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Zusammenfassung

Fiir die korrekte physiologische Funktion von Geweben sind spezifische adhisive Interak-
tionen zwischen Zellen und der extrazelluliren Umgebung essentiell. Die primiren Zelladhasi-
onsrezeptoren fiir viele extrazellulire Strukturproteine, wie Kollagene, Fibronektin und Lami-
nine sind Integrine. Diese binden an die extrazellularen Strukturproteine und koppeln sie iiber
Adapterproteine an das Zytoskelett. Dadurch werden Zellen an der extrazelluliren Matrix ver-
ankert. Wenn Integrine an Strukturproteine binden, bilden sie kleine Adhisionscluster, welche
im Verlauf der Adhisionsformation zu grofien fokalen Adhisionen reifen. Wihrend dieser Rei-
fung wird die Verbindung zwischen Adhisionsclustern und extrazelluldren Strukturproteinen
durch eine Vielzahl von intrazelluliren Proteinen stabilisiert. Der Prozess der Adhisionsreifung
wird durch viele intra- und extrazellulire Faktoren reguliert, unter anderem durch physikali-
schen Parameter der extrazelluliren Umgebung und verschiedene intrazellulire Signalkaskaden.
Allerdings ist nicht bekannt welchen Einfluss physikalische Parameter der Umgebung oder der
Zelle auf die Adhdsionsinitiierung durch Integrine haben. Weiterhin ist nicht bekannt, ob und
wie sich verschiedene Integrine gegenseitig im Prozess der Adhisionsinitiierung in ihrer Funk-
tion beeinflussen. Mittels Rasterkraftmikroskopie-basierte Einzelzell-Kraftspektroskopie
(SCFS) kann die Adhisionsstirke wihrend der Adhidsionsinitiierung quantitativ bestimmt wer-
den. Dafiir wird eine Zelle an einen Kraftsensor, den Cantilever, angebracht und an ein Substrat,
welches eine proteinbeschichtete Oberfliche, eine andere Zelle oder ein Gewebe sein kann, an-
genihert, bis die Zelle mit diesem in Kontakt ist. Nach einer bestimmten Adhisionszeit wird die
Zelle zuriickgezogen und vom Substrat abgelost. Wihrend des Ablosens der Zelle wird die ma-
ximale Kraft, welcher die Zelle widerstehen kann, bevor sie sich vom Substrat ablost und die

Bindungsstirke einzelner Adhisionsrezeptoren bestimmt.

Eine Einschrinkung der Rasterkraftmikroskopie-basierten SCFS, ist ein geringer experi-
menteller Durchsatz und damit verbunden ein hoher Zeitaufwand um statistisch aussagekriftige
Ergebnisse zu erlangen. Ein Grund dafiir ist, dass es bislang keine einfache experimentelle Mog-
lichkeit gibt, Adhisionsparameter einzelner Zellen fiir verschiedene Substrate zu bestimmen.
Daher haben wir eine Maske entwickelt, welche erlaubt einen Untergrund mit vier verschiede-
nen Substraten zu beschichten. Diese Maske ist einfach zu produzieren, ermdoglicht den direkten
Vergleich von Adhisionsbildung einer Zelle auf verschiedenen Substraten und minimiert so ex-

perimentelle Zeit und Kosten.

Um eine Zelle an den Kraftsensor des Rasterkraftmikroskops anzuheften, miissen adhirente
Zellen zuerst von einer Zellkulturschale abgelost werden. Das wird in der Regel durch den Ein-
satz der Protease Trypsin, welche Proteine an der Zelloberfliche verdaut, in Verbindung mit
dem Entfernen von Adhisions-essentiellen Ionen erreicht. Welchen Einfluss das Ablosen der
Zellen von der Kulturschale auf die nachfolgenden, sehr sensitiven Adhisionsexperimente hat,

war bisher nicht bekannt. Unsere Experimente zeigen, dass das Ablosen der Zellen durch das
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Entfernen von Ionen keinen systematischen Einfluss auf die nachfolgenden Adhisionsmessun-
gen hat. Jedoch fiihrt das Ablosen mit Trypsin von Fibroblasten zu einer deutlichen Erh6hung
der Adhisionskraft zu Fibronektin in den nachfolgenden Adhisionsexperimenten. Allerdings ist
die Adhisionskraft, nach einer Erholungsphase der Fibroblasten von etwa 45 Minuten nach dem
Ablosen, auf dem Niveau der Zellen die durch das Entfernen von Ionen Abgeldst wurden. Somit
hat auch die Abldsung der Zellen mit Trypsin nach etwa 45 Minuten keinen Einfluss mehr auf
die Adhisionsexperimente. Allerdings deuten diese Ergebnisse darauf hin, dass mittelfristig die
Adhision zu bestimmten Substraten, wie in diesem Fall Fibronektin, von bestimmten Zelltypen

durch das Ablosen mit Trypsin beeinflusst werden.

Adhision von Fibroblasten zu Fibronektin wird hauptsidchlich durch zwei verschiedene In-
tegrine, o541 und aVPB3 Integrine, initiiert. Allerdings ist weitgehend unbekannt, wie beide In-
tegrine die Adhisionsinitiierung regulieren. Unsere Experimente zeigen, dass beide Integrine
um das Binden an Fibronektin konkurrieren. Auf Grund héherer Bindungskinetik und/oder bes-
serer Stabilisierung der aVPB3 Integrine durch Adapterproteine binden aVB3 Integrine an Fib-
ronektin schneller als a5p1 Integrine. Nachdem sie an ihren Liganden gebunden haben, bilden
oVP3 Integrine kleine Adhisionscluster, welche weiter reifen. Durch das Rekrutieren diverser
intrazellulire Proteine zu den Adhisionsclustern initiieren aVp3 Integrine Signale, welche iiber
eine grofde Reichweite das Binden von o581 Integrine an Fibronektin fordern. Weiterhin wird
die Clusterbildung von Fibronektin-gebundenen o5B1 Integrine beschleunigt, was zu einer
schnelleren Verstirkung der Verbindung zwischen Zelle und extrazellulirer Matrix fiihrt. Der
Signalweg zwischen aVPB3 und a5B1 Integrine setzt sich aus verschiedenen Proteinen, ein-

schlief’lich Proteinen die das Zytoskelett regulieren.

Wihrend Fibroblasten Adhision zu Fibronektin aufbauen, miissen neu gebildete Adhisi-
onspunkte extra- und intrazellulir generierten Kriften widerstehen konnen. Um Erkenntnisse
zu bekommen, wie Fibroblasten die initiale Adhision in Reaktion auf unterschiedliche mechani-
sche Belastungen regulieren, haben wir Fibroblasten mit unterschiedlichen Geschwindigkeiten
von Fibronektin separiert und die maximale Kraft, der sie widerstehen kdnnen, quantifiziert.
Unsere Resultate zeigen, dass Fibroblasten, welche fiir etwa zwei Sekunden in Kontakt mit Fib-
ronektin sind, ihre Adhision in Reaktion auf mechanische Belastung regulieren. Bei niedriger bis
mittlerer mechanischer Belastung an neu formierten Adhisionen, bilden a.5p1 Integrine und Fib-
ronektin ,catch bonds“, welche durch eine lingere Bindungsdauer bei mechanischer Belastung
gekennzeichnet sind. Abhingig von diesen catch bonds initiieren o581 Integrine ein sehr
schnelle Signalkaskade (unter 0.5 Sekunden), welche tiber zwei Kinasen (focal adhesion kinase
und src kinase) die Bindung anderer Integrine an Fibronektin bedingt. Weiterhin ist fiir die Re-
aktion auf mechanische Belastung die Verbindung zwischen Integrinen und dem Zytoskelett,
sowie Proteine die Aktin polymerisieren wichtig. Wenn die mechanische Belastung an den neu
gebildeten Adhisionen zu hoch wird, konnen keine zusitzlichen Integrine an Fibronektin ge-

bunden werden und die Adhisionsverstirkung schligt fehl.



Summary

For the proper physiological function of tissues, specific adhesive interactions between
cells and the extracellular environment are essential. The main cell adhesion receptors for many
extracellular structural proteins, such as collagens, fibronectin and laminins are integrins. These
bind to the extracellular structural proteins and couple them via adapter proteins to the cyto-
skeleton. This anchors cells to the extracellular matrix. When integrins bind to structural pro-
teins, they form small adhesion clusters that mature into large focal adhesions in the course of
the adhesion formation. During this maturation, the connection between adhesion clusters and
extracellular structural proteins is stabilized by a variety of intracellular proteins. The process of
adhesion maturation is regulated by many intracellular and extracellular factors, including phys-
ical parameters of the extracellular environment and various intracellular signaling cascades.
However, the influence of physical parameters of the environment or the cell have on adhesion
initiation by integrins is largely unknown. Furthermore, it is not known whether and how dif-
ferent integrins influence each other's function in the process of adhesion initiation. Atomic
force microscopy (AFM)-based single-cell force spectroscopy (SCFS) can be used to quantify
the adhesion strength during adhesion initiation. For this purpose, a cell is attached to a force
sensor, the AFM-cantilever. The cantilever-bound cell is approached onto a substrate, which can
be a protein-coated surface, another cell or a tissue, until the cell is in contact with it. After a
certain adhesion time, the cell is withdrawn and detached from the substrate. As the cell is with-
drawn from the substrate, the maximum force that the cell can withstand before it detached from

the substrate and the binding strength of individual adhesion receptors are quantified.

A limitation of the atomic force microscopy-based SCFS, is a low experimental throughput
and an extended experimental time to obtain statistically reliable results. One reason for this is
that no simple experimental method exists that allows to characterize adhesion parameters of a
single cell to multiple substrates. Therefore, we have developed a mask that allows to coat a
surface with four different substrates. This mask is easy to produce, allows direct comparison of

cell adhesion formation on different substrates, thereby minimizing experimental time and cost.

To attach a cell to the force sensor of the AFM, adherent cells must first be detached from
a cell culture dish. This is typically achieved by the use of the protease trypsin, which digests
proteins on the cell surface, in combination with the removal of adhesion-essential ions. The
influence cell detachment from the culture dish on the subsequent, very sensitive adhesion ex-
periments, was not previously known. Our experiments show that detachment of cells by the
removal of ions has no systematic influence on the adhesion measurements. However, detach-
ment of fibroblasts with trypsin results in a marked increase in the adhesion force to fibronectin
in subsequent adhesion experiments. However, after a recovery time of about 45 minutes after
detachment from the cell culture dish, the adhesion force of fibroblasts is at the level of the cells

which have been detached by the removal of ions. Thus, the detachment of the cells with trypsin
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after about 45 minutes has no influence on the adhesion experiments. However, these results
indicate that adhesion of certain cell types to certain substrates, such as fibronectin in this case,

will be affected by detachment with trypsin.

Adhesion of fibroblasts to fibronectin is primarily initiated by two different integrins,
o5B1 and a VB3 integrins. However, it is largely unknown how these integrins regulate adhesion
initiation. Our experiments show that both integrins compete for binding to fibronectin. Due to
higher binding kinetics and/or better stabilization of the aVB3 integrins by adapter proteins,
o VB3 integrins bind to fibronectin faster than a5B1 integrins. After binding to their ligands,
o VB3 integrins form small adhesion clusters that mature in larger adhesion clusters. By recruit-
ing diverse intracellular proteins into the adhesion clusters, aVB3 integrins initiate signals that
promote the binding of o531 integrins to fibronectin over long distances. Furthermore, the clus-
tering of fibronectin-bound 51 integrins is accelerated, resulting in a faster enhancement of
the cell-extracellular matrix linkage. The signaling pathway between aVB3 and a5p1 integrins

consists of several proteins, including proteins that regulate the cytoskeleton.

While fibroblasts build adhesion to fibronectin, newly formed adhesions must withstand
extra- and intracellularly generated forces. To gain insight into how fibroblasts regulate initial
adhesion in response to different mechanical loads, we have separated fibroblasts at different
speeds from fibronectin and quantified the maximum force they can withstand. Our results show
that fibroblasts, which were in contact with fibronectin for about two seconds, regulate their
adhesion in response to mechanical load. At low to moderate mechanical load on newly formed
adhesions, o531 integrins and fibronectin form catch bonds, which are characterized by an in-
creased bond lifetime under mechanical stress. Depending on these catch bonds, a5p1 integrins
initiate a very fast signaling cascade (less than 0.5 seconds), which causes the binding of other
integrins to fibronectin via two kinases (focal adhesion kinase and src kinase). Furthermore, for
the reaction to mechanical stress, the connection between integrins and the cytoskeleton, as well
as proteins that polymerize actin important. If the mechanical load on the newly formed adhe-
sions overcomes a threshold, no additional integrins can be bound to fibronectin and the adhe-

sion enhancement fails.
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Introduction

1. Introduction

1.1. Cell Adhesion

Cell adhesion is crucial for the three-dimensional structure of all multicellular organisms,
as it assembles single cells into a complex architecture found in tissue. Specific adhesive interac-
tions between two cells or cells and the extracellular matrix (ECM) are fundamental for cellular
communication, tissue organization and embryonic development. Thus, specific cell adhesion
mechanisms translate basic genetic information into three-dimensional tissues and are essential
for the correct physiological function of organs. However, cell adhesion is also employed to
maintain or retrieve physiological homeostasis, for example in immune responses or wound
healing. Cell adhesion is usually mediated by three functional complexes; the ECM, adhesion
receptors that connect the cell to the ECM and intracellular proteins that connect the adhesion
receptor to the cytoskeleton. Adhesion receptors are typically transmembrane proteins that are
classified into different families depending on structure and function, including integrins, cad-
herins, proteoglycan superfamilies and selectins'™. Adhesion receptors respond to cellular sig-
naling, but also themselves induce intracellular signaling pathways, which regulate a wide variety
of cellular properties and processes, including the adhesive and mechanical state of cells”®. Due
to the complexity of adhesion mechanisms and their essential roles in tissue maintenance, a wide

variety of diseases are associated with impaired cell adhesion’".

1.2. The Extracellular Matrix and Fibronectin

A fundamental component to the formation and the physiological function of a three-di-
mensional tissue is the ECM, which is a heterogeneous meshwork of fibrillar and non-fibrillar
components. Proteoglycans and fibrous proteins, essentially collagens, laminins and fibronectin
form a hydrated gel and are the main components of the ECM. Cells within the tissue form the
ECM during development, maintain it during health, remodel it during adaption and repair it in
response to a disease or during wound healing"®. The ECM provides biochemical and biophysical
cues to cells within the ECM, which influence cell proliferation, growth and differentiation
within the tissue'*. The composition and topography of the ECM is generated by a dynamic in-
terplay of cellular components and the protein microenvironment that makes the ECM in each

tissue unique®.

One of the most abundant and ubiquitous ECM protein is fibronectin (Figure 1-1). It is
produced and secreted by various cell types as a dimer comprised of two large monomers with
amolecular mass of 230-270 kDa. For dimerization, fibronectin monomers are connected by two
disulfide bonds at their C-termini. Fibronectin monomer are modularly build proteins consisting

of repeating type I, II and IIT domains. Whereas all type I and type II domains are stabilized by

1-1
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intra-chain disulfide bonds, the type III modules do not contain disulfide bonds and are hence
more flexible. Fibronectin contains multiple functional regions that facilitate the binding of
growth factors, structural proteins, such as collagens, fibrinogen as well as other fibronectin mol-
ecules, and present multiple binding sites for cell adhesion receptors'®'”. Due to alternative splic-
ing of the fibronectin gene, twenty different isoforms of monomeric fibronectin are expressed
in humans and twelve in mice'®. In many vertebrates, alternative splicing of fibronectin occurs
by exon skipping of the extradomain B (between FNIII7 and FNIII8) and A (between FNIII11
and FNIII12) as well as a structurally more complex exon subdivision of module V (between

FNIII14 and FNIII115)%1°,

Cell adhesion to fibronectin is facilitated by multiple integrin binding sites found in dif-
ferent modules, but mainly in FNIII9 and FNIIT10 (Figure 1-1)'°. Thereby, the tripeptide argi-
nylglycylaspartic acid (RGD) in the FNIII10 module® is essential for integrin binding to fibron-
ectin®'. In addition to binding the RGD motif, some integrins bind to the sequence PHRSN in the
FNIII9 module, also called synergy site, which is in close proximity to the RGD motif. Although

mutations in the synergy site lead to impaired function of specific integrins®*?°

, mice carrying a
mutation in the synergy site suffer from only minor defects®. This indicates that the function of
the synergy site can be fibronectin-intrinsically rescued. However, a deletion of the whole fi-
bronectin gene has severe impacts on cell adhesion, mesodermal migration and cell differentia-

tion, resulting in embryonic lethality®”.
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Figure 1-1 Scheme of the modular structure of a fibronectin dimer. Fibronectin is built from three dif-
ferent repeating modules (type I, blue; type II, brown; type III, green). The sites of alternative splicing
(extradomains A, B and the variable ‘V’ domain) are shown in ochre. Integrin binding sites are indicated
as well as binding domains for syndicans, growth factors, fibronectin, collagen, fibrin, heparin and bacteria.
Structures of exemplary modules are drawn using PyMOL with coordinates from PDB (type I 1FBR, type

11 1h8p, type III 1FNF).

The assembly of fibronectin matrices is a complex and cell driven process®®. Fibronectin
dimers are excreted by cells in a compact globular conformation, which is stabilized by intra-
fibronectin interactions (Figure 1-2a)*. This conformation protects cryptic binding sites for
other fibronectin proteins. Soluble fibronectin does not form fibrils even at high concentrations,
which is of high importance in body fluids such as blood. Fibronectin fibril formation is initiated

when integrins on the cell surface interact with RGD and the PHSRN motif of the soluble
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fibronectin dimer. Adaptor proteins connect integrins and hence also the globular fibronectin to
the actin cytoskeleton. The integrin-mediated cytoskeleton connection transmits myosin II-de-
pendent tensile forces to the fibronectin dimer leading to a stretching of the bound fibronectin
molecule. The fully extended fibronectin dimer is 90 to 160 nm long and has a diameter of

2-3 nm (Ref. 30,31).

Due to conformational changes and stretching of fibronectin molecules, cryptic inter-fi-
bronectin interaction sites are unraveled leading to fibronectin self-assembly and fibril for-
mation (Figure 1-2b)***. The C-terminal disulfide bonds in fibronectin dimers are essential to
form fibrillar structures®* and for the incorporation into fibronectin matrices®. Initially, the as-
sembly of fibronectin by intermolecular interactions leads to the formation of small fibers at the
cell periphery (Figure 1-2¢) with a length of <700 nm and a diameter of 2-5nm (Ref. 36,37).
Recently, a recurring fibronectin pattern in newly formed native fibrils was determined with a
periodicity of ~95 nm on average (ranging from 60 to 130 nm)*. Subsequent fibril maturation
depends on two processes; an integrin-dependent incorporation of fibronectin into the fibers®®
and an integrin-independent recruitment of soluble fibronectin®’. Thereby, the integrin-depend-
ent maturation of fibronectin fibrils depends on cell-mediated contractile forces***** These
forces maintain the extended conformation of the dimer** and reversibly unfold the type III re-

#47 which exposes cryptic binding sites and increases the binding of soluble fibronectin®’.

peats
During maturation, fibronectin fibers grow in size and loose the periodicity®. Altogether, the
formation and maturation of fibronectin matrices are mechano-sensitive processes that depend

on cell-mediated tensile forces exerted on fibronectin molecules by integrins.

In tissue, the ECM composition and posttranslational modification of the components
tightly control the mechanical properties of the ECM***. Cells respond to forces applied to their
integrin-mediated adhesions by regulating expression of collagens, fibronectins and metallopro-
teinases, which together control the mechanical state of the ECM****, The tensional state of the
ECM regulates the interaction of its components, as it has been shown that collagen I preferen-
tially interacts with relaxed fibronectin, and upon binding shields fibronectin form excessive
tensile forces™. Moreover, stretched cells assemble very dense matrices enriched in collagen
fibers®?, with a directional matrix assembly along the axis of the applied force*®. Together fibron-
ectin and collagen fibers confer mechanical strength to tissues. Hence, mechanical force regu-
lates the ECM at two levels. First, forces applied to cells, either by extracellular mechanical stress
or cellular contractility, regulate ECM protein production and the secretion of ECM remodeling
proteins. Second, the assembly of fibrils and their polymerization is directly affected by mechan-
ical forces. Different tissues have different mechanical properties, which depend on the compo-
sition and remodeling of the ECM is remodeled as well as on cells present in the tissue. Conse-
quently, alterations in the tissue specific mechanical properties result in impaired functionality

of the tissue® ™.

1-3



1-4 | Introduction

‘ Fibronectin dimer

Integrin

= Cell membrane

] ]
l | Intracellular space

Adaptor proteins

Figure 1-2 Fibronectin assembly. a) The globular fibronectin dimer is bound by integrins at the ninth and
tenth type III repeat. b) The binding induces the coupling of integrins to the actin cytoskeleton via adaptor
proteins. Contractility of the actin-cytoskeleton induces conformational changes of the fibronectin dimer.
The elongation and partial unfolding of the fibronectin molecules exposes cryptic fibronectin binding sites,
which ¢) induces fibril formation. Image redrawn form Mao et al."”

1.3. Integrins

The main mediators of adhesion to the ECM in metazoans cells are integrins. These are
heterodimeric, transmembrane proteins and consist of an a and B subunit (Figure 1-3a). In order
to attach cells to their surroundings, integrins link their extracellular ligand to the intracellular
cytoskeleton. Since integrins cannot directly bind the cytoskeleton, adaptor proteins are re-
cruited to the intracellular domain of integrins®*®'. These adaptor proteins form a physical plat-
form for a cohort of other scaffold and signaling proteins, which are recruited to the intracellular
domains of integrins during adhesion formation. This large protein assembly, collectively called
the adhesome, initiates a wide variety of signaling cascades®*’. The tensional state of integrin-
mediated adhesion, varies the composition of the adhesome® and as a consequence, different

signaling cascades are triggered. Therefore, integrins transmit biochemical and biomechanical
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signals of the extracellular space into cells. Integrin mediated adhesion and related signaling are
key elements in development, immune responses and hemostasis. Integrin dysregulation and

modification in their signaling are involved in cancer and various other diseases®.
1.3.1. Evolution and Complexity of Integrins

Whereas no homologs of integrins were discovered in plants, fungi or prokaryotes, the
simplest metazoans, sponges and cnidarian, have integrins®. Caenorhabditis elegans express two
different integrins, comprised of one p and two a subunits and orthologues of the two integrins
are found in drosophila and vertebrates, although vertebrates expanded this set of integrins.
Thereby, one set of integrins binds the RGD motif, found in fibronectin and the second set facil-
itates the binding to laminins in the basement membrane. Besides these two classes, vertebrates
developed collagen-binding, leukocytes specific and a pair of related integrins. Extensive ge-
nome research discovered eighteen o and eight B subunits in mice and humans, which assemble
twenty-four different integrins (Figure 1-3b)*'. While most integrins bind their ligand at the B-
subunit, all collagen-binding and some laminin-binding integrins have an additional domain in-
serted into the a-subunit that is required for ligand binding (Figure 1-3b). Although different
integrins bind the same ligands®’, the physiological function of individual integrins is different
(Table 1-1)*"%, Hence, integrin depletion leads to different phenotypes in mice ranging from
developmental problems to organ defects and immune system defects”, some of which can be
related to human diseases’’. The depletion of certain integrin subunits is lethal, which illustrates
the importance of integrins for metazoans. For example, depletion of the 1 subunit leads to

early embryonic lethality in mice”".

Integrin mediated adhesion complexity is further increased by the plethora of intracellular
proteins that are recruited to the intracellular tails®**>”%, The adhesome consists of over 200 dif-
ferent proteins, including various adaptor proteins that connect integrins to the cytoskeleton
and bind other scaffold proteins, actin regulators and multiple signaling molecules. A quarter of
these adhesome proteins evolved before integrins, implying different functions of these proteins
before their contribution to adhesion regulation”. Over 60% of the adhesome proteins reside
mainly connected to integrins, whereas the rest is transiently located in the adhesion site®. Most
of the adhesome proteins that are evolutionary older than integrins belong to the transient class
and fulfill a variety of other cellular functions’®. Recently a consensus adhesome of 60 proteins
was defined as the core integrin mediated adhesion machinery®. However, the exact composi-
tion and the resulting functions of an adhesome depend on the maturation of adhesion, integrins

that are located in the adhesion site and, on the tension applied to the adhesion site®*®*,
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Table 1-1 Integrins and their ligands’*

LN TSP FN OPN VN TNC FBN FG COL ICAM VCAM ;fég[; CAD

alpl v v

a2l | v v

AN

a3fl v

a4p1 v v v v

a5p1 v v

a6f1 v

a7p1 v

a8p1 v v v v

a9p1 v v v

alopl | v v

allpl v

aVp1 v v v

aDp2

alf2

aMp2

NININES

aXp2

aVvp3 v 4 v 4 v v

NSNS SN
\

olIbp3 v v v

a6p4 v

aVps v v

AN
AN

aVB6 v

04p7 v v v

aEf7 v

aVB8 v

LN - laminin; TSP — thrombospondin; FN — fibronectin; OPN — osteopontin; VN — vitronectin; TNC —
tenascin; FBN — fibrillin; FG — fibrinogen; COL — collagen; I-CAM — intracellular adhesion molecule; VCAM
— vascular cell adhesion molecule; LAP-TGF-f — latent associated peptide-transforming growth factor beta;
CAD - cadherin

1.3.2. Integrin Structure and Conformations

Although the size varies among different integrins, both subunits have a large extracellular
domain with about 1100 and 750 amino acids for the a- and B-subunit, respectively (correspond-
ing to a length of ~19 nm), a single transmembrane helix and a short, mostly unstructured intra-
cellular tail of about 50 amino acids (~8 nm, Figure 1-3a2)”*”®. The additional extracellular domain
in collagen binding integrins that is required for ligand binding is composed of about 200 amino
acids and extends the extracellular domain to about ~23 nm. To form an integrin heterodimer,
both subunits are non-covalently associated. The main dimerizing interactions are found in the
extracellular domain close to the ligand binding site, with varying residues in the subunit inter-

face among different integrins’®.

The extracellular domain of the a-subunit consists of two calf domains, forming the leg
region, a thigh domain and a B-propeller domain. The latter two form the head region of the a-
subunit (Figure 1-3a). In nine a-subunits an al-domain is inserted into the B-propeller with a

flexible linker between these subunits. In addition to the a-subunit-specific flexibility in the
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linker between the al-domain and the B-propeller, all a-subunits have two main regions of flex-
ibility that allow extensive intra-molecular motion’®. One is the linker between the B-propeller
and the thigh and the other is the linker between the thigh and the calfl domain, also known as
the ‘knee’ of the a-subunit. The B-subunit consists of a fI-domain, which is embedded in a hybrid
domain, together forming the head of the B-subunit, followed by four epidermal growth factor
(EGF) domains and a B-tail domain, which are together referred to as the leg region. Like a-sub-
units, B-subunits have flexible linkers between some domains as well. One of them is the ‘knee’,
which located between EGF1 and EGF2. Since the link between the hybrid and the first EGF
domain also allows intra-molecular movement, the B-subunit seems to be more flexible than the

o-subunit.

The first crystal structures of aVB3 integrins without ligand showed the extracellular do-
main of the heterodimer in a bent conformation (Figure 1-3c)”’, which was confirmed by struc-
tures of aVB3 integrins with ligand”®, allbp3 and aXp2 integrins’®. Further, negatively stained
electron microscopy images showed integrins predominately in the bent conformation’®. This
conformation sterically impairs ligand binding’®, by locating the binding pocket in the head do-
mains close to the cell membrane. However, due to the flexibility of the integrin subunits, vary-
ing degrees of bending within the heterodimer were observed. This suggests different confor-
mations of integrins in the range from fully bent to fully extended on the cell surfaces. In the
latter conformation the ligand binding site is located away from the cell membrane’*®*%, Using
antibodies against specific integrin conformations confirmed that integrins can adopt multiple
quaternary structures on the cell membrane®®°. Whereas retaining integrins in this closed, bent
conformation leads to compromised cell adhesion, arresting integrins in the extended confor-
mation induces ligand binding, showing that this conformation has a high affinity for the ligand®’.
The transition of integrins from the low- to the high-affinity state includes the unbending of the
extracellular domain to an upright heterodimer with associated legs, followed by leg separation
and swing-out of the hybrid domain in the B-subunit (Figure 1-3c). While in the bent confor-
mation, the transmembrane domains of both subunits are associated and stabilize the bent integ-
rin conformation, current models of integrin affinity changes show a transmembrane domain
separation to obtain the high affinity integrin conformation. A further requirement for the tran-
sition to the high affinity state of integrins is the disruption of a salt-bridge between the intracel-
lular domains of both subunits. Due to this separation, especially the intracellular domain of the
B-subunit can interact with multiple proteins that stabilize the active conformation of the integ-
rin. Hence, integrins have to undergo massive changes in the intra-molecular structure to change

their affinity state form low in the bent conformation to high in the upright conformation.
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Figure 1-3 Integrin structure, composition and conformation dictate ligand binding. a) Integrins are
transmembrane heterodimers, composed of an a- (yellow) and a B- (green) subunit. Each subunit contains
multiple domains, with multiple flexible linkers between the subunits. In general, four regions of the in-
tegrins are distinguished: the head and leg region, the transmembrane domain and the intracellular tails.
By structure, two classes of integrins are distinguished: al-containing and —missing integrins. b) In mam-
mals 18 a- and 8 B-subunits form 24 different integrins. Integrins that contain an al-domain (connected
by orange line) bind the ligand at the a-subunit and al-domain missing integrins (green line) bind the
ligand at the B-subunit. ¢) Integrins can adopt different conformations, which have different affinities for
ligands. The bent conformation (left) places the ligand binding site close to the membrane, sterically hin-
dering ligand binding. In this conformation, often called ‘bent, closed’, the integrin is inactive, due to low
ligand affinity. In the upright but closed conformation (middle), the integrin can readily bind the ligand,
however, integrin legs are still together. This conformation is often called ‘extended, closed’ confor-
mation. Upon ligand binding, the integrin legs are separated, which allows intracellular proteins to bind.
This conformation, called ‘extended, open’, has the highest ligand affinity.

-

Conformational changes of integrins are not driven by biochemical energy supply and
thus, it is very likely that integrins are in constant motion on the cell surface. It has been pro-
posed, that the flexibility of integrins leads to a spontaneous unbending of integrins, which
would be sufficient for ligand binding’®”***®., Due to the lack of real-time observations, the
range of motion without external ligands or intracellular proteins binding to the tails, is not clear.
Contrary, integrins on the cell surface that are not bound to a ligand are proposed to maintain
the bent conformation with only a very few in the high affinity state®. However, the mechanism
by which the unbending is stimulated and integrins switch to the high affinity conformation is
not clear. Although the upright conformation has the highest affinity for the ligand®"*** it is
still under debate which conformation of integrins can bind the ligand with sufficient affinity to
drive integrins in the fully active state. It has been proposed, that only upright integrins can bind

the ligand, however, ligand binding has been reported in the bend, closed conformation®.
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1.3.3. Integrin Ligand Binding

A very important step in transition from non-ligated to ligated integrin is the swing-out of
the hybrid domain relative to the pI-domain upon leg separation (Figure 1-4)’%°"*3, In the bent
conformation, any movement of the hybrid domain is impaired, indicating that the unbending is
essential prior to ligand binding’®. For ligand binding eight distinct steps are required, which
include a complex remodeling of the integrin head®. The swing-out of the hybrid domain in-
duces conformational changes that ultimately leads to the downward movement of an a-helix in
the Bl-domain (Figure 1-4). This downward movement remodels the ligand binding site from a
closed to an open conformation. Since integrin ligand binding requires divalent cations, espe-
cially magnesium, the ligand binding site is called ‘metal-ion dependent adhesion site’ (MIDAS).
It is flanked by two additional cation binding sites which coordinate calcium®®. While one of this
cation binding site is coordinated with an inhibitory calcium ions, called adjacent to metal ion-
dependent adhesion site (ADMIDAS), the second is a positive regulatory site and is called ligand
induced metal ion-binding site (LIMBS)’””%°*°%_ The conformational changes in the BI-domain
remodel these two metal ion binding sites, which results in an increased affinity for the ligand
and finally in firm ligand binding®®’. Coordination of manganese in the ADMIDAS induces
structural changes of the pI-domain that lead to the high affinity conformation of the ligand bind-
ing site™.

