cell pointed by arrow’ show same cell size/shape
over the period of 160 mins, which failed to migrate. In both KD conditions, there is hardly
few FA in cells of the leading edge.
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To examine the formation of cytoskeleton and adhesion sites in kin2+CASkp,
fixed-cells images were examined. Kin2 and CAS depletion resulted in low spread
cells, disorganized actin stress fibers but well-organized tubulin network (Figure
3.20). Tensin-1 was present in FA but fibrillar adhesions were not formed in
kin2+CASkp (Figure 3.20) and kin2+vingp (data not shown), which suggest these
proteins are involved in translocation of tensin-1 to form FB. Notably, tensin-1 was
accumulated in focal adhesions only when depletion of FA proteins impaired the

migration.

Paxillin Tensin-1 PINCH Tubulin F-actin

Kind2+CAS KD

Figure 3.20 Confirmation of the round cell shape in cells depleted with kin2 and CAS.
Immunostaining of fixed cells depleted with kin2+CAS indiacted few FA containing paxillin
and tensin-1, but no PINCH. Actin and tubulin network was re-organized. Scale bar is 20 pm.

3.3.5 Cluster 5: Amoeboid-ruffling mode of migration

Cells in MCS5 migrate slowly but eventually closed the wound (Figure 3.21a).
This migration behavior is featured by the failure to form the lamellipodia. Instead
leader cells show membrane ruffling with relatively little number and tiny FA which
are distributed at the cell periphery. All the KD conditions in this cluster showe semi-
collective cell migration (Figure 3.21b). Although the migration behavior was closely
related to MC2, the major difference includes the lower speed of and membrane
ruffles in migrating cells in MC5 (Figure 3.11). Based on these features, this
migration behavior was named as amoeboid-ruffling mode of migration. The
representative example of FAK+VASPxp (Movie 3.8) is included in the
supplementary material. Cells depleted with FAK+VASP had relatively organized
cytoskeleton, several FA and dislocation of tensin-1 in perinuclear areas (Figure

3.21¢).
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Cluster 5 Control
@ Length total way run [mm]
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FAK+VASP KD TIn1+CAS KD Zyx+a-par KD Vin KD
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Figure 3.21 Cluster 5: amoeboid-ruffling mode of migration. (a) Average migration
profile of MCS5, profiles of four KD conditions and control. Each parameter is plotted in the
range of [0 1] and the limits are valid for each profile. (b) Images reveal the improper
formation of lamellipodia in leading edge of the cells. Images acquired from live cell imaging
using 20x objective. Imaging of YFP-paxillin indicate few and small YFP-paxillin positive
FA in the selected KD conditions. (c¢) Cells co-depleted with FAK and VASP were
immunostained and imaged with 40x objective for specified proteins. Scale bar is 20 um.

3.3.6 Cluster 6: Lamellipodial mode of migration

The control cells, a-par-depleted and CAS-depleted cells in addition to three
combinations showed relatively similar migration behavior as control (Figure 3.22).
These conditions exhibited similar cell size, shape, formation of numerous FA and

collective migration as a monolayer. These cells produce lamellipodia in the front
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edge to facilitate the directed migration. Relatively thin and long FA was observed in
vintCASkp and vin+tVASPkp (Figure 3.22). Representative example of vin+CASkp
(Movie 3.9) is included in supplementary material. The KD conditions in MC6 define
the characteristic mode of migration for fibroblasts.

FAK+CAS Vin+CAS Vin+VASP

> -

YFP-Paxillin

YFP-Paxillin

Figure 3.22 Cluster 6 represent lamellipodial mode of migration. Shown are the
representative images from time-lapse video microscopy of cells either transfected with
FAK+CAS, vin+CAS, vintVASP, CAS, a-par or control. Scale bar is 10 pm.

3.3.7 Cluster 7: Semi amoeboid-pseudopodal mode of migration

Migration profile of cluster 7 exhibits higher speed as compared to the control
and relatively directed migration as indicated by compass plots resulting in wound
closure (Figure 3.23a,c). Cells in these KD conditions were semi-round, make a large
protrusion (lacking FA) due to the less defined front and rear of the cell (Figure
3.23b). The members of this cluster display semi-collective type of migration (Figure
3.23b). The representative time-lapse video of VASP+CASkp (Movie 3.10) is
included in supplementary information. Based on these features, I referred this mode
as semi amoeboid-pseudopodal, however, presence of many FA (Figure 3.23b), was

not in line with the less adhesive feature of amoeboid-pseudopodal mode'”>.
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Figure 3.23 Semi amoeboid-pseudopodal mode of migration exhibited by KD conditions
of MC7. (a) Shown here are the migration profiles of cluster 7 (average profile), control and
four KD conditions. Each parameter is plotted in the range of [0 1] and the limits are valid for
each profile. (b) Images from time-lapse video microscopy for labeled KD conditions
signifying the cell morphology and FA. Cells were imaged for YFP-paxillin. Scale bar is 20
um. (¢) Compass plots indicate the angle of each cell. In total, the data from 30 randomly
selected cells is presented.

Fixed cell imaging confirmed the peripheral arrangement of FA and semi-
round cell morphology in case of VASP+CASkp and VASP+a-parkp (Figure 3.24).
Tensin-1 was mislocalized to perinuclear areas in both of the KD conditions. Notably,
mislocalization of tensin-1 was observed in those KD conditions which positively
regulate the migration. Cytoskeleton observed in these cells was well spread and

organized except marginally disturbed SF at the cell periphery (Figure 3.24). Overall
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MC7 is involved in the regulation of FA, FB and lamellipodia formation as well as

stabilization of FA to control the speed of migration.

VASP+a-par KD

Paxillin

Figure 3.24 Cytoskeleton organization and adhesion site formation in KD conditions of
MCT7. Two pairs VASP+CAS KD and VASP+a-par KD were immunostained for the proteins
labeled in the figure and imaged by using 40x objective. Scale bar is 20 um.

3.3.8 Cluster 8: Confined and sporadic mode of migration

The KD conditions in MCS8 negatively regulate cell migration (Figure 3.25a).
which is associated with less spread cells, fewer peripheral FA and improper
lamellipodia formation as indicated by ILK KD combinations; ILK+tIn1, ILK+kin2,
ILK+a-actl, ILK+a-par (Figure 3.25b). Furthermore, these protein-pairs resulted in
the defective polarization of the cells, either introducing protrusions on opposite ends
(bipolar-phenotype) or in all directions (Figure 3.25b, c). Based on the defects
observed, it is evident that these proteins are responsible for the formation of focal
adhesion and lamellipodia as well as controlling the directed cell migration. It is
noteworthy, in all KD conditions of MCS8, one component was integrin-binding
protein (tlnl, kin2, ILK) and the other was actin regulatory protein (a-par, a-actl),
indicating their combined depletion necessarily impaired the migration. In case of
individual knockdowns, only kin2 negatively regulates the migration contrary to the

positive regulation of cell migration upon depletions of tinl or ILK (Figure 3.11).
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" @ Average distance from origin [mm]
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’ @ Average angle of direction from origin [deg]