For integrins containing an al-domain, this domain is the major ligand binding site, with a
similar ligand binding mechanism as found for the Bl-domain (Figure 1-4). Conformational
changes, specifically a final downward movement of helix a7 in the al-domain affect the affinity
for the ligand binding site. Comparable to the fI-domain, ligand binding is dependent on Mg**
and hence, the ligand binding site is also called MIDAS”>*”*%, Since the ol-domain is not associ-
ated with the hybrid domain of the B-subunit, the hybrid domain swing-out is not directly caus-
ing the conformational change of in the al-domain. Hence, the ligand affinity regulation in the
head domain due to the global integrin conformation change requires an additional step in integ-
rins containing an al-domain. A glutamic acid (Glu) residue in the linker between the a7-helix
of the al-domain and the B-propeller is required for the high affinity conformation of the al-
domain®”'?. It has been proposed that this Glu residue acts as an intrinsic ligand for the pI-do-
main MIDAS and their interaction induces a downward movement of the a7-helix in the al-do-

main, shifting the al-domain to the high affinity conformation'**'°*,
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a
Figure 1-4 Conformational changes in the head region regu-
lates ligand affinity. Illustration of the conformational changes
in the pI-domain upon hybrid domain swing out. As a result of
eXtrinsic ligand the swing out, the a.7 helix (blue) moves downward inducing re-
b o arrangements in the binding pocket. a) integrin in the extended,
intrinsic ligand

closed and extended, open state without an al-domain inserted.
b) In integrins containing an al-domain have an intrinsic ligand
in the flexible linker that binds into the binding pocket of the
BI-domain. This induces a similar conformational change in the
ol-domain (downward movement of the a7 helix, shown in blue)
as in the BI-domain and rearranges the binding pocket. Figure in-
spired by Campbell et al.”®

The unbending of integrins and the swing-out of the hybrid domain, which together in-
duce changes for ligand affinity are mechanical processes changing the orientation of domains
in respect to the protein. It was proposed that forces applied to integrins, either from tension
applied from the ligand binding site or from intracellular forces transduced to the integrin by the
actin cytoskeleton via adaptor proteins can drive these conformational changes'®. Indeed it has
been shown that force applied to integrins can induce and stabilize the upright, high affinity
conformation'®?%, An unbending of integrins by externally applied force at the integrin head
has been proposed in integrins with or without the al-domain'®*'°*, Hence, it is suggested that
mechanical forces applied to integrins impact the conformational equilibrium and may induce

the unbending of integrins.

1.4. Adaptor Proteins Regulate Integrin Function

Integrin intracellular tails, especially those of the B-subunit, are very flexible and capable
of binding various cytoplasmic proteins of different function. Thereby, some of these proteins
directly modulate the ligand binding of integrins®”®®. While certain proteins maintain integrins
non-ligated, other proteins maintain and/or induce the high affinity conformation of integrins.
Talin and kindlin, two prominent examples, are indispensable for maintaining integrins bound

to a ligand in the high affinity state'*®

. When either of both proteins is depleted, cells have major
adhesion deficiencies and mice, depleted from these proteins show developmental defects re-
sulting in embryonic lethality®. Besides the maintenance of the high affinity state, talin and
kindlin together are suggested to intracellularly induce conformational changes of integrins in

hematopoietic cells'"”.

1.4.1. Talin

Talin is a large protein composed of about 2500 amino acids®*'*'*. Genetic studies
showed talin to be conserved in all metazoans and to have a general importance in integrin func-
tion. Two isoforms, talin 1 and talin 2, are expressed in mammals with 74% identity and 86%
similarity. Talin contains an N-terminal FERM domain with about 400 amino acids known as the

talin head and a C-terminal region with about 2000 amino acids known as talin rod. Talin head
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and rod are connected by an unstructured linker (Figure 1-5a). FERM domains are found in var-
ious proteins that connect transmembrane proteins to the cytoskeleton, such as protein 4.1,
ezrin, radixin and moesin and usually contain three subdomains (F1-F3)'%’. Talin’s FERM do-
main is atypical since it contains a fourth subdomain (F0), which is a duplicate of the F1 subdo-
main (Ref. 110). Three subdomains of talin’s FERM domain (F1-F3) bind to phosphatidylinositol
4,5-bisphosphate (PIP2) containing membranes''*'**, localizing talin to the membrane and ex-
tending the talin head domain''®. Importantly, to stabilize or inducing the high affinity confor-
mation of integrins one subdomain of the FERM domain (F3) binds to two motifs in cytoplasmic
domain of integrin B-subunits. The first is a membrane-proximal NPxY motif and the second is
an a-helical region between the membrane and the NPxY motif"'*"'*''®. When the FERM do-
main interacts with integrin B-tails, a salt bridge is formed between the F3 subdomain and a con-
served aspartic acid (Asp) residue in the membrane-proximal region of integrin B-tails. This in-
teraction is likely to disrupt the inhibitory salt bridge between the intracellular domains of the
o- and the B-subunit and hence contributes to the conformational changes that increase integrin

112

affinity ~. However, talin binding to the B-tail alone is not sufficient to induce the high affinity

conformation of integrins. Interactions of basic residues in the talin head with the cell membrane

HOMZIE ndicating that a physical anchorage of the p-tail to the

are essential for integrin function
membrane and a consequent fixation of the B-subunit transmembrane domain is required for the
integrin to remain in the high affinity conformation. A variety of other proteins bind to the talin
head domain (Figure 1-5a), including actin''”''®, Rap1"'®'"?, focal adhesion kinase (FAK), phos-
phatidylinositol phosphate kinase type Iy
(PIPKIy), T-cell lymphoma invasion and metastasis 1 (TTAM1), as well as Rap1-GTP-interacting
adaptor molecule (RTAM)®. The talin rod, which is also crucial for integrin function, consists of

120,121

13 helix bundles (R1-R13) all of which contain four or five o-helices , and contains binding

sites for several cytoplasmic proteins. These include two binding sites for actin''”'*>'?3
RIAM™*'® paxillin'”’, Kank1 and Kank2 (Ref. 126,127) and a controversial second integrin
binding site'**'*®, Multiple vinculin binding sites were characterized in talin, most of which are

cryptic in a relaxed state of talin'®.

As talin is a key protein to integrin function, its localization, integrin binding and confor-
mation is tightly regulated. Talin can adopt an extended and a globular conformation (Figure
1-5b)'*!'. These conformations have functional impact, whereas only the extended but not the
globular conformation of talin can readily bind to the B-tail of integrins. In the globular confor-
mation, the head domain interacts with the rod domain which inhibits the interaction with the
integrin and the cell membrane. Thereby, F3 in the FERM domain interacts strongly with R9 and
additionally F2-F3 interact with R1-R2, which sterically hinders the interaction with B-tail and
the membrane binding, respectively'****!. The concept of talin auto-inhibition is consistent with

1132

the observation that a large ratio of talin is found in the cytosol ", that it is translocated to adhe-

sion sites when activated by Rap1 (Ref. 133-135) and that a tail-truncated version of talin leads
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to a higher quantity of integrins in the high affinity state on the cell surface''*'3°, Whether talin
continuously changes conformation and talin activation results from a shift of conformational
equilibrium or whether talin has to be converted into the active conformation is not known.
However, proteins that induce active talin are PIP2 (Ref. 137), RIAM'****13% G13 (Ref. 138),
and Kank2 (Ref. 126). Besides the conformation of talin also the binding of other proteins to
talin is tightly regulated. For example, actin binding to the rod at both binding sites is impaired
by the flanking regions, which are released when talin is stretched"*'*’. Further, the cryptic
vinculin binding sites require a partial unfolding of the protein to be exposed, which is driven by

141

forces trasmitted to talin by actin™". Hence, actomyosin induced forces affect the conformation

of talin and hence talin binding to integrins'** as well as vinculin and actin binding'*.

1.4.2. Kindlin

In the last decade, it became apparent that another family of FERM-domain containing
proteins, termed kindlins, is required to maintain the high affinity conformation of integrins
(Figure 1-5b). The kindlin family has three isoforms (kindlin1-3) that are expressed tissue-spe-
cifically®"'*, Sequence alignment shows similar domain organization as found in the talin head
domain'**, Like talin, kindlin has an atypical FERM domain with an additional FO subdomain. A
major structural difference to the talin head domain is a pleckstrin homology (PH) domain in-
serted into the F2 subdomain. Although the structure of full length kindlin was not yet deter-
mined, recently the structure of truncated kindlin was solved, in which highly flexible regions
were deleted™*. The FERM domain of kindlin adopts a classical cloverleaf-like structure and lo-
calizes kindlin to the membrane by interactions of the PH domain, FO and F1 domain with ani-
onic lipids***'*®, As in talin, the interaction of kindlin with the cell membrane is required for
integrin function'*’, The F3 subdomain directly interacts with a membrane-distal NxxY motif in

the B-tail, which essential for the high affinity conformation of integrins'*****,

Besides being required to maintain the active conformation of integrins, the functionality
of kindlin is poorly understood. However, kindlin has been shown to directly interact with in-
tegrin-linked kinase (ILK)"**"*, which in turn binds to actin via parvin'*”'*®, Recently it has been
also suggested that kindlin directly binds actin'*® as well as the actin polymerizing Arp2/3 com-
plex'*. This suggest that kindlin is not only important for integrin-ligand binding, but also for
the integrin-actin connection and for cytoskeleton dynamics at the adhesion site. In addition.

kindlin recruits paxillin to the adhesion site'**'**%

, which regulates integrin mediated adhesion
by the phosphorylation of multiple signaling proteins'®>'®*, This indicates that kindlin is an adap-
tor protein with multiple, yet unknown functions. Although, the full range of kindlin functions
and its activation of kindlin as well as the interplay with talin remains to be elucidated, kindlin
emerges as an important hub for multiple signaling proteins, which are required for integrin-

mediated adhesion.
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Figure 1-5 Talin and Kindlin are required for integrin ligand binding. a) Talin is composed of an atyp-
ical FERM domain (FO - F3), commonly called the head domain that is connected by a flexible linker to
the rod domain, containing 13 helix bundles (R1 — R13) and a dimerization helix (DD). Each helix bundle
contains four or five helices (shown in grey). The interaction sites with other proteins are shown,
whereas dark grey helices contain vinculin binding sites, which are partially cryptic. b) Two confor-
mations of talin are known, an inactive and active conformation. Only in the active conformation, talin
stabilizes integrins in the high affinity state. Active talin can interact with the membrane and the integrin
B-tail at the membrane proximal NPxY motif and a membrane proximal helix. To maintain the active
conformation of integrins, kindlin is required. Similar to talin, kindlin has an atypical FERM domain that
interacts with the integrin B-tail. Structurally, the talin head domain and kindlin are similar, however,
kindlin has an inserted PH domain. Kindlin interacts with a membrane distal NxxY motif in the integrin
B-tail.

1.4.3. Integrin Inactivation

Since integrin functionality is tightly regulated, not only the active conformation can be
stabilized by intracellular proteins, but also the inactive, low affinity state. It can be maintained

or induced by proteins that associate with the intracellular domains of integrins. Mostly, these

1163»165 1166,167

proteins bind either the p-tai or conserved regions of the o-tai , thereby preventing
the binding of the integrin activators, such as kindlin and talin. Filamin and docking protein 1
(DOK1) are prominent integrin inactivators. Both compete with talin for binding the membrane
proximal NPxY motif. Integrin cytoplasmic domain-associated protein 1 (ICAP1) interacts with
the distal NxxY motif in the Bl-integrin cytoplasmic tail and hence impairs the binding of
kindlin'*®*'*, SHANK-associated RH domain interacting protein (SHARPIN) and mammary-de-
rived growth inhibitor bind to the intracellular tail of the a-subunit®. Apart from competitive
binding of cytoplasmic proteins to the tails of integrins, phosphorylation of specific residues at
the B-tail can maintain or induce the bent, closed conformation of integrins. The phosphorylation
of the tyrosine residue the NxxY motifs leads to an inhibition of talin or kindlin binding and
promotes the binding of DOK1 (Ref. 170,171). Altogether, the low affinity state of integrins can
be maintained by either direct protein-protein interaction, or by phosphorylation of the pB-tail,

which ultimately impairs the binding of talin and/or kindlin.
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1.5. The Life of Integrins

In cells, whether embedded in a tissue or migratory, integrin adhesion sites are not static,
but constantly remodeled. During migration, adhesion sites form at the leading edge, with single
integrins which cluster into nascent adhesions that anchor membrane protrusions to the ECM.
In these adhesions, an increasing number of adhesome proteins are recruited to the cytoplasmic
integrin tails. Thereby, particular adhesome proteins are directly recruited to integrins, while
other proteins are recruited upon actomyosin induced forces applied to adhesions. Although the
majority of nascent adhesions is turned over, a small number of these adhesions mature into
large focal adhesions at the tip of actin bundles or stress fibers. Since integrin adhesion sites are
rather stationary or slightly sliding in respect to their extracellular binding site, focal adhesions
translocate either to the center of the cell or to the rear during cell movement. Long-lived, highly
elongated adhesions that are translocated to the center adhesions, called fibrillar adhesions, have
aremodel adhesome and are important for ECM rearrangement and fibronectin assembly. At the
rear of migratory cells, large focal adhesions are disassembled, integrins are internalized and

transported to the leading edge.

1.5.1. Integrin Clustering and Nascent Adhesion Formation

Changes in the affinity of integrins were proven to be physiologically relevant, however,
the physiological role of integrin avidity regulation has been long debated'”*'”®. Upon ligand
binding integrins form clusters with a diameter of about 100 nm that contain about 50 ligand
bound integrins'’*. How these micro clusters are formed is still not fully understood, but it
emerges that multiple factors are relevant for the clustering. The multivalency of ECM ligands
with a maximum distance of 60 nm (Ref. 175) induces integrin clustering simply by localizing
multiple integrins in proximity'’*"”. Also bulky membrane-bound glycoproteins, the gly-
cocalyx, are thought to contribute to clustering of integrins'’®. The glycocalyx extends up to
80 nm into the extracellular space, thereby hindering integrins, which protrude 19 or 24 nm in
the extended conformation into the extracellular space, from binding. Consequently, non-bound
integrins are funneled into regions of existing adhesion sites, where the spatial hindrance for

integrin binding is reduced due to the binding of other integrins'’®

. Very important for integrin
clustering are the initially recruited adaptor proteins talin and kindlin. The C-terminal a-helix of
talin is a dimerization domain (DD, Figure 1-5a), which ultimately induces integrin dimerization
(Figure 1-6)"**'7°. Hence, talin is not only required for integrin affinity changes but also for the
regulation of avidity. Recently, the structure of kindlin was resolved, showing kindlin forming
homodimers'*®. The deletion of key sequences for dimerization, which flank the PH domain,
leads to a hampered integrin activation, which suggests that kindlin dimerization has an im-
portant role in the physiological function of integrins. Although the observed dimerization is

very slow'*, dimerization of kindlin in vivo may be enhanced, however this remains unclear. In

very early adhesion assembly, talin and kindlin were found in a stoichiometry of one to two
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molecules, indicating that two talin molecules connect two kindlin dimers™™". Hence, the inter-

play of kindlin and talin is essential for integrin function and initial clustering, which is enhanced

by multivalency of ECM ligands and the glycocalyx.

Figure 1-6 Integrin clustering. Initial integ-
" ; - : rin clustering is induced by multivalent
'@@@% i 0 ECM ligands. Upon ligand binding, talin and
Talin ndin { . . . . . .
. T kindlin associate to the integrin -tails. Both
% g R, Kindiindimer ogF7Q adaptor proteins form homo-dimers, induc-
“9°  ing the association of integrins at the cyto-
plasmic domains. Thereby, the dimers of
talin are formed by the interaction of two
dimerization helices in the rod domains and
kindlin dimerizes by interactions of two F2
domains.

Talin dimer Talin dimer

The assembly of nascent adhesion is a complex process, which requires tight biochemical
and biophysical regulation. Multiple adhesome proteins are quickly recruited to the cytoplasmic
tail of clustered integrins, including focal adhesion kinase (FAK), vinculin, paxillin and the Src
kinase family. There are indications that FAK plays a central role in the assembly and maturation
of nascent adhesions. Although FAK depleted cells can adhere and initiate actin driven cell

181182 nascent adhesions do not undergo the typical maturation cycle'. It was shown

spreading
that FAK promotes talin localization to nascent adhesions'®?, thereby stabilizing more integrins
in the active conformation'® and connecting nascent adhesions to the actin cytoskeleton'®*,
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which in combination results in early cell adhesion strengthening °°. Although it was suggested

that FAK directly binds to integrin p-tails, it recently was shown that FAK is recruited to adhe-

sion sites by kindlin %%

, which in turn was shown to occur in a complex with integrins directly
upon ligand binding"®’. Paxillin, also recruited to integrins by kindlin, is phosphorylated by FAK
and acts as hub for multiple signaling networks that induce cell spreading and adhesion matura-
tion'®%. This phosphorylation seems to be important for integrin function as impeding the inter-

action between FAK and paxillin decreases cell adhesion and migration'®®

. Due to the signaling
initiated by both proteins, the actin polymerizing Arp2/3 complex, recruited to the adhesion site
by either kindlin or FAK is activated'*”'®’. With the recruitment of paxillin, FAK and the Arp2/3
complex cell membrane protrusions are induced by actin dynamics that apply forces to nascent

adhesions.

1.5.2. Adhesion Maturation and Adhesome Formation

The coupling of nascent adhesions to dynamic actin spatially and temporally regulates the

187 Most nascent adhesions have a short life-

maturation or disassembly of the nascent adhesions
time, which correlates with the polymerization rate of actin. Nascent adhesions are usually stable

for around one minute before being disassembled and recycled. Nascent adhesions are
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disassembled as they are disconnected from actin due to actin de-polymerization by cofilin at

188 However, a small number of nas-

the transition zone between lamellipodium and lamellum
cent adhesions grow towards the leading edge along a-actinin containing actin fibers into large
focal adhesions (Figure 1-7). This maturation of nascent into focal adhesions depends on myosin
[T-induced actin contractility, which applies a force to the adhesion site. Integrin adaptor pro-
teins, predominately talin, transmit the forces generated by actomyosin to integrins, which are
thereby tilted in focal adhesions'. The application of myosin II-dependent forces to adhesions
induces the recruitment of vinculin to the adhesions site, which reinforces the connection of
integrins to actin. During maturation, adhesion sites develop a distinct layered structure (Figure
1-7b)"*"*, Signaling proteins, including paxillin and FAK, localize to the cytoplasmic domains
of integrin and reach about 30 nm into the intracellular space. This layer of proteins is commonly
called ‘signaling’ layer. The ‘actin regulatory layer’ containing actin and actin associated proteins,
including o-actinin is localized intracellularly 50 nm away from the cell membrane'**'**. Talin
plays a key structural role in the nano-scale architecture of focal adhesions as it bridges the dis-
tance between the cytoplasmic domains of integrins and the actin regulatory layer, by directly

193

binding integrin B-tails and actin™". Not surprisingly, vinculin that reinforces the connection of

adhesions to actin localizes primarily to the talin rod domain'®’

. As the proteins in this layer
transmit forces from the actomyosin cortex to the adhesion site and forces often regulate their
function, this intermediary layer is often named ‘force transduction layer’***'*?, Further, focal
adhesions are vertically structured along their horizontal axis. At the elongation site of focal ad-
hesions, FAK-dependent tyrosine phosphorylation of paxillin is highest, providing a scaffold for
phosphotyrosine-binding proteins'®*. In contrast, at the opposing site actin binding proteins are
concentrated. At the periphery of focal adhesions, called the adhesion belt, Kank is recruited,
which partially decouples the adhesion site from tension induced by the actomyosin cortex'*.
Thereby the binding of Kank to talin induces adhesion slippage and hence might regulate focal
adhesion growth. It is likely that other proteins have a distinct spatial distribution and/or a gra-
dient of biochemical state, i.e. phosphorylation, to regulate the growth of focal adhesions, how-

ever, these mechanisms are still poorly understood.

Since focal adhesions usually contain several different integrin classes, the role of single
integrin types and their interplay in adhesion formation and adhesome assembly is of interest.
For fibronectin-binding integrins it was shown that a581 and aVB3/B5 integrins, which are usu-
ally found together in focal adhesions, form morphologically different adhesions and distinct

actin structures when they are expressed exclusively'*®

. Although adhesions formed by different
integrins share a core adhesome®, differences in the recruited adhesome proteins lead to func-
tional differences. For instance, adhesions formed by a5p1 integrins generate myosin II-driven
contractility and Arp2/3 complex assembled branched actins structures, while aVB3/p5 integ-
rins adapt to the tension by activating GEF-H1 and the actin polymerizing machinery mDia,

which leads to the formation of unbranched thick actin stress fibers'*®. Thus, the interplay of
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a5B1 and aVB3/B5 integrins in focal adhesions allows cells to adapt to the rigidity of the extra-

195 However, how signaling induced by either of these integrins regulates

cellular environment
the formation of mixed adhesion sites as well as the role of biophysical parameters in the regu-

lation of these integrins is currently unknown.

Although focal adhesions are stable adhesion sites, proteins in adhesions are highly dy-
namic. Talin and kindlin stabilize the active conformation of integrins and hence integrins are
mainly immobilized"*’. However, partially integrins in focal adhesions diffuse either freely or

1% Many intracellular proteins, including talin,

confined with integrin class dependent dynamics
kindlin, FAK, paxillin, vinculin and ILK are not constantly bound and undergo frequent exchange
with the cytoplasmic pool*®”**°. The binding and unbinding rate of adhesome proteins in many
cases depends on the tension that is applied to the adhesion by the actomyosin cortex'*®. Thus,
forces applied to adhesions regulate not only the composition of the adhesome but also the rate

of protein turnover in the adhesome.

ECM

Membrane
Integrin signaling layer
Force transduction layer

Actin regulatory layer

Actin stress
fibre

" aV- class Integrin Talin © VASP
@» FAK r 4 Vinculin % o-Actinin
O  Paxillin C Zyxin &®  Actin

Figure 1-7 Focal adhesion architecture. a) In spread cells, large and elongated focal adhesions (red) are
found at the tips of actin stress fibers (green). b) Focal adhesions have distinct vertical structure with a
signaling layer within ~30 nm of the membrane, followed by a force transduction layer and the actin regu-
latory layer. Images a) taken from Einstein®”’ and b) adapted from Kanchanawong et al.'*’

1.5.3. Adhesion Disassembly and Integrin Recycling

Integrin-mediated adhesions are frequently disassembled, either at the edge of the lamel-

1?°*, Microtubules play an important role in adhesion disas-

lum or at the rear of a migrating cel
sembly, as their depolymerization stabilizes focal adhesions by preventing their disassem-
bly*°**%, Upon re-polymerization of microtubules, focal adhesions are synchronously disassem-
bled and integrins are internalized. Inhibition of kinesin-1, a motor protein involved in protein
trafficking along microtubules, leads to the same phenotype of adhesion stabilization as micro-
tubule depolymerization, indicating a critical role for kinesin-1 in adhesion disassembly and
turnover®**. FAK is also involved in adhesion disassembly by binding growth factor receptor-
bound protein 2 (Grb2), which promotes recruitment of dynamin to adhesion sites. This com-
plex is responsible for integrin internalization, thereby inducing adhesion disassembly®’*. It was
proposed that a5B1 integrins are internalized in an upright conformation with associated FAK

and Src at the B-tail, which are recycled at the leading edge of migrating cells*”. FAK depletion
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leads to an increased number of focal adhesions and massive stress fibers that stabilize focal
adhesions?’*?%32% Thus, it is likely that FAK induced signaling lowers actin contractility, thereby
reduces stress fiber formation and ultimately destabilizes focal adhesions**. FAK and Src signal-
ing hve been shown to be involved in adhesion disassembly at the rear of a migrating cell by
increasing actin contractility®®. Thus, FAK seems to be a key player in adhesion disassembly

with diverse and spatially varying functions.

1.6. Integrin-Mediated Mechanotransduction

Many physiological processes depend on mechanical information about the extracellular
environment, which cells can probe by applying forces to the ECM, and then transducing these
into the cell as biochemical signals. For example, bone development and remodeling relies on
the release of bone modulators by connexin hemichannels in osteocytes, which are regulated by
bone fluid shear stress sensed and transduced by a5p1 integrins. In the last decade it became
apparent that physical parameters of the environment, detected by integrins, dictate the lineage
commitment of stem cells*”’. In general, it emerges that mechanotransduction is indispensable

208

for embryonic development in vivo™". Applying forces to integrin adhesion sites induces many

signaling cascades and cellular processes.

1.6.1. Forces Regulate Integrin Binding

Bonds between integrins and their ligands have to withstand high forces that are applied
either from the extracellular environment or by actomyosin contractility. Forces impact the dis-
sociation of integrin-ligand bonds and may also regulate the binding rate of integrins to their
ligand. Fibronectin-ligated a5B1 integrins have a prolonged bond lifetime when the force applied
to the bond increases, a phenomenon called catch bond*”. Catch bonds formed by a5p1 integ-
rins and fibronectin require the binding of the integrin to the RGD domain and the synergy site
in fibronectin®**'**!*, Hence, mechanically loaded a5p1 integrins can withstand higher forces
and have an increased lifetime in tensioned adhesion sites. Cyclic instead of static mechanical
loading of a5B1 integrin-fibronectin bonds increases the bond lifetime drastically already at low

)210

levels of applied force (~ 10 pN)“*°. However, if forces applied to a a5p1 integrin-ligand bond
overcomes a certain threshold (> 30 pN), the bond properties transition to that of a slip bond*"?,
in which the lifetime of the bond decreases exponentially with increasing applied force. Changes
in bond properties are suggested to regulate a5B1 integrin mediated signaling, as FAK seems to
be only activated by a5p1 integrins when they form a catch bond with fibronectin®*. This shows
a fine tuning of a5p1 integrin-ligand binding and signaling by force that is applied to the bond.
In mixed focal adhesions containing aVB3 and a5p1 integrins, aVB3 integrins localize in areas
of high tension, whereas a5p1 integrins reside in regions with lower tension'*®. Although a VB3
integrins were reported to bind less strong to fibronectin compared to a5p1 integrins®'?, recent

studies indicate that aVB3 integrins may form stronger bonds with fibronectin than a5p1
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integrins'®*'*®, Although a catch bond behavior of aVf3 integrins has not been observed, it was
suggested recently that force drives the unclasping and prevents the collapsing of aVB3 integ-
rins, thereby regulating the binding kinetics and dissociation rates of a VB3 integrins'®. In ad-
herent endothelial cells, flow induced shear stress regulates integrin binding. When cells are
subjected to shear stress, the high affinity state of a5p1, aVB3 and a2B1 integrins can be in-
duced***"*. However, which integrins are regulated depends on the substrate endothelial cells
adhere to, and thus on the class of bound integrins*'*. Cells adherent to collagen can induce the
binding of additional a2p1 integrins, and correspondingly, cells adherent to fibronectin or fi-
brinogen induce the high affinity state of a581 and VB3 integrins in response to shear stress*'.
In fact, there are indications that a2p1 integrins under tension may suppress the high affinity
conformation of a5B1 integrins. Shear stress induced integrin-ligand engagement depends on a
signaling within seconds that includes the activation of Src, which forms a complex with FAK,
and Phosphatidylinositol-3-OH kinase (PI3K), which is known to be involved in integrin activa-
tion*'**'%*'7 Tt is likely that mechanical control of integrin ligand binding kinetics, including

binding rate and dissociation rates, is a general feature of integrins®'®,

1.6.2. Actin Regulation by Force

Cells remodel their actin cytoskeleton upon the application of force. For example, endo-
thelial cells under flow induced shear stress align their cytoskeleton along the direction of
flow*'**'. Further, when cells cannot generate traction forces, due to a soft extracellular envi-
ronment or inhibited cell contractility, actin structures are fundamentally different. A prominent
effect when lacking the ability to generate forces is a perturbed development and maintenance
of thick actin stress fibers that interconnect focal adhesions'****°, Externally applied forces, in-

*2. How-

duced by stretching of substrates induces actin remodeling®*', also on soft substrates
ever, on soft substrates static stretching does not stimulate actin remodeling or cell spreading,
whereas cyclic application of force induces actin stress fiber formation. The response to cyclic
stretching is optimal at a certain amplitude and frequency of stretching, indicating that the trans-
duction of mechanical cues are limited by a force and time threshold. In order to maintain the
adhesion-actin connection at high forces, vinculin reinforces the binding of talin to actin.
Thereby, vinculin forms an asymmetric catch bond with actin that moves to the cell center***.
Hence, not only are adhesion sites modulated by force, but also the actin cytoskeleton dynamics
and actin connection of adhesion sites. The induction of actin remodeling with stress fiber for-
mation leads to cell stiffening®****°. The current hypothesis is that in mechanically loaded cells,
whether shear stressed, stretched or indented, the actin cytoskeleton first rearranges, which

then triggers signaling cascades that induce an active response to the applied mechanical cues.
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1.6.3. Mechanosensitive Adhesome Proteins

When force is applied to an adhesion site, multiple adhesome proteins are recruited*”’,
many of which respond to force and are involved in transducing actomyosin generated forces to
the adhesion site or extracellular tension to the cytoskeleton. The best studied adhesome protein
involved in mechanotransduction is talin. Upon recruitment of talin to integrins, talin binds actin
at the C-terminal actin binding site (ABS3). The binding of actin to the second actin binding site
the talin rod (ABS2) in relaxed talin is inhibited by flanking helix bundles (R2-R3 and R9; Ref.
139). It has long been speculated that the conformation of talin changes under force and that
force modulates talin function®*®. Indeed, forces of about 30 pN applied to the first three helix
bundles (R1-R3) induced their unfolding, thereby exposing cryptic vinculin binding sites, which
results in increased vinculin binding to talin (Figure 1-8)****%*. Although all helix bundles can be
mechanically unfolded®', in the full length talin rod domain one helix bundle (R8) is insensitive
to force®®. Talin unfolding has a mechanical hierarchy. The R3 helix bundle unfolds at about
5 pN as the first mechano-sensor in talin and all other domains unfold sequentially at forces be-
tween 10 and 20 pN, thereby exposing additional vinculin binding sites*****, Further, forces ap-
plied to talin and subsequent vinculin binding to the helix bundles R2-R3 seem to reduce the
repression of actin binding to ABS2 (Ref. 139). This results in a stronger connection of the ad-
hesion site to actin and higher forces applied to talin®**. Recently it has been shown that the actin
binding to ABS2 induces a vinculin dependent force gradient across talin®**. When the force
applied to talin exceeds 25 pN, the helix bundle R3 undergoes a helix-to-coil transition, resulting
in the unbinding of vinculin from talin**?. Importantly, when the force is released from talin, it
folds back into the non-stretched conformation***, Hence, talin acts as a force buffer in adhe-
sions, which is supported by the report that the length of talin fluctuates between 80 and 350 nm
in vivo>*. Thereby, vinculin binds optimally to talin when talin is extended to 180 nm (Ref. 237).
Thus, protein binding to talin is tightly regulated by force. Low to medium forces stretch and/or
partially unfold talin, promoting vinculin binding to talin and subsequent actin binding at ABS2,
whereas high forces lead to helix-to-coil transition that result in vinculin unbinding and tension

reduction.