@ Free area fraction in the last frame

ILK+tIn1 KD ILK+k|n2 KD ILK+a-par KD ILK+a-actn1 KD

> v

Confined

Elongated

Sporadic

Moon-shaped

Figure 3.25 Heterogeneous modes of migration in cluster 8. (a) Average migration profile
of cluster 8, control and four KD conditions. Each parameter is plotted in the range of [0 1]
and the limits are valid for each profile. (b) Live cell video microscopy of specified KD
conditions during wound healing assay indicate the cell morphology associated with the
confined modality (c) Indicated KD conditions gave rise to sporadic modality with two
distinct cell morphologies; cylindrical cells and moon shaped cells. Scale bar is 20 pm. (d)
Representative images of each KD condition for colony formation. All the images were
presented under the same brightness and contrast settings.
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The most significant observation was the concurrent presence of two distinct
migration sub-modalities showing the unrelated behavior. One of the sub-modality
resembled to the well-defined confined mode of migration (as seen in MC4) in which
cells failed to migrate. Representative example of ILK+tlnlkp display the confined
modality is shown in Movie 3.11. Alternatively, cells display fast migration in
random manner and switch rapidly between different cellular shapes referred as
sporadic modality. The representative example of sporadic modality (ILK+tlnlkp) is
shown in Movie 3.12. In sporadic sub-modality, the knockdown combinations of ILK
disclose heterogeneous cellular phenotypes including long, thin and moon-shape cells
(termed in this study) as shown in Figure 3.25c. In both sub-modalities, cells have few
FA and they have lost the cell-cell contact during migration (Figure 3.25b, c). The
depletion of ILK along with kin2, a-actl and a-par negatively regulates the cell
survival and proliferation in similar manner except ILK+tInlgp where colony forming

ability matches to the control (Figure 3.25¢).

Time-lapse images revealed the presence of both above-mentioned migration
sub-modalities in ILK combinations (1) confined migration ILK+tlnlxp (Movie 3.11),
ILK+kin2gxp (Movie 3.13), ILK+a-actlxp (Movie 3.15) and ILK+a-pargp (Movie
3.17), (2) sporadic migration ILK+tlnlxp (Movie 3.12), ILK+kin2xp (Movie 3.14),
ILK+a-actlgp (Movie 3.16) and ILK+a-parkp (Movie 3.18).
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Paxillin Tensin-1 Tubulin | %, F-actin
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tin1 KD

ILK+
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Figure 3.26 Cellular phenotypes associated with sporadic sub-modality in ILK KD
combinations from cluster 8. REF52 cells were transfected with siRNA of specified proteins
for 48 h. Then cells were fixed and immunosted for the stated proteins. Scale bar is 20 pm.

Fixed cells imaging in above-mentioned ILK combinations aided the
visualization of cytoskeletal organization and adhesion sites formation. Imaging
confirmed the presence of distinct cellular phenotypes in these KD conditions related
in sub-modalities observed in wound healing assay. Long and thin cells had few FA
which contains paxillin while PINCH was absent. Cells failed to form fibrillar
adhesion (shown by the staining of tensin-1) while the cytoskeleton was condensed

and severely disorganized (Figure 3.27).
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Paxillin Tensin-1 F-actin

ILK+a-act1 KD ILK+kin2 KD ILK+tIn1 KD

ILK+a-par KD

Figure 3.27 Spread cells associated with the confined sub-modality in ILK KD
combinations from cluster 8. Immunostaining and imaging of ILK KD combinations
revealed the formation of several FA in ILK+tInl, ILK+kin2, ILK+a-actl and ILK+a-par.
Tensin-1 was present in FA in all combinations as well as marginally accumalated around the
nuclues. PINCH was absent in all combinations except low expression in case of ILK and a-
actl KD. Actin and tubulin cytoskeleton was disorganized and actin was accumalated in the
cell edges and boarders. Scale bar is 20 um.

Cells in confined mode produce relatively more FA with the characteristic
presence of paxillin (Figure 3.27). The absence of PINCH in these cells is consistent
with the findings of Gagne ef al., 2010. These authors reported the lower levels of
PINCH and a-parvin in cells depleted with ILK, due to the disruption of PIP
complex'®. Tensin-1 was present in FA but the cells failed to form mature FB. In
addition, cytoskeleton was disorganized and concentrated in the cell edges or borders
(Figure 3.27). These findings suggest that proteins in MCS8 induce cell migration,
adhesion site formation (FA and FB), cytoskeletal organization, protrusions, cell

polarization, directed and collective cell migration.
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3.3.9 Cluster 9: Lamellipodial-tethering mode of migration

The 11 KD conditions of MC9 are comprised of cytoskeletal and force
modulating proteins such as a-actl, a-par, VASP, tinl and vin. The larger track
lengths indicate that longer distance covered by the fast migrating cells (Figure
3.28a). Time-lapse images from wound healing assay show heterogeneous cell sizes
and shapes with numerous focal adhesions (Figure 3.28b). The distinguishing feature
was the formation of single to multiple tethers in the leading cells in addition to the
multiple small lamellipodia (Figure 3.28b). Live-cell imaging showed random and
fast movement of cells as well as the formation of tethers as shown in tlnl+vin KD
(Movie 3.19). Based on these features, the migration behavior was termed as
lamellipodial-tethering mode of migration. MC9 KD conditions up-regulated
migration that suggests their role in FA stabilization, lamellipodia formation and

control of directionality.
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q‘ @ Average distance from origin [mm]
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— @ Average angle of direction from origin [deg]

‘ @ Free area fraction in the last frame

VASP+a-act1 KD a-par+a-actl KD Vin+a-act1 KD CAS+Zyx KD

YFP-Paxillin

Figure 3.28 MC9 exhibit lamellipodia-tethering mode of migration. (a) Avergae migration
profiles of cluster 9, control and four representative KD conditions of MC9 are presented.
Each parameter is plotted in the range of [0 1] and the limits are valid for each profile. (b)
REF52 cells transfected with indicated KD conditions were imaged during wound healing
assay. The leading cells form single (white arrows) or multiple tethers (red arrows). Scale bar
is 30 um. (c) Representative images of immunostaining of the cells depleted with tinl and
vin. Cells were stained for indicated proteins. Scale bar is 20 pm.
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Immunostaining confirmed the presence of relatively large cells and the
formation of tethers. Disorganized actin-tubulin cytoskeleton was observed in
tinl+vin KD. However, tensin-1 was absent from FA and no fibrillar adhesions were
formed (Figure 3.28c). The mislocalization of tensin-1 suggests strong involvement of

MCO proteins in controlling tensin-1 localization.

For each cluster manually assessed cellular phenotypes to define modes of

migration are mention in Table 3.3.

Mode of Protru- Stress Micro- Migration
Cell shape FA FB
Migration sions fibers tubules form
MC1 ..
Elongated Yes Low/No = No No No Individual
3D Lamellipodial
MC2 .
Roundish No High (P) No Thin Yes Semi
Amoeboid-blebby
MC3
) Random
Confined Multiple No Medium = No Thick Yes
movement
Discontinuous Yes Low No No
MC4 . Random
Round No Medium = No Thick Yes
Confined movement
MCS5 . . . .
Roundish No High (P) No Thin Yes Collective
Amoeboid ruffling
MCeé Spindle ) Ye Like- )
Yes High Yes Collective
2D Lamellipodial shape s control
MC7
Amoeboid Roundish No High (P) No Thin Yes Semi
pseudopodal
MCS8
) Random
Confined Multiple No Medium Thick Yes
movement
Sporadic No Low No No
MC9
High or
Lamellipodial Multiple Yes N No No No Tethers
o
tethering

Table 3.3 Summary of selected determinants of modes of migration. Table include
cellular phenotypes, manually assessed from wound healing assay data and immunostaining
of FA and FB proteins. (P) - pheripheral arrangeent of FA.
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3.4 FA proteins regulate tensin-1 localization and adhesion sites
segregation

Immunostaining of cells depleted with actl+zyx showed failure to assemble
the adhesion sites. The same KD condition were associated with fast migration
(Figure 3.13). In contrast, FAK+tInl depleted cells formed tensin-1 positive FA and
the same KD condition reduced migration (Figure 3.16). To find out the defects of
tensin-1 localization and its association with cell migration, KD conditions were

divided into two groups based on the free area fraction.