Although forces regulate the binding of other proteins to talin, talin does not directly
translate biophysical cues into biochemical signals. However, forces applied to other adhesome
proteins regulate their catalytic activity and hence, these proteins transform forces in biochem-
ical signals. As a prominent example, FAK is required for physiological force transduction and
adhesion regulation in response to extra- or intracellular forces (Figure 1-8)***2*, Similar to
talin, FAK occurs in an auto-inhibited state, in which the FERM domain binds to the kinase do-
main, thereby sterically hindering the catalytic activity of FAK. The N-terminal FERM domain
binds to the talin head as well as PIP2-rich membranes. The C-terminal focal adhesion targeting
(FAT) domain binds to paxillin, which indirectly binds to actin. There are indications, that the

binding of the FERM domain to PIP2 rich membranes destabilizes the auto-inhibited state of
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FAK and induces auto-phosphorylation, which is required for signaling transduction®*'. Further,
the indirect connection to the actin cytoskeleton may apply pulling forces of the actin cytoskel-
eton to FAK, which lead to conformational changes and an opening of the catalytic pocket of the
kinase domain®****, The rapid (< 0.3 s) phosphorylation of Src by FAK upon externally applied

244245 indicates the regulation of FAK activity by forces.

forces to fibronectin binding integrins
There is no indication, that Src activation is directly modulated by force, as it does not bind to
actin and is therefore not subjected to force. A substrate of Src, p130Cas (Cas) is phosphorylated
in response to externally applied forces by stretching (Figure 1-8), which induces the phosphor-
ylation of the talin activating protein Rap1l. Hence, the stretching induced phosphorylation of
Cas leads to adhesion maturation and growth by inducing ligand engagement of integrins'****,
Besides the before mentioned force sensitive proteins, it is likely that many other proteins in the
adhesome are functionally regulated by force, thereby regulating cell adhesion and migration in

response to different biophysical parameters.

a Talin b Focal adhesion kinase
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Figure 1-8 Forces regulate adhesome proteins in structure and function. a) Talin is the best studied
mechanosensitive proteins in the adhesome. Forces transduced by actin or the extracellular environment
induces the stretching and unfolding of the rod domain. Due to this, the cryptic vinculin binding sites are
exposed. Forces above 25 pN induce a helix-to-coil transformation of R3, leading to the unbinding of vin-
culin. b) FAK and p130Cas, force induced conformational changes increase the catalytic activity by the
change of accessibility of the kinase domain or the phosphorylation state (red dots), respectively.
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1.6.4. The Molecular Clutch Model

In migrating cells, newly formed membrane protrusions initiated by rapid actin polymer-
ization at free filament ends push out the membrane at the leading edge (Figure 1-9). This re-
quires the anchorage of filaments to an immobile object that opposes the pushing force of the
actin polymerization. Is the filament not anchored, actin polymerization at the leading edge of
the cell induces a rearward movement of actin, a process known as actin retrograde flow**’. In-
tegrin-mediated adhesions couple newly formed filaments via adhesome proteins to the station-
ary ECM and hence, apply a traction force to the ECM, which results in a net forward movement

of the cell**®

. When integrin adhesion sites are not connected to actin, the retrograde flow is high
and traction forces are low. The coupling of integrins to actin in migrating cells is conceptually

described in the molecular clutch model (Figure 1-9)***!, In this model, talin connects integrins
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to actin and is indispensable for the clutch. The clutch is reinforced by wvinculin, which is also

crucial for the full functionality of the clutch**’.

The molecular clutch model discribes a highly dynamic system that responds to a wide
range of extracellular rigidities. On soft substrates, the rate of force increase across talin is low
due to a high elasticity of the substrate (Figure 1-9). Thus, the loading rate is lower on talin than
on the integrin-ligand bond and hence, the integrin unbinds from the ligand before the integrin-
actin connection is reinforced and actin-mediated forces can be transmitted to the adhesion®*.
With increasing rigidity, the loading rate of talin increases and, above a certain threshold, is
higher than the integrin-ECM dissociation rate. Thereby, talin is stretched and/or partially un-
folded, which induces vinculin binding and adhesion reinforcement, ultimately resulting in
higher traction forces and higher migration speeds of cells (Figure 1-9). It has been shown that

upon depletion of talin cells exert a biphasic traction force response to increasing

a

Retrograde Actin Flow Actin Polymerization

ECM
Stiffness

«——

b Traction Forces

Soft ECM Soft ECM

Stiff ECM Stiff ECM
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""Non-stretChed talin b‘ Inactive vinculin ’ Actin Integrin

So, .
", Streched talin d  Active vinculin ECM ligand ‘$  Kindlin

Figure 1-9 The molecular clutch model. a) A schematic overview of the molecular clutch model. b) On
soft substrates, the loading rate of talin is lower than the unbinding rate of integrins from their ligand.
This leads to the dissociation of the integrin from the ligand before adhesion reinforcement. ¢) On stiff
substrates, talin is stretched and partially unfolded, which recruits vinculin and reinforces the adhesion
site. Figure redrawn from Swaminathan et al.**®
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rigidities**’. This indicates that other adhesome proteins may be involved in the clutch, espe-
cially in the transition of low forces, with a likely candidate being kindlin. Destabilization of the
clutch, for example by Kank binding to talin and thereby competing with vinculin binding, leads
to a weaker actin-talin connection'*®. Thereby, traction forces on the adhesions are lowered and
hence, adhesion slippage is induced. The clutch model describes how force generation affects
the adhesion connection to actin and with the unbinding behavior of integrins during adhesion
initiation. However, how forces regulate the binding behavior of different integrins and their
subsequent signaling during adhesion formation is not known. Possible cross-regulation of in-
tegrins, as shown in focal adhesions'****%, during adhesion initiation may also regulate early ad-

hesions. This thesis aims at addressing these fundamental questions.

1.7. Characterizing Cell Adhesion and Tensional States

Due to the importance of cell adhesion and related cellular processes, the interaction of
adhesion receptors and their ligands are studied extensively using various methods*****’. Due to
the lack of a method, to directly quantify cell-surface interaction strength, the characterization
of cell adhesion is limited to measuring forces required to detach cells from their substrate or to
measure forces that are applied intracellular or extracellular at adhesion sites. To characterize
these different aspects of cell adhesion, several approaches were developed over the last dec-
ades, reaching from very crude washing assays to methods that can quantify piconewton forces

that mechanically stretch single molecules.

1.7.1. Bulk Adhesion Characterization Methods

One of the earliest methods developed to characterize cell adhesion employs shear forces
resulting from liquid flow to detach cells from a substrate. Thereto, cells are seeded onto a sub-
strate of interest and are allowed to initiate adhesion. Subsequently, loosely bound or non-ad-
herent cells are washed off and the number of remaining cells is quantified. With this crude
assay, different cell adhesion molecules were discovered and it has given valuable insight in basic
cell adhesion mechanisms, such as basic understanding of mechanotransduction in endothelial
cells. However, reproducibility and quantitative read-outs are poor. Advancements of washing
essays, i.e. spinning disc devises, minimized the variability of forces applied to the cells, thereby
allowing the analysis of important adhesion mechanisms and basic mechanobiological processes.
However, shear forces acting on cells depend not only on the velocity of the liquid but also on
the size and the shape of cells. Therefore, the forces applied to cells in such experiments cover
a wide range and are challenging to quantify. Hence, other methods were developed that detect
the forces applied to cells and very precisely quantify forces required to detach cells from a sub-

strate of interest.
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1.7.2. Single-Cell Adhesion Measurements

Different single-cell force spectroscopy (SCFS) methods were developed over the last
decades to quantitatively characterize deadhesion processes of single cells from biotic or abiotic
substrates, cells or tissues*****. In these experiments, an immobilized single cell is first brought
into contact with and subsequently separated from a substrate of interest while force sensitive
device, such as optical or magnetic tweezers, micropipettes, or atomic force microscope (AFM),
provide information about forces and energies of the attachment and detachment pro-
cess?5¢260261 SCFS usually allows a precise control of the experimental setting, including the
contact time and force of the probed cell and the substrate of interest, thereby providing repro-

ducible experimental conditions.

Optical and magnetic tweezers are rarely used to characterize cell adhesion due to their
restricted force range between 0.1 and 200 pN (Ref. 262). In a widely used approach using mi-
cropipettes, a cell is partially aspirated into a pipette and brought into contact with a ligand-
coated microsphere that is coupled to a force sensor. The force sensor is usually a swollen red
blood cell with known physical parameters, which itself is partially aspirated into a second mi-
cropipette. Monitoring the position of the microsphere allows the precise determination of the
force acting on it during the separation. This method is sensitive enough to characterize the
binding properties of single adhesion receptors*'**'*%*, The forces that can be detected with this
method range up to 1 nN, which is, however, not sufficient to characterize adhesion of a whole

cell.

AFM-based SCFS (Figure 1-10) overcomes these force limits as the choice of different
force sensors, i.e. AFM cantilevers, allows a large force range from = 10 pN to > 100 nN to be
measured?*®2%?261264265 Tq characterize forces with AFM, the deflection of the cantilever is
monitored by a laser that is reflected from the cantilever onto a photodiode that is either position
sensitive or segmented (Figure 1-10a). After determining the spring constant of the used canti-

lever?®®

, the deflection of the cantilever is translated into force using Hook’s law. To probe ad-
hesion characteristics of a single cell it is attached to a tipless cantilever (Figure 1-10b). This is
facilitated by cantilever coating with either specific adhesion receptor ligands, antibodies or non-
specific adhesives. The cantilever-bound cell is then approached either onto a protein-coated
substrate, another cell, tissue explant or biomaterial. During the approach, the stiffness of the
probed cell can be characterized when the cell is pushed onto the substrate?**”*”°, After a given
contact time during which the cell is allowed to initiate adhesion, the cantilever is retracted until
cell and substrate are fully separated and the corresponding force acting on the cantilever is
recorded throughout the experiment. Thereby, the force acting on the cantilever is usually dis-
played in dependence of distance between cantilever and substrate (force-distance curve) or the

duration of the experiment (force-time curve). Thanks to the wide force
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Figure 1-10 Scheme of atomic force microscopy-based single cell force spectroscopy. a and b) To use
a single cell as a probe it is bound to a tipless AFM cantilever (scale bar, 10 um). a) (i and ii) The canti-
lever is approached onto a protein-coated substrate until a preset contact force is reached. After a de-
fined contact time (ii), the cantilever is retracted until the cell is fully separated from the substrate (iii
and iv). During approach and retraction, the cantilever deflection and thus, the force acting on the cell
is recorded in force-distance curves. c¢) Force distance curves show different features: In the approach
curve (red) the cantilever deflection correlates with the stiffness of the cell and is called contact stiff-
ness. The retraction curve (black) records the adhesion force of the cell, which represents the maximum
downward force deflecting the cantilever and thus the force needed to detach cell and substrate. After
recording the maximum adhesion force, single receptor unbinding events are observed. d) Rupture
events are recorded when the adhesion receptor-ligand bond of a cytoskeleton-linked adhesion receptor
fails. Tether events are recorded when a membrane tether is extruded from the cell membrane with the
adhesion receptor at its tip (tethers). In the latter case attachment of the adhesion recegtor to the cyto-
skeleton is either too weak to resist the mechanical stress applied or non-existent”

range that is covered by AFM-based SCFS, cell adhesion can be quantified from the level of an
entire cell to the contribution of single adhesion receptors (Figure 1-10c). The detachment pro-
cess quantitatively describes the force at which the cell starts to detach from the substrate, com-
monly called adhesion force. After the adhesion force is overcome, multiple smaller unbinding
events are observable in force-distance curves, which correlate to the unbinding of single or
clustered adhesion receptors from their ligands (Figure 1-10d)**%2%%261264271 In rupture events
describe the unbinding of adhesion receptors from their ligand upon exposure of mechanical
stress without membrane extraction®”'’®. These unbinding events can be used to extract the
maximum force that an adhesion receptor-ligand bond can bear***??7% Tether events describe
the extraction membrane tether, which are anchored to the substrate by one or multiple adhe-
sion receptors®***”7*’®_ Since the extension of tethers does not depend on the strength of the
receptor-ligand bond, but characterizes mechanical properties of the cell cortex and cell mem-
brane tension*”**">278283 forces recorded in these events do not quantify the adhesion receptor-

ligand interaction directly. However, the lifetime of these tethers strongly depends on the

1-25



1-26

Introduction
anchorage of the tether to the substrate and thus on the receptor-ligand interaction®”**”>2% In
the later separating phase between cell and substrate, the cell body is not in contact with the

substrate anymore and cell adhesion is exclusively mediated by tethers®”>.

1.7.3. Traction Force Measurements

Besides characterization of the force that is required to detach cell from a substrate, the
tensional states of the whole cell and its adhesion sites are key elements of cell adhesion. Ten-
sional states can be evaluated using traction force measurements. All traction force measure-
ments are conceptually simple; cells or tissues are grown on flexible substrates, which are de-
formed by forces exerted by these cells/tissues®****”. Using the information of the substrate de-
formation, usually obtained by optical microscopy, and the physical parameters of the deformed
substrate, traction forces can be calculated. To quantify subcellular traction forces, small fluo-
rescent beads (diameter = 1 um) are embedded in elastic ECM protein-coated polyacrylamide
hydrogels or polydimethylsiloxane surfaces**>**, The substrate stiffness is tunable, achieved by
varying degrees of crosslinking, and can thereby mimic different physiologically relevant envi-
ronments. Although the concept is simple, the calibration of substrate stiffness and the calcula-
tion of traction forces are rather complicated. A different approach to measure traction forces is
the use of small, vertical cantilevers that are usually made of silicon. Such pillars range from 0.25
to 10 um in diameter and can quantify subcellular traction forces as well. Calculating traction
forces is commonly easier for pillar, as Hook’s law can be applied after determining the spring
constant of the pillars®****”. However, pillar substrates have a distinct surface structure that may
influence cellular behaviors, which has to be taken into account. All two-dimensional traction
force methods employ materials that cannot be biodegraded by cells, however, ECM remodeling
and degradation is relevant for the traction profiles of cells in vivo*®”*®. Moreover, experiments
on two-dimensional surfaces reduces the complexity of the natural, three-dimensional matrix,
in which cells are embedded in tissue. Hence, in the last decade a great effort was made to de-
velop three-dimensional hydrogels, in which three-dimensional traction forces of cells could be
quantified. These hydrogels are built of different backbones, such as poly(ethylene glycol) or
polysaccharides, that allow conjugation with ECM proteins and variation of gel stiffness, which
is regulated by the crosslinking density®***””. However, changing the mechanical properties of
these gels induces changes in porosity, medium diffusion and mass transport. In these hydrogels,
the crosslinking can be designed to be cleavable by cells, similar to the native ECM and hence,

289 which mimics natural ECM conditions but increases

cells can control the stiffness of the gels
the complexity of force calculations due to constantly changing physical parameters of the gel.
Although two- and three-dimensional traction force microscopy provided valuable insights in
mechanobiological processes, it requires new biomaterials, in which biochemical, structural and

mechanical features can be tuned independently.
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1.7.4. Molecular Tension Sensors

To address tension that is transmitted by single proteins, molecular sensors have been
developed in the last years. These sensors are built as a molecular spring that connects either a
fluorophore and a quencher or a Forster resonance energy transfer (FRET) fluorophore pair.
The spatial arrangement of tow fluorophores or fluorophore and quencher are designed in a way
that the application of strain to the spring changes the emission spectra of the fluorophores**"
22 To translate the shift in the emission spectra of the fluorophores to forces, molecular tension
sensors have to be carefully calibrated. Tension sensors can be either decorated with a ligand for
an adhesion receptor and coupled to a stiff extracellular substrate, to address the tension applied
to ligands by specific adhesion receptors, or they can be introduced into intracellular proteins,
quantifying the tension that is applied to specific adhesome proteins. Extracellular tension sen-

294 that are

sors are often build from DNA-hairpins®*, peptide sequences*° or whole proteins
partially or fully unfolded when tension is applied. Intracellular tension sensors are usually the
protein of interested that is genetically modified to contain fluorophore pairs. In case the protein
of interest is not sufficiently stretched by the applied tension, a molecular spring can be inserted
between the fluorophore pair. It is noteworthy that all molecular tension sensors only provide

information about the magnitude of the force but not the direction.
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2.1. Abstract

Mammalian cells regulate adhesion by expressing and regulating a diverse array of cell
adhesion molecules on their cell surfaces. Since cell types express distinct sets of cell adhesion
molecules, substrate specific adhesion is cell type and condition dependent. Single-cell force
spectroscopy is used to quantify the contribution of cell adhesion molecules to adhesion of cells
to specific substrates at both cell and single molecule levels. However, the low throughput of
single-cell adhesion experiments greatly limits the number of substrates that can be examined.
In order to overcome this limitation by the ability to measure the adhesion of a cell to multiple
substrates, we developed segmented PDMS masks. To verify the utility of the masks, the adhe-
sion of four different cell lines, HeLa (Kyoto), prostate cancer (PC), mouse kidney fibroblast
and MDCK, to three extracellular matrix proteins, fibronectin, collagen I and laminin 332, was
examined. We found that the adhesion of each cell line tested to different matrix proteins was
distinct; no two cell lines adhered equally to each of the proteins. The PDMS masks improved
the throughput limitation of single-cell force spectroscopy and allow experiments that previ-
ously were not feasible. Since the masks are economical and versatility different assays can be

improved.
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2.2. Introduction

The regulated adhesion of mammalian cells with the extracellular matrix (ECM) and sur-
rounding cells is crucial in biological processes such as cell migration, deviation cell growth, pro-
liferation, migration, and apoptosis. Since impaired cell adhesion causes a wide range of diseases,
the study of cell adhesion is an important field of research'®. Cell adhesion is predominantly
mediated by cell adhesion molecules (CAMs), which comprise different protein families, includ-
ing integrins and cadherin®. Cells express and regulate CAMs in order to control whether, how
strong and how long they adhere to surfaces they encounter’ ', Extracellular cues and intracel-
lular signaling tightly regulated cell adhesion. Furthermore, outside-in signaling of CAMs regu-
late cellular processes including the adhesive properties of the cell'’. Among CAMs, integrins
dominantly facilitate adhesion of cells to ECM proteins. Integrins are heterodimers composed of
non-covalently linked a- and B-subunits both of which consist of a large extracellular domain,
short transmembrane domain, and cytoplasmic domain of variable length. In mammalian cells,
the 18 - and 8 B-subunits are known to form 24 different integrins which have specific, but
overlapping, adhesion functions and often bind to more than one ECM protein'?. To adopt their
adhesion to the ECM, cells regulate the surface expression of integrins'. Importantly, cells differ
in the adherence to various ECM proteins, and necessitate the investigation of the adhesive prop-

erties of the cells.

Atomic force microscopy (AFM)-based single-cell force spectroscopy (SCFS) provides a
versatile tool to quantify the adhesion of single cell adhesion in conditions approaching physio-
logical'*'®. In AFM-based SCFS, a single cell is attached to a cantilever (Figure 2-1A,B), com-
monly facilitated by an adhesive coating (e.g. concanavalin A, poly-L-lysine or CellTak)'"?*. The
attached cell is lowered (approach) onto a substrate (Figure 2-1A(i)), which is a protein-coated
surface, another cell or a biomaterial®®, until a set force is reached and kept stationary for a set
time to allow the cell to form adhesive interactions (Figure 2-1A(ii)). During the subsequent
raising (retraction) of the cantilever (Figure 2-1A(iii)), the force acting on the cell and the dis-
tance between cell and substrate is recorded in a force-distance curve (Figure 2-1C). The force
range that can be detected with AFM-based SCFS is from ~10 pN up to ~100 nN", thereby SCFS
allows both the overall cell adhesion and the contribution of single adhesion receptors to be
quantified. During initial cantilever retraction the upward acting force on the cell increases until
the force needed to initiate cell de-adhesion is reached, thereafter, unbinding events occur (Fig-
ure 2-1C). The maximum force is called adhesion force and is a measure of how strong the cell
adhered to the substrate. Unbinding events correlate with the unbinding of either single or clus-
tered CAMs and can be characterized as either rupture or tether events'>'”*°, The analysis of
these unbinding events may be used to characterize the strength of single bonds and cell mem-
brane properties’”****, Examples of utility of SCFS include studies of the adhesion of two Dicty-
ostelium discoideum cells via glycoproteins®, dendritic cells via activated leukocyte cell adhesion

molecules'’, Chinese hamster ovary cells to collagen I via a.pi-integrins®*, pre-osteoblasts to
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denatured collagen I via aspi-integrins and integrins containing a,-subunits®’, Jurkat T cells to
the vascular cell adhesion molecule VCAM-1 via aBi-integrins®®, and the contribution of galec-
tins to the overall cell adhesion of MDCK cells to collagens®. In addition to studying the adhesion
of cells to a substrate, the regulation of one CAM by another CAM has also been studied by SCFS.
It was shown by SCFS, that collagen I binding integrins down-regulate the avidity of fibronectin
binding integrins by an increased endocytosis in HeLa cells*.

(i) L (i)
Photodiode aser,

Cantilever E / 5
* _Approach
Probed Cell \ —
A 4

/Substrate Retract
(iii) l (iv) ,

‘57 4 . / L ~\"\ Rupture

=z
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Figure 2-1 Depiction of AFM-based SCFS. (A and B) A single cell is bound to a tip-less AFM cantilever
via a receptor specific or unspecific substrate (scale bar, 10 um). (A) (iand ii) The cantilever bound cell
is approached onto the substrate until a preset force recorded. After a contact time, (iii) the cantilever
is retracted until the cell is fully detached from the substrate. During the experimental cycle, the deflec-
tion (force) of the cantilever and the distance between cell and surface is recorded in a force-distance
curve. (C) Force-distance curves show distinct features: in the approach force-distance curve the deflec-
tion of the cantilever is recorded while the cell is pressed on the substrate; the retraction force-distance
curve (black) records the adhesion force of the cell, which represents the maximum force acting on the
cantilever and thus, the force needed to initiate the detachment of the cell from its substrate. Subse-
quently single receptor unbinding events are observed. Rupture events are recorded when the CAM-
ligand bond of a cytoskeleton-linked CAM fails. Tether events are recorded when a membrane tether is
extruded from the cell membrane with the CAM at its tip (tethers). In the latter case attachment of the
CAM to the cytoskeleton is either too weak to resist the mechanical stress applied or non-existent. (D)
To improve the throughput of SCFS experiments, a four-segmented coating mask is used, allowing adhe-
sion force measurements with one cell to different adhesives substrates.

The classical SCFS set-up, where the adhesion of a cantilever bound cell to a substrate is
probed has a limited throughput, because only one substrate is examined per cantilever. There-
fore, an alternative method has been used to quantify the adhesive properties of several cells to
using one cantilever. Thereto, in an upside-down assay, a ligand (e.g. ECM protein) functional-
ized cantilever or a cantilever with a functionalized bead is lowered on round or spread cells that
are seeded on a Petri dish®"*%. After the contact time the cantilever is retracted from the cell and
the adhesion of the cell to the cantilever or bead is measured. Thereafter, the cantilever can be
moved above another cell and the adhesion experiment cycle repeated. By this upside-down

approach, several cells can be examined using one cantilever. However, a surface that has been
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in contact with a cell may be contaminated with debris from the cell or restructured by the cell,
especially after longer contact times'®*. Due to the limited surface areas at the ends of cantile-
vers and beads, the coating is compromised after a few measurements and the cantilever must

be replaced to ensure consistent assay conditions.

An alternative method to increase throughput of adhesion measurements in the classical
setup, is to microstructure the surface such that it presents areas having different properties.
Examples used for SCFS include micro-structured surfaces with two different polymers**, differ-
ent nanoscale groves® and two different ECM proteins*. However, the equipment needed for

these approaches are not common in laboratories.

To increase throughput, we choose to modify Petri dishes by adding four-segmented
polydimethylsiloxane (PDMS) masks (Figure 2-1D). The four segments separate the Petri dish
surface into four independent 4 x 4 mm?* wells, which allow one dish to be coated with different
substrates and, thus, characterization of the adhesion of the same cell to four substrates. The
masks are thin enough to remain on the Petri dish while performing adhesion measurements.
These multi-segmented substrates not only increases the rate at which SCFS measurements can
be made but also improves their reliability and comparability, because the adhesion of cells of
the same type can fluctuate considerably®’. Therefore, the number of cells probed can be re-
duced. In addition, the masks decrease the coating area, save experimental material and improve
experimental efficiency. We implemented the masks to characterize the adhesion of different
cell lines to collagen I, fibronectin and laminin 332 and found that the cell lines had unique ad-

hesion profiles, which likely reflect differences in the CAMs they expressed.
2.3. Results
2.3.1. PDMS masks for single-cell force spectroscopy

To increase throughput of AFM-based SCFS, we developed segmented PDMS masks (Fig-
ure 2-1D, Figure 2-2B) that allow the adhesion of one cell to different substrates to be character-
ized. Using a mask, four 16 mm? large and 150 um deep wells (segments, Figure 2-2B) can be
coated in one Petri dish and SCFS adhesion measurements performed with the same cell in each
segment without removing the mask. Since the non-specific adhesion of different cell lines to
either glass or PDMS varies, we developed two types of PDMS masks, where the protein-coat is
either on a glass or PDMS surface. The mask type can be chosen to minimize the background
adhesion of the cell line. The production process as well as the handling of the PDMS mask is
described in the next sections. In addition, the characterization of surface topography, protein

coating and microscopy utility of both types of PDMS masks is presented.
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Figure 2-2 Technical details of the PDMS coating mask. (A) For the production of the PDMS masks, an
aluminum mold is produced, with nine casting molds for PDMS masks. Dimensions of the masks are
shown in (B). The height of the wells is 150 um. (C) Accessible area with an AFM-cantilever (stared,
NPO, Bruker) usually used for SCFS adhesion experiments. Dark red shows the recommended area
where the PDMS masks do not interfere with the measurement, in pale red the area where are small
interferences and in white areas measurements are not possible.

2.3.2. Characterization of protein coating on PDMS masks

To characterize the surface roughness and the protein coating on glass and PDMS surfaces
were imaged using AFM. Several protein-coated surfaces of both PDMS and glass were imaged.
Surfaces of protein-coated glass were smooth with height variations of = 4 nm (Figure 2-3A). In
contrast, the protein coated PDMS surfaces were rougher, with height differences of = 80 nm

(Figure 2-3B).

To verify that the surfaces were coated with proteins, we tried to physically remove the
protein coating over a 10 x 10 um” area of the sample by applying a high contact force (95 nN)
during contact mode AFM imaging, i.e. to scratch the coating with the AFM cantilever. An area
was scratched several times, before the scanning angle was rotated 90° and the same area was
scratched several more times. After scratching, a 20 x 20 um” area surrounding the scratched
area was imaged. On the glass surface, the protein was removed from the scratched area (Figure
2-3A”). The protein-coating depth was 3.2+0.5 nm (n=5) for BSA and 4.5+0.4 nm (n=5) for col-
lagen I (Figure 2-3C). The AFM images of PDMS coatings (Figure 2-3B and D) revealed an une-
ven surface with surface features exceeding 40 nm in height. These are caused by the copying of
imperfections in the in the aluminum mold. Although the sensitivity of AFM imaging is high
enough to detect protein coatings, the overall roughness of the surface masks thin protein layers,

and thus we were likely not able to detect the presence of a scratched protein patch.

Since we were unable to confirm a protein coating on PDMS by the AFM scratching ex-
periments, we coated glass and PDMS surfaces with fluorescent conjugated proteins used in the
later adhesion study: Fluorescein isothiocyanate (FITC) conjugated BSA, rhodamine conjugated
laminin, FITC conjugated collagen I and HiLyte488 conjugated fibronectin. For each protein,
confocal images show near homogeneous surface signals when absorbed on both PDMS (Figure
2-3, E’ to H’) and glass (Figure 2-3, E to H). In a smaller area the fluorescence was bleached using

either the 488 or 555 nm laser at full power. On both surfaces the fluorescence signal was
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abolished, demonstrating that the ECM proteins coated the surfaces. Negative controls (un-
coated glass or PDMS) showed background fluorescence that did not decrease with bleaching
(data not shown). These experiments confirm homogenious protein coatings on glass surface

and indicate PDMS surfaces were similarly coated.

Collagen | Fibronectin

Fibronectin

Figure 2-3 Surface characterization. Representative topographies of BSA and collagen I coated glass-
surfaced (A and C, respectively) and PDMS-surfaced (B and D, respectively) wells. A 20 x 20 um” area
of the coated surface was AFM-imaged after a 10 x 10 um” area was repeatedly scratched by contact
mode AFM imaging using a high contact force. Images show a cavity in the scratched area for BSA (A)
and collagen I (C) coated glass surfaces. The thicknesses of the coatings were similar, =3.5 nm for BSA
and ~4.5 nm for collagen (A” and C”). The PDMS surface showed a rough surface with height differences
of =80 nm (B and D). On PDMS the displacment of proteins by AFM scratching was not evident (B, B”
and D, D”). Scale bars, 5 um. Since a protein coat was not demostrated, we coated PDMS-surfaced wells
with fluorescently labled BSA (FITC), collagenI (FITC), fibronectin (rhodamine) and laminin (Hi-
Lyte488) and imaged the glass (E-H, in order as listed) and PDMS (E’-F’) surfaces. A 20 x 20 um” area
was bleached with maximum laser power before the 50 x 50 um” area was imaged (E-H and E’-H’). Scale
bar, 10 ym.

2.3.3. Accessibility of the coated area with cantilever bound cells.

The area at the bottom of a well accessible for SCFS is limited by the geometry of the mask
and the AFM cantilever chip. If these come in contact with each other, the recorded force-dis-
tance curves will be corrupted or, worse, the AFM chip maybe displaced and the cantilever dam-

aged. Both, the height of the coating mask and the 10° angle of the cantilever determine the
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accessible area. Unfortunately, PDMS masks thinner then 150 um are fragile and difficult to han-
dle making the production of masked dishes cumbersome. The area suited for adhesion meas-
urements is depicted in Figure 2-2C. Since the AFM chip must clear the chip-side of the mask
approximately 1 mm of the area at the chip-side cannot be used for adhesion measurements (see
Figure 2-2C, white area). How far the cantilever can be moved towards the side borders of the
well is set by the position of the cantilever on the chip and how the chip is mounted. The tip-
area is accessible until the cantilever makes contact with the mask. When the cantilever was too
close to the chip boarder, both approach and retraction force distance curves showed a distinct
bending in the base line force. When the cantilever was too close a side border, no obvious fea-
tures was found in force-distance curves. The sensitivity of the cantilever was determined by

pressing it to a surface either outside the mask or close to the tip-side border of a well.

2.3.4. Evaluation of the PDMS masks for light microscopy

Light microscopy is essential for many SCFS experiments. Therefore, we tested the optical
behavior of the masks with PDMS surfaces. UV/VIS spectra of 1 mm thick PDMS slices showed
that cured PDMS did not absorb light at wavelengths important for light microscopy (230 to 840
nm, data not shown). PDMS masks did not appear to reduce the quality of wide-filed and fluo-
rescence images. However, the z-resolution and calibration will be sub-optimal since the optical
density of the PDMS used, 1.415 as measured, does not match that of water. Furthermore, the
working distance of the microscope objective must exceed the thickness of the PDMS bottom
and, thus, these masks are not suited for short distance, high numerical aperture objectives, in
case PDMS surface masks are used. Although the masks with PDMS surfaces show technical lim-
itations in optical microscopy, they are usable for standard microscopy mostly used in combina-
tion with SCFS. If the PDMS-surfaced masks interfere with optical microscopy the masks with

glass surfaces are recommended.

2.3.5. Comparison of non-specific adhesion force on glass and PDMS surfaces

In our experience, unspecific cell adhesion to clean glass is higher than the adhesion of
cells to the ConA-coated cantilever. In order to attach cells to ConA-coated cantilevers, it was
necessary to passivate glass surfaces onto which cells were pipetted. We found that both HeLa
and PC3 cells also adhere to PDMS strongly (Figure 2-4). Therefore, it was necessary to passivate
the PDMS surfaces. BSA is commonly used to block unspecific adhesion of cells to different sur-
faces®. To address unspecific cell adhesion we coated glass and PDMS surfaced wells with BSA.
To our surprise, the adhesion of PC3 cells was higher to BSA when BSA was adsorbed on glass
than when absorbed on PDMS (Figure 2-4). Thus, we decided to use PDMS surfaced masks in
the following experiments. Furthermore, we pick up cells with the cantilever from BSA coated

wells because the adhesion to BSA is lower than to the ConA-coated cantilevers.
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2.3.6. Cell line dependent adhesion to extracellular matrix proteins

To demonstrate that PDMS masks are a useful tool to increase throughput and comparability of
results on different ECM proteins in SCFS we conducted a small adhesion force screen with four
cell lines on three different ECM proteins. Thereto, we coated the wells in the PDMS coating
masks with collagen I, fibronectin, and laminin 332. We evaluated cell adhesion of PC3, HelLa,
mouse kidney fibroblast and MDCK cells to the different extracellular matrix proteins. The
fourth well of the PDMS mask was coated with BSA from which cells were picked up. We meas-
ured the adhesion force to all three ECM proteins of at least 11 cells of measurements (Figure
2-5). It became apparent that every cell line has a unique fingerprint of cell adhesion to different
ECM proteins. For example, PC3 cells showed similar adhesion to collagen I and fibronectin and
a higher to laminin 332, while mouse kidney fibroblast showed each cell line. From the force-
distance curves, we extracted the adhesion force for all very low adhesion to collagen I and lam-
inin 332 but high adhesion to fibronectin. This indicates, that cell lines express different patterns
of CAMs, in our study in particular integrins. Besides the cell line dependent forces observed,
contact-time dependent strengthening also differed between cell lines, indicating difference in

the dynamic regulation of adhesion. These results show, that the
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PDMS masks can be used to find adhesive properties that distinguish different cell lines from

each other and perhaps reflect unique cell line specific adhesion signatures.
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2.4. Discussion

Adhesion is a fundamental aspect of both healthy and diseased cells. In the last decade,

single cell adhesion studies have contributed to the understanding of adhesion proteins and their
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regulation. AFM-based SCFS has been used to quantify adhesion of numerous cell types to a di-
vers set of substrates, include ECM proteins, biomaterial and cell-cell adhesion proteins'*'*2°,
However, since only one cell can be examined at a time, the number of conditions that can be
studied efficiently by SCFS is limited. To help alleviate this problem, we designed two kinds of
PDMS masks that allow the characterizing cell adhesion of one cell to multiple adhesive sub-
strates. The masks were cast in aluminum molds, which can be made in most mechanical work-

shops.