First group comprised of KD conditions from MC3, 4, and 8§ in which all KD
pairs impaired the cell migration. Fixed-cells imaging screen revealed the presence of
tensin-1 in FAs as well as slight accumulation of tensin-1 around the nucleus in all the
KD conditions which have reduced the migration. Out of 22 KD conditions a total of
13 combinations and 1 single KD (kin2) display markedly decreased migration
(Figure S16). The representative images of these combinations with paxillin and
tensin-1 staining are shown in Figure 3.29. Most of these pairs produced plenty of FA
(Figure 3.29a) while other have less FA (Figure 3.29b), observed with the presence of
paxillin and tensin-1. These cells failed to form fibrillar adhesions (Figure 3.29),
suggesting the failure of segregation of tensin-1 to develop into FB. The selection of
tensin-1 facilitated to determine its localization in both adhesions sites in comparison
to its other isoform tensin-2 which is predominantly present in FA and tensin-3 which
is exclusively present in FB. Furthermore, tensin-1 is considered a marker of mature
FB""'**_In the control cells, the proper localization of tensin-1 in FA and FB ensures

the segregation of FA into FB (Figure 3.30).

The second group included KD conditions in MC1, 2, 5, 7 and 9 that led to the
enhanced migration. In all the combinations displaying fast migration, tensin-1
mislocalizes from FA to the perinuclear areas (Figure 3.32). Out of 28 KD conditions,
16 combinations prominently enhanced the cell migration (Figure S17) in which
tensin-1 expression was checked by fixed-cell imaging screen. Notably cells in some
combinations formed plenty of paxillin-positive FA even though tensin-1 was not
present (Figure 3.32a). Results show the strong association of these KD pairs in

regulating the localization of tensin-1.
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\ 3
s wo
\

FAK+TIn1 KD R - ) IEK+CAS KD

Kin2+zyx KD
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Figure 3.29 Tensin-1 localization in FA in KD conditions associated with impaired
migration. Imaging of tensin-1 and paxillin in the indicated KD conditions show the failure
of tensin-1 dependant FB formation. Scale bar is 20 pm.
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Control

Figure 3.30 Tensin-1 localizes in focal adhesions and fibrillar adhesion in control cells.
Imaging of tensin-1 and paxillin in control cells. White arrows in tensin-1 image indicate
beaded and thread like FB whereas red arrows indicate its presence in FA. Scale bar is 20 pm.

Figure 3.31 Set of KD conditions induce the mislocalization of temsin-1. Imaging of
tensin-1 and paxillin in the indicated KD conditions. Scale bar is 20 pm.

Page | 72



Results

3.4.1 Kindlin-2 and talin-1 mutually regulate cell survival, proliferation and
migration

Cells depleted with tinl showed cell survival similar to the control whereas
the proliferation is reduced marginally. In contrast, kin2 KD clearly and significantly
reduced CA and SF (Figure 3.32a), indicating its strong involvement in the regulation
of cell survival and proliferation as compared to tlnl KD. Interestingly, the combined
depletion of tlnl and kin2 (survival and proliferation cluster 5) drastically and
significantly reduced the colony area and survival fraction as compared to the
corresponding individual KDs (Figure 3.32a). This finding suggests the involvement
of tinl and kin2 in different signaling cascades. Furthermore, it suggests the strong
negative epistatic interaction between tlnl and kin2 that critically regulates cell

survival and proliferation.
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Figure 3.32 Kin2 and tInl critically regulate cell survival, prolifetration and migration.
(a) The individual and mutual effects of tlnl and kin2 on colony area and survival fraction is
indicated by bar plots and representative colony image. The values were normalized to the
control and represented in log scale. Values close to zero indicate effect similar to the control.
p-values are mentioned above each bar. Error bars represent standard error of mean (SEM).
All the images were presented under the same brightness and contrast settings. (b) Migration
profiles of the specified double and single KD conditions to compare the motility behavior.
Each parameter is plotted in the range of [0 1] and the limits are valid for each profile.

Page | 73



Results

I hypothesized whether kin2 have a different role in cell migration as
compared to tinl. We found tinl KD was associated with randomly moving fast cells
due to the changes in cellular morphologies and fewer FA (Movie 3.20) led to the
enhanced migration (Figure 3.32) indicated by wound closure (Figure S18). TInl-
depleted cells manifested multi-lamellipodial mode of migration (described in section
3.3.9). In contrast, kin2 exhibited confined mode of migration (Figure 3.32b) with
cells having few adhesion sites (Movie 3.21) (described in section 3.3.4). These
results show the prominent role of tinl and kin2 in the regulation of migration but in a
distinct manner. Cells co-depleted with Tlnl and kin2 showed adverse effect on
migration and exhibited confined mode of migration (Figure 3.32b) as compared to
lamellipodial mode of migration in control cells (Movie 3.2). Lamellipodial mode of
migration is described in section 3.3.6. Time-lapse video microscopy revealed
tin1+kin2kp cells failed to form YFP-paxillin positive FA (Movie 3.22). These results

clearly show different role of tinl and kin2 in cell motility.

To investigate the significance of concerted activity of kin2 and tlnl in the
formation of adhesion sites, results of fixed-cell imaging screen were compared with
individual and combined depletion of proteins. Tlnlgp (Figure 3.33a) and kin2kp
(Figure 3.33b) led to the reduction in the number of FA and disorganization of

cytoskeleton. Reduction in the number of FA was consistent with the published

103,1 196
1103177 2

reports of tin and kin2 . Kin2 depleted cells displayed severe reduction in cell
spreading as compared to the control (Figure 3.33d). Tensin-1 was present in FA in
kin2-depleted cells but these cells failed to form FB and there was no dectable tensin-
1 positive adhesion sites in tlnl-depleted cells (Figure 3.33b, c¢). The co-depletion of
tinl and kin2 showed failure to from focal adhesions and fibrillar adhesions as
indicated by paxillin, PINCH and tensin-1 staining (Figure 3.33d). The massive
disorganization of actin cytoskeleton and microtubules network was coupled with
severe effects on cell morphology (Figure 3.33d) as compared to the control (Figure
3.33¢) and individual protein depletions (Figure 3.33a, b). These results indicate the

combined function of tlnl and kin2 is essential for the formation of adhesion sites.
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a TIn1 KD

Tensin-1

Tubulin F-actin
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| | .

TIn1+kin2 KD

Figure 3.33 Immunostaining revealed failure of adhesion sites formation in tlnl+kin2
KD. REF52 cells were transfected with (a) tlnl (b) kin2 (c) tlnl and kin2 (d) control, fixed
and immunostained for adhesion sites and cytoskeletal proteins. Scale bar is 10 pm.
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4. Discussion

4.1 Functional modules of focal adhesion proteins

Cell-matrix adhesion sites; a complex network of proteins are fundamental for
sensing extra cellular environment to perform cellular processes such as adhesion and
migration. In order to achieve these multitude functionalities, FA proteins are
organized in a certain fashion to perform the diverse tasks in a systematic manner. In
this study, we have shown that FA proteins are arranged into functional modules, and
that each of these modules are responsible to regulate distinct aspects of the adhesion
segregation process and cell locomotion.

We functionally characterized core FA proteins in distinct modules for
regulating tensin-1-dependent adhesion segregation process (Figure 4.1a). Talin-1**,
kindlin-2""" and ILK'® are integrin-binding structural proteins are classified as
‘adhesion-segregation module’. Co-depletion of talin-1 and kindlin-2 revealed the
concurrent requirement of these proteins for adhesion-based cellular processes (Figure
4.2), defining the ‘adhesion-building sub-module’ (Figure 4.1a). FA proteins
involved in adhesion-based signaling such as FAK** and CAS'*"'® are related to a
‘signaling module’. Actin cytoskeleton regulatory proteins such as a-actinin-1*,
zyxin'*2, and VASP" give rise to the ‘actin-regulatory module’ (Figure 4.1a).

Upon phosphorylation, signaling proteins (FAK, CAS) interact with tensin-
1'” Depletion of signaling-module proteins revealed their significance in localization
of tensin-1. Binding of tensin-1 with actin and its FA localization are independent

200201 Besides signaling module, actin-regulatory module mislocalizes tensin-1

events
to perinuclear areas, signifying their role in tensin-1 localization. Adhesion-
segregation module (ILK, talin-1 and kindlin-2) arrests tensin-1 in FA, delineating
their function in the formation of FB. Overall, three newly identified modules are
involved in tensin-1-dependent formation of FB and FB translocation from FA

(Figure 4.3).
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Figure 4.1 Schematic presentation of FA proteins in distinct functional modules. (a)
Proteins in the adhesion-segregation module including talin-1, kindlin-2, and ILK specify the
addition of two new components kindlin-2 and ILK. Signaling-module enlists FAK along
with new component CAS. The actin-regulatory module contains a-actinin-1, zyxin, VASP in
addition to new component, a-parvin. Vinculin has still overlapping position in signaling and
actin-regulatory module, a situation which is very similar to the model proposed by
Kanchanawong et al, 2010 (b) Schematic presentation of FA proteins described by
Kanchanawong ef al., 2010 in three signaling layers™. (c) Identical modules are associated
with distinct modes of the cell migration. See text for detailed discussion.

Interestingly, the same modules regulate the specific stage of classical
migration cycle to shape distinct modes of cell migration. The usual process of cell
migration starts with polarizing signals via Racl that directs actin polymerization to
initiate the cellular protrusion followed by their stabilization via integrins-mediated
nascent adhesion. Next, newly formed adhesion matures into FA by Rho-mediated

actomyosin contractility. Finally, myosin-II disassembles the mature FA to facilitate
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. Trailing the same sequence, how distinct modules regulate different
stages of migration is explained as follows: (1) Signaling module (FAK, CAS) is
involved in the initial stage of migration by strongly modulating the lamellipodia
formation evident from ‘amoeboid mode’ where cells failed to proper lamellipodia.
(2) Adhesion building/segregating module (ILK, talin-1, kindlin-2) is involved in
“rather middle stage” of migration during which integrin adhesions are formed in
cooperation with actin cytoskeleton to promote migration learned from ‘confined
mode’. (3) Finally, actin-regulatory module is implicated in the last stage of migration
where cytoskeleton organization results in maturation of FA and cell polarization to
establish front-back cell polarity, understood from ‘lamellipodial mode’ (Figure 4.4).

Taken together, we characterized FA components belonging to structural layers as

well as new components in functional modules (Figure 4.1b).

Functional modules were identified based on the combined depletion of
proteins. The proteins were selected based on their frequent appearance and their
functional relevance e.g. adhesion-segregating module is represented by the structural
proteins (talin-1, kidnlin-2 and ILK). Each KD condition associated with respective

module is mentioned in Figure S19.

4.2 Kindlin-2 cooperates with talin-1 as adhesion-building module
REF52 cells depleted with integrin-binding proteins such as ILK+talin-1 and
ILK+kindlin-2 assembled several FA (data not shown). Conversely, cells co-depleted
with talin-1+kindlin-2 were unable to form FA and FB, revealed via immunostaining
of paxillin, PINCH and tensin-1 (Figure 3.33). Cells individually depleted with talin-1
or kindlin-2 formed few FA (Figure 3.33) which is in line with the previous reports
demonstrating the effect of talin-1 and kindlin-2 KD on FA'**'**_ Debatably, cells co-
depleted with talin-1 and kindlin-2 were able to spread, perhaps due to the
compensation by un-perturbed kindlins or talin-2. The severe defects in actin-tubulin
cytoskeleton which is an integral part of adhesion assembly, indicate low chances of

adhesion formation in talin-1 and kindlin-2 KD.

The combined KD of talin-1 and kindlin-2 drastically reduced cell survival,
proliferation and migration as compared to the individual KD of these proteins

(Figure 3.32). We report here talin-1 and kindlin-2 are indispensible for adhesion
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sites-assembly and adhesion-mediated cellular processes, therefore considered as
adhesion-building module. Taking these findings into account and the role of kindlin-
2, for controlling cell spreading in talin independent-manner’, we postulated that
talin-1 and kindlin-2 proteins initiate different pathways to control cell

survival/proliferation and migration (discussed below).
4.2.1 Kindlin-2 via CAS assembles an essential signaling node

Anchorage-dependent assay screen was employed to find a mechanistic
explanation for the involvement of talin-1 and kindlin-2 in alternative signaling
pathways. In line with previous report’’, depletion of kindlin-2 reduced the cell
survival. Whereas control-like survival was observed in cells depleted with talin-1
which is opposite to the reported reduced survival of metastatic prostrate cancer
cells”". Our results suggest talin-1 and kindlin-2 exist in compensatory pathways,
which is in connection with the binding of talin-1 and kindlin-2 to different motifs of
B-integrins***. Quite unlikely is the compensation provided by un-perturbed talin-2 for
its isoform (talin-1 KD) to rescue the cell survival, which otherwise must have been
compensated in combined depletion of talin-1 and kindlin-2 (which is not observed).
Our results identified kindlin-2 as a positive/alternative regulator, necessary for
mediating downstream signaling for cell survival.