We characterized the masks with regard to surface topography, protein coating ability and
applicability for light microscopy. While the PDMS surface was very rough compared to the glass
surface, both could be coated well with proteins. The height variation of the PDMS surface,
=80 nm, although small compared the size of cells examined, 15 um, may be the cause of the
differences in HeLa cell adhesion to BSA coated substrates observed in Figure 2-4. Other differ-
ences between glass and PDMS surface, such as hydrophobicity or the specifics of protein ab-
sorption, may also account for this difference. However, since the difference in adhesion to BSA
only occurred for PC3 cells (Figure 2-4) and was minor compared to specific adhesion, we con-
clude that both glass and PDMS surfaces can be coated and used for cell adhesion measurements.
Fluorescently labeled proteins adsorbed on glass and PDMS, which showed homogenous protein
coatings on both surfaces (Figure 2-3), confirmed this. Further experiments showed that like
glass-bottomed wells, PDMS-bottomed wells are suitable for light microscopy. Thus, neither
mask lowered the quality of possible SCFS experiments, even in combination with light micros-
copy. If SCFS is combined with advanced light microscopy and objectives with small working

distances and high numerical apertures we recommend to use glass surface mask.

Finally, we used the PDMS masks to characterize and compare the adhesion of four cell
lines to collagen I, fibronectin and laminin 332. HeLa (Kyoto), PC3, mouse kidney fibroblast and
MDCK cells where chosen based to their widespread use. The masks allowed us to profile the
adhesion properties of the cells quickly and efficiently, requiring =2 days for each cell line. By
measuring the adhesion of a single cell to different matrix proteins a smaller number of cells
need to be assayed. These measurements show that cell lines have specific ECM proteins adhe-
sion profiles. This is likely due to difference in their expression of integrins. To profile cell ad-
hesion of different cell lines the used substrates could be readily extended to more ECM proteins
and cell-cell adhesion proteins, such as E-cadherin. Further, contact times could be increased to
address long term CAM regulation, which would increase the accuracy of the profiles. With the

help of the PDMS coating masks a semi-automated adhesion measurement setup is feasible.

Our masks compare favorably to commercially available silicone masks, such as provided
by Ibidi. The production of the mask is easy and commercially available equivalents are com-
monly expensive, the here-described mask only requires a mold, which can be easily produced
in workshop and the PDMS components. Further, the usage of the mask is not limited to AFM-

based SCFS, as the mask is only an example of possible dimensions and forms. For example,
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migration or spreading experiments can be conducted on different proteins, as the masks are
usable for light microscopy. Further examples where masks could be used include wound-heal-

ing assays and experiments that require more complex surface structures.
2.5. Experimental
2.5.1. Production of PDMS masks

To make PDMS masks a casting mold with cavities for nine masks was used (Figure 2-2A).
For the mold, 150 um deep cavities were machined in an 8 mm thick aluminum plate (for details
see Figure 2-2B), which was then anodizing to harden its surface. To reduce clinging of PDMS to
the mold, the mold was silanized overnight with 200 uL tridecafluoro-trichlorosilane in a vac-
uum chamber at room temperature. After silanization the mold was washed extensively with
water and ethanol. It was important that the cavities were free from any residues before casting.
PDMS elastomer (Sylgard 184, Dow Corning) was mixed in a 10:1 oil to base ratio. The mixture
was placed in a vacuum chamber for 20 min to remove dissolved gases. About 2 ml of the un-
cured PDMS mixture was placed on top of the aluminum mold and spread uniformly over the
mold using a straightedge. For glass surface masks only the cavities of the mold were filled and,
importantly, the inner squares (future wells of the mask) were wiped free of PDMS. In contrast,
to produce masks with PDMS-surface-wells, the entire top of aluminum mold was left covered
with a thin PDMS layer. The mold was place at 80°C for at least 2 hours fully cure the PDMS.
After cooling, the glass-bottom masks were carefully lifted out of the cavities and excess PDMS
removed from the edges of the wells. In contrast, PDMS-surface masks where cut out of the
continuous PDMS layer before they were lifted off the mold. Subsequently, both types of masks
were placed topside down in the middle of a glass bottom Petri dish (WPI) and any air bubbles
were removed by gently pushing them out with tweezers before the dishes were placed at 80°C
for 20 min. To enhance the binding of the PDMS mask to the glass, both surfaces can be plasma
cleaned in air for one minute before they are joined. However, PDMS surfaces become hydro-
philic during plasma treatment, and thus, liquid coating drops spread over the masks. Storing the

PDMS in air will restore the hydrophobicity of the surface.

2.5.2. Cell culture

PC3 cells were maintained in RPMI-1640 (Gibco-Life technologies) supplemented 1 mM
sodium pyruvate; HeLa (Kyoto) and mouse kidney fibroblasts were maintained in DMEM GLU-
TAMAX supplemented with 10% (V/V) FCS; MDCK cells were maintained in MEM supple-
mented with 5% FCS. All media also contained 100 units/mL penicillin and 100 ug/mL strepto-
mycin (both Gibco-Life technologies),
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2.5.3. Protein functionalization of PDMS masks and cantilever

Before the PDMS or glass surface was coated with proteins, the Petri dish containing the
PDMS masks was washed with ethanol and ultrapure water to remove any residue. After drying
Petri dishes, 16 uL solutions of 160 ug/mL collagen I (Inamed Biomaterials), 50 ug /mL fibron-
ectin (Merck), 50 ug /mL laminin 332 (Abcam) or 2%(W/V) BSA (Sigma) in PBS were added
to separate wells and left to adsorb overnight at 4°C. To minimize uncoated glass surfaces all
wells were incubated with BSA for 30 minutes at room temperature. Glass and PDMS were
coated with fluorescently labeled proteins as described for non-labeled proteins. The cantilever
coating was performed as previous description *. In short, the cantilever were plasma-cleaned

and incubated over night in 2 mg/mL ConA (Sigma) containing PBS at 4°C.

2.5.4. Characterization of protein coatings

To characterize surface roughness and protein coatings of PDMS and glass-surfaced wells
a NanoWizzard 11 AFM (JPK Instruments) mounted on an inverted microscope (Axio Ob-
server.Zi, Zeiss) was used. AFM imaging was performed in intermittent contact mode with a V-
shaped cantilever (SNL, Brucker) having a nominal spring constant of 0.58 N/m. First, an area
of 20 x 20 um® was imaged at a line rate of 0.7 Hz and with a resolution of 512 x 512 pixels. Dur-
ing the scan, the force acting on the surface was kept low by manually adjusting the drive voltage
between 0.5 and 1V, which compensated for the thermal drifts. AFM scratching was done in
contact mode on an area of 10 x 10 um?with a cantilever deflection of 8 V (95 nN), a line rate
of 10 Hz and an image size of 128 x 128 pixels. After performing 10 scratches the scan direction
was rotated 90° and another 10 scratches were performed. Thereafter, the original 20 x 20 um®

surface area was reimaged using the original AFM settings.

2.5.5. Single-cell force spectroscopy

For SCFS a CellHesion200 (JPK Instruments), mounted on an inverted optical microscope
(Axio Observer.Z1, Zeiss) in a temperature controlled noise cancellation box was used. The tem-
perature was set to 37 °C throughout the experiments. 200 um long tip-less V-shaped silicon
nitride cantilevers having nominal spring constants of 0.06 N/m (NP-0, Bruker) were used for
adhesion measurements. The spring constant of every cantilever was determined prior the ex-

periment using the thermal noise method.

Prior to experiments cells grown to ~80% confluency were detached from culture flasks
by trypsin/EDTA and washed off with measurement media (cell line specific media supple-
mented with 20 mM HEPES) containing 10% FCS. Cells were pelleted (420 g for 90 seconds)
and re-suspended in measurement media. Petri dishes with PDMS masks were washed with
measurement media to exchange coating buffers and remove loosely bound protein from the

surface. Throughout the experiments the PDMS mask remained on Petri Dish. After a recovery
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time of at least 45 minutes in measurement media *° single cell suspensions were pipetted onto
the BSA well and cells were allowed to settle. To attach a cell the calibrated and functionalized
cantilever was lowered onto a cell with a velocity of 10 um/s until a force of 5 nN was recorded
and raised after remaining 5 seconds at a constant height. The presence of a cell at the apex of
the cantilever was visually confirmed. Cantilever bound cells were incubated for 10 minutes to
ensure firm binding on the cantilever. For adhesion measurements, single cantilever-bound cells
were moved over the protein-coated wells and lowered onto the protein-coated surface with a
velocity of 5 um/s until a contact force of 2 nN was recorded. The cantilever was maintained at
a constant height for 5, 15 or 60 seconds (contact time) and subsequently retracted for >90 um
at a speed of 5um/s until the cell was fully detached from the substrate. After each adhesion
cycle, the cell was allowed to recover for a time at least equal to the contact time before a new
adhesion cycle was performed. The area in which each cell adhesion was quantified was changed
after ever experimental cycle performed. After quantifying cells adhesion with the three contact
times, the cell was moved to another protein-coated well and adhesion measurements were re-
peated. To avoid possible systematic errors caused by substrate specific cell activation or de-
activation, we varied the order in which cell adhesion to the substrates was measured. After
adhesion measurements on all protein coatings, the cell was exchanged. The Petri dish was re-
placed after characterizing 4 cells on each coating. In case a cell showed morphological changes
during the experiments it was discarded. Adhesion forces were extracted from force-distance

curves using JPK data processing software.

2.5.6. Fluorescence microscopy and UV/VIS spectroscopy

Fluorescence microscopy was performed with an inverted confocal laser-scanning micro-
scope (Axio Observer.Z1, LSM 700, Zeiss) equipped with a Plan apochromat 25x/0.8 water-im-
mersion lens (Zeiss). FITC-albumin (Sigma), fibronectin-HiLyte488 (LuBioScience), laminin-
rhodamine (LuBioScience) and FITC-collagen I (Sigma) were dissolved at 20 ug/ml in PBS and
absorbed as described above. For fluorophore bleaching, the laser power of the 488 or 555 nm
laser was set to the maximum intensity. A limited area (20 x 20 um?*) was bleached using a single
156 x 156 pixels scan, before a 50 x 50 um* image (448 x 448 pixels) was recorded at 4% laser
intensity. UV/VIS spectrums were acquired using a NanoDrop 2000¢ (Thermo Scientific) of

1 mm thick PDMS slices.
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Recovery of Vertebrate Cells from Trypsinization

3.1. Abstract

Single-cell force spectroscopy (SCFS) is becoming a widely used method to quantify the
adhesion of a living cell to a substrate, another cell or tissue. The high sensitivity of SCFS per-
mits determining the contributions of individual cell adhesion molecules (CAMs) to the adhe-
sion force of an entire cell. However, to prepare adherent cells for SCFS, they must first be
detached from tissue-culture flasks or plates. EDTA and trypsin are often applied for this pur-
pose. Because cellular properties can be affected by this treatment, cells need to recover before
being further characterized by SCFS. Here we introduce atomic force microscopy (AFM)-based
SCFS to measure the mechanical and adhesive properties of HeLa cells and mouse embryonic
kidney fibroblasts while they are recovering after detachment from tissue-culture. We find that
mechanical and adhesive properties of both cell lines recover quickly (<10 min) after detach-
ment using EDTA, while trypsin-detached fibroblasts require >60 min to fully recover. Our as-
say introduced to characterize the recovery of mammalian cells after detachment can in future

be used to estimate the recovery behavior of other adherent cell types.
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3.2. Introduction

Specific adhesive interactions between cells and extracellular matrix (ECM) or between
cells play crucial roles in cellular communication, tissue organization, embryonic development
and wound healing. Accordingly, a wide variety of diseases is associated with impaired cell ad-
hesion'*. Animal cells sense and adhere to their extracellular environment via cell adhesion mol-
ecules (CAMs), which are typically transmembrane proteins. Specific interactions between
CAMs and their extracellular ligands induce intracellular signaling pathways, which regulate the
adhesive and mechanical properties of cells besides other cellular processes. CAMs are classified
into different families, including integrins, cadherins and selectins™®. To strengthen the cellular
attachment to an extracellular substrate, multi-protein complexes anchor CAMs to the cytoskel-
eton. Key cytoplasmic adaptor proteins include talin, kindlin, vinculin and catenins®**. Due to
the general importance of cell adhesion, the interaction of CAMs and their ligands are studied
extensively using various, yet mostly qualitative, methods'*'*. However, as these qualitative
methods can provide helpful insights, describing the adhesive interactions of cells in detail ben-
efits greatly from measuring quantitative parameters such as cell adhesion forces, kinetics and
energies.

Single-cell force spectroscopy (SCFS) offers the possibility to measure adhesive forces
and energies of single cells adhering to a biotic or abiotic substrate, another cell or tissue*®,
SCFS methods are based on force sensing devices such as optical or magnetic tweezers, micropi-
pettes, or atomic force microscopy (AFM)'*'”'®, In these SCFS-based methods the cell is brought
into contact with an adhesive substrate or another cell for a given contact time and then sepa-
rated. While approaching and retracting the cell, the interaction forces are recorded and provide
a quantitative measure of the adhesive interactions between cell and substrate. Among all cur-
rently available SCFS methods, AFM-based SCFS covers the largest dynamic force range from
~10 pN to =100 nN that can be measured'®'®"’, This wide range permits quantifying the adhesive
force of an entire cell down to the adhesive force established by single CAMs. AFM-based SCFS
attaches a single cell to the apex of a tipless AFM cantilever (Figure 3-1). To facilitate cell attach-
ment, the cantilever is coated either with a substrate-mimicking ligand (e.g., cell surface recep-
tors or ECM proteins including collagens, laminins, or fibronectin), concanavalin A (ConA) to
bind carbohydrates on the cell surface, antibodies, or an unspecific adhesive (e.g., CellTak, poly-
L-lysine)"®?**2, The cantilever-bound cell is then approached either to a protein-coated sub-
strate, another cell, tissue explant or biomaterial. After a pre-determined contact time, during
which the cell is allowed to initiate adhesion, the cantilever is retracted until cell and substrate
are fully separated. During the approach and retraction cycle cantilever deflection (e.g., force)
and cell-substrate distance are recorded in so-called force-distance (FD) curves (Figure 3-1C).
Analysis of the FD curves provides several quantitative insights into the cellular interaction with
the substrate. The approach FD curve provides insight into the mechanical properties of the cell

being pressed onto the substrate’®?®**3° The retraction FD curve provides the maximum
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detachment force, also called adhesion force, of the cell. However, two types of smaller unbind-
ing events contained in the retraction FD curves correspond to the unbinding of single or clus-
tered CAMs'>'181%36 These unbinding events are frequently named rupture and tether events,
and differ in the molecular scenarios leading to their emergence. In rupture events, the CAMs
remain anchored to the actin-cytoskeleton and upon exposure of mechanical stress detach from
their extracellular ligand***"»3*3%3% If the anchorage to the cytoskeleton breaks before a CAM
unbinds from the extracellular ligand or if the CAM has not been attached to the cytoskeleton in
the first place, the CAM is pulled away from the cell cortex on the tip of a membrane tether'***,
In this so-called tether event, the tether is mechanically extended until the receptor-ligand bond
breaks. The force required to extend a tether from the cellular membrane does not depend on
the strength of the CAM-ligand bond but rather on mechanical properties of the cellular mem-
brane (e.g., bending rigidity, viscosity, and tension)*, the velocity at which the tether is ex-
tracted from the membrane, and on cell membrane attachment to the cortical cytoskeleton. In
rare cases, tether extension from the cellular membrane terminates when the tether fails or if
the receptor is pulled out of the membrane***'. In the later separating phase between cell and
substrate, the cell body is not in contact with the substrate anymore and tethers exclusively me-
diate cell adhesion *'. The analysis of tether unbinding events can provide information on the
lifetime of single CAM bonds, the mechanical properties of the cell cortex, and cell membrane

tensi0n31,37,40,42»45'

Although SCFS measurements and other methods applied to characterize cell adhesion
provide quantitative and qualitative insights into cell adhesion, a drawback is that adherent cells
must first be detached from culturing flasks in order to characterize their adhesion to a given
substrate. Cells are commonly detached with trypsin and/or ethylenediaminetetraacetic acid
(EDTA)*”***_ Although some CAMs, such as ap; integrin'?, are trypsin resistant, other CAMS
such as cadherins are sensitive to trypsin cleavage*®. Furthermore, other proteins involved in the
initiation of cell adhesion may be indirectly activated by trypsin cleavage. For example, trypsin
has been shown to cleave and activate protease-activated receptors (PARs), which regulate var-
ious cellular processes, including actomyosin cortex function and adhesion***. Moreover, tryp-
sin cleaves proteoglycans, which can contribute to cell adhesion®®. Because EDTA chelates diva-
lent ions its presence can perturb calcium and magnesium dependent cellular processes®**, Alt-
hough some CAMs are not functionally dependent on divalent ions, many CAMs (e.g., integrins
and cadherins) require the availability of divalent ions for stably interacting with their ligand
and, thus, are inhibited upon EDTA treatment. However, it is not entirely clear if and how EDTA
and trypsin treatment affects subsequent cell adhesion measurements, especially directly after
the cells have been detached from culture flasks. To circumvent this uncertainty, in many SCFS

studies cells were explicitly left to recover for a certain
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Figure 3-1 Scheme of AFM-based SCFS. (A and B) To use a single cell as a probe it is bound to a conca-
navalin A (ConA)-coated tipless AFM cantilever (scale bar, 10 um). (A) (i and ii) The cantilever is ap-
proached onto a protein-coated substrate until a preset contact force is reached. After a defined contact
time (ii), the cantilever is retracted until the cell is fully separated from the substrate (iii and iv). During
approach and retraction, the cantilever deflection and thus, the force acting on the cell is recorded in
force-distance (FD) curves. (C) FD curves show different features: In the approach FD curve (red) the
cantilever deflection measured upon pressing the cell onto the substrate correlates with the stiffness of
the cell and is called contact stiffness [33]. The retraction FD curve (black) records the adhesion force
of the cell, which represents the maximum downward force deflecting the cantilever and thus the max-
imum force needed to detach cell and substrate. After recording the maximum adhesion force, single
receptor unbinding events are observed. Rupture events are recorded when the CAM-ligand bond of a
cytoskeleton-linked CAM fails. Tether events are recorded when a membrane tether is extruded from
the cell membrane with the CAM at its tip (tethers). In the latter case attachment of the CAM to the
cytoskeleton is either too weak to resist the mechanical stress applied or non-existent****!,

time after detachment from the cell culture flask before characterizing their adhesion proper-
ties!®22292632345557 Hgwever, to our best knowledge a systematic approach to characterize the
recovery time needed to conduct reproducible cell adhesion experiments has not been pub-
lished. Here we introduce a simple assay to characterize the recovery time of selected eukaryotic
cell lines to recover mechanical and adhesive properties after being detached from culturing
flasks. For this assay we first detach vertebrate cells using either EDTA or trypsin, then allow
them to recover from the detachment process for different time ranges and subsequently use
SCFS to quantify their adhesive properties to collagen I, fibronectin fragments and BSA. The
experiments show that the recovery times of the cell lines depend on the detachment method

and that trypsin treatment can highly upregulate cell adhesion to ECM proteins. After increased
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waiting times cells return to a ‘normal’ adhesion mode that is not influenced by the agents used
for detaching cells from culture flasks. The approach described can be used to determine the
‘recovery time’ after detachment of virtually any eukaryotic cell type whose adhesive properties
are to be characterized. The described protocol can thus be implemented in every SCFS-based

study to exclude effects of the cell detachment process on the outcome of the experiments.

3.3. Materials and Methods
3.3.1. Cell Culture

HeLa (Kyoto) cells and mouse kidney fibroblasts were maintained in DMEM (Gibco-Life
technologies, NY, USA), supplemented with 10% (v/v) fetal calf serum (FCS, Sigma, Steinheim,
Germany), 100 units/mL penicillin (Gibco-Life technologies) and 100 ug/mL streptomycin
(Gibco-Life technologies). HeLa cells were grown on untreated and fibroblasts on fibronectin
(Calbiochem-Merck, Darmstadt, Germany) coated tissue culture flasks (Jet BioFil, Guangzhou,
China).

3.3.2. Expression and purification of fibronectin fragments

Fibronectin fragment FNm7-10and RGD-deleted fibronectin fragment FNm7-
10ARGD were expressed from plasmid pET15b-FNi;7-10 in E.coli BL21 (DE3) pLysS as de-
scribed®®. Briefly, cells were grown in Lennox L broth (Invitrogen, Carlsbad, USA) supplemented
with 100 ug/mL of ampicillin (Sigma, Buchs, Switzerland) and 34 pg/mL chloramphenicol
(Sigma) at 37°C. Expression was induced with 500 mM isopropyl thiogalactose (IPTG, Sigma)
at optical density (OD)s00 = 0.6. Cells were harvested after 4 h, re-suspended in buffer (20 mM
Tris-HCI, 150 mM NaCl, pH 8.0), and broken by sonication. Cell debris was removed by ultra-
centrifugation at 40'000xg for 45 min. The soluble protein fraction was bound to nickel-nitrilot-
riacetic acid resin (Protino® Ni-NTA Agarose, MACHEREY-NAGEL, Diiren, Germany) for 2 h
at 4°C. The resin was then loaded onto a column and washed with buffer (20 mM Tris-HCl,
150 mM NaCl, 10 mM imidazole, pH 8.0). FNui7-10 was eluted with elution buffer (20 mM Tris-
HCI, 150 mM NacCl, 500 mM imidazole, pH 8.0). Peak fractions were pooled and dialyzed against
imidazole free buffer (20mM Tris-HCI, 150 mM NaCl, pH 8.0). The protein concentration was
adjusted to 1.0 mg/mL with dialyzing buffer and aliquots were stored at -20°C.

3.3.3. Surface coating of cantilever and petri dishes

Cantilevers (NP-0, Bruker, USA) were prepared for cell attachment as described previ-
ously”’. In short, cantilevers were plasma-cleaned prior to overnight incubation (at 4°C) in ConA
(2 mg/mlL, Sigma) in PBS. The glass bottoms of Petri dishes (35 mm FluoroDish, World Preci-
sion Instruments, US) were overlaid with a PDMS mask to allow four different coatings of the

glass surface®'. Three of the four PDMS framed glass surfaces were incubated overnight in PBS
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at 4°C either with collagen I (160 pg/mL, Inamed Biomaterials, Fremont, CA), fibronectin frag-
ment FNii7-10 (50 ug/mL), RGD deleted fibronectin fragment FNi7-10ARGD (50 ug/mL) or
BSA (Sigma). The fourth segment was left uncoated.

3.3.4. SCFS

For SCFS a CellHesion 200 (JPK Instruments, Berlin, Germany) mounted on an inverted
microscope (Observer.Z, Zeiss, Jena, Germany) was used*’. During SCFS cells were maintained
at 37°C using a temperature controlled incubator box (LIS, Basel, Switzerland). 200 um long tip-
less V-shaped silicon nitride cantilevers having nominal spring constants of 0.06 N/m (NP-0,
Bruker) were used for adhesion measurements. The spring constant of every cantilever was de-

termined prior the experiment using the thermal noise method®’, which accuracy lies at ~10% °'.

Overnight serum-starved fibroblasts and HeLa cells grown in 24 well plates (Thermo Scien-
tific, Roskilde, Denmark) to confluency of =80% were washed with PBS and detached with either
200 uL of 15 mM EDTA (BioUltra Grade, Sigma) or 0.05 % (w/v) trypsin (Sigma), both in PBS,
for four and two minutes, respectively. Detached cells were suspended in SCFS media (DMEM
supplemented with 20 mM HEPES) containing 1% (v/v) FCS, pelleted and resuspended in serum
free SCFS media. Throughout experiments the PDMS masks framing the four segments of glass
surfaces remained on the Petri dishes. Each PDMS mask of a Petri dish was washed with SCFS
media to exchange coating buffers and to remove weakly attached proteins of the individual glass
segments. Cell suspensions were pipetted into the Petri dishes containing the substrate-coated
glass supports and allowed to settle. To attach single cells, the apex of a calibrated, ConA func-
tionalized cantilever was lowered with a velocity of 10 um/s onto a cell until reaching a contact
force of 3 nIN. After 5 seconds contact, the cantilever was retracted from the Petri dish by 50 um.
Cells were incubated in SCFS media for different times to characterize cell adhesion after differ-
ent recovery times. For adhesion experiments, cantilever bound cells were lowered onto a given
substrate-coated glass segment with a velocity of 5 um/s until reaching a contact force of 1 nN.
The cantilever was maintained at this position (constant height) for 60 seconds and subsequently
retracted with 5 um/s for >90 um until the cell detached from the substrate-coated glass segment.
After detachment from the substrate segment the cell was allowed to recover for 60 seconds
before probing adhesion to the next substrate-coated glass segment. A single cell was either used
to probe adhesion for all three recovery times. As soon as the cell showed morphological changes
(e.g. spreading on the cantilever) it was replaced. Cell Adhesion at recovery times >60 min were
quantified using cells additional to those probed in earlier recovery times. Cells were never al-
lowed to recover >90 min after detachment from the culture flask. Adhesion forces were ex-
tracted from FD curves using the JPK data processing software (JPK Instruments). Cell stiffness,
rupture forces, and tether forces were analyzed using in-house build routines, which were based
in Igor 6 (Wavemetric, Oregon, USA). Rupture and tether events were analyzed separate. They

were distinguished upon the plateau slope before the rupture event, where tether plateaus had a
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maximum angle of ~10° (Figure 3-1C). Statistical test were done in Prism (GraphPad, La Jolla,
USA).

3.3.5. Confocal microscopy

To image F-actin and non-muscle myosin ITA, we used a HeLa cell line expressing human
MYHO9-GFP and Lifeact-mCherry. Geneticin (0.5 mg ml”, Life Technologies) and puromycin
(0.5 ug ml', Life Technologies) were used for antibiotic selection. An inverted confocal micro-
scope (Observer.Z1, LSM 700, Zeiss) with a 63x/1.3 LCI Plan-Neofluar water immersion objec-
tive (Zeiss) was used. Cells were maintained at 37°C using a Petri dish heater (JPK Instruments).
In all the representative images shown, contrast and brightness were adjusted to similar levels

for visual comparison using Zeiss AxioVision software (Rel. 4.8).

3.4. Results

To characterize a potential influence of the detachment process of adherent cells from
culture flasks on the cell’s ability to re-establish adhesion, mouse kidney fibroblasts and HeLa
cells were detached from flasks using either 15 mM EDTA or 0.05 % (w/v) trypsin. After a cer-
tain recovery interval in media, cells were non-specifically attached to tipless AFM cantilevers
functionalized with concanavalin A (ConA). SCFS was then used to characterize the adhesion of
an attached cell to different substrates (Figure 3-1). The parameters extracted from the approach
and retract FD curves recorded in these experiments were contact stiffness of the cell pressed
to the substrate, maximum adhesion force of the cell, and the force of the single rupture and
tether events (Figure 3-1C). In the following paragraphs we will report how the cell detachment

procedure from culture flasks affects each of these parameters.

3.4.1. Characterizing the contact stiffness of cells after detachment from culture flasks

To conduct adhesion measurements by SCFS, single cells attached to the AFM cantilever
are pressed onto a substrate for a given contact force and time. Normally contact forces on the
range of a few nN are chosen, which distribute over the entire contact area of cell and substrate
and result in a relatively small contact pressure applied to the cell. For example, when pressing
mouse kidney fibroblasts onto the substrate at a contact force of 1 nN, the contact area estimated
from optical microscopy is 70.4 + 12.2 um* (average + SD, n=8). This results in a contact pressure
of 14.6 + 2.8 N/m* (e.g., Pa), which is much smaller than the typical intracellular pressure (=10-
10.000 Pa) generated by animal cells °***. However, if the procedure applied to detach the cells
from cell culture flasks significantly influences the mechanical properties of the cell, pressing a
softer or stiffer cell onto the substrate at a given contact force results in different cell-substrate
contact areas. Variations of the contact area can have a direct impact on the number of CAMs

that could bind their ligands and establish adhesion. Accordingly, if the mechanical properties
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of the cell would vary with the time after detachment from the culture flask this could have a

considerable impact on the SCFS measurements.

Our SCFS experiments show that the contact stiffness of mouse kidney fibroblasts does
not significantly change with increasing recovery time after detachment from the cell culture
flask by trypsin (Figure 3-2). After EDTA detachment from the culture flasks, the mean contact
stiffness of fibroblasts shows small variations of less than 20% (940 pN/um to 1160 pN/um)
between different recovery times, and the contact stiffness of single cells distributed widely for

each recovery time. We therefore consider this difference insignificant (P-values > 0.01).
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Figure 3-2 Contact stiffness of (A) mouse kidney fibroblasts and (B) HeLa cells for different recovery
times after detachment from cell culture flasks. The contact stiffness was determined as depicted in Fig-
ure 3-1. SCFS experiments on different substrate coatings are combined for different recovery times.
The recovery time denotes the time cells were allowed to recover after detachment from culture flasks
using either EDTA or trypsin. Within this recovery time cell adhesion to the different substrates was
characterized using SCFS. Each dot represents one SCFS measurement, approaching a single fibroblast
or HeLa cell at 5 um/s to the substrate until reaching a contact force of 1 nN. Red bars indicate average
values. <n> gives the number of measurements for each condition. Mann-Whitney P-values (in gray)
indicating the significance of measurements compared to those made after a recovery time of >60 min

The independence of contact stiffness on recovery time is also observed for HelLa cells
detached by EDTA or trypsin. These measurements suggest that at the contact force applied and
within the sensitivity of the SCFS measurements, detachment from the cell culture flasks by ei-
ther EDTA or trypsin does not change the mechanical properties of the cell and, thus, not the

contact area between cell and substrate.

3.4.2. Cortical actomyosin localization shows no significant changes during recovery after de-

tachment from culture flasks

An AFM cantilever compressing a rounded cell by a few uym mainly measures the mechan-
ical properties of the actomyosin cortex®. In the previous section we observed no changes of
the contact stiffness of mouse embryonic kidney fibroblasts and of HeLa cells detached by tryp-

sin or EDTA. Previous experiments suggest that the enrichment of cortical F-actin and myosin
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IT correlates with higher cell cortex tensions in interphase cells®®”. Thus, our SCFS results show-
ing that the mechanical properties of cells remain unchanged over the entire recovery time
course suggest that the actomyosin cortex of the cells remains unchanged as well. To further
investigate whether this is indeed the case we imaged the dynamics of actin and myosin in HeLa
cells stably expressing Lifeact-mCherry and MYH9-GFP after detachment from culture flasks
using EDTA or trypsin (Figure 3-3). Regardless of the detachment method applied, the live cell
confocal microscopy images revealed no significant elevation of F-actin or myosin ITA forming
the actomyosin cortex thickness. The confocal microscopy images support the observation by

SCFS that the cortical stiffness remained unchanged over the same time course.
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Figure 3-3 Tracking the actomyosin cortex after detachment with (A) EDTA or (B) trypsin. Confocal
images of HeLa cells expressing mCherry labeled F-actin (Lifeact-mCherry, red) and GFP labeled myosin
11 (MYH9-GFP, green). Images were acquired every 10 minutes through the center of the cell. Cells were
detached from cell culture flasks with 0.05% trypsin or 15 mM EDTA, and seeded in SCFS medium de-
void of either trypsin or EDTA. Scale bar 20 um, applies to all images.