Three FA proteins FAK, CAS and ILK are known modulators of survival and

proliferation signaling3’203

(Figure 4.2). The mechanistic details of these proteins are
explained in the box. Their depletion in combination with talin-1 or kindlin-2 suggests
the presence of two complementary pathways (Figure 3.7 and Figure 3.9). For
example, cells depleted with FAK+kindlin-2 and FAK+talin-1 survived in the similar
manner (Figure 3.9), indicating a central position of FAK in both parallel acting
proteins. Interestingly, downregulation of kindlin-2 only with CAS (Figure 3.7) and
FAK (Figure 3.9) displayed improved survival/proliferation as compared to the
individual depletions, which indicate presence of these proteins in the same pathway.
Association of Kindlin-2 with FAK is expected due to direct interaction of both

2204 Pparticular is new association of kindlin-2 with CAS. These

proteins with paxillin
results indicate kindlin-2, in association with CAS, give rise to the compensatory
pathway for survival. In case of co-depletion of kindlin-2 and CAS, possibly talin-1

mediated pathway governs cell survival/proliferation (Figure 4.2).
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Box1 Common pathways involving FAK, CAS and ILK describing the survival
signaling mediated by talin-1 or kindlin-2- are given in Figure 4.2. ‘Kidnlin-2’
directly bind with paxillin that in turn recruit FAK to focal adhesions'”. FAK is the
major hub of signaling for critical cellular processes such as cell survival,
proliferation and migration’. Paxillin/FAK complex, in association with EGFR
signaling, initiate the activation of Erk and Akt to promote the cell survival>”. In an
alternate process/way, FAK via Src, mediates CAS downstream signaling to
regulate these cellular processes. ‘Talin-1’ perform its functions in cell survival
signaling by promoting the binding of its intracellular effector ILK with Bs-integrin,
which in turn phosphorylate Akt’. The other route of talin-1 for mediating survival
signaling is FAK and Src followed by downstream activation of Akt’.

T

PM ECM

47
”<7/
le\’\ ///'o /)?

/ s

P13/Akt ERK1/2 Cyclin D1

L

Cell Proliferation
Cell Migration

Figure 4.2 Schematic illustration of alternative pathways generated by kindlin-2 and
talin-1 for cell survival, proliferation and migration signaling. Talin-1 and kindlin-2
signals in downstream cascades, which are mediated by FAK and ILK. Scheme highlights the
association of kindlin-2 with CAS as a putative ‘direct link’ in comparison with the indirect
involvement of talin-1 and CAS in the same pathway. The dim arrows, text and proteins
indicate the presence but less-context specific importance. The literature used to draw this
scheme was adopted from these reports' %7710 ang concise description is included in
Boxl1. Abbreviations; PM, plasma membrane and ECM, extra-cellular matrix. See text for
detailed discussion.
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Interestingly, the wound healing assay revealed impaired migration upon KD
of kindlin-2 while talin-1 depletion enhanced the migration. This further strengthens
our postulation of independent regulatory pathways of both critical structural proteins.
Remarkably, among the ten proteins studied during this work, the individual as well
combined depletions of kindlin-2 resulted in reduced migration (Figure 3.11). Only
mutual depletion of kindlin-2 with CAS stringently impaired the migration, hinting
towards their strong functional association (Figure 4.2, Movie 3.7). Kindlin-2 seems
to be a fundamental ‘positive/upstream regulator’ of cell motility. Contrariwise, the
individual and combined depletion of talin-1 along with CAS, VASP, vinculin led to
the increased cell motility while its downregulation in combinations with FAK, zyxin,
kindlin-2, ILK, a-parvin, a-actinin-1 slowed the cell migration. In this way, talin-1
generates two distinct signaling cascades, different from kindlin-2, to regulate the cell
motility, strictly depending on functional association with other core FA proteins.
Taken together, talin-1 and kindlin-2 function as adhesion-building module due to
their critical role in the formation of adhesion sites and adhesion-associated cellular

processes.

4.3 FA protein functional modules regulate adhesion sites formation
and segregation

It is well established that focal adhesions assemble at the cell periphery,

26,205
. Time-

further move towards the cell center and transform into fibrillar adhesions
lapse video microscopy demonstrated that cells expressing GFP-tensin displayed a
continuous centripetal flow of tensin from FAs to FB, indicating that FB are derived
from FAs™. The relationship between formation of FB and tensin-1 translocation is
well-established®”®. The expression and localization of tensin-1 upon KD of core FA

proteins determined new functional associations.

FA proteins organized in functional modules (Figure 4.1) are canonical
components of cell adhesion machinery. The current study emphasized that these
functional modules participate in three distinct stages of tensin-1-mediated adhesion
segregation process: (1) regulating tensin-1 localization to FA via signaling proteins
(2) recruitment of tensin-1 to FA via actin-regulatory proteins (3) translocation of FB.
In the following commentary, the role of functional modules in regulating different

stages of adhesion segregation process is discussed.
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4.3.1 Involvement of signalling module in localization of tensin-1 to FA

Here, we show that in the absence of signaling-module proteins, FB does not
form. As a consequence, tensin-1, the hallmark of FB, is accumulated in the
perinuclear areas. Not surprisingly, tensin-1 interacts with tyrosine-phosphorylated
proteins such as FAK, CAS and PI3-kinase*”. How this interaction implicates tensin-
1 localization to FA is not known? Our result not only enlists new tyrosine-
phosphorylated proteins such as a-actinin-1*"" and VASP*®, as potential interactors
of SH2-domain of tensin-1 but also identified their un-reported function in
localization of tensin-1 to FA. It has been proposed that phosphorylation of tensin-1 is

required for FA turnover, resulting in the development of FB'**

. But phosphorylation-
dependent localization of tensin-1 is not known. Considering the function of signaling
proteins in modulating phosphorylation, we propose the necessary role of FAK in
tensin-1 phosphorylation, important for its recruitment to FA. It is plausible as PTB
domain of tensin-1 is essential but not sufficient for FA localization’”. However,

future studies need to address this question.
4.3.2 Actin-regulatory module regulate tensin-1 localization in FA

Actin-regulatory proteins (VASP, a-actinin-1, zyxin) mislocalizes tensin-1 in
perinuclear areas. Interestingly, actin and tubulin cytoskeleton was prominently
affected in KD conditions of actin-regulatory module (Figure 3.13 and Figure 3.28).
We suggested the ABD (actin binding domain)-dependent binding of tensin-1 with
actin®®' was curtailed, most likely due to disorganized actin-meshwork. For example,
a-actinin-1 and zyxin KD resulted in severely disorganized actin-tubulin network
(Figure 3.13). Direct interaction between a-actinin-1 and zyxin, in addition to their
critical role in regulating the assembly of actin stress fibers®”’, explain the reason of
adverse effects on cytoskeleton that resulted in dislocation of tensin-1. Based on
extensive literature review, it is difficult to find the role of ABD-I domain in tensin-1
localization. Our results demonstrated the correct localization of tensin-1 depends on
its interaction with actin filaments and facilitated by actin-regulatory proteins (Figure

3.33).

So far, we have demonstrated particular functional modules of FA proteins
that drive the localization of tensin-1, most likely by curtailing its interactions with
tyrosine-phosphorylated proteins (signaling module) and actin (actin-regulatory
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module). These modules might exhibit selective or competitive interactions with

tensin-1 domains (Figure S19), which need further validation.
4.3.3 Adhesion segregating module regulate translocation of tensin-1

In contrast to, previously explained modules, here tensin-1 was successfully
recruited in FA. However, the cells failed to form FB (Figure 3.29). In control cells,
tensin-1 effectively segregated from FA and translocated to fibrillar adhesions (Figure
3.30). ILK, talin-1, kindlin-2 as well as tensin-1 are B-integrin binding proteins. Talin-
1 and tensin-1 interacts with NPxY motifs via PTB domain, kindlin-2 with NxxY

202,210

motif and ILK in an unknown manner . Moreover, recently talinl &2 and kindlin-

2 have been shown to activate asp; integrin’, and it is well known that asf; integrins

translocate tensin-1 towards cell center’®.

In the light of these reports, lower
expression of integrins is expected, which in turn arrests tensin-1 in FA, possibly due
to the strong/context-dependent binding of tensin-1 with available integrins (most

likely with a3 and asp;).
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Figure 4.3 Model of fibrillar adhesion formation by the FA proteins functional modules.
(1) Formation of Focal adhesion is dependent on ‘adhesion-building module’ (talin-1, kindlin-
2). Tensin-1 is localized to FA either due to the tensin-1 interactions with (2?) tyrosine-
phosphorylated proteins such as CAS, FAK in ‘signaling-module’ or by interactions with (2?)
actin-cytoskeleton due to ‘actin-regulatory module’ (VASP, a-actinin-1, zyxin). (3) FA
segregation process is driven by ‘adhesion-segregation module’ comprising of structural
proteins such as talin-1, kindlin-2 and ILK. See text for detailed discussion.
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Tensin-1 KD has no apparent effect in FN fibrillogenesis or FB formation®''.
But other than integrins, ILK is involved in fibronectin (FN) fibrillogenesis and FB

formation>'!

. Thus adhesion-segregation module proteins are more likely candidates
to regulate the FN fibrillogenesis required for FB translocation. It has been proposed
that tensin-1 phosphorylated by Src and FAK might be the switch for segregating FB
from FA'*. In addition to phosphorylation switch, the results of this study show the
role of structural proteins in tensin-1 segregation to form FB, very likely by regulating

integrins and fibrillogenesis that, in turn, faciliate assembly of fibrillar adhesions.

4.4 FA protein functional modules control different aspects of cell
migration

Cell migration is a dynamic process, mediated by the interactions of cell-
matrix adhesion sites with ECM and intracellular cytoskeleton. Our findings provide a
preview of functional architecture of FA proteins in regulating the overall cell
motility behavior, controlled by functional modules of core FA proteins. We show
that mutual downregulation of FA proteins, in addition to reducing/increasing
migration, modulates speed, directionality, polarization, alteration in adhesion sites,
protrusions and cytoskeleton formation. In addition to the typical 2D lamellipodia
migration, based on the varying degree of the listed features, we classified three main
modes of migration comprised of 2-3 sub-modes (Figure 4.1). Typically, migration
types are observed in 3D matrices and has been previously reported in keratocyte*'?,
fibroblasts'**"* and mesenchymal cells®’. Various studies unravel the relations among
cell-matrix adhesion sites, cellular phenotypes/protrusions, and RhoA, ROCK,
myosin-II activity®*>'***'*_ Our results provided the molecular insight in the form of
FA protein modules, for regulating known modes of fibroblasts migration. Most
importantly four new modes of migration are defined. Of note, these modes were

identified based on the quantified as well as manually assessed features.
4.4.1 Signalling module defines amoeboid mode of migration

Amoeboid sub-modalities (Figure 4.4) in which cells failed to form
lamellipodia (Figure 3.14 and Figure 3.24) is a Racl-mediated event™. Racl activity
is lower in 3D-amoeboid mode as compared to 3D-lamellipodial®*. It is plausible that

Racl activity was decreased in the FAK and CAS (signaling module), illuminating
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the possible reason for ill-defined cellular protrusions. These results support the
putative link of FAK in regulating the Racl-mediated cellular protrusions*” and
propose a same role of CAS. Rac and Rho are tightly regulated®. If Rac activity is
lower, speculated to be the case in amoeboid-modes, Rho activity is elevated which is
supported by the organized cytoskeleton (Figure 3.14). Altogether, we have shown a
module, enlisting critical FA proteins that are expected to be involved in lamellipodia
formation. These proteins can be the potential target for understanding amoeboid

. . . 84
mode of migration, commonly observed in cancerous cells™".

4.4.2 Adhesion building and segregating module defines confined mode of

migration

After lamellipodia formation, adhesion sites are formed by structural proteins
such as ILK, talin-1 and kindlin-2 in association with actin cytoskeleton. We found
adhesion segregation module was involved in confined mode of migration (Figure
4.4). Migration-associated features such as loss of cell polarity, defects in biogenesis
of lamellipodia, reduced cell spreading and less FA collectively explain the wide
spread effects of these proteins. In MC3 and MCS, confined as well as fast randomly
migrating cells featured the second sub-modality in which ILK/talin-1 was depleted
with o-parvin/a-actinin-1/zyxin and represent a functional crosstalk between two
modules (Figure 4.4 and Figure 3.11). Heterogeneity is underrepresented aspect of
cell migration. We found the parallel emergence of two heterogeneous sub-modalities
(Figure 3.26) based on speed (quantified) and protrusions, in addition to set of
quantified features such as angle of direction, total distance from origin, ability to
close the wound as well as manually assessed features like actin and tubulin
cytoskeleton, FA (paxillin, PINCH) and FB (tensin-1) features. This set of parameters
provides a new quality of information. A unique cell shape (moon-shape) was
commonly observed in these sub-modalities, which enabled cells to quickly cover
large distance but with random movement. The knockdown efficiency was more than
70% in cells showing heterogeneous migration behavior (Figure Sle), alleviating the

possibility of heterogeneity due to ineffective KD.
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Figure 4.4 Distinct modules regulate specific aspects of cell migration behavior.
Signalling-module (FAK, CAS) was linked with amoeboid-modalities in which several
peripherally arranged FA were observed although cells lacked FB. Confined and two
heterogeneous modalities (discontinuous and sporadic) were related with adhesion building
and segregation module. Actin regulatory module (o-actinin-1, zyxin, VASP) were involved
in regulating lamellipodia-based modes, in which few FA assembled and cells failed to
develop FB (represented with red cross). Less and more FA are mentioned based on the
comparison (without quantification) between different modes because number of FA was
lower as compared to control. The ‘upward arrow’ designates ‘possibly elevated activity’ and
‘downward arrow’ specifies expected ‘decrease in activity’ in Rac and Rho signaling. See text
for detailed discussion.

These findings symbolize an important advancement that may boost the future
investigations of the fibroblast migration archetype in 2D. Particularly, facilitating the
improved understanding of natural and experimental variability by accounting for
different cellular phenotypes and modes of migration instead of unintentionally
combining cells and taking an average®. Recognition of these modes as well as
associated differences may facilitate a more accurate understanding of the

heterogeneity and regulation of fibroblasts migration as a whole.
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4.4.3 Actin-regulatory module outlines lamellipodial mode of migration

In the last stage of migration, organized cytoskeleton ensures the maturation
of FA, stabilizes the migration speed and ensure front-back cell plorization. We found
actin regulatory module regulate this stage by forming remarkably long and thin cells
(Figure 4.4). We found drastically reduced cytoskeleton upon co-depletion of a-
actinin-1 and zyxin due to elongated cells with bi-polar lamellipodia (Figure 3.13). a-
actinin-1, is a regulator of microtubules and stress fibers, potentially contributed to