3.4.3. Influence of recovery time on cell adhesion

Next, we investigated whether the adhesion force of mouse kidney fibroblasts or HeLa
cells to different substrates depends on the detachment method from the culture flasks. For fi-
broblasts we used substrates featuring collagen I, a fibronectin type III fragment containing re-
peat 7-10 domains (FN;7-10) and a fibronectin FNi;7-10 fragment lacking the integrin binding
site (FNm7-10ARGD). Whereas fibroblasts can specifically adhere to collagen I and to FN7-10
via integrins®, they are unable to specifically adhere to FNi7-10ARGD**%. Thus, FNy7-
10ARGD was used as a control to characterize unspecific fibroblast adhesion. SCFS showed that
the adhesion force of fibroblasts to the two specific substrates collagen I and FNi;;7-10 does not
depend on the recovery time of the cell if detached from culture flasks using EDTA (Figure
3-4A). Although adhesion forces to the FNi7-10ARGD control substrate decreases slightly after
>60 min of recovery, the averages differ only by about 200 pN resulting in lower significance
levels. However, fibroblasts detached from culture flasks in the presence of 0.05 % (w/v) trypsin

showed a different behavior. While adhesion of fibroblasts to collagen I did not depend on the
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recovery time after trypsin-induced detachment, adhesion to the fibronectin fragments FN;7-
10 showed a clear time dependence. To our surprise, also the adhesion to the non-specific sub-
strate (FNm7-10 ARGD) was dependent on the recovery time. In both cases cell adhesion was at
first strongly enhanced after detachment and only after recovery times >60 min showed values
equal to those observed for fibroblasts detached from culture flasks using EDTA. This highlights
that trypsin treatment to detach fibroblasts from cell culture flasks activates their adhesion to
fibronectin. As fibroblast adhesion to the FNi;7-10ARGD control substrate can be seen as being

unspecific the results suggest trypsin cleavage to slightly increase unspecific adhesion as well.
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Figure 3-4 Adhesion force of (A) mouse kidney fibroblasts and (B) Hela cells recorded after different
recovery times from trypsin or EDTA treatment. Fibroblast adhesion forces were recorded to collagen
I, fibronectin type III fragment containing repeats 7-10 (FNm7-10), or the same fibronectin fragment
lacking the RGD sequence (FNm7-10ARGD). Adhesion forces of Hela cells were recorded to collagen 1,
FNm7-10, or BSA. Cantilever-bound cells pressed on the substrate with a force of 1 nN were allowed to
initiate adhesion for 60 seconds prior to retraction. Each dot represents a single cell characterized. Red
bars indicate average values. <n> gives the number of measurements and (n) the number of cells for each
condition. Mann-Whitney P-values indicating the significance of the measurements compared to those
made after a recovery time of >60 min given in gray.

Using HeLa cells we characterized adhesion to collagen I, FNm;7-10, and bovine serum
albumin (BSA). As fibroblasts HeLa cells adhere to collagen I and FN;7-10 specifically via in-
tegrins®*’%”!. However the expression levels may be different and thus, also the adhesion differs
from fibroblasts. In contrast to fibroblasts HeLa cells showed a relatively high adhesion to FNu7-
10ARGD coated substrates (data not shown). Thus, we used BSA as substrate, which is fre-

quently used to suppress unspecific cell adhesion to the supporting glass surface’*”®. The
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adhesion force of HeLa cells to the three different substrates was largely independent on the
detachment method (EDTA or trypsin) from culture flasks prior to SCFS measurements (Figure
3-4). These results highlight that the adhesive properties of different cell lines are differently

affected by the procedure used to detach the cells from culture flasks.

3.4.4. Rupture events do not depend on recovery time

After having characterized the maximum cell adhesion force of fibroblasts and HeLa cells
to different ECM substrates, we analyzed the rupture events recorded during cell-substrate de-
tachment (Figure 3-5). These rupture events correspond to the breaking of individual or clusters
of CAM-ligand bonds exposed to mechanical stress. Rupture events recorded for fibroblasts and
HeLa cells detached from culture flasks using EDTA or trypsin prior SCFS did not show signifi-
cant dependency on recovery time (Figure 3-5). This result may be seen in contradiction to the
increased adhesion strength of fibroblasts to the fibronectin constructs, which depended
strongly on the recovery time of the fibroblasts after trypsin treatment (Figure 3-4). However,
because the strength of the single rupture events (median rupture force =50 pN with data points
spreading from 15 to 400 pN) were not affected by trypsin (Figure 3-5) our result suggests that
the increased fibroblast adhesion to FNii7-10 originated from increased avidity (e.g., availability
of CAMs binding to fibronectin) rather than increased affinity (e.g., binding strength of CAMs

to fibronectin).

3.4.5. Tether forces do not depend on recovery time

Next, we characterized the forces required to extract single tethers from fibroblasts and
HelLa cells while being detached from the three different substrates (Figure 3-6). Although the
median tether forces statistically sometime depended on the recovery time after detachment
from the culture flasks, the differences were very minor (<10 pN) compared to the spread of the
data points (Figure 3-6). Thus, we do not consider the tether force differences as relevant for
the detachment process using either EDTA or trypsin. Because the force required to extract teth-
ers from cell membranes depends on the properties of the cell membrane and not on the CAM
bond adhering the tether to the substrate, this result indicates that the properties of the cell

membrane do not depend on the procedure used to detach the cells from the culture flasks.
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Figure 3-5 Forces of single rupture events recorded for (A) mouse kidney fibroblasts and (B) HelLa
cells after different recovery in times from EDTA or trypsin treatment. Rupture forces were recorded
upon detaching single fibroblasts adhering to Petri dishes coated with collagen I, FNm7-10, or FNm7-
10ARGD and upon detaching HeLa cells adhering to Petri dishes coated with collagen I, FNm7-10, or
BSA. Cells were pressed onto the substrates with a 1 nN contact force and were allowed to establish
adhesion for 60 seconds. Subsequently, the cantilever was retracted at 5 um/s for at least 90 um. The
recovery time denotes the time cells were allowed to recover after detachment from culture flasks using
either EDTA or trypsin. After the recovery time passed, adhesion of the cells to the different substrates
was characterized using SCFS. Each dot represents one rupture event with the red bars indicating median
values. <n> gives the number of rupture events and (n) the number curves analyzed for each condition.
Mann-Whitney P-values indicating the significance of the measurements compared to those made after
arecovery time of >60 min are given in gray. Distribution of rupture forces are shown in Supplementary
Fig. S2
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Figure 3-6 Forces required to mechanically extract single tethers from (A) fibroblasts and (B) HeLa
cells after different recovery in times from EDTA or trypsin treatment. Tether forces were recorded
upon detaching single fibroblasts adhering to Petri dishes coated with collagen I, FNm7-10, or FNm7-
10ARGD or upon detaching HeLa cells adhering to Petri dishes coated with collagen I, FNm7-10, or BSA.
Cells were pushed onto the substrates with a contact force of 1 nN and were allowed to establish adhe-
sion for 60 seconds. Subsequently, the cantilever was retracted at 5 um/s for at least 90 um. The recovery
time denotes the time cells were allowed to recover after detachment from culture flasks using either
EDTA or trypsin. After this recovery time passed the adhesion of the cells to the different substrates was
characterized using SCFS. Each dot represents one tether event with the red bars indicating median val-
ues. <n> gives the number of tether events and (n) the number curves analyzed for each condition.
Mann-Whitney P-values indicating the significance of the measurements compared to those made after
>60 min recovery time are given in gray. Distribution of tether forces are shown in Supplementary Fig.
S2

3.5. Discussion

We investigated the recovery of mechanical and adhesive properties of eukaryotic cell

lines, which, prior to measuring these properties by AFM-based SCFS, have been detached from
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culture flasks using either EDTA or trypsin. Therefore, we quantified mechanical stiffness and
adhesion forces of mouse embryonic kidney fibroblasts and HeLa cells at different recovery
times after detachment from culture flasks. The mechanical stiffness of a cell determines the
contact area of the cell pressed onto the substrate and thus has a direct influence on the adhesion
formed. Interestingly, the contact stiffness determined for fibroblasts and HeLa cells did not
reveal any significant dependency on the detachment method applied or on the recovery time
investigated. One reason may be that the low contact force of =1 nN applied by the cantilever on
single cells while pressing them to the substrate only weakly deforms the cells and, thus, hardly
stresses their actomyosin cortex. However, we applied only very little contact force to the cells
in our SCFS measurements and applying much higher forces of 50-100 nN through the cantilever
severely deforms pre-rounded interphase cells’*”. At such high forces the AFM cantilever
probes different mechanical properties of the cell, which may depend on pretreatment using
trypsin and/or EDTA. Such dependency would change the contact area between cell and sub-

strate and, thus, the adhesion probed by SCFS.

There was also no significant influence on adhesive properties when detaching either cell
types from culture flasks using EDTA. EDTA chelation of divalent ions inhibits CAMs that re-
quire divalent ions for establishing adhesive interactions’. Since the detached cells are trans-
ferred to EDTA-free buffer solutions this result suggests that CAMs recover quickly from EDTA
treatment and can readily re-establish adhesion®. However, we can only make conclusions con-
cerning mouse embryonic kidney fibroblasts and HeLa cells, and for CAMs facilitating adhesion
to collagen I and fibronectin, and recovery from EDTA exposure may be need to be character-

ized for every cell line and CAM to be investigated by SCFS.

Trypsin severely affected the adhesive properties of fibroblasts. Shortly after trypsin-in-
duced detachment of fibroblasts from cell culture flasks the adhesion force of these cells to the
fibronectin constructs increased considerably. Fibroblasts needed >60 min to recover adhesive
properties from trypsin treatment. In contrast the adhesion force of fibroblasts to collagen I was
not increased by trypsin pre-treatment. Although the adhesion of fibroblasts was just above
background level, we also did not observe a decrease in adhesion. This latter finding is in agree-
ment with previous investigations showing that pre-treating CHO-A2 cells with trypsin does not
cleave collagen I binding a.p; integrins and does not affect cell adhesion to collagen I matrices®*.
Thus, pre-treating fibroblasts using trypsin specifically upregulated CAMs binding to fibronectin.
Indeed, trypsin cleaves and activates human PAR2, which stimulates asf: integrin but not avfs
integrin dependent cell adhesion”’. asB; integrins bind to the RGD site located in the FN7-10
fragment of fibronectin ® and besides avB; integrins are the main CAMs for fibronectin in mouse
kidney fibroblasts®®. These results highlight that only certain CAMs may be affected by the pro-
cedure used to detach cells from culture flasks whereas other CAMs remain unaffected. Our re-

sults furthermore show that cell detachment does not alter the affinity of fibronectin binding
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CAMs (e.g., binding strength remains unchanged), but that it may upregulate adhesion forces by

increasing the avidity of these receptors (e.g., number of binding events).

To our surprise fibroblast adhesion to the FNm7-10ARGD covered substrate increased af-
ter trypsin cleavage. Fibroblasts needed >60 min to recover this enhanced unspecific adhesion
to FNii7-10ARGD. Because mouse kidney fibroblasts have no CAMs to specifically adhere to
FNii7-10ARGD®, we assume that this increased adhesion is due to an increased number of
CAMs, which may interact unspecific (e.g. via sugar residues on asp; integrins or other mem-
brane proteins which are affected by either PAR or trypsin directly) with the substrate. How-
ever, the unspecific interactions may be different for different substrates. Such substrate de-
pendent unspecific adhesion could explain, why the adhesion of fibroblasts to collagen I stays

similar in all recovery times after trypsin treatment.

In contrast to fibroblasts the adhesion of HeLa cells was apparently not affected by trypsin
treatment within the recovery times tested and force sensitivity of our SCFS-based assay. This
shows that cell lines can react differently to the detachment methods used and that the recovery
of each cell line must be carefully studied before characterizing its mechanical and adhesive
properties by SCFS. Importantly, these results further demonstrate that the quantification of cell
adhesion by SCFS and probably by other cell adhesion assays requires careful investigation
whether the CAMs addressed in cell adhesion studies are affected by the detachment procedure

and whether the cells characterized have sufficient time to recover from this detachment.

To date in most SCFS studies the cells were explicitly left to recover for a certain time
from their detachment from the cell culture flask before being characterized by SCFS. Thus,
SCFS users have already allocated a certain time span to enable detached cells to recover. How-
ever, so far a quantitative approach to characterize this recovery has not been presented. Our
approach can be applied to characterize the recovery time of any adherent cell after detachment
from cell culture flasks. Our approach can also be used to optimize the detachment procedure
for specific cell types. For example, our measurements show that mouse kidney fibroblasts and
HeLa cells, detached from culture flasks by EDTA, do not need recovery times of more than 10
min, whereas cells detached using trypsin need to recover for up to 60 min. Thus, EDTA may be
more suitable to detach the cell lines investigated here from culture flasks and to investigate their

mechanical and adhesive properties.
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4.1. Abstract

Upon binding to the extracellular matrix protein, fibronectin, aV-class and o581 integrins
trigger the recruitment of large protein assemblies and strengthen cell adhesion. Both integrin
classes have been functionally specified, however their specific roles in immediate phases of
cell attachment remain uncharacterized. Here, we quantify the adhesion of aV-class and/or
a5B1 integrins expressing fibroblasts initiating attachment to fibronectin (<120 s) by single-cell
force spectroscopy. Our data reveals that aV-class integrins outcompete a.5p1 integrins. Once
engaged, aV-class integrins signal to o581 integrins to establish additional adhesion sites to fi-
bronectin, away from those formed by aV-class integrins. This crosstalk, which strengthens cell
adhesion, induces o531 integrin clustering by RhoA/ROCK/myosin-II and Arp2/3-mediated
signalling, whereas overall cell adhesion depends on formins. The dual role of both fibronectin-
binding integrin classes commencing with an initial competition followed by a cooperative
crosstalk appears to be a basic cellular mechanism in assembling focal adhesions to the extra-

cellular matrix.
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4.2. Introduction

Integrins are transmembrane receptors composed of o/ heterodimers that facilitate cell
adhesion and regulate basic cellular processes such as migration, proliferation, survival and dif-
ferentiation'**, Mammals harbor eighteen a and eight p genes. Through different combinations
of o and B subunits, 24 integrins can be generated that bind counter receptors such as vascular
cell adhesion molecules (VCAM) and intracellular cell adhesion molecules (ICAM), or extracel-
lular matrix (ECM) proteins such as fibronectin (FN), vitronectin (VN), collagen, and laminin®.
Individual adhesion mechanisms of integrin heterodimers with ECMs substrates have been ex-
tensively studied over the past few years. However, the regulatory mechanisms through which

different integrins crosstalk with each other to initiate cell adhesion are still poorly understood.

Early integrin-mediated cell adhesion is believed to follow a cascade of events that starts
with integrin activation through talin and kindlin (also called integrin-inside-out signaling), fol-
lowed by integrin clustering and the assembly of a large protein network at the clustered integrin
cytoplasmic domain collectively called the adhesome®®. The adhesome comprises hundreds of
proteins including talin and kindlin, which together with several adaptor and signaling molecules
transduce signals from ligand-bound integrins to the cell inside (also called integrin-outside-in
signaling)®. An important consequence of outside-in signaling is the activation of actomyosin
including Rho-like GTPases and their effectors such as Rho kinase (ROCK), cortical F-actin nu-

cleators such as formins, the Arp2/3 complex and the non-muscle myosin-II.

FN consists of an array of type I, IT and III modules and is one of the most abundant ECM
proteins to which a5p1 and aV-class integrins adhere. Cell adhesion mediated by FN-binding
integrins leads to the formation of nascent adhesions that eventually mature into large focal ad-
hesions and then convert into central or fibrillar adhesions®¢. While both integrin classes bind
the tripeptide sequence Arg-Gly-Asp (RGD) in the 10" type III module of FN (FNIII10)”#, a5p1
integrins also require the Pro-His-Ser-Arg-Asn (PHSRN) synergy site in the FNIII9 module,
which is in close proximity to the RGD motif, to establish cell adhesion’. It is not clear, whether
a5p1 and aV-class integrins function individually and/or cooperate with each other during the
first few seconds and minutes of adhesion initiation. Furthermore, it is also unclear whether and
how the two FN-binding integrin classes signal to each other to induce and orchestrate their
assembly and to strengthen adhesion to FN before nascent adhesions have formed. Interestingly,
crosstalk between both integrin classes has been reported to occur at later stages (>90 min) of
cell adhesion®'*"*, For example, it has been demonstrated that both integrins compete for the

13,14

cytoplasmic talin pool leading to negative, trans-dominant effects ™, while they also strengthen

adhesion to the ECM and trigger the formation of large focal adhesions®.

To provide quantitative insights into the mechanisms regulating early (< 120 s) fibroblast
adhesion established by a5p1 and aV-class integrins to FN, we employed atomic force micros-

copy (AFM)-based single-cell force spectroscopy (SCFS)'. SCFS is well suited to characterize
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specific adhesion mechanisms of cells to the ECM'”*®, Compared to other methods allowing the
qualitative or/and quantitative characterization of cell adhesion, SCFS offers the particular ad-
vantage to decipher early adhesion mechanisms occurring within the first few seconds to
minutes of cell-ECM attachment'”. Therefore, we employed SCFS together with confocal micros-
copy to study the adhesion kinetics of a5p1 and aV-class integrins in mouse kidney fibroblasts
to FN. Our results reveal a dual role of the two integrin classes upon contacting FN. First, they
compete for FN binding, to which aV-class integrins bind faster, thereby preventing the engage-
ment of a5p1 integrins. In the second phase, aV-class integrins, engaged with the substrate, signal
to a5p1 integrins to establish binding to FN and to strengthen adhesion. By combining SCFS with
total internal reflection fluorescence (TIRF) microscopy, we characterized that this crosstalk
triggers the clustering of a5p1 integrins and recruitment of adhesome proteins. Specific pertur-
bation experiments identified signaling pathways involved in the early crosstalk between both

FN-binding integrin classes.
4.3. Results
4.3.1. Differential contributions of a581 and aV-class integrins

To determine how a5B1 and aV-class integrins contribute to the initiation of cell adhesion,
we quantified the adhesion forces of a5B1 and/or aV-class integrin-expressing mouse kidney
fibroblasts to FN by SCFS (Figure 4-1a). The cell lines were derived from pan-integrin deficient
fibroblasts (pKO) reconstituted with either aV-class (pKO-aV), or 1 (pKO-B1), or both classes
of integrins (pKO-aV/p1)°®. To minimize the binding of FN by receptors other than a581 and aV-
class integrins, i.e. syndecans'’, we used the FN fragment FNIII7-10, which contains the RGD-
and PHSRN-motifs. For SCFS, a single fibroblast was attached to concanavalin A (ConA)-func-
tionalized AFM cantilever and incubated for 7-10 minutes to ensure firm adhesion of the fibro-
blast to the cantilever. The rounded fibroblast bound to the cantilever was then brought into
contact with the FNIII7-10 substrate for contact times ranging from 5 to 120 s. Subsequently,
the fibroblast was separated from the substrate to measure the fibroblast-substrate adhesion
force at maximum cantilever deflection (Supplementary Figure 4-1a). To obtain statistically firm
results, the single-cell experiments were repeated multiple times using different cantilevers, fi-
broblasts and FNIII7—-10-coated substrates. Our measurements revealed that the three reconsti-
tuted pKO fibroblast lines showed characteristic integrin-specific adhesion profiles to FNIII7-
10, whereas non-reconstituted pKO fibroblasts displayed negligible adhesion (Figure 4-1a).
pKO-aV/B1, pKO-aV and pKO-B1 fibroblasts significantly strengthened adhesion with increas-
ing contact times to FNIII7-10. Interestingly, while the adhesion strength of pKO-aV/B1 and
pKO-aV fibroblasts was similar, pKO-f1 fibroblasts established much stronger adhesion to
FNIII7-10, which doubled at 120 s contact time compared to pKO-aV and pKO-aV/B1 fibro-
blasts. Importantly, the stronger adhesion of pKO-B1 fibroblasts was also observed with full-
length FN (Supplementary Figure 4-1b). Furthermore, pKO-aV/f1, pKO-aV and pKO-B1
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fibroblasts reduced adhesion to RGD-deleted FN fragments (FNIII7-10ARGD) to integrin-un-
specific levels confirming that the adhesion strengthening was integrin-dependent (Supplemen-
tary Figure 4-1c). In summary, our results showed that pKO-B1 fibroblasts established much
stronger adhesion and strengthened adhesion much faster to FN compared to pKO-aV /1 fibro-
blasts, indicating that the presence of aV-class integrins prevented adhesion strengthening to FN

via a5B1 integrins.

Next, we tested whether blocking o581 integrins with an a581 integrin-blocking antibody
(B1AB) or aV-class integrins with cyclic RGD (cilengitide, CiL)*° alters adhesion of pKO-aV /p1
fibroblasts to FNIII7-10 (Figure 4-1b). We found that blocking a5p1 integrins did not alter the
adhesion of fibroblasts to FNIII7-10, while blocking aV-class integrins, increased the adhesion
of pKO-aV/B1 fibroblasts to levels observed for pKO-B1 fibroblasts (Figure 4-1b). One hypoth-
esis for aV-class integrins hindering adhesion strengthening of o581 integrins, could be the pref-
erential binding of talin and kindlin to the p-tail of aV-class integrins. Hence, upon blocking aV-
class integrins, talin and kindlin became available to bind and activate a5f1 integrins*"**. Thus,
we performed cytoplasmic B-tail pull-down assays (Supplementary Figure 4-1d), which in line
with a recent study®®, confirmed that talin equivalently bound to both p3 and 1 subunits, while
kindlin-2 preferentially associated with the cytoplasmic domain of the 1 subunit. A second hy-
pothesis could be that aV-class integrins have higher binding rates and therefore, compete with
a5f1 integrins for substrate binding. Thereto, we performed SCFS with single molecule sensitiv-
ity** (Supplementary Figure 4-1e) to determine the binding probability of both aV-class and
a5B1 integrins with FN. This binding probability allowed estimating if one or both FN-binding
integrins bind RGD in pKO-aV/f1 fibroblasts, upon initial contact. Therefore, the contact time
of the fibroblasts to FNIII7-10 was reduced to = 100 ms and the probability of single-integrin
binding events, in the presence of either B1AB or CiL (Figure 4-1c), was determined. The exper-
iments revealed an integrin binding probability of 0.25 + 0.07 (mean + SD, n = 3,529) per unper-
turbed pKO-aV/p1 fibroblast as compared to an unspecific binding probability of 0.10 + 0.05
(n=1,636) per pKO fibroblast. In the presence of B1AB, the binding probability increased to
0.40 + 0.21 (n=2,244), while in the presence of Cil, the binding probability decreased to
0.12 + 0.06 (n = 3,218), comparable to that of pKO fibroblasts lacking FN-binding integrins.

Despite of equivalent binding of talin with f3 and B1 subunits, a5p1 integrins exhibited
lower on-rates compared to aV-class integrins. This suggested for a role of integrin-inhibitory
adapter proteins, such as the integrin cytoplasmic associated protein 1 (ICAP-1)*>*°, which de-
lays the activation of a5B1 integrins and confers them lower on-rates. Hence, we performed SCFS
experiments with ICAP-1-deficient mouse embryonic fibroblasts®® (ICAP-1 KO MEFs, Supple-
mentary Figure 4-1f). Indeed, while control WT MEFs showed similar adhesion to FN as that of
pKO-aV/B1 fibroblasts, ICAP1-deficient MEFs adhered stronger to FN at all contact times, with

adhesion forces comparable to those observed for pKO-B1 fibroblasts. These findings suggest

4-87



4-88 | aV-class integrins exert dual roles on a5f1 integrins

that ICAP-1 curbs FN-binding of 0581 integrins and hence available talin/kindlin readily binds

aV-class integrins instead, during adhesion initiation.
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Figure 4-1 Fibronectin (FN) engagement of o5p1 and aV-class integrins on mouse fibroblasts. (a)
Adhesion forces of pan-integrin knockout (pKO, black) fibroblasts rescued with either aV-class integrins
(pKO-aV, yellow), or a5B1 (pKO-B1, green), or a5p1 and aV-class integrins (pKO-aV /1, blue). For sta-
tistical analysis, average slopes of the adhesion force over all time points were defined as adhesion
strengthening and determined using a dedicated R-code (Methods and Supplementary Note 1). Statisti-
cal significant differences between the slopes (n = 100) were determined by applying two-tailed Wil-
coxon tests. (b) Adhesion force of pKO-aV/B1 fibroblasts to FNIII7-10 in presence of a B1 integrin-
blocking antibody (B1AB) (yellow) and the specific aV-class integrin inhibitor cilengitide (CiL) (green).
Adhesion forces of pKO-aV and pKO-B1 fibroblasts (data taken from (a)) are shown in light grey as
reference for B1AB and CiL experiments, respectively. Dots in (a,b) show adhesion forces of single fi-
broblasts (n > 10 for each condition) and red bars their median. (c) Binding probability of single a581
and aV-class integrins to FNIII7-10. The binding probabilities of unperturbed pKO-aV/B1 fibroblasts,
in the presence of B1AB, CiL and pKO fibroblasts are shown. <n> equivalent to total number of force
curves analyzed to detect single binding event. Bars show mean and error bars the s.d. Statistical signif-
icances were calculated with two-tailed Mann-Whitney U-tests. **** P<0.0001; ***, P<0.001; **, P<0.01;
* P<0.05; ns, P>0.05.

Thus, the higher binding rates of aV-class versus a5p1 integrins, the negligible expression
and undetectable functional role of aVp1 integrins for early adhesion to FN (Supplementary Fig-
ure 4-2 andSupplementary Figure 4-3), together with the similar surface expression of a51 in-

tegrins on pKO-B1 and pKO-0V/p1 fibroblasts® demonstrate that aV-class integrins outcompete
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a5P1 integrins likely due to inactivity of a5p1 integrins and thereby prevent pKO-aV /B1 fibro-
blasts to fully strengthen adhesion to FN.

4.3.2. aV-class integrins stimulate fibroblast adhesion to FN

Although we report an outcompeting of a5p1 integrins by aV-class integrins during early
FN adhesion, cooperation of both integrin classes during late FN adhesion (> 45 minutes) was
reported’. To test the possibility whether engaged aV-class integrins crosstalk with non-outcom-
peted FN-binding a5p1 integrins via signaling to regulate early fibroblast adhesion, we coated the
cantilever with VN, which enabled adhesion, integrin clustering and phospho-tyrosine induction
of aV-class integrins in pKO-aV and pKO-aV/B1 fibroblasts (Figure 4-2a and Supplementary Fig-
ure 4-4a,b). To pertain the high adhesion strength of fibroblast to FNIII7-10, we functionalized
the cantilever with 5ug ml™" VN diluted in ConA. Control experiments excluded ConA as co-
signaling receptor to VN (Figure 4-2a). After 20 s of contact time, pKO-aV/B1 fibroblasts at-
tached to VN-coated cantilevers established faster and stronger adhesion to FNIII7-10 com-
pared to pKO-aV/B1 fibroblasts attached to ConA only. After a contact time of 120 s to FNIII7—
10, VN-stimulated fibroblasts further increased the adhesion compared to non-stimulated pKO-
aV/B1 (Figure 4-2b) and non-stimulated pKO-B1 (Supplementary Figure 4-5) fibroblasts, which
indicates that VN-engaged aV-class integrins promotes fibroblast adhesion to FN. Furthermore,
the concomitant decrease in sequestering of aV-class integrins, by reducing the concentration of
VN on the cantilever, increased adhesion to FNIII7-10 (Supplementary Figure 4-4c). These re-
sults suggest that unoccupied aV-class integrins on VN-stimulated pKO-aV/B1 fibroblasts also
bind to FN to strengthen adhesion (Figure 4-2c). Moreover, the reduced adhesion of VN-stimu-
lated pKO-aV/B1 fibroblasts to FN, in the presence of a5p1 integrin-blocking antibody (Figure
4-2d), indicates that the increased adhesion of pKO-aV/B1 fibroblasts was primarily mediated

by a5p1 integrins and to a lesser extent by aV-class integrins.

To evaluate, whether FN-engaged aV-class integrins also signal and enforce adhesion of
a5p1 integrins to FN, we attached pKO-aV/B1 fibroblasts to a cantilever coated with FNII17—10
carrying a mutation in the synergy site (FNIII7—10-mSyn), to which a5f1 integrins poorly bind’.
FNIII7-10-mSyn-stimulated pKO-aV/p1 fibroblasts strengthened adhesion to FNIII7-10 sub-
strates similar to VN-stimulated pKO-aV/B1 fibroblasts (Figure 4-2c and Supplementary Figure
4-6a) or pKO-aV /1 fibroblasts attached to FN-coated cantilevers (Supplementary Figure 4-6b)
indicating that aV-class integrins, stimulated either by VN or FN, induced a5p1 integrin-medi-

ated cell adhesion to FN.
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Figure 4-2 Engagement of aV-class integrins reinforces adhesion of a5p1 integrins to FN. (a) Immu-
nofluorescence of pKO-aV/B1 fibroblasts seeded on VN-, ConA-, or FNIII7-10-functionalized sub-
strates. Fibroblasts adhering to 50 ug ml™' VN (VNuicn), 5 ug ml™* VN diluted in ConA (VN), ConA, CiL
and FNIII7-10 for 10 minutes were stained for aV-class integrin (green), actin (red) and phospho-tyro-
sine (ptyr, blue) using B3 integrin specific antibodies for the detection of aVB3 integrins, phalloidin and
ptyr antibody, respectively (Methods). Immunostaining of aV-class integrins and phospho-tyrosine in
pKO-aV /B1 fibroblasts adhering to FNIII7-10-coated substrates is used as a positive control. Scale bars,
10 um. (b) aV-class integrins engaged to VN augment fibroblasts adhesion to FNIII7-10. pKO-aV/B1
fibroblasts were either attached to ConA (yellow)- or to VN (blue)-coated cantilevers for 7-10 minutes,
then approached to the FNIII7-10-coated substrate for defined contact time and finally retracted to
measure the adhesion force. (¢) aV-class integrins engaged to FNIII7-10 could also strengthen fibroblast
adhesion to FNIII7-10 via a5B1 integrins. pKO-aV/B1 fibroblasts attached either to cantilevers coated
with VN (blue) or FNIII7-10 having a mutated synergy site (FNIII7-10msyn, violet) enhanced adhesion
to FNIII7-10. (d) VN-stimulated fibroblasts enhance adhesion to FNIII7-10 via a5B1 integrins. pKO-
aV /1 fibroblasts were incubated with a a5B1 integrin-blocking antibody (B1AB) for 30 minutes, then
attached to VN-coated cantilevers and finally approached to FNIII7-10 for defined contact time (5—
120 s). For VN-stimulation, (b-d) cantilevers were coated by 5 ug ml™ VN diluted in ConA. (e) aV-class
integrins must be engaged to stimulate pKO-aV /B1 fibroblasts to strengthen adhesion to FN. Adhesion
of pKO-aV/B1 fibroblasts attached to CiL-coated cantilevers measured to FNIII7-10 and VN. Dots show
adhesion forces of single fibroblasts (n > 10 for each condition) and red bars their median. Statistical
significances were calculated with two-tailed Mann-Whitney U-tests (**** P<0.0001; ***, P<0.001; **,
P<0.01; * P<0.05; ns, P>0.05).

Next, we tested whether signaling by and/or the fast binding rates of aV-class integrins

on pKO-aV/pB1 fibroblasts induced the strong adhesion of a5B1 integrins to FN-coated substrates.
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To this end, we attached pKO-aV/B1 fibroblasts to cantilevers coated with CiL, to which aV-
class integrins bind but elicit relatively less signaling response, if any, compared to VN-bound
aV-class integrins®® (Figure 4-2a). The experiments revealed that CiL-attached pKO-aV /p1 fi-
broblasts failed to adhere to VN-coated substrates (Figure 4-2¢), suggesting that efficient seques-
tering of aV-class integrins prevented adhesion to VNN at the opposite side of the fibroblast. How-
ever, Cil.-attached pKO-aV /1 fibroblasts adhered to FN-coated substrates at similar strengths
(Figure 4-2e) as Cil-treated ConA-attached pKO-aV/p1 fibroblasts (Figure 4-1b) but at lower
strength compared to VN-attached pKO-aV/B1 fibroblasts (Figure 4-2b). These results suggest
that the functional state of aV-class integrins, upon sequestration to the cantilever, governs cell
adhesion to FN and that aV-class integrin-mediated outcompeting of a5p1 integrins and a'V-class
integrin-mediated signaling act together to orchestrate a5B1 integrin-mediated adhesion

strengthening.

4.3.3. aV-class integrins crosstalk with a5p1 integrins

Our data indicates that aV-class integrin engagement influences a5p1 integrin-mediated
cell adhesion strengthening to FN. To test whether the engagement of aV-class integrins pro-
moted activation of a5B1 integrins, we attached ICAP-1 KO MEFs to VN-coated cantilevers and
characterized their adhesion to FN (Supplementary Figure 4-7a). Although these fibroblasts had
constitutively active a5p1 integrins®’, adhesion of VN-stimulated ICAP-1 KO MEFs was still en-
hanced compared to non-stimulated ICAP-1 KO MEFs and WT MEFs. Thus, this result suggests
that the crosstalk between aV-class and a5B1 integrins involves integrin-mediated signaling
pathways. To identify the key signaling molecules/pathways involved in this crosstalk, we inter-
fered with the functions of (i) integrin-associated molecules including talin, kindlin and integrin
linked kinase (ILK), (ii) actomyosin system including RhoA, Rho associated protein kinase
(ROCK) and myosin-II, and (iii) actin nucleators including formins and Arp2/3, and measured
the consequences on fibroblast adhesion to FN (Figure 4-3). Talin1/2-, kindlin1/2-, ILK-defi-
cient fibroblasts and SMIFH2-treated (to inhibit formins) pKO-aV/B1 fibroblasts showed negli-
gible adhesion to FNIII7-10, irrespective whether they were attached to VN- or ConA-coated
cantilevers. Treatment of pKO-aV/B1 fibroblasts with C3 toxin to inhibit RhoA, Y27632 to in-
hibit ROCK, CK666 to inhibit Arp2/3, or blebbistatin to inhibit myosin-II had no effect on adhe-
sion of ConA-attached pKO-aV/B1 fibroblasts. However, each of these treatments diminished
adhesion of VN-stimulated pKO-aV/B1 fibroblasts to FNIII7-10 to the level of non-stimulated
pKO-aV/B1 fibroblasts attached to ConA-coated cantilevers (Figure 4-3). Moreover, the treat-
ments with Y16 to block RhoA, H1152P to block ROCK, and CK869 to block Arp2/3 produced
a similar reduced adhesion strength of VIN-stimulated but not of non-stimulated ConA-attached
pKO-aV/B1 fibroblasts to FNIII7-10 (Supplementary Fig. 7b), supporting a role of RhoA/ROCK
and Arp2/3 in VN-stimulated enhancement of fibroblast adhesion. Interestingly, treatment of

VN-stimulated or non-stimulated pKO-aV/B1 fibroblasts with either ML-7 to inhibit MLC kinase,
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S-trity-L-cysteine (STC) to inhibit kinesin Eg5!**!, glycerol (Gly) or DMSO did not effect adhe-
sion to FNIII7-10 (Fig. 3). In summary, these results suggest that RhoA/ROCK driven myosin-
IT activity and Arp2/3 take important roles in facilitating the crosstalk from aV-class integrins to

a5pB1 integrins.
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Figure 4-3 Role of signaling molecules for the development of a5p1 and aV-class integrin-mediated
adhesion forces. Adhesion forces of knockout (KO) or pKO-aV/B1 fibroblasts to FNIII7-10 were de-
termined both in the absence and presence of specific chemical inhibitors. pKO-aV /B1, talin KO, kindlin
KO, ILK KO fibroblasts and pKO-aV/B1 fibroblasts treated with chemical inhibitors were attached to
either ConA (yellow)- or VN (blue)-coated cantilevers. If not stated pKO-aV /B1 fibroblasts were used
for experiments. Fibroblasts were adhered to FNIII7—10-coated substrates for 120 s. Chemical inhibitors
were added at indicated concentrations to pKO-aV /1 fibroblasts starting 30 minutes prior to experi-
ments, with the exception of C3 toxin, which was added 3 h before. S-trityl-L-cysteine (STC), glycerol
(Gly) and DMSO were used as negative controls (CTR) to measure the adhesion of pKO-aV /1 fibro-
blasts. For VN-stimulating fibroblasts, cantilevers were coated by 5 ug ml-1 VN diluted in ConA. Dots
show adhesion forces of single fibroblasts (n > 10 for each condition) and red bars their median. Statis-
tical significance was determined to compare unperturbed and perturbed adhesion for each (non-stim-
ulated and VN-stimulated) condition by two-tailed Mann-Whitney U-tests (****, P<0.0001; ***, P<0.001;
#* P<0.01; * P<0.05; ns, P>0.05).

4.3.4. Engagement of aV-class integrins clusters a5f1 integrins

We have observed that aV-class integrin signaling contributed to a5p1 integrin-mediated
fibroblast adhesion to FN. Next, we tested whether aV-class integrin engagement induces clus-
tering of a5B1 integrins, by combining SCFS with TIRF microscopy to visualize GFP-tagged pax-
illin clusters in fibroblasts adhering to FNIII7—10 substrates, for contact times ranging from 5 to
500 s (Figure 4-4)%. Irrespective, whether pKO-aV, pKO-p1 andpKO-aV/B1 were attached on
VN- or ConA—coated cantilevers, the size and occurrence of the paxillin-positive clusters in-
creased for the first = 40 s of contact time and remained constant thereafter. Strikingly, the in-
tensity/size of paxillin-positive clusters in VN-stimulated pKO-aV/f1 fibroblasts adhering to
FNIII7-10 was higher compared to any other condition, indicating that VN-binding of aV-class
integrins at the cantilever triggered robust a5p1 integrin clustering at the opposing FNIII7-10
substrate (Figure 4-4 and Supplementary Table 4-1).Interestingly, ConA-attached pKO-aV and
ConA-attached pKO-aV/B1 fibroblasts showed comparable intensities of paxillin clusters, fur-

ther supporting that aV-class integrins dominate early fibroblast adhesion to FN. Surprisingly,
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although ConA-attached pKO-1 fibroblasts exhibited higher adhesion to FNIII7-10, compared
to pKO-aV and pKO-aV /B1 fibroblasts (Figure 4-1a), they assembled paxillin-positive adhesion
clusters with lowest intensities (Figure 4-4), suggesting that the affinity of a5p1 integrin for FN

is influenced by the absence of aV-class integrins.
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Figure 4-4 Engagement of aV-class integrins induces 51 integrin clustering. (a) Time series of TIRF
images of GFP-labeled paxillin expressed in pKO-aV/B1 (blue), pKO-aV (yellow) and pKO-B1 (green)
fibroblasts adhering to FNIII7-10-coated substrates. To record the images, single fibroblasts were at-
tached to ConA- (non-stimulated) or VN-coated (stimulated) cantilevers, incubated for 7-10 min and
then approached to the FNIII7-10-coated substrate. Paxillin-GFP-intensity was detected by TIRF mi-
croscopy after 5 s and then after every 20 s for up to 500 s contact time with the substrate. To stimulate
fibroblasts by VN, cantilevers were coated using 5 ug ml~* VN diluted in ConA. Scale bars, 10 um. (b)
Paxillin-GFP-intensity over contact time. The data was taken from TIRF images such as shown here and
the statistical analysis of the data is given in Supplementary Table 1. Dots show mean fluorescence in-
tensities of fibroblasts and error bars show s.e.m (n > 10 for each condition).

4.4. Discussion

The establishment of cell adhesion is a tightly regulated process, which is governed by the
binding of integrins to the ECM. Here, we report that different FN-binding integrin classes es-
tablish distinct adhesion profiles during the initiation of cell adhesion to FN. In the early phase
of adhesion formation (< 2 min), fibroblasts expressing only o581 integrins establish stronger
adhesion to FN compared to aV-class integrins, which is in line with previous reports reporting
stronger adhesion promoting function of a5p1 integrins compared to aV-class integrins*’. How-
ever, we also observe that fibroblasts expressing both FN-binding integrin classes establish con-

siderably lower adhesion strengths compared to fibroblasts expressing only a5p1 integrins. This
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finding of a ‘differential integrin-dependent adhesion’ was surprising since both fibroblast lines
express comparable numbers of aV-class and o581 integrins on their cell surface and expression
of both integrins was shown to establish strongest adhesion after a contact time of more than an
hour®.

Integrins crosstalk among each other and other cell adhesion molecules, such as ephrins

and cadhering3%%%°

, to perfectly adjust cell adhesion to the ECM. Our experiments identify a
novel crosstalk between aV-class and o581 integrins to establish and strengthen early cell adhe-
sion to FN. When initiating cell adhesion to FN, aV-class integrins compete with a581 integrins
for substrate binding. We observe that aV-class integrins show a higher binding rate (“on-rate”)
to FN, which initially prevents a5p1 integrins from binding. In line with our results, earlier stud-
ies reported that aVB3 integrins prevent the recruitment of a5p1 integrins to adhesion sites at
early cell spreading'*. This competition for FN-binding could be due to differences in extracel-
lular ligand binding and/or interactions of integrin B-tails with cytoplasmic proteins such as
talin'?, kindlin®® and/or inhibitory adapter proteins*®. It has been demonstrated that despite the
presence of aVB3 integrins, mutation in the talin binding site in f3-integrin leads to the predom-
inant engagement a5p1 integrins to FN'. In our results f1- and B3-tails showed equivalent bind-
ing to talin and the adhesion of ICAP-1 deficient fibroblasts to FNIII7-10 was higher than that of
wild-type fibroblasts. This finding suggests that ICAP-1 hinders the binding of talin or kindlin to
B1-tail during adhesion initiation*® and thereby increases the available pool of talin/kindlin for
aV-class integrins to bind and to initiate adhesion. After initiating adhesion and engaging the
substrate, aV-class integrins signal to a5p1 integrins to induce their clustering and to establish
adhesion to FN, which is much stronger and faster than the adhesion established by both integrin
classes in the absence of the crosstalk (Supplementary Figure 4-5). Eventually, the adhesion
strengthens with time and develops into adhesion sites, in which a5p1 and aV-class integrins
separate into different compartments®. Although, the distinct roles of and the cooperativity
among B1- and aV-class integrins have been extensively studied during adhesion matura-

11,6,12,14

tion and in response to force**, here, we show that both FN-binding integrins interplay

from the early onset of adhesion.

Our data demonstrates that already within the first two minutes of early fibroblast adhe-
sion, FN-binding integrins critically depend on integrin-associated proteins such as talin, kindlin
and ILK*?°. However, it was surprising to observe that formin inhibition also affected early cell
adhesion. A recent report showing that the formin homology 2 domain containing 1 (FHOD1)
is required for the formation of early integrin clusters during cell spreading and migration®” is in
line with our finding. We also found that RhoA, ROCK and Arp2/3 are primarily required for
the crosstalk between both FN-binding integrins. Interestingly, myosin-II is also involved in the
crosstalk, although it appears to be regulated not via myosin light chain kinase (MLCK). The
crosstalk aV-class and a5f1 integrins was further augmented in the absence of ICAP-1 suggesting

that constitutively active p1 integrins?” bind FN even much more stronger in response to
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signaling originating from engaged aV-class integrins. This observation suggests that interactions

at the cytoplasmic domains might play a pivotal role in the crosstalk.

We also observed that Arp2/3, a key component stimulating actin nucleation and
polymerization®®, is required for the crosstalk between aV-class and a5p1 integrins. During ad-
hesion, Arp2/3 is recruited to vinculin®’, and therefore perturbation of Arp2/3 could affect this
interaction and impair adhesion of fibroblasts to FN. Interestingly, Arp2/3 inhibition specifically
reduced VN-stimulated fibroblast adhesion to FN, suggesting that Arp2/3 in the
Racl/Wave/Arp2/3 pathway® affects the crosstalk from aV-class to a5p1 integrins. Our results
do not allow to distinguish whether the RhoA/ROCK pathway® and Rac1/Wave/Arp2/3 path-
way?® regulate the crosstalk by affecting aV-class integrins and/or a5B1 integrins. Previous re-
ports suggested that the RhoA /ROCK pathway is dominated by a5p1 integrins® suggesting that
RhoA inhibition operates upstream and/or downstream of FN-bound o581 integrins. Thus, these
pathways not only control established adhesion but also influence adhesion initiation (i.e. the

binding probability of aV-class and/or a5p1 integrins) and hence the integrin crosstalk.

Our data also implies that myosin-II activity is required for the crosstalk between both FN-bind-
ing integrins. Myosin-II triggers mechanical signals required to promote adhesion maturation*’.
The myosin-II requirement argues that aV-class integrin signaling can regulate a5p1 integrin
clustering. SCFS combined with TIRF microscopy provided insight into the formation of adhe-
sion clusters by integrins. In response to aV-class integrin engagement, a581 integrins enhanced
binding to FN and formed adhesion clusters that considerably strengthened early fibroblast ad-
hesion within < 120 s. Although, we clearly observed the formation of paxillin clusters in VN-
stimulated fibroblast adhering to FN, the lateral resolution limit of TIRF does not allow us to
determine their sizes. Hence, SCFS combined with super resolution microscopy will be neces-

sary to further characterize the assembly of adhesion clusters*"**.

In summary, our study provides direct evidence that aV-class integrins adhering to VN-
or FN-coated cantilevers signal to a5p1 integrins to bind FN at the opposite side of the fibroblast
and to form adhesion clusters. Hence, we deduced a model to depict the two-step process by
which aV-class integrins crosstalk with a5p1 integrins to establish and to strengthen cell adhe-
sion to FN (Figure 4-5). In the first step, aV-class integrins initiate cell adhesion by binding FN
quicker than o581 integrins. The engagement of aV-class integrins to VN (or FN) clusters, re-
cruits and activates adhesion-specific proteins including talin, kindlin, ILK and formins to medi-
ate the link to the actin cytoskeleton (Figure 4-5). In a second step, the engaged aV-class integ-
rins activate signaling involving the RhoA/Rock and the Rac1/Wave/Arp2/3 pathways that fi-
nally promote 51 integrins binding to FN. Gradually, the adhesion strengthens and matures by
clustering and separating a5p1 integrins via myosin-II into different FA compartments (Figure
4-5).
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Figure 4-5 aV-class integrins compete with a5p1 integrins for the binding of FN and after engage-
ment, crosstalk to a5B1 integrins to strengthen adhesion to FN. (a) As fibroblasts initiate contact with
FN, aV-class integrins successfully compete with a5B1 integrins to bind the substrate. (b) This binding
engages aV-class integrins and recruits integrin-associated proteins such as talin, kindlin, ILK and
formins to the adhesion site. Upon recruitment, the integrin-associated proteins mediate and strengthen
the attachment of integrins to the actomyosin cortex. To strengthen fibroblast adhesion, activated aV-
class integrins via the RhoA /ROCK /myosin-II and Arp2/3 pathway signal to (¢) a5B1 integrins to bind
FN thereby forming new adhesion sites. (d) Consequently, a5B1 integrins cluster to strengthen adhesion.
This crosstalk eventually leads to the formation of nascent adhesions. Recent structural investigations
suggested that inactive a5B1 integrins can co-exist in bent and unbent conformations, while inactive aV-
class integrins have shown to be bent>". Thus, for simplicity we here illustrate inactive integrins in the
bent confirmations (grey) and active/engaged integrins in the extended conformation (colored).

4.5. Methods
4.5.1. Cell Culture.

pKO, pKO-aV/p1, pKO-aV/B1 lifeact-mCherry paxillin-GFP, pKO-aV, pKO-aV lifeact-mCherry
paxillin-GFP, pKO-B1, pKO-B1 lifeact-mCherry paxillin-GFP®, talin KO, kindlin KO*' and ILK
KO* mouse kidney fibroblasts and ICAP-1 KO, ICAP-1 WT* mouse embryonic fibroblast cell
lines were maintained in DMEM (Gibco-Life technologies, NY, USA), supplemented with 10%

(v/v) fetal calf serum (FCS, Sigma, Steinheim, Germany), 100 unitsml™' penicillin and
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100 ug ml™* streptomycin (both Gibco-Life technologies). Fibroblasts were grown on fibronectin
(FN, Calbiochem-Merck, Darmstadt, Germany) coated tissue culture flasks (Jet BioFil, Guang-
zhou, China) in a humidifying incubator with 5% CO, at 37°C. For SCFS, fibroblasts were grown
on 24 well plates (Thermo Scientific, Roskilde, Denmark) and serum-starved overnight before

measurements. The fibroblasts were regularly tested for mycoplasma contamination.

4.5.2. Expression and purification of fibronectin (FN) fragments.

FN fragment FNIII7-10, RGD-deleted FN fragment FNIII7-10ARGD and synergy site mutated
FN fragment FNIII7-10-mSYN were expressed from plasmid pET15b-FNIII7-10 and pET15b-
FNIII7-10ARGD* in E.coli BL21 (DE3) pLysS*. Briefly, cells were grown in Lennox L broth
(Invitrogen, Carlsbad, USA) supplemented with 100 ug ml™" ampicillin (Sigma-Aldrich, Buchs,
Switzerland) at 37°C. Expression was induced with 1 mM isopropyl thiogalactose (IPTG, Sigma)
at optical density (OD)go0 = 0.6. Cells were harvested after 4 h, re-suspended in buffer (20 mM
Tris-HCI, 150 mM NaCl, pH 8.0), and broken by sonication. Cell debris was removed by ultra-
centrifugation at 40'000x g for 45 minutes. The soluble protein fraction was bound to nickel-
nitrilotriacetic acid resin (Protino® Ni-NTA Agarose, MACHEREY-NAGEL, Diiren, Germany)
for 1 h at 4°C. The resin was then loaded onto a column and washed with buffer (20 mM Tris-
HCI, 150 mM NacCl, 10 mM imidazole, pH 8.0). FN fragments were eluted with elution buffer
(20 mM Tris-HCI, 150 mM NaCl, 500 mM imidazole, pH 8.0). Peak fractions were pooled and
dialyzed against washing buffer (20 mM Tris-HCI, 150 mM NaCl, pH 8.0). The protein concen-

tration was adjusted to 1.0 mg ml™* with dialyzing buffer and aliquots were stored at —20°C.

4.5.3. Cantilever and substrate functionalization.

For fibroblast attachment, cantilevers were plasma cleaned (PDC-32G, Harrick Plasma) and then
incubated overnight at 4°C in PBS containing ConA (2 mg ml™, Sigma-Aldrich), VN (50 ug ml
!, Calbiochem-Merck) or full-length FN (50 ug ml™!, Calbiochem-Merck)*". For further dilutions,
VN or FN stock solutions (50 ug mI™") were diluted to 0.05, 0.5 or 5 ug ml™" with 2 mg ml™* ConA
in PBS. For substrate coatings, 200um thick four-segmented polydimethylsilane (PDMS) mask
fused to the surface of glass bottom Petri dishes (WPI) was used*®. Each of the four PDMS framed
glass surfaces were incubated overnight at 4°C either with the FN fragment FN;7-10 (50 ug ml™
1), or RGD deleted FN fragment FNi7—10ARGD (50 ug m1™"), or VN (50 ug ml™") or full-length
FN (50 uyg ml™") all in PBS.

SCFS. For SCFS, we mounted an AFM (Nanowizard II equipped with CellHesion Module, JPK
Instruments, Berlin, Germany) on an inverted fluorescence microscope®” (Observer.Z1/A1,
Zeiss, Germany). The temperature was kept at 37°C throughout the experiment by a Petri dish
heater (JPK Instruments). 200 um long tip-less V-shaped silicon nitride cantilevers having nom-
inal spring constants of 0.06 Nm™ (NP-0, Bruker, USA) were used. Each cantilever was cali-

brated prior the measurement by determining its sensitivity and spring constant using the
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thermal noise analysis of the AFM*®, To adhere a single fibroblast to the AFM cantilever, over-
night serum-starved fibroblasts with confluency up to = 80% were washed with PBS and de-
tached from the culture flask with 0.25% (w/v) trypsin (Sigma-Aldrich), for up to two minutes.
Trypsinized fibroblasts were suspended in SCFS media (DMEM supplemented with 20 mM
HEPES) containing 1% (v/v) FCS, pelleted and resuspended in serum free SCFS media*. Fibro-
blasts were allowed to recover for at least 30 minutes from trypsin treatment®’. Functionalized
Petri dishes were washed with SCFS media to remove unbound proteins. Adhesion of a single
fibroblast to the free cantilever end was achieved by pipetting the fibroblast suspension onto the
functionalized Petri dishes. The functionalized cantilever was lowered onto a fibroblast with a
speed of 10 um s™* until a force of 5nN was recorded. After = 5s contact, the cantilever was
retracted with 10 um s™ for 50 um and cantilever bound fibroblast was incubated for 7-10
minutes to assure firm binding to the cantilever. Using optical microscopy (DIC and phase con-
trast), the morphological state of the fibroblast was monitored. Adhesion measurements were
only conducted using rounded fibroblast before they spread on the cantilever. For adhesion
force experiments, the rounded fibroblast bound to the cantilever was lowered onto the coated
substrate with a speed of 5 um s~ until a contact force of 2 nN was recorded. For contact times
of 5, 20, 50 or 120 s, the cantilever height was maintained constant. Subsequently, the cantilever
was retracted at 5 um s~ and for > 90 um until the fibroblast and substrate were fully separated.
After the experimental cycle, the fibroblast was allowed to recover for a time period equal to
contact time before measuring the adhesion force for a different contact time. A single fibroblast
was used to probe the adhesion force for all contact times or until morphological changes (i.e.
spreading) was observed. The sequence of contact time measurements and area of the substrate
were varied. The adhesion of at least 10 fibroblasts was measured per condition to obtain statis-
tically firm results. Adhesion forces were determined after baseline correction of force-distance
curves with JPK software (JPK Instruments). For single molecule sensitivity, we modified SCFS
with low contact force (200 pN) and zero contact time. Force-distance curves were analyzed to

determine binding probability using JPK software.

4.5.4. Statistical tests comparing the adhesion forces and slopes.

Unpaired t-tests: two-tailed Mann-Whitney tests were applied to determine significant differ-
ences between the median adhesion forces at the given contact times among different condi-
tions. Tests were done using Prism (GraphPad, La Jolla, USA). To compare adhesion strengthen-
ing among different fibroblast lines, we determined the differences in their slopes describing the
adhesion force over time. We defined the (discrete) slope between contact times t; and t, with
corresponding adhesion force measurements F; and F as syq = (F2 — F1) / (t2 — t1). For each
fibroblast cell line, we defined the slope of the adhesion force-time data as the average slope of

all adjacent time points. We generated 100 bootstrap samples from the original data in order to
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obtain samples of equal size and tested for differences in slope between fibroblast cell lines using

two-tailed Wilcoxon’s test.

4.5.5. Analysis of statistical interactions between integrins.

For each time point, the statistical interaction strength between the aV-class and a5p1 integrins
with respect to adhesion force is defined as & = Fpko-av/p1 + Fprxo — Fpro-av — Fpro-p1, where F de-
notes the adhesion force. The quantity ¢ is the deviation of the expected effect of both integrins
under an additive null model, namely Fyko-av + Fpro-p1, from the observed effect, namely Fpxo-
av/p1 + Fpro. If € > 0, then there is a positive, whereas if ¢ < 0, then there is a negative interaction
between aV-class and a5B1 integrins. Statistical testing of the null hypothesis of no interaction

(¢ = 0) was performed on 100 bootstrap samples using two-tailed Wilcoxon’s test.
4.5.6. Immunoprecipitation of integrins.

For immunoprecipitation of f1 integrin, pKO-fibroblasts were washed twice with PBS and incu-
bated with fresh crosslinking solution - 0.5 mM dithiobis-(succinimidyl proprionate) (DSP,
Thermo scientific, USA) for 30 minutes at room temperature. DSP was quenched with 50 mM
Tris-HCI pH 7.5 for 10 minutes. Fibroblasts were lysed in lysis buffer (50 mM Tris-HCI pH 8,
150 mM NaCl, 1% Triton X-100, 0,05% sodium deoxycholate) with protease and phosphatase
inhibitors and sonicated. The samples were pre-cleaned with A/G Plus Agarose (Santa Cruz,
Germany) protein for 15 minutes at 4°C. After centrifugation, 30 ug of protein was used as an
input and 1 mg of cell lysate was incubated with 3 ul of anti-p1 integrin antibody® (rabbit-poly-
clonal, homemade) for 1 h at 4°C, followed by the addition of 50 ul A/G agarose protein for
another hour, in an end-over-end rocker. After three washes with lysis buffer, the crosslink was
reversed with 50 ul of 2X Laemmli sample buffer (homemade) containing 50 mM DTT (Sigma,
Germany) for 30 minutes at 37°C. After this, 1 ul of beta-mercaptoethanol (Sigma) was added
and samples were incubated for 5 minutes at 95°C. Samples were subjected to SDS-PAGE and
western blot analysis against integrins using specific aV integrin (AB1930, Millipore, Germany),
05 integrin (#4705, Cell Signaling Technology, Germany) and 1 integrin (homemade®) antibod-
ies with the dilution of 1:1000.

4.5.7. Integrin p-tail peptide pull downs.

Pull downs were performed with the following peptides: 1 wild-type cytoplasmic tail peptide
(HDRREFAKFEKEKMNAKWDTGENPIYKSAVTTVVNPKYEGK-OH), B1 scrambled peptide
(NYEEKKHDEYATKNNKAVKGPMESGIRFTWRVVKEPFKATD-OH), B3 wild-type cytoplas-
mic tail peptide (HDRKEFAKFEEERARAKWDTANNPLYKEATSTFTNITYRGT-OH), B3 scram-
bled (RRIESFNAGKTEEDRANTYWLAFPEETKYRAHKTTDTFNAK-OH). All peptides were
desthiobiotinylated. Prior to use, peptides were immobilized on Dynabeads MyOne Streptavidin

C1 (10 mg ml™', Invitrogen) for 3h at 4 °C. pKO-aVP1 fibroblasts were lysed on ice in
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mammalian protein extraction reagent (Thermo Scientific, USA) and 1 mg of cell lysate was in-
cubated with the indicated peptides overnight at 4 °C. After three washing steps with lysis
buffer, we boiled the beads in SDS-PAGE sample buffer and loaded the supernatant on a 4-20%
SDS-PAGE gel. Samples were analyzed by Western blot using specific antibodies against talin
(T3287, Sigma, Germany) and kindlin-2 (MAB2617, Millipore, Germany) with the dilution of
1:1000. Uncropped scans of the Western blots are provided in Supplementary Fig. 8.

4.5.8. SCFS with inhibitors and antibodies.

For chemical perturbations, suspended fibroblasts were pre-incubated with the inhibitors:
SMIFH2 (20 uM, Merck Millipore, Billerica, MA), Y27632 (10 uM, Sigma-Aldrich), H1152
(1.6 nM, Merck Millipore), CK666 (200 uM, Tocris Bioscience, Bristol, UK), CK869 (200 uM,
Tocris Bioscience, Bristol, UK), C8 inhibitor® (1 uM, kind gift of William deGrado, UCSF),
blebbistatin (20 uM, Sigma-Aldrich), ML-7 (50 uM, Tocris Bioscience, Bristol, UK) and STC (2
uM, Sigma-Aldrich) for 30 minutes in SCFS media at 37°C. To inhibit RhoA, fibroblasts were
incubated with C3 toxin (2 ug ml™, Cytoskeleton, Denver, USA) or Y12 (30 uM, Merck Milli-
pore) for 2 or 3 h, respectively, before the experiments. All reagents were dissolved in dimethyl-
sulphoxide (DMSO) except cell permeable C3 toxin, which was dissolved in 50% (v/v) glycerol.
As control we used 0.1% (v/v) DMSO. To block Bl-integrins, trypsinised fibroblasts were incu-
bated with a5p1 blocking antibody MAB2575 (Millipore, USA) for 30 minutes, prior to the ex-
periments. To block B3-integrins, trypsinised fibroblasts were incubated with 1 uM cilengitide
(Selleck Chemicals, Houston, TX, USA) for 30 minutes, prior to the experiments. SCFS was con-

ducted in the presence of the respective drug/antibody in the stated concentrations.

4.5.9. Combined TIRF and SCFS.

TIRF microscopy was combined with an AFM-based SCFS (CellHesion200) mounted on an in-
verted microscope (Observer.Z1, Zeiss, Germany) with a 100X/1.45 a Plan-FLUOR objective
(Zeiss). TIRF illumination was achieved by coupling a beam emitted by a solid-state laser (Sap-
phire 488 LP, 50 mW, Coherent) into a single mode fiber (coupler: HPUC-2-488-4.5AS-11, fiber:
QPMJ-A3A, 3S-488-3.5/125-SAS-4, OZ Optics) connected to a slider TIRF condenser (Laser
TIRF, Zeiss). An optimized GFP filter set (Chroma Technology Corp.) and 10% laser power using
quantum dots (Crystalplex, USA) was used for TIRF. Images were recorded using a camera
(Evolve, Photometrics) and imaging software (Axiovision, Zeiss). The experimental setup for
TIRF combined SCFS using paxillin-GFP, lifeact-mCherry expressing pKO-aVB1, pKO-aV and
pKO-B1 fibroblasts was as described above except for an extended contact time of 500 s. TIRF
images were acquired at initial 5 s and thereafter at 20 s intervals for the fibroblast attached to

the cantilever, brought in contact with FNIII7-10.
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4.5.10. Confocal laser scanning microscopy.

To determine localization of integrins, 24-well glass bottom plates (MatTek corporation, USA)
were functionalized with 2 mg ml™ ConA, or 50 ug mI™' FN, or 5 ug ml™* VN diluted in ConA or
50 ug ml™' VN or 1 uM cilengitide (CiL). Overnight serum-starved fibroblasts were trypsinized
and cell suspension in DMEM supplemented with 20 mM HEPES was pipetted onto functional-
ized 24-well glass bottom plates and allowed to spread for 10 or 90 minutes. The fibroblasts were
rinsed thrice with PBS and fixed using 4% paraformaldehyde in PBS (Sigma-Aldrich) for
20 minutes at room temperature (RT). Fixed fibroblasts were permeabilized using PBS-T (0.1%
Triton X-100 (Sigma-Aldrich) in PBS) for 30 minutes at RT and blocked using blocking buffer
(2% bovine serum albumin (BSA, Sigma-Aldrich) in PBS-T) for 1 h at 37°C. Fibroblasts were
incubated with anti-integrin B3 antibody (M031-0, emfret, Germany) and AlexaFluor 647-pre-
conjugated anti-integrin B1 antibody (102214, BioLegend, USA) with the dilution of 1:25 in
blocking buffer or with ptyr antibody (PY99, sc-7020, Santa Cruz, USA) with the dilution of 1:50
in blocking buffer overnight at 4°C. Secondary antibodies used for integrin f3 and phospho-
tyrosine were anti-rat AlexaFluor 488 (A11006, Life Technologies, USA) and anti-mouse
AlexaFluor 647 (AB150115, Life Technologies, USA), respectively, diluted 1:100 in blocking
buffer for 1 h at RT. Actin was stained using rhodamine-phalloidin (Life Technologies, USA) in
dilution of 1:500 in blocking buffer for 1 h at RT. Fibroblasts were washed thrice with PBS after
every step. Stained fibroblasts were treated with Prolong gold anti-fade reagent (Invitrogen AG,
Switzerland) for 24 h at RT and analyzed with inverted confocal microscope (Nikon TiE)
equipped with an A1R confocal laser scan head (Nikon, Switzerland) using a 63x/1.40 oil objec-

tive. Signals were collected sequentially and images were analyzed with NIS software (Nikon).

4.5.11. Code availability.

The procedures for comparing adhesion slopes and for assessing interactions were implemented

in a code in the statistical programming language R, which is included in Supplementary Note 1.

4.5.12. Data availability.

The data that support the findings of this study are available from the corresponding

author upon reasonable request.
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Supplementary Figure 4-1 Differential contribution e581 and aV-class integrins to the early adhesion
of mouse kidney fibroblasts. (a) AFM-based single-cell force spectroscopy (SCFS) to characterize the ad-
hesion of fibroblasts. (i) A single fibroblast is immobilized on a concanavalin A (ConA )-functionalized can-
tilever for 7-10 minutes. (ii) The cantilever-attached fibroblast is approached to a functionalized substrate
until reaching a preset contact force (= 2 nN). Then, the cantilever height is maintained for a defined con-
tact time. (iii-iv) Subsequently, the cantilever is retracted to separate fibroblast and substrate. The force
deflecting the cantilever and the distance travelled by the cantilever is displayed in a force-distance curve.
During retracting the cantilever, the adhesion force is measured. (b,c) Adhesion force of four different
fibroblast lines, expressing either aV-class integrins (pKO-aV, yellow), or a5B1 integrins (pKO-B1, green),
or a5B1 and aV-class integrins (pKO-aV/B1, blue), or pan-integrin knockout (pKO, black) was character-
ized by SCFS. The adhesion of fibroblasts bound to ConA-functionalized cantilevers was measured to sub-
strates coated by (b) full-length FN and (¢) RGD-deleted FN fragments FNIII7-10ARGD for contact times
ranging from 5-120 s. Dots show adhesion forces of single fibroblasts (n > 10 for each condition) and red
bars their median. Statistical significances were analyzed by two-tailed Mann-Whitney U-tests (%
P <0.0001; ** P<0.001; **, P<0.01; * P<0.05; ns, P >0.05). (d) Western blot showing talin-1 and
kindlin-2, binding to biotinylated p1- and B3-integrin tail peptides. Peptides with scrambled amino-acid
sequences (B1 scr tail; B3 scr tail) were used as negative controls. WT, wild-type. Input, whole wild-type
(WT) pKO-aV/B1 fibroblast lysate. (¢) Force-distance curves representing the binding of single integrins
of pKO-aV/B1 fibroblasts to a FN-coated substrate. To record single integrin binding events with SCFS,
fibroblasts were approached to the substrate (red curve) at minimal contact force (200 pN) and contact
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time (= 100ms) and then retracted (black/green curve). The green force-distance curve shows a single
adhesion event while the black curve shows no adhesion event. (f) Adhesion forces of WT mouse embry-
onic fibroblasts (WT MEF, left panel) and ICAP-1 deficient MEF (ICAP-1 KO, right panel) to
FNIII7-10-coated substrates are shown. Fibroblasts were attached to ConA-coated cantilevers. Dots show
adhesion forces of single fibroblasts (n > 10 for each condition) and red bars their median.
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Supplementary Figure 4-2 aVB1 integrins do not contribute to fibroblast adhesion to FN. (a) Total cell
lysates (Input panel) and immunoprecipitated B1 integrin (B1-IP panel) were immunoblotted for aV, a5
and B1 integrins. We observed comparable amounts of aV-class and a5B1 integrins in all fibroblasts lines.
The aVB1 heterodimer was also detected but at considerably lower amounts compared to aV-class and o551
integrins in pKO-aV/B1 fibroblasts. (b) aVB1 integrins do not play vital roles in early fibroblast adhesion
to FNIII7-10. pKO-aV/B1 fibroblasts were incubated with C8 inhibitor for 30 minutes, then attached to
ConA-coated cantilevers and finally approached to FNIII7-10 for contact times ranging from 5-120 s. The
adhesion of C8 inhibitor treated fibroblasts was comparable to untreated. Dots show adhesion forces of
single fibroblasts (n > 10 for each condition) and red bars their median. Statistical significances were ana-
lyzed with two-tailed Mann-Whitney U-tests (**** P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns,
P >0.05).
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Supplementary Figure 4-3 Statistical interaction reveals that aV-class integrins suppress a5p1 integrins
from binding to FN. Displayed is the statistical interaction measured as the deviation of the adhesion force
from the expected additive effect of aV-class and a5B1 integrins when present together relative to the
knockout pKO fibroblasts, for each contact time. The statistical interactions determined (see Methods) are
significantly different from zero (and negative) at all four contact times, clearly showing a negative rela-
tionship with respect to adhesion force between aV-class and a5p1 integrins when present together. Red
circles show mean values and error the s.e.m. (n = 100) The R-code used for the statistical analysis is shown
in the Supplementary data.
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Supplementary Figure 4-4 aV-class integrins bind and cluster on VN. (a) Adhesion force of fibroblast
lines expressing either aV-class integrins (pKO-aV, yellow), or a581 integrins (pKO-B1, green), or a5p1
and aV-class integrins (pKO-aV/B1, blue untreated and light blue C8 inhibitor treated) or pan-integrin
knockout (pKO, black) contacted to VN-substrate for times ranging from 5-120 s. All fibroblasts were at-
tached to ConA-functionalized cantilevers. (b) Immunofluorescence of pKO-aV/B1 fibroblasts seeded on
VN (5 ug ml™ VN diluted in ConA)-, ConA-, or FN-functionalized substrates. Fibroblasts adhering to VN,
ConA for 10 minutes and to FN for 90 minutes were stained for aV-class integrin (green), actin (red) and
B1 integrin (pink) using B3 integrin specific antibodies for the detection of aVp3 integrins, p1 integrin an-
tibody (Methods) and phalloidin. pKO-aV /B1 fibroblasts adhering to VN for 10 minutes mimic the condi-
tion of VN-stimulated fibroblasts, wherein fibroblast adhere for 7-10 minutes to VN-functionalized canti-
levers. Clustered aV-class and a5p1 integrins on FN for 90 minutes were referred to as a positive control.
Scale bars, 10 um. (c¢) Fibroblasts enhance adhesion to FN upon VN-stimulation in a concentration-depend-
ent manner. pKO-aV /1 fibroblasts were attached to cantilevers coated either with ConA only or with VN
concentrations of 0.5 ug ml™" (VNLow), 5ug ml™" (VNu, used in experiments above), both diluted in
ConA, or 50 ug ml™" (VNuicn). Single fibroblasts were attached to the cantilever for 7-10 minutes, then
approached to the FNIII7-10-coated substrate for 120 s and finally retracted to measure the adhesion force.
At 120 s contact time to FNIII7-10-coated substrates, VNrow-stimulated pKO-aV/B1 fibroblasts estab-
lished adhesion forces comparable to fibroblasts attached to ConA-coated cantilevers, whereas VNwmip- and
VNuicu-stimulated pKO-aV /1 fibroblasts considerably strengthened adhesion to FNIII7-10. These exper-
iments show that increasing the VN-density/coating on the cantilever more aV-class integrins were re-
cruited, which were thus unavailable for establishing adhesion to the VN-coated substrate located at the
opposite side of the cell. Dots show adhesion forces of single fibroblasts (n > 10 for each condition) and
red bars their median. Statistical significances were calculated with two-tailed Mann-Whitney U-tests (*#+*,
P < 0.0001; *** P < 0.001; ** P<0.01; * P <0.05;ns, P> 0.05).
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Supplementary Figure 4-5 aV-class integrins signal to regulate fibroblast adhesion to FN via p1 integ-
rins. Adhesion forces of pan-integrin knockout (pKO) fibroblasts rescued with a5B1 integrins attached to
ConA-coated cantilevers (pKO-B1, green) and o581 and aV-class integrins attached to VN-coated cantile-
vers (pKO-aV /1, blue). VN-coated cantilevers were coated by 5ug ml™" VN diluted in ConA. Dots show
adhesion forces of single fibroblasts (n > 10 for each condition) and red bars their median. Statistical sig-
nificances were calculated with two-tailed Mann-Whitney U-tests. **** P < 0.0001; *** P < 0.001; **
P <0.01; *, P < 0.05; ns, P > 0.05.
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Supplementary Figure 4-6 FN can activate aV-class integrins to stimulate fibroblasts for strengthening
adhesion to FN. FNIII7-10-mediated adhesion forces of pKO-aV /1 fibroblasts attached either to (a) FN-
fragment FNIII7-10 with mutated synergy site (FNIII7—10msyn) (b) or full length FN. pKO-aV /B1 fibro-
blasts either attached to a ConA-functionalized cantilever or to cantilevers functionalized with different
FNIII7-10msy~x or FN concentrations (FNIII7-10msy~-uice/ FNuicu 50 pg ml™, FNIII7-10msyn-mip/ FNwmb
5 ug ml™", FNIII7-10msyn-Low/ FNLow 0.5 ug ml™, FNLowest 0.05 ug ml ™). Prior to adhesion measurements,
single fibroblasts were incubated on the cantilever for 7—-10 minutes and then approached to the
FNIII7-10-coated substrate for 120 s in (a) and for contact times as indicated in (b). Finally, single fibro-
blasts were retracted to measure the adhesion force. Dots show adhesion forces of single fibroblasts (n > 10
for each condition) and red bars their median. Statistical significances were analyzed with two-tailed Mann-
Whitney U-tests (**** P < 0.0001; *** P < 0.001; **, P < 0.01; *, P < 0.05; ns, P > 0.05).
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Supplementary Figure 4-7 Contribution of integrin associated proteins to the crosstalk between a5p1
and oV-class integrins. (a) Adhesion forces of ConA-attached (yellow) and VN-stimulated (blue) WT
mouse embryonic fibroblasts (WT MEF, first panel) and ConA- and VN-attached ICAP-1 deficient MEFs
(ICAP-1 KO, second panel) to FNIII7-10 after 120 s are shown. For VN-stimulating fibroblasts, cantilevers
were coated by 5 ug ml™' VN diluted in ConA. (b) After incubating single pKO-aV /p1 fibroblasts to either
ConA (yellow)- of VN (blue)-coated cantilevers, their adhesion forces after 120 s contact time to FNIII7—
10 were measured. 30 minutes prior to the experiments, the pKO-aV/B1 fibroblasts were incubated with
the chemical inhibitors at given concentrations. For VN-stimulating fibroblasts, cantilevers were coated by
5ug ml"' VN diluted in ConA. Dots show adhesion forces of single fibroblasts (n > 10 for each condition)
and red bars their median. Statistical significance was determined to compare non-stimulated and stimu-
lated adhesion for each condition by with two-tailed Mann-Whitney U-tests (**** P < 0.0001; *** P < 0.001;
#* P <0.01; %, P<0.05;ns, P>0.05).
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Supplementary Figure 4-8 Uncropped images of western blots shown in Supplementary Figure 4d. and
Supplementary Fig. 2a. (a) Western blots showing talin-1 and kindlin-2, binding to biotinylated B1- and B3-
integrin tail peptides. Peptides with scrambled amino-acid sequences (B1 scr tail; B3 scr tail) were used as
negative controls. WT, wild-type. Input, whole wild-type (WT) pKO-aV /1 fibroblast lysate. (b) Total cell
lysates (Input panel) and immunoprecipitated B1 integrin (B1-IP panel) were immunoblotted for aV, a5
and B1 integrins. We observed comparable amounts of aV-class and a5B1 integrins in all fibroblasts lines.
The aVPB1 heterodimer was detected at considerably lower amounts compared to aV-class and a5p1 integ-
rins in pKO-aV /B1 fibroblasts.
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pKO-aVB1 pKO-aVB1 pKO-aV pKO-aV pKO-B1 pKO-B1
non-stimu- VN-stimu- non-stimu- | VN-stimu- non-stimu- | VN-stimu-
lated lated lated lated lated lated
pKO-aVB1
non_stlmu_ ns Fekk ns *k Fekk Fekk
lated
pKO-aVB1
Fekk ns Fekk Fekk Fekk Fekk
VN-stimulated
pKO-aV
non_stlmu_ ns Fekk ns *k Jekk Jekk
lated
pKO-aV
*k Fekk *k ns * *
VN-stimulated
pKO-B1
non_stlmu_ Fekk Fekk Jekk * ns ns
lated
pKO-B1
Fekk Fekk Fekk * ns ns
VN-stimulated

Supplementary Table 4-1 Statistical analysis comparing the paxillin-GFP-intensity detected by TIRF
microscopy in Fig. 4. Two-tailed Mann-Whitney tests were applied to determine significant differences
between the paxillin-GFP-intensity among different conditions (n>10 for each condition) as shown in
Fig. 4. ##** P < 0.0001; *** P < 0.001; **, P < 0.01; *, P < 0.05; ns, P > 0.05.



null[,2] <- sample(null20, n, replace = TRUE);

Supplementary Note 1 null[,3] <- sample(null50, n, replace = TRUE);

null[,4] <- sample(null120, n, replace = TRUE);

R-code for statistical analysis in Supple-
a <- matrix(ncol = 4, nrow = n);

mentary Fig_ 3 a[,1] <- sample(as, n, replace = TRUE);

a[,2] <- sample(a20, n, replace = TRUE);
#load data:

a[,3] <- sample(as0, n, replace = TRUE);
D <-read.table(

a[,4] <- sample(a120, n, replace = TRUE);

"FN.csv",

b <- matrix(ncol = 4, nrow = n);
header=T,

b[,1] <- sample(b5, n, replace = TRUE);
sep=","

b[,2] <- sample(b20, n, replace = TRUE);
);
b[,3] <- sample(b50, n, replace = TRUE);
colnames(D) <- ¢(
b[,4] <- sample(b120, n, replace = TRUE);
"a5", "a20", "a50", "a120",
ab <- matrix(ncol = 4, nrow = n);
"b5", "b20", "b50", "b120",
ab[,1] <- sample(ab5, n, replace = TRUE);
"ab5", "ab20", "ab50", "ab120",
ab[,2] <- sample(ab20, n, replace = TRUE);
"null5", "null20", "null50", "null120"

);

a5 <- D[is.na(D[1]) == FALSE, 1];

ab[,3] <- sample(ab50, n, replace = TRUE);
ab[,4] <- sample(ab120, n, replace = TRUE);
a20 <- D[is.na(D[2]) == FALSE, 2];
# slope:
a50 <- D[is.na(D[3]) == FALSE, 3];

slope <- function(x) {

((x[2]-x[1D/15 + (x[3]-x[2])/30 + (x[4]-

2120 <- D[is.na(D[4]) == FALSE, 4];

b5 <- Dlis.na(D[5]) == FALSE, 5]; x[3])/70) / 3 #average slope along x
b20 <- D[is.na(D[6]) == FALSE, 6]; 1
b50 <- D[is.na(D[7]) == FALSE, 7]; null_slope <- apply(null, 1, slope);

b120 <- D[is.na(D[8]) == FALSE, 8]; a_slope < apply(a, 1, slope);

ab5 <- D[is.na(D[9]) == FALSE, 9]; b_slope <- apply(b, 1, slope);

ab20 <- D[is.na(D[10]) == FALSE, 10}; ab_slope <- apply(ab, 1, slope):

ab50 <- D[is.na(D[11]) == FALSE, 11]; print(c("median slope of null =", median(null)));
ab120 <- D[is.na(D[12]) == FALSE, 12]; print(c("median slope of a =", median(a)));
null5 <- D[is.na(D[13]) == FALSE, 13]; print(c("median slope of b =", median(b)));
null20 <- D[is.na(D[14]) == FALSE, 14]; print(c("median slope of ab =", median(ab)));
null50 <- D[is.na(D[15]) == FALSE, 15]; print(wilcox.test(a_slope, b_slope));

null120 <- D[is.na(D[16]) == FALSE, 16]; print(wilcox.test(a_slope, ab_slope));

print(wilcox.test(b_slope, ab_slope));

# bootstrap samples: # statistical interaction:

n = 100; i5 <-null[,1] - a[,1] - b[,1] + ab[,1];

null <- matrix(ncol = 4, nrow = n); print(c("median interaction between a and b at t=5: ",
median(i5)));

null[,1] <- sample(null5, n, replace = TRUE);



print(wilcox.test(i5));

i20 <- null[,2] - a[,2] - b[,2] + ab[,2];

print(c("median interaction between a and b at t=20: ",
median(i20)));

print(wilcox.test(i20));

i50 <- null[,3] - a[,3] - b[,3] + ab[,3];

print(c("median interaction between a and b at t=50: ",
median(i50)));

aV-class integrins exert dual roles on a5p1 integrins

print(wilcox.test(i50));

1120 <- null[,4] - a[,4] - b[,4] + ab[ ,4];

print(c("median interaction between a and b at t=120:
" median(i120)));

print(wilcox.test(i120));
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a5p1 integrins sense and respond to load within a second

Integrin-mediated mechanosensing of the extracellular environment allows cells to control
adhesion and signalling. Whether cells sense and respond to force immediately upon ligand-
binding is unknown. Here, we report that during adhesion initiation, fibroblasts respond to
mechanical load by strengthening integrin-mediated adhesion to fibronectin (FN) in a bipha-
sic manner. In the first phase, which depends on talin and kindlin as well as the actin nucle-
ators Arp2/3 and mDia, FN-engaged a5B1 integrins activate focal adhesion kinase (FAK) and
c-Src in less than 0.5 s to steeply strengthen a5B1- and aV-class integrin-mediated adhesion.
When the mechanical load exceeds a certain threshold, fibroblasts decrease adhesion and
initiate the second phase, which is characterized by less steep adhesion strengthening. This
unique, biphasic cellular adhesion response is mediated by a5p1 integrins, which form catch
bonds with FN and signal to FN-binding integrins to reinforce cell adhesion much before vis-

ible adhesion clusters are formed.

Shear stress, compression, tension, and the rigidity of the extracellular matrix (ECM)
guide function and form of cells and tissues"?. Integrins are main mediators of cell adhesion to
the ECM where they sense mechanical properties and translate them into biochemical signals to
regulate cellular processes that are crucial for development, tissue homeostasis and pathology®”
5. In mammals, 24 integrin heterodimers are formed from 18 a- and 8 B-subunits®. Usually cells
co-express several integrins that bind to specific, small amino acid sequences of ECM proteins.
The Arg-Gly-Asp (RGD) sequence is found in different ECM proteins, including fibronectin
(FN), where it associates with a581 and aV-class integrins®®. a5p1 integrins can additionally
bind the Pro-His-Ser-Arg-Asn (PHSRN) synergy site of the 9th type III repeat of FN in order to

1011 "9nd assemble

establish firm adhesion’. After ligand-binding, integrins cluster in > 60 seconds
an increasing number of intracellular proteins at their cytoplasmic tails, collectively called adhe-
some. The adhesome stabilizes the binding of the integrin ectodomain to the ligand, connects
integrins to the actin cytoskeleton and initiates signalling. The composition of the adhesome de-
pends on the engaged integrin and the extent of coupling to the actomyosin-mediated pulling
forces'”'*. These forces induce conformational changes in adhesome proteins including talin,
vinculin, tyrosine-protein kinase Src, focal adhesion kinase (FAK) and p130Cas that expose
cryptic protein binding sites and/or induce catalytic activities'®®. Together, intracellular ten-

sion and conformational changes of adhesome proteins are required to mature short-lived nas-

cent adhesions into focal adhesions®*.

Integrins withstand strong extra- and intracellularly generated forces. a581 integrins ac-
complish this task by switching from a relaxed, low affinity state for ligand binding to a ten-
sioned, high affinity state** with prolonged integrin-ligand bond lifetime*'. This catch bond be-
havior*® was demonstrated with recombinant integrin ectodomains in vitro*'. However, it re-

mains unclear if other integrins form catch bonds, catch bonds occur in the native cellular
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environment and in which time range integrins strengthen cell adhesion in response to mechan-

ical cues.

We addressed these questions by studying fibroblasts initiating adhesion to FN. Using
atomic force microscopy (AFM)-based single-cell force spectroscopy (SCFS), we characterized
the adhesion force at which fibroblasts start detaching from FN and rupture forces at which sin-
gle integrins unbind ligand****. We found that already at the onset of adhesion (£ 2 s), fibroblasts
respond to mechanical load by strengthening adhesion in two distinct phases using different

mechanisms.

5.1. FN-ligated integrins respond to mechanical load

The mechanical environment influences the initiation, maturation and function of integ-
rin-mediated adhesion sites in cells'****’, We used AFM-based SCFS (Supplementary Figure 5-1)
to determine the impact of mechanical load on FN adherent mouse fibroblasts lacking the ex-
pression of all integrins (pan integrin knock-out; pKO), and reconstituted with FN-binding aV-
class integrins (pKO-aV), a5p1 integrins (pKO-B1), or both integrin classes (pKO-aV/B1)**. The
cell surface levels of integrins and the cell size of the fibroblast lines were comparable to those
of parental wild-type (WT) fibroblasts'* (Supplementary Figure 5-2). For SCFS, a single fibro-
blast was attached to a concanavalin A (ConA )-coated tip-less cantilever and optically monitored
to assure a round morphology throughout the experiments. The fibroblast was lowered onto a
FN fragment (FNIII7-10)-coated substrate to initiate adhesion for 5s. While separating the fi-
broblast and substrate, the maximum deflection of the cantilever measured the adhesion force
the fibroblast withstood before detaching from the substrate (Supplementary Figure 5-1b). To
increase the mechanical load to the substrate-adhering fibroblast, the retraction speed of the
cantilever was increased. pKO-aV/B1 and WT fibroblasts markedly strengthened adhesion force
to FNIII7-10 in response to the retraction speed increasing from 1to 5 um s™". This strengthening
was defined by the slope of adhesion forces (Figure 5-1a and Supplementary Figure 5-3). At
6 um s, the adhesion force decreased, while further elevating the retraction speed increased
adhesion forces with a smaller slope. Since biphasic adhesion strengthening occurred with single
fibroblasts irrespective of repeated retractions at randomized or fixed speeds (Figure 5-1a and

Supplementary Figure 5-4), we excluded an involvement of mechanical memory for this effect.

Importantly, we observed very low adhesion force and no biphasic adhesion response of
pKO fibroblasts to FN, pKO-aV/B1 fibroblasts to FN lacking the RGD motif (FNIII7-10ARGD)
and pKO-aV/B1 fibroblasts treated with EDTA (Figure 5-1b and Supplementary Figure 5-5a).
To investigate the contribution of aV-class and a5p1 integrins to the biphasic adhesion response,
we quantified the adhesion force of pKO-aV and pKO-1 fibroblasts to FN (Figure 5-1c¢). The
adhesion of both, pKO-aV and pKO-B1 fibroblasts, was lower than of pKO-aV/B1 fibroblasts.
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Importantly, only pKO-1 fibroblasts showed a biphasic adhesion response, although much less

pronounced.

Taken together, fibroblasts adhering to FN for only 5 s use a5p1 integrins to biphasically

strengthen adhesion in response to mechanical load, and co-expression of aV-class integrins am-

plifies this effect.
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Figure 5-1 Fibroblast adhesion to fibronectin (FN) increases biphasically with the retraction speed
applied to separate cell and substrate. a-d, Speed-dependent adhesion profiles of pan-integrin-null
(pKO) mouse fibroblasts, pKO fibroblasts reconstituted with aV (pKO-aV), 1 (pKO-B1), or both integ-
rin subunits (pKO-aV/B1), and wild-type (WT) fibroblasts adhering to supports coated with the
FNIII7-10 fragment, RGD-deleted FNIIT7-10 (FNIII7-10ARGD) or vitronectin (VN). Single fibroblasts
were attached to a ConA- or VN-coated (50 ug ml™' VN) cantilever, approached to the substrate-coated
support, and after 5 s contact time retracted vertically to measure the adhesion force between fibroblast
and support. Adhesion forces of individual fibroblasts (dots) and their mean (red bar) are given for each
retraction speed. Adhesion forces at different retraction speeds are referred to as speed-dependent ad-
hesion profiles. (n) denotes the number of fibroblasts probed for each condition. The adhesion profile
of pKO-aV/B1 fibroblasts adhering to FNIII7-10 substrates a, is displayed in grey as reference. For sta-
tistical analysis, the slopes of adhesion forces (e.g. adhesion strengthening) in the first (1-5 um s™") and
second (6-20 um s™') phase were compared with the respective slopes of pKO-aV /1 fibroblasts at-
tached to ConA-coated cantilevers. Slopes were compared based on difference in differences. Differ-
ences of adhesion forces between 5 um s and 6 um s~ were evaluated applying the Mann-Whitney test.
P-values are given above graphs.

5.2. FN-bound a5B1 and aV-class integrins work in proximity

To test whether non-ligated a5f1 integrins can induce the biphasic adhesion response, we

adhered ConA-bound pKO-aV/f1 fibroblasts to VN-coated substrates (Figure 5-1d) and found

a monophasic response similar to that of pKO-aV fibroblasts adhering to FN (Figure 5-1c). We

also tested whether both FN-binding integrin classes cooperate across the cell or require
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proximity to amplify the biphasic adhesion strengthening of a5f1 integrins. Sequestering aV-
class integrins of pKO-aV/B1 fibroblasts to VN-coated cantilevers prevented them from binding
to VN-coated substrates at the opposite fibroblast surface (Supplementary Figure 5-5b), and re-
sulted in an adhesion behavior, resembling ConA-bound pKO-1 fibroblasts adhering to FN (Fig-
ure 5-1c,d). These data show that a5B1 integrins must bind FN to biphasically strengthen adhe-
sion in response to mechanical load and that aV-class integrins amplify this response when they

are close to a5B1 integrins.

5.3. a5B1 integrins transition from catch to slip bonds

To investigate how integrins unbind from FN in response to mechanical load, we analysed
their single rupture events (Supplementary Figure 5-1b)**** in force-distance curves recorded
upon detaching fibroblasts from FNIII7-10 (Figure 5-2). The rupture forces of aV-class integrins
continuously increased with increasing the retraction speed from 1 to 20 um s™'. In contrast, the
median rupture forces of a5B1 integrins increased at retraction speeds from 1 to Sums™,
dropped from 6 to 8 um s™* and increased again from 10 to 20 um s™". The median rupture forces
of pKO-aV/B1 fibroblasts, expressing aV-class and a5B1 integrins, closely followed the combi-
nation of rupture forces of the two integrin classes (Supplementary Figure 5-6). This biphasic
strengthening of the a5f31 integrin-FNIII7-10 bond supports recent findings reporting that re-

combinant a5B1 integrins bound to FN transition from catch to slip bond behaviour*?’.
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Figure 5-2 Speed-dependent rupture forces required to separating single aV-class and a5B1 integrins
bound to fibronectin. pKO-aV/B1, pKO-aV or pKO-B1 fibroblasts were approached to FNIII7-10-coated
supports, allowed to adhere for 5 s and separated at indicated retraction speeds. Rupture forces required
to separating single integrin-FN bonds were taken from single rupture events detected in force-distance
curves acquired for Figure 5-1. The analysis of such events, which describe the force required to rupture
individual bonds formed between actin bound integrins and FN****, has been exemplified in Supplemen-
tary Figure 5-1. Rupture forces of single integrin-FN bonds (grey dots), their median (red bars) and the
interquartile range are given. (n) denotes the number of single unbinding events analysed. Statistical
significance of median differences to the slower retraction speed was tested using the Mann-Whitney-
Test. P-values are given above graphs.
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5.4. Integrin activation alters adhesion response

To test whether the integrin activation state influences the biphasic adhesion behavior of
fibroblasts, we activated all integrins at the cell surface using Mn**. Whereas the Mn**-treatment
increased the adhesion force in the first phase (< 5um s™) of pKO-B1 and pKO-aV fibroblasts
to FNIII7-10, the adhesion forces of pKO-aV/B1 remained unaffected (Figure 5-3a).
Mn**-treated pKO-p1 and pKO-aV but not pKO-aV/B1 fibroblasts increased adhesion force
more steeply with increasing mechanical load. Furthermore, Mn*"-activated pKO-aV/f1 and
pKO-B1 fibroblasts lacked the characteristic drop of adhesion force at the transition between
both phases. All three fibroblasts lines did not further increase the adhesion that was reached at
the end of first phase. The ability of Mn** to affect adhesion forces of pKO-aV/p1 fibroblasts in
the second but not in the first phase indicates that in the absence of Mn®" fibroblasts respond to
mechanical load by engaging additional integrins in the first phase, which does not occur in the

second phase.

To further test whether ligand-induced integrin activation modulates adhesion strength-
ening, we shortened the contact time of pKO-aV/B1 fibroblasts with FN from 5 to 3,2 and 1 s
and measured their adhesion force depending on the mechanical load (Figure 5-3b). At 3 s con-
tact time, adhesion forces and biphasic adhesion response were similar to those observed at 5 s.
At 2 s, adhesion forces reduced with a biphasic adhesion response being still observable. How-
ever, at 1s the characteristic drop of the biphasic adhesion response was lost indicating that
mechanical stimulation regulates very early stages of integrin-mediated adhesion formation of

fibroblasts.

Next, we extended the contact times of pKO-aV/B1 fibroblasts with FN to 20, 35 and 50 s
and measured their adhesion force depending on the mechanical load (Figure 5-3c). With in-
creasing contact time, adhesion force and slope increased in the first phase. However, at the
transition of both phases, the adhesion dropped with different magnitudes. After 20 s, the drop
of adhesion force was augmented compared to fibroblasts adhering for 5 s (Figure 5-3c) and the
slope of adhesion forces in the second phase was less steep compared to the first phase. After
35 s, the adhesion drop was still apparent, but less pronounced than after 20 s (Figure 5-3¢),
whereas after 50 s the characteristic adhesion drop was barely visible and the fibroblasts entered
an enhanced adhesion force plateau in the second phase. The drop of adhesion force at the tran-
sition from the first to the second phase decreases with increasing contact time, which is due to
integrin engagement rather than clustering, since integrins cluster at extended contact times

> 60 s (ref. 10).
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Figure 5-3 How fibroblast strengthen adhesion in response to mechanical load depends on integrin
activity and contact time with the substrate. a, Adhesion strengthening of pKO-aV/p1, pKO-B1 or
pKO-aV fibroblasts treated with 0.5 mM Mn** 30 min before adhering to FNIII7-10-coated supports and
during SCFS to activate integrins. b and c, Adhesion strengthening of untreated pKO-aV/B1 fibroblasts
adhering to FNIII7-10-coated supports for (b) 1, 2 or 3 and (c¢) 20, 35 or 50 s. For each retraction speed,
adhesion forces of individual fibroblasts (dots) and their mean (red bar) are given. (n) denotes the num-
ber of fibroblasts probed for each condition. Speed-dependent adhesion profile of (a, left, b and ¢) un-
treated pKO-aV/B1, (a, middle) pKO-B1 or (a, right) pKO-aV fibroblasts attached to ConA-coated can-
tilevers and adhering to FNIII7-10 substrates for a contact time of 5 s are displayed in gray as reference
(data taken from Figure 5-1). For statistical analysis the slopes of adhesion forces in the first (1-5 um s~
") and second (6-20 um s™') phase were compared with the respective slopes of the given references.
Slopes were compared based on difference in differences. Differences of adhesion forces between
Sums-1 and 6 ums—1 were evaluated applying the Mann-Whitney test. P-values are given above
graphs.

Finally, we determined the contribution of a581 and aV-class integrins to the mechanical
load-dependent adhesion strengthening at higher contact times to FN-coated substrates (Sup-
plementary Figure 5-7), where pKO-B1 fibroblasts developed higher adhesion forces compared
to pKO-aV fibroblasts. Furthermore, pKO-B1 fibroblasts strengthened adhesion biphasically in
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response to load, which was not the case for pKO-aV fibroblasts. The load-dependent biphasic
adhesion strengthening of pKO-f1 fibroblasts at 20 and 35s contact time was similar to

pKO-aV/B1 fibroblasts and exceeded adhesion forces of pKO-aV/B1 fibroblasts at 50s.

These results show that within the contact times tested, a5B1 integrins but not aV-class
trigger the engagement of additional integrins to the substrate. The similarity of the biphasic
responses of pKO-B1 fibroblasts at higher contact times and of pKO-aV/B1 fibroblasts at 5 s con-
tact time suggest that FN-bound a5B1 integrins respond to mechanical load by triggering the

engagement of additional integrins.

5.5. Biphasic response requires integrins coupling to actin

Talin and kindlin binding to integrins is required to maintain the active state of integrins®.
We probed the adhesion of talin-1- and -2-deficient (talin KO) and kindlin-1- and -2-deficient
(kindlin KO) fibroblasts®® to FNIII7-10 in response to mechanical load after 5's contact time
(Fig. 4a). Compared to pKO-aV/B1 fibroblasts, both fibroblast lines expressed similar levels of
FN-binding integrins on their surface (Supplementary Figure 5-2). However, individual fibro-
blasts were smaller, which could influence the contact area between fibroblasts and substrate
and consequently the magnitude of the biphasic response. Talin KO fibroblasts lacked the bipha-
sic adhesion behaviour. While the adhesion forces of talin KO fibroblasts were lower in the first
phase, in the second phase they were similar to those of pKO-aV/B1 (Figure 5-4a) and talin
control fibroblasts*® (Supplementary Figure 5-8a). Mn** was unable to induce biphasic adhesion
behaviour of talin KO fibroblasts (Figure 5-4a), indicating that talin is required for the first and

not for the second phase of the biphasic adhesion strengthening.

Kindlin KO fibroblasts strengthened adhesion biphasically, although the adhesion forces
were generally lower compared to pKO-aV/B1 fibroblasts (Figure 5-4b). Upon addition of Mn*,
kindlin KO fibroblasts increased adhesion at low retraction speeds <5 um s~ to the levels of
pKO-aV/B1 fibroblasts and at higher retraction speeds strengthened the adhesion forces to val-
ues observed for Mn*'-treated pKO-aV/B1 fibroblasts. These results indicate that kindlin is not
involved in the biphasic adhesion response of fibroblasts but required to strengthen adhesion by

stabilizing the active conformation of integrins®®*.

The requirement of talin for the first phase of the adhesion response suggests that F-actin
and myosin II-mediated contractile forces are involved in adhesion strengthening. To test their
roles, we chemically interfered with F-actin formation and myosin II activity (Figure 5-4c). De-
polymerizing actin filaments in pKO-aV/B1 fibroblasts lowered the adhesion force of the first
and marginally of the second phase, thereby abrogating the biphasic adhesion strengthening. In-
hibition of mDia lowered the adhesion of pKO-aV/B1 fibroblasts to FN for all retraction speeds

and attenuated the biphasic adhesion response. Inhibition of Arp2/3 lowered
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Figure 5-4 Fibroblasts require talin, F-actin polymerization to strengthen adhesion in response to
mechanical load. To quantify cell adhesion a, talin-1- and -2-deficient (talin KO) mouse fibroblasts, b,
kindlin-1- and -2-deficient (kindlin KO) mouse fibroblasts or ¢, chemically perturbed pKO-aV /B1 fibro-
blasts were attached to ConA-coated cantilevers, brought into contact with a FNIII7-10-coated support
for 5 s and then vertically separated at the given speeds. a,b, to activate integrins, fibroblasts were incu-
bated with 0.5 mM Mn** 30 min before and during measurements. ¢ and d, pKO-aV /B1 fibroblasts were
incubated with latrunculin A (LatA) to depolymerize actin, SMIFH2 to block mDia or CK666 to inhibit
the Arp2/3 complex, C3 toxin to inhibit RhoA, blebbistatin (Blebb) to inhibit myosin IT or with Y27632
to inhibit ROCK. Fibroblasts were treated with chemical inhibitors at the indicated concentrations
30 min (3 h for C3 toxin) before and during SCFS experiments and all fibroblasts were attached to ConA-
coated cantilevers. a-d, For each retraction speed, the adhesion forces of individual fibroblasts (dots)
and their mean (red bar) are given. (n) denotes the number of fibroblasts probed for each condition.
The speed-dependent adhesion profile of pKO-aV/B1 fibroblasts attached to ConA-coated cantilevers
and adhering to FNIII7-10 substrates (Figure 5-1a) is displayed in gray as reference. For statistical anal-
ysis the slopes of adhesion forces in the first (1-5 um s—) and second (6-20 um s™') phase were com-
pared with the respective slopes of pKO-aV/B1 fibroblasts on ConA-coated cantilevers. Slopes were
compared based on difference in differences. Differences of adhesion forces between 5ums™' and
6 um s~' were evaluated applying the Mann-Whitney test. P-values are given above graphs.
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adhesion in the first but not in the second phase of adhesion strengthening. Inhibition of RhoA,
regulating the myosin II-mediated contractility of the actomyosin cortex, as well as inhibition of
this contractility with blebbistatin or Y27632 retained the characteristic biphasic adhesion re-

sponse (Figure 5-4d).

These results indicate that the biphasic adhesion response of fibroblasts to mechanical
load requires talin-mediated integrin linkage to Arp2/3 assembled F-actin but not actomyosin

contractility.

5.6. Adhesion strengthening requires FAK, Src and synergy site

In shear stress-dependent integrin activation, PI3 kinase and c-Src rapidly (10 and 0.3 s,
respectively) phosphorylate®>*'. Therefore, we tested their role as well as other proteins partic-
ipating in integrin-activation, including Rapl and FAK, in the biphasic adhesion response of
pKO-aV/B1 fibroblasts. Using chemical perturbations, we found that FAK and Src activities are
necessary to establish adhesion force of the first phase and the biphasic adhesion response (Fig-
ure 5-5a,b and Supplementary Figure 5-8b). However, perturbing either kinase did not interfere
with the second phase of adhesion strengthening. Inhibition of PI3 kinase decreased the adhe-
sion force for all retraction speeds, while the biphasic adhesion response remained (Figure 5-5¢).
Interestingly, inhibition of the talin-activating small GTPase Rap1 (ref. 32) neither influenced
the adhesion force nor the biphasic adhesion strengthening (Fig. 5d). While the biphasic adhe-
sion response of pKO-f1 fibroblasts remained unchanged upon Src inhibition, perturbation of

FAK decreased adhesion forces and abolished the biphasic adhesion response (Figure 5-5e,f).

The synergy site of FN is required for a5f1 integrins to mechanically activate FAK*’. Thus,
we characterized the response of pKO-aV/B1 and pKO-B1 fibroblasts adhering to a synergy site-
mutated FN fragment (FNIII7-10mSyn) to mechanical load. The adhesion strength of both fibro-
blast lines as well as rupture forces of single a5f31 integrins in the first phase reduced and the

biphasic adhesion strengthening disappeared (Figure 5-5g and Supplementary Figure 5-9).

These experiments indicate that a5B1 integrins must bind the FN synergy site to form
catch bonds and to engage additional integrins. Whereas, FAK and Src are critically involved in
the first phase of the biphasic adhesion strengthening, PI3K plays a general role in adhesion

strengthening.
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Figure 5-5 Integrin activation in response to mechanical load depends on FAK and c-Src signalling.
a-g, Speed-dependent adhesion response of chemically perturbed pKO-aV/B1 pKO-aV/B1 or pKO-1
fibroblasts separated from a-f FNIII7-10- or g, FNIII7-10mSYN-coated to which they adhered for 5 s.
pKO-aV/B1 fibroblasts were treated with (a) PP2 to inhibit the Src-kinase family, b, Y11 to inhibit FAK,
(¢) LY249002 to inhibit PI3K, or d, GGTi286 to inhibit Rap1l. pKO-B1 fibroblasts were treated with e,
PP2 to inhibit the Src-kinase family or f Y11 to inhibit FAK. Inhibitors were added for 30 min before and
were present during SCFS and all fibroblasts were attached to ConA-coated cantilevers. For each retrac-
tion speed, adhesion forces of individual fibroblasts (dots) and their mean (red bar) are given. (n) de-
notes the number of fibroblasts probed for each condition. The speed-dependent adhesion profiles of
untreated pKO-aV/B1 (a-d, g) or pKO-B1 (f, g) fibroblasts attached to ConA-coated cantilevers and ad-
hering to FNIII7-10 substrates (Figure 5-1) are displayed in gray as reference. For statistical analysis the
slopes of adhesion forces in the first (1-5 um s™") and second (6-20 um s™') phase were compared with
the respective slopes of untreated pKO-aV/B1 (a-d, g) or pKO-B1 (e,f) fibroblasts attached to ConA-
coated cantilevers and adhering to FNIII7-10 substrates. Slopes were compared based on difference in
differences. Differences of adhesion forces between 5 um s~ and 6 um s~ were evaluated applying the
Mann-Whitney test. P-values are given above graphs.

5.7. Discussion

FN-binding a5B1 and aV-class integrins assemble mixed adhesion sites where they coop-
erate to probe extracellular properties and regulate cell adhesion'****3. However, it is not known
whether and how the two integrin-classes respond to mechanical load before they assemble ad-
hesion plaques. We found that during adhesion initiation, fibroblasts adhere biphasically in re-
sponse to mechanical load. In the first phase, at cantilever retraction speeds < 5 um s, fibro-
blasts expressing both a581 and aV-class integrins steeply strengthen adhesion with increasing
mechanical load. At a retraction speed of 6 um s™*, adhesion markedly drops and fibroblasts ini-
tiate the second phase to increase adhesion again with rising mechanical load, but less steep com-
pared to the first phase. Mn**-activation of integrins does not affect the first phase of adhesion
strengthening, but plateaus the second phase at high adhesion forces. This indicates that in the
first phase fibroblasts engage additional integrins in response to mechanical load and above a

certain threshold, in the second phase, this ‘mechanoactivation’ of integrins fails.
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Our experiments show that a5f1 integrins actively respond to mechanical load by regu-
lating fibroblast adhesion and engaging additional integrins binding to FN. In fibroblasts, single
a5B1 integrins binding to FN transition from catch to slip bond behaviour at = 39 pN, which
corresponds to values (> 30 pN) found for recombinant a581 integrin ectodomains®'. To estab-
lish catch bonds, a581 integrins are believed to simultaneously bind RGD and synergy sites of
FN*?°. Indeed, disruption of the synergy site abolishes the biphasic response of pKO-aV/p1 and
pKO-B1 fibroblasts. We hence speculate that the load-dependent integrin crosstalk initiated by

a5p1 integrins correlates with their catch bond behavior.

In our experiments aV-class integrins do not actively regulate initial fibroblast adhesion
when loaded. However, FN-bound aV-class integrins withstand higher forces before unbinding
than a5f1 integrins, indicating that bearing a higher load retains them longer in mechanically
stressed adhesion sites'****°. It has been speculated that aV-class integrins may form stronger
catch bonds than a5p1 integrins'*. We did not observe a transition of bond properties within the
range of retraction speeds investigated and hence cannot exclude catch bond behavior. It is con-
ceivable that upon extension of the contact times, which allow integrin clustering and assembly

of adhesomes, aV-class integrins may modulate their bond properties differently.

We recently showed that aV-class integrins have higher binding rates than a581 integrins
and successfully compete with a5B1 integrins to bind FN*°. Our findings suggest that few a581
integrins engaging to FN are sufficient to respond to mechanical load and to reinforce fibroblast
adhesion by engaging additional FN-binding integrins of both classes. Although aV-class integ-
rins show higher unbinding forces than a581 integrins, pKO-aV fibroblasts adhere less strongly
compared to pKO-B1 fibroblasts®. This observation suggests that in the absence of aV-class in-
tegrins, a5B1 integrins either are faster recruited to bind ligand, or their F-actin linkage stabilizes
integrin-ligand bonds. However, the exact mechanistic basis of this observation remains to be

elucidated.

We estimate that fibroblasts regulate adhesion in response to mechanical load within 0.5 s
(Supplementary Figure 5-10). Fibroblasts establish the biphasic adhesion response at the onset
of initiating adhesion to FN (% 2 s). Hence, the load-dependent adhesion reinforcement relies
on rapid signalling of mechanically loaded o581 integrins to engage additional FN-binding integ-
rins. In line with previous reports, we identify talin as mechanosensor in the biphasic adhesion
response, which is required for integrin engagement and subsequent adhesion maturation®®**3%
. Although fibroblast adhesion reduced in the absence of kindlin, the biphasic adhesion re-
sponse remained evident. These findings suggest that fibroblasts require talin to respond to me-
chanical load and kindlin to strengthen adhesion in response to mechanical cues***. In line with
a role of kindlin to recruit the Arp2/3 complex to early adhesion sites, Arp2/3 was found to be
essential to strengthen adhesion in response to mechanical load, whereas mDia was of general

importance for early adhesion formation®. Our results also suggest a central role for the catalytic
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function of FAK, which can be activated by mechanical load***”. Additionally, FAK was shown
to recruit talin to nascent integrin-containing adhesion sites, which in turn promotes integrin-
ligand engagement*'. Similarly, c-Src is also involved in integrin-ligand engagement in response

to mechanical stimulation, probably by transducing signals from a5f1 to aVf33 integrins.
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Figure 5-6 Instant strengthening of fibroblast adhesion to FN in response to mechanical load. a, In
the initial phase of adhesion formation of fibroblasts, a5p1 and aV-class integrins bind FN and recruit
talin and associate with F-actin within 5 s. b, Tensioned either by extra- or by intracellular forces a5p1
integrins activate other FN-binding integrins via FAK and c-Src to reinforce adhesion, which depends
further on Arp2/3 and talin. ¢, If the force applied to integrins exceeds a certain threshold, fibroblasts
fail to stabilize FN-integrin bonds, likely because the mechanical stimuli cannot be transmitted to acti-
vate integrins. d, With increasing contact time to FN adhesion maturates and the number of FN-bound

integrins increases, consequently e, the ratio of integrins activated by mechanical load and integrins al-
ready bound to FN decreases.

The adhesion modulation in response to mechanical load at the onset of adhesion may be
important at the leading edge of migrating fibroblasts, where ligand-bound integrins anchor
membrane protrusions to ECM proteins. Interestingly, active a5p1 integrins complexing with
FAK, Src and talin are internalized from stable adhesions and then recycled back to the leading

edge of migrating fibroblasts**, where newly formed adhesion sites quickly reinforce in response
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to mechanical load. Similar processes may operate in other systems such as platelets, which ad-
here with different integrin classes to ECM proteins, including FN, fibrinogen, or the von-Wil-

lebrand factor, during clotting.

5.8. Methods
5.8.1. Cell culture

Parental (WT)", pKO-aV /1", pKO-aV", pKO-B1', pKO™, talin KO, talin crt]*® and kindlin
KO?® fibroblasts were maintained in DMEM GlutaMAX (Gibco-Life technologies, NY, USA),
supplemented with 10% (v/v) fetal calf serum (FCS, Sigma, Steinheim, Germany), 100 units
mL ™" penicillin (Gibco-Life technologies) and 100 ug mL™" streptomycin (Gibco-Life technolo-
gies). All fibroblasts were grown on fibronectin (Calbiochem-Merck, Darmstadt, Germany)
coated tissue culture flasks (Jet BioFil, Guangzhou, China). All fibroblasts lines were tested for

mycoplasma
5.8.2. Fibronectin fragment expression and purification

We expressed fibronectin fragment FNIII7-10 and RGD-deleted FNIII7-10 (FNIII7-10 RGD)
from plasmid pET15b-FNIII7-10 in Escherichia coli BL21 (DE3) pLysS as described*. Briefly,
cells were grown at 37°C in Lennox L broth (Invitrogen) with 100 pg ml-1 ampicillin (Sigma).
At optical density (OD)600 = 0.6, 1 mM isopropyl thiogalactose (IPTG, Sigma) was used to in-
duce protein expression. After 4 h, cells were pelleted, resuspended in buffer (20 mM Tris-HCI,
150 mM NaCl, pH 8.0), and later broken by sonication. Ultracentrifugation at 40,000g was ap-
plied for 45 min to remove cell debris. Soluble protein fractions were bound to nickel-nitrilotri-
acetic acid resin (Protino Ni-NTA Agarose, MACHEREY-NAGEL) for 1 h at 4°C. Then, the resin
was loaded onto a column and washed with buffer (20 mM Tris-HCI, 150 mM NaCl, 10 mM im-
idazole, pH 8.0). Fibronectin fragments were eluted with elution buffer (20 mM Tris-HCI, 150
mM NaCl, 500 mM imidazole, pH 8.0). Thereafter, we pooled the peak fractions and dialysed
them against imidazole free buffer (20 mM Tris-HCI, 150 mM NaCl, pH 8.0). Using dialysing
buffer, the protein concentration was adjusted to 1.0 mg ml™’, the purified protein was aliquoted

and stored at —20°C.
5.8.3. Expression and purification of fibronectin fragments

Fibronectin fragment FNIII7-10 and RGD-deleted FNII17-10 (FNIII7-10ARGD) were expressed
from plasmid pET15b-FNIIT7-10 in E.coli BL21 (DE3) pLysS*". Briefly, cells were grown in Len-
nox L broth (Invitrogen, Carlsbad, USA) supplemented with 100 ug mL™" ampicillin (Sigma,
Buchs, Switzerland) at 37°C. Expression was induced with 1 mM isopropyl thiogalactose (IPTG,
Sigma) at optical density (OD)so0 = 0.6. Cells were harvested after 4 h, re-suspended in buffer
(20 mM Tris-HCI, 150 mM NaCl, pH 8.0), and broken by sonication. Cell debris was removed
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by ultracentrifugation at 40'000xg for 45 min. The soluble protein fraction was bound to nickel-
nitrilotriacetic acid resin (Protino® Ni-NTA Agarose, MACHEREY-NAGEL, Diiren, Germany)
for 1 h at 4°C. The resin was then loaded onto a column and washed with buffer (20 mM Tris-
HCI, 150 mM NaCl, 10 mM imidazole, pH 8.0). Fibronectin fragments were eluted with elution
buffer (20 mM Tris-HCI, 150 mM NaCl, 500 mM imidazole, pH 8.0). Peak fractions were pooled
and dialyzed against imidazole free buffer (20mM Tris-HCI, 150 mM NacCl, pH 8.0). The protein
concentration was adjusted to 1.0 mg mL™" with dialyzing buffer and aliquots were stored at —
20°C.

5.8.4. Integrin surface expression level and cell size determination.

Overnight serum-starved (DMEM Glutamax, 100 units mL™" penicillin and 100 ug mL™" strep-
tomycin) fibroblasts grown in 6 well plates (Thermo Scientific, Roskilde, Denmark) to conflu-
ency of ~ 80% were washed with PBS and detached with 200 uL of 0.25 % (w/v) trypsin/EDTA
(Sigma) for 2 min. Detached fibroblasts were suspended in SCFS media (DMEM high glucose,
supplemented with 20 mM HEPES) containing 1% (v/v) FCS, pelleted and resuspended in se-
rum free SCFS media. 300’000 fibroblasts were incubated at 37°C for 30 min (ref. **). Thereaf-
ter, fibroblasts were washed twice with twice with flow cytometry buffer (PBS supplemented
with 0.1% BSA (w/v) and 2 mM EDTA). Pelleted fibroblasts were resuspended in 60 uL flow
cytometry buffer supplemented with 3 uL of phycoerythrin (PE)-labelled antibodies against
integrin subunits aV (551187, Becton Dickinson (BD) AG, Switzerland), a5 (Cat.Nr. 557447,
BD AG), B1 (Cat.Nr. 102207, BioLegend, UK) or B3 (Cat.Nr. 12-0611-81, Life Technologies,
Switzerland). Fibroblasts were incubated for 30 min at 4°C before they were washed twice with
300 ul flow cytometry buffer. Fluorescence intensity was characterized using LSRFortessa (BD
AG).

For cell size characterization, fibroblasts lines were serum starved overnight. Adherent
fibroblasts were detached with 200 uL of 0.25 % (w/v) trypsin/EDTA (Sigma) for 2 min and
suspended in SCFS media containing 1% (v/v) FCS. Fibroblasts lines were pelleted and resus-
pended in 100-300 uL. SCFS media. Fibroblasts sizes were characterized using an automated
cell counter (Countess I1, Thermo Fisher Scientific) with standard protocols from the manufac-

turer.
5.8.5. Coating of AFM cantilever and Petri dishes

Cantilevers (NP-O, Bruker, USA) were plasma-cleaned prior to overnight incubation in ConA
(2 mg mL™", Sigma) or vitronectin (50 ug mL™") in PBS at 4°C (ref. 44). For VN-dilution series,
VN stock solutions (50 ug mI™") were diluted to final concentrations 0.05, 0.5 or 5ug ml™* in
2 mg ml™' ConA in PBS. To allow the efficient characterization of cell adhesion to different sub-

strates, a four-segmented PDMS mask was attached to the glass surface of a Petri dish (35 mm
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FluoroDish, World Precision Instruments, US)**. The PDMS segmented glass surfaces were
then incubated overnight either with FNIII7-10 (50 ug mL™"), FNIII7-10ARGD (50 ug mL™),
FNIII7-10Asyn (50 ug mL™), or vitronectin (50 ug mL™") in PBS at 4°C.

5.8.6. SCFS

For SCFS, an AFM (NanoWizard II, JPK Instruments, Berlin, Germany) equipped with a
CellHesion module (JPK Instruments) was mounted on an inverted microscope (Observer.Z,
Zeiss, Jena, Germany). During SCFS fibroblasts were maintained at 37°C using a Petri dish
heater (JPK Instruments). 200 um long tip-less V-shaped silicon nitride cantilevers with a nom-
inal spring constants of 0.06 N m™ (NP-O, Bruker, USA) were used. The spring constant of

every cantilever was determined prior the experiment using the thermal noise method*’.

Overnight serum-starved (DMEM Glutamax, 100 units mL™" penicillin and 100 ug mL™
streptomycin) fibroblasts grown in 24 well plates (Thermo Scientific) to confluency of ~ 80%
were washed with PBS and detached with 200 uL of 0.25 % (w/v) trypsin/EDTA (Sigma) for
2 min. Detached fibroblasts were suspended in SCFS media (DMEM high glucose, supple-
mented with 20 mM HEPES) containing 1% (v/v) FCS, pelleted and resuspended in serum free
SCFS media. Fibroblasts were allowed to recover from trypsin treatment for at least 30 min (ref.
*#3). Petri dishes were washed with SCFS media. Fibroblast suspensions were pipetted into the
Petri dishes containing the substrate-coated glass supports and allowed to settle. Rounded fi-
broblasts having similar size were optically selected for adhesion measurements. To attach sin-
gle fibroblasts, the apex of a calibrated, ConA functionalized cantilever was lowered with a
speed of 10 um s™* onto a fibroblast until a contact force of 3 nN was reached. After 5 s contact
time, the cantilever was retracted by 50 um to detach the fibroblast from the substrate. Fibro-
blasts were allowed to attach firmly to the cantilever for at least 5 min before adhesion experi-
ments. For adhesion experiments, cantilever-bound fibroblasts were lowered onto a substrate-
coated glass segment with a speed of 5 um s~ until reaching a contact force of 1 nN. The canti-
lever position was maintained stationary (constant height) for 1, 2, 3, 5, 20, 35 or 50 s and sub-
sequently retracted at a set speed ranging from 1 to 20 um s~* for > 90 um until the fibroblast
fully detached from the substrate-coated support. After detachment from the substrate the fi-
broblast was allowed to recover for at least the contact time before probing the adhesion force
of a different retraction speed. Retraction speeds were randomized for all experiments if not
stated differently. Single fibroblasts were used to probe adhesion forces once for all retraction
speeds or until morphological changes (i.e. spreading) were observed by optical microscopy
(Supplementary Fig. 1c). After this, a new cantilever was taken to select a new fibroblast. To
achieve statistically firm results, the adhesion of at least 10 fibroblasts were characterized per

retraction speed.
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5.8.7. Data analysis

Adhesion forces were extracted from force-distance curves using the JPK data processing soft-
ware (JPK Instruments). Fibroblast stiffness and rupture forces were analysed using in-house
build routines, which were based on Igor 6 (Wavemetric, Oregon, USA). For the analysis of
single integrin bonds, force-distance curves, acquired after 5 s contact time as described in the
‘SCFS’ section, were condensed to 15’000 points for pKO-aV and pKO-f1 fibroblasts and to
30’000 points for pKO-aV/B1 fibroblasts. Rupture events were analysed to measure the forces
rupturing single integrin-FN bonds***’. Tether events were excluded from analysis, as they rep-
resent the force required to extract a tether from the cell membrane*®*’. Rupture and tether
events were distinguished by the slope prior to the unbinding event, where tether plateaus had
a maximum angle of ~ 10° (Supplementary Fig. 5-1). The minimum rupture force analysed was

set to 20 pN.
5.8.8. Statistical analysis

Statistical test were done in Prism (GraphPad, La Jolla, USA) or R (ref. 50). To statistically com-
pare load-dependent adhesion strengthening in different conditions, linear regression analysis
of recorded adhesion forces in the first (1-5 um s™) and second phase (6-20 um s™") was per-
formed. Two-tailed P-values tested the null hypothesis that slopes are identical (parallel).
Thereby, the P-values tested the chance that randomly selected data points from both condi-
tions would have slopes at least as different than observed in the compared condition®’. To
compare differences in median adhesion forces, two-tailed Mann-Whitney test was performed.
In all statistical analysis, P-values are given as not significant (ns) if P > 0.05, and gradually in-

dicated as significant if P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***).
5.8.9. Perturbation and Mn2+ assays

To perturb proteins suspended fibroblasts were incubated with 20 uM SMIFH2 (Merck Milli-
pore), 10 uM Y27632 (Sigma), 200 uM CK666 (Tocris Bioscience), 20 uM blebbistatin (Sigma),
10 uM 1.Y249002 (Cell Signaling Technology), 1 uM latrunculin A (Sigma), 5mM EDTA
(Sigma), 10 and 20 uM PP2 (Tocris), 20 uM PP1 (Tocris), 10 uM Y11 (Tocris), GGTi286 (Merck
Millipore) and 20 uM PF573228 (Tocris) for 30 min in SCFS media at 37°C. Fibroblasts were
incubated with 2 uM C3 toxin (Cytoskeleton) for 3 h before of the experiments. Perturbants
were present during SCFS at the stated concentrations. All perturbants were stored at —20°C
and dissolved in DMSO, except C3 Toxin which was dissolved in 50% (v/v) glycerol. For integ-
rin activation, fibroblasts were incubated with 0.5 mM Mn** for 30 min prior to SCFS and Mn**

was present in the same concentration during adhesion measurements.
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5.14. Supplementary Information
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Supplementary Figure 5-1. AFM-based SCFS setup to quantify retraction speed-dependent adhesion
forces of fibroblasts. a, Single-cell force spectroscopy (SCFS) setup. (i) Single fibroblasts were incubated
for ~ 5 min on a ConA-coated cantilever. (ii) Subsequently, they were approached onto a fibronectin (FN)
fragment-coated support. (iii and iv) After 5 s contact time, the cantilever was retracted vertically to meas-
ure the adhesion force between fibroblast and support until the fibroblasts was fully detached from the
substrate. During the adhesion experiments the cantilever deflection is recorded and displayed in a force-
distance curve. b, Force-distance curves show different features: The retraction force-distance curve
(black) records the adhesion force of the fibroblast, which represents the maximum downward force de-
flection of the cantilever and thus, the highest force required to separate the fibroblast from the substrate”.
Upon detachment of cell and substrate single receptor unbinding events are observed. Rupture events are
recorded when the bond formed between a cytoskeleton-linked integrin and the substrate fails. Tether
events are recorded when extruding a membrane tether from the cell membrane with the integrins at its
tip. In the latter case the attachment of the integrin to the cytoskeleton is either too weak to resist the
mechanical load applied or non-existent™. ¢, (top) A single round fibroblast is attached to the cantilever
tip and is used for adhesion measurements until (bottom) the fibroblast shows morphological changes (i.e.
spreading).
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Supplementary Figure 5-2. Integrins surface expression levels and cell sizes of the fibroblasts lines. a,
Every fibroblast line was incubated with phycoerythrin-labeled antibodies against aV, a5, p1 and B3 integ-
rin subunits. Thereafter, integrin-labeled fibroblasts were analyzed using flow cytometry. pKO fibroblasts
were used as negative control. b, The mean diameter of four independent samples of each fibroblast line
was characterized using an automated cell counter device (Countess I1). Each dot represents the mean di-
ameter of an independent fibroblast sample with their mean given by the red bar. a and b, Fibroblast lines
characterized were
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20 ym s

Supplementary Figure 5-3. Representative force-time and force-distance curves for all applied retrac-
tion speeds. pKO-aV /B1-fibroblasts were attached to ConA-coated cantilevers and incubated for 5 min to
assure firm binding. Cantilever-bound fibroblasts were approached (red) to FNIII7-10-coated supports un-
til recording a contact force of 1 nN. Then, the cantilever position was maintained for 5 s, allowing fibro-
blasts to initiate adhesion (grey). After the contact time, cantilever bound fibroblasts were retracted from
the support (black). The force acting on the cantilever is shown for all retraction speeds used in relation to
time (top) and distance (bottom).
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Supplementary Figure 5-4. Reproducibility of SCFS experiments to measure the retraction speed-de-
pendent adhesion force of fibroblasts to a substrate. a-c, Single pKO-aV/B1-fibroblasts were attached to
ConA-coated cantilevers and incubated for 5 min on the cantilever to assure firm binding. Thereafter, fi-
broblasts were approached to FNIII7-10-coated supports and were allowed to initiate adhesion for 5 s. Sub-
sequently, the adhesion forces were quantified at the same retraction speed for eight repeated cell adhesion
measurements or until the cell was fully spread on the cantilever. After each adhesion measurement, the
location at which the cell was allowed to adhere to the support was changed. Each adhesion measurement
was conducted at the specified retraction speed. a, The cantilever movement and the resulting force-time
curve for a representative fibroblast for 5 um s~ retraction speed is shown. b, Fibroblast adhesion force
quantified from a representative force-distance curve recorded at 5 um s retraction speed. ¢, Adhesion
forces (dots) of pKO-aV/B1-fibroblasts for repeated measurements are shown. Dots with the same color
in each panel represent the same fibroblast used. For each panel three different fibroblasts were used. d,
Combined data from all adhesion measurements for all fibroblasts characterized in Supplementary Fig. 3c.
The speed-dependent adhesion profile of untreated ConA-bound pKO-aV/B1 fibroblasts adhering to
FNIII7-10-coated supports (Fig. 5-1a) is displayed in grey for reference. For statistical analysis, the slopes
of adhesion forces from 1-5 ym s~' and 6-20 um s~* were compared with the respective slopes of untreated
ConA-bound pKO-aV/B1 fibroblasts adhering to FNIII7-10-coated supports. Adhesion forces of individual
fibroblasts (dots) after 5 s contact time with the substrate-coated supports and their median (red bar) are
given. Adhesion slopes were statistically compared based on difference in difference test. Differences of
adhesion forces between 5 um s~ and 6 um s~ were evaluated applying the Mann-Whitney test. P-values
are ns > 0.05, * < 0.05, ** < 0.01 and *** < 0.001.
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Supplementary Figure 5-5. Integrins activity and proximity are required for biphasic adhesion strength-
ening. a, To inactivate integrins pKO-aV /B1 fibroblasts were treated with EDTA 30 min prior to the exper-
iments and during the adhesion measurements. Fibroblasts attached to ConA-coated cantilevers were al-
lowed to adhere for 5s to FNIII7-10-coated supports before being separated at the indicated retraction
speed. The speed-dependent adhesion profile of untreated pKO-aV /B1 fibroblasts attached to ConA-coated
cantilevers and adhering to FNIII7-10 substrates (Fig. 5-1a) is displayed in grey for reference. For statistical
analysis, the slopes of adhesion forces from 1-5 um s and 6—20 um s~ were compared with the respective
slopes of untreated pKO-aV/B1 fibroblasts attached to ConA-coated cantilevers and adhering to FNIIT7-10
substrates. Adhesion slopes were compared based on difference in differences. Differences of adhesion
forces between 5um s~ and 6 ums ' were evaluated by applying the Mann-Whitney test. P-values are
ns > 0.05, * < 0.05, ** < 0.01 and *** < 0.001. b, pKO-aV /1 fibroblasts were attached to cantilevers either
coated with ConA or ConA diluted with different concentrations of VN (0.5, 5.0 or 50 ug ml™" VN (VNrow,
VNwmm or VNuiGH, respectively). After an attachment time of 7—10 min to the substrate-coated cantilever,
the adhesion of the fibroblast was probed to FNIIT7-10ARGD or VN-coated (50 ug ml™") supports. Adhesion
forces of individual fibroblasts (dots) after 50 s contact time with the substrate-coated supports and their
median (red bar) are given. Differences of adhesion forces between ConA- and VN-bound pKO-aV /1
fibroblasts were evaluated by applying the Mann-Whitney test. P-values are ns > 0.05, * < 0.05, ** < 0.01
and *** < 0.001.
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Supplementary Figure 5-6. Analysis of speed-dependent rupture forces required to separating aV-class
and a5B1 integrins bound to fibronectin. pKO-aV /1, pKO-aV or pKO-f1 fibroblasts were allowed to
adhere to FNIII7-10-coated supports for 5 s before being separated at the retraction speeds indicated. All
fibroblasts were attached to ConA-coated cantilevers. Analysis of single rupture events in force-distance
curves (Supplementary Fig. 5-1a,b) quantified the unbinding forces of single integrin-FN bonds. The left
panel shows the rupture forces recorded for pKO-aV /B1 fibroblasts (taken from data analysed in Fig. 5-2).
The right panel shows rupture forces recorded for pKO-aV and pKO-1 fibroblasts combined in one graph.
The rupture forces of single integrin-FN bonds (grey dots), their median (red bars) and the interquartile
range are given. (n) denotes the number of single unbinding events analysed. Differences of rupture forces
measured at the same retraction speed were evaluated by applying the Mann-Whitney test. P-values are
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Supplementary Figure 5-7. Adhesion strengthening of pKO-aV/B1, pKO-aV or pKO-1 fibroblasts in
response to mechanical load and contact times. a, pKO-aV/B1, b, pKO-aV or ¢, pKO- B1 fibroblasts were
attached to ConA-coated cantilevers, brought into contact with FNIII7-10-coated supports, and after con-
tact times of 5, 20, 35 or 50 s were separated at indicated speeds. (a) Data taken from experiments analyzed
in Fig. 5-1a and 5-3b. For each retraction speed, adhesion forces of individual fibroblasts (dots) and their
mean