80,216 . .
. Live-cell video

the drastic reduction in actin and tubulin cytoskeleton
microscopy exposed transient cell-cell adhesions and rapid switching of cellular
phenotypes via long protrusions (Movie 3.1), suggesting the role of these proteins in
stabilizing the adhesion and migration. The mode-switching behavior is often dictated
by the level of RhoA, ROCK and myosin-II**. These proteins are not assessed in this
study, however disturbed cytoskeleton proposes high Rac level (due to rapid
lamellipodia formation) and low rho activity (due to reduced cytoskeleton). These
results provide experimental evidence that a-actininl—zyxin is an important axis of

cell-matrix adhesion sites and may serve as promising therapeutics to potentiate the

fast migration and proliferation for wound healing

It is conceivable that systematic perturbation of integrin adhesome by gene
modulation or different environmental cues, combined with functional assays such as
wound healing assay and clonogenic assay presented here, will become a mainstream

approach to characterize the functional molecular architecture of adhesion sites.
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Figure S1 Matrix of individual and pairwise combination of proteins and quantification
of individual protein knockdown using western blot and RT-qPCR. The diagonal of the
matrix represent 10 adhesion site proteins (yellow color boxes) for indivudal siRNA
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perturbations. Ten siRNA gave rise to 45 pairwise siRNA combinations (white boxes). Grey
highlighted boxes included complimentary order of the 45 pairs (not included). (b) REF52
cells were transfected with siRNA for each protein individually, immuno-blotted with
respective antibodies, as indicated. GAPDH was used as loading control. (c) Bar plot showing
quantification of KD for each protein. Error bars represent SD. (d) REF52 cells were
transfected with individual siRNAs, post 48 h RNA extracts were prepared and used for the
quantification of mRNA level by RT-qPCR. Error bars represent SD. (e) REF52 cells were
transfected with 45 pairwise combinations of siRNAs followed by RNA extraction. Level of
mRNA was estimated for both proteins in each combination using RT-qPCR. Plots represents
the number of combinations showing % of KD. (f) REF52 cells transfected with TOX siRNA
and control cells were trypsinized counted using trypan blue.

N
a - &\,% b 16 % —
Z Q Q (3 N C?X - 144 1.4 I Single KD
% (’\(, L’\(, R\ «\% R\ é 1.? E 1,? [ Double KD
- ] ® 06| & 06
R = [Talin-1 & 04| T o
S a— — e |GAPDH 0'5 I 0.2
PARVA ACTN1+ 0 ACTN1 PARVA ACTNT+
PARVA PARVA
Q 16
<ZE N N )8+ 1.4
z & & O 0 1.2
= (_)\(/ ‘_)\(/ Q'\ Q+ Q'\ % 1 E
iy i % < 08 ©
— ——— FAK S o6 |(_3
— — — Paxillin )

| o — |G APDH —_—

TLN1 6 TLN1
%: N N ,\;\+ 1:4
Q < x
= =
|—- — ——|Vincu|lin 8 ,ﬁ‘ 82
[ —— — |Zyxin = 04
0.2
VCL  ZvX VCL+ VCL  ZYX  VCL+
ZYX ZYX
K\
§~ 1.6
Q 1.4
s PSR\ o v\\x 12 S
G s v R x
L 08 <
|— — —— — — |a-Actinin1 0.6 o
- . 0.4
| . — . |a—ParV|n oo
|—.- . — -—-|GAPDH O TPTk2 T PXN PTKa+ O ThG PN Pk

PXN PXN

Figure S2 Quantification of combined protein knockdown using western blot and RT-
qPCR. (a) REF52 cells were transfected with individual siRNA as well as with siRNA
combinations for four different pairs. Lysates were prepared for each KD condition and
examined by SDS-gel electrophoresis. Immunoblotting was done with respective antibodies,
as indicated, to evaluate the expression level of the proteins. GAPDH was used as loading
control. (b) Bar plots showing quantification of KD for each protein pair. Error bars represent
SD.
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Figure S3 Pearson correlation between the five parameters related to cell migration.
Only median speed and total track length were correlated in all pairwise combination. Other
parameters were orthogonal (not correlated).

.FAK+p1§é'CAs KD#o
' y AN
[~3

TOX 50 nM TOX 100 nM

Figure S4 Images from control wells and siRNA treated well. Montage of 5x5 images
from untransfected REF52 cells, cells co-transfected with FAK and CAS siRNA, cells
transfected with 50 nM and 100 nM TOX siRNA. Scale bar is 100 pum.
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Figure S5 Optimization of antibodies and imaging setup for fixed-cells imaging screen.
(a) Cross reactivity of the secondary antibodies tested against primary antibodies, as
indicated. The diagonal represents the specific signal of each secondary antibody whereas
other images indicate non-specific signal from secondary antibodies. (b) Bleed-through
matrix of the four-color imaging of tubulin, paxillin, tensin-1 and PINCH. REF52 cells were
immunostained with primary and secondary antibodies as indicated and subjected to four-
color imaging acquisition. Scale bar is 10 pm.
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Figure S6 Effect of individual knockdown of focal adhesion proteins on colony area and
survival fraction. (a) Bar plots comparing the KD effect of the 10 proteins on colony area
(CA) and survival fraction (SF). The values were normalized to the control and represented in
log scale. Values close to zero indicate KD effect similar to the control. All single KDs cause
significant decline in colony area especially in case of FAK and kindlin-2. Survival fraction
showed different trend from colony area with the significant decrease in some of the
combinations (FAK, kindlin-2, CAS, ILK, VASP and a-parvin) and no significant change in
others (talin-1, a-actinin and zyxin) as compared to control. Error bars represent standard
error of mean (SEM). (b) Representative images from the clonogenic assay show the effects

of single KDs and control sample. All the images are presented under same brightness and
contrast settings.
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Figure S7 Representative colony images of combined KD conditions from each cluster.
Representative images of the colony formation assay for 45 KD conditions identified in six
different clusters. The boxes around the images are color coded according to the
corresponding cluster color as shown in the legend. All the images are presented under same
brightness and contrast settings.
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Figure S8 Knockdown conditions belonging to survival and proliferation cluster 2 and 6.
The names of the proteins are mentioned for cluster 2 and 6. Z-score for CA and SF were
computed for each condition including single and double knockdowns. The clustering unified
the KD conditions into six groups symbolized with different colors.

Page | 110



Supplementary information

T T T T T T T T T T

a-actinin R »

n0en

XY oX
. oTE0 <
a-Parvin ) 2 "q&)' @ O
5 =
VASP l B
©°38 €
(@]
- <
Zyxin 7 c
(O]
oe. £
ILK - ¥sc8 ®
TEX 0
122 =

Dj N
CAS 1l |125< ¢
ELo® g
85~ 2
- ©
Kindlin2 1 o

g

[2]
i . a=a0 ©
Talin1 2eg =
T ol O
L 2eo ®
Vinculin i 5T =

<3 £

8°c¢

FAK b =

L

(@ T[S (@A |LK+a-act Kin2+a-par Kin2+ILK  Kin2+zyx [RENESA%Y

Vin+a-par Vin+kin2  Vin+tln1  Zyx+a-act1 Zyx+a-par

Cluster 6 CAS+ILK ILK+a-par Vin+VASP Vin+zyx  ILK+zyx
CAS+zyx kin2+a-act1 TIn1+CAS TIn1+VASP Vin+ILK

FAK+ILK FAK+vin  zyx+VASP

Figure S9 Comparison of colony area for each combined KD with corresponding
individual KD conditions. The heatmap matrix summarizes t-test comparison for colony
area that identified three different cases. In the first case combined KD not significantly
different from individual KDs (6 combinations, represented as blue colored boxes). In the
second case combined KD was significantly different from one of the single KDs (18
combinations, represented as green colored boxes). In the third case combined KD was
significantly different from both single KDs (21 combinations, represented as red colored
boxes). Highlighted KD pairs of cluster 2 and 6 (bottom) are those in which CA was similar
to one of the contributing protein (cyan color) or both contributing proteins (blue color).
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Figure S10 Comparison of survival fraction for each combined KD with corresponding
individual KD conditions and immunostaining images of ILK+a-par and ILK+CAS KD.
(a) The heatmap matrix summarized the outcome of the t-test comparison for survival fraction
that identified three different cases. In the first case combined KD not significantly different
from individual KDs (13 combinations, represented as blue colored boxes). In the second case
combined KD was significantly different from one of the single KDs (16 combinations,
represented as green colored boxes). In the third case combined KD was significantly
different from both single KDs (16 combinations, represented as red colored boxes). Scale bar
is 10 um. Highlighted KD pairs of cluster 2 and 6 (bottom) are those in which CA was similar
to one of the contributing protein (cyan color) or both contributing proteins (blue color). (b)
Immunostaining of REF52 cells transfected with indicated KD conditions for indicated
readout proteins. Scale bar is 10 um.
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Figure S11 Single siRNA perturbations regulate migration. (a) Multiparameteric
migration profiles for each single KD. (b) Compass plots indicated the angle of the migrating
cells (randomly selected 30 cells for each condition). (c¢) Individual cell tracks were plotted to
visualize the directionality and track of migrating cells (randomly selected 30 cells for each
condition).
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Figure S12 Individually depleted FA proteins effect on FA formation. REF52 cells were
transfected with respective siRNA for each protein indicated in the figure. Cells were fixed
and imaged for YFP-paxillin to evaluate the formation of focal adhesions. Scale bar is 10 pm.
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Figure S13 Migration profiles of the KD conditions belonging to each cluster.
Multiparameteric migration profiles for 45 KD conditions in clusters 1-9. The colored
outlines are used to distinguish the KD conditions corresponding to each cluster.
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Figure S14 Line profiles of the KD conditions in each cluster. Line profiles of for each KD
condition in clusters 1-9, based on the calculated z-scores. On x-axis are the multiple
extracted parameters from time-lapse images. 1 — Total track length (mm), 2 — Average
distance from origin (mm), 3 — Average speed (mm/min), 4 — Average angle of the direction
from origin (deg) and 5 — Free area fraction in the last frame.

Oh 4h 8h 12h 16 h

Figure S15 Time-lapse images of REF52 cells transfected with a-actl+zyx and a-
actl+FAK. All fields were cropped at the same position from images collected at 0, 4, 8, 12
and 16 h after the initiation of live cell imaging. Cells were imaged with 20x objective.
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Figure S16 Combinations that impaired cell migration. Multiparameteric migration
profiles of each KD condition that showed impaired migration indicated by the free area
fraction (pink color circle).
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Figure S17 Combinations that enhanced cell migration. Multiparameteric migration
profiles for each KD condition in that showed enhanced migration indicated by the free area
fraction (pink color circle).
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Figure S18 Time-lapse images of REF52 cells transfected with tlnl and kin2. REF52 cells
were transfected with tlnl, kin2 and combination of tinl and kin2. The fields were cropped at
the same position from time points 0, 4, 8, 12 and 16 h after the initiation of imaging. Cells
were imaged with x20 objective.
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Figure S19 KD conditions included in each functional modules. Integrin-segregation
module includes individual depletion of kin-2 and three common nodes ILK, kindlin-2, talin-
1 (large green circles) that were depleted with designated proteins (small green circles), which
led to the impaired migration and caused arrest of tensin-1 in FA. In signaling module two
common nodes are CAS, FAK (big yellow circles) depleted with indicated proteins (small
brown circles) caused mislocalization of tensin-1 and enhanced migration. In actin-regulatory
module common nodes are a-actinin-1, zyxin, VASP (big purple circles) depleted with
indicated proteins (small purple circles), which led to enhanced migration and tensin-1
dislocation.
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Movie 3.1 REFS2 cells stably expressing YFP-paxillin and transfected with zyx+a-actl
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
Scale bar is 10 pm.

Movie 3.2 REF52 control cells stably expressing YFP-paxillin. Images were collected
every 20 min for 16 h, and the display rate is 7 frames/s. Scale bar is 10 pm.

Movie 3.3 REF52 cells stably expressing YFP-paxillin and transfected with FAK+vin
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
Scale bar is 10 pm.

Movie 3.4 REFS2 cells stably expressing YFP-paxillin and transfected with FAK+tIn1
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
The movie shows confined mode of migration. Scale bar is 10 pm.

Movie 3.5 REFS2 cells stably expressing YFP-paxillin and transfected with FAK+tIn1
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
The movie shows discontinuous mode of migration. Scale bar is 10 pm.

Movie 3.6 REFS52 cells stably expressing YFP-paxillin and transfected with kin2+vin
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
Scale bar is 10 pm.

Movie 3.7 REF52 cells stably expressing YFP-paxillin and transfected with kin2+CAS
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
Scale bar is 10 pm.

Movie 3.8 REF52 cells stably expressing YFP-paxillin and transfected with FAK+VASP
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
Scale bar is 10 pm.

Movie 3.9 REF52 cells stably expressing YFP-paxillin and transfected with Vin+CAS
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
Scale bar is 10 pm.

Movie 3.10 REF52 cells stably expressing YFP-paxillin and transfected with
VASP+CAS siRNA. Images were collected every 20 min for 16 h, and the display rate is
7 frames/s. Scale bar is 10 pm.

Movie 3.11 REFS52 cells stably expressing YFP-paxillin and transfected with ILK+tIn1
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
The movie shows confined mode of migration. Scale bar is 10 pm.

Movie 3.12 REFS52 cells stably expressing YFP-paxillin and transfected with ILK+tIn1
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
The movie shows sporadic mode of migration. Scale bar is 10 pm.
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Movie 3.13 REF52 cells stably expressing YFP-paxillin and transfected with ILK+kin2
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
The movie shows confined mode of migration. Scale bar is 10 pm.

Movie 3.14 REF52 cells stably expressing YFP-paxillin and transfected with ILK+kin2
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
The movie shows undirected-sporadic mode of migration. Scale bar is 10 pm.

Movie 3.15 REF52 cells stably expressing YFP-paxillin and transfected with ILK+a-actl
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
The movie shows confined mode of migration. Scale bar is 10 pm.

Movie 3.16 REF52 cells stably expressing YFP-paxillin and transfected with ILK+a-actl
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
The movie shows sporadic mode of migration. Scale bar is 10 pm.

Movie 3.17 REF52 cells stably expressing YFP-paxillin and transfected with ILK+a-par
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
The movie shows confined mode of migration. Scale bar is 10 pm.

Movie 3.18 REF52 cells stably expressing YFP-paxillin and transfected with ILK+a-par
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
The movie shows sporadic mode of migration. Scale bar is 10 pm.

Movie 3.19 REF52 cells stably expressing YFP-paxillin and transfected with TInl+vin
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
Scale bar is 10 pm.

Movie 3.20 REF52 cells stably expressing YFP-paxillin and transfected with tin1 siRNA.
Images were collected every 20 min for 16 h, and the display rate is 7 frames/s. Scale bar
is 10 pm.

Movie 3.21 REF52 cells stably expressing YFP-paxillin and transfected with kin2
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
Scale bar is 10 pm.

Movie 3.22 REF52 cells stably expressing YFP-paxillin and transfected with tln1+kin2
siRNA. Images were collected every 20 min for 16 h, and the display rate is 7 frames/s.
Scale bar is 10 pm.
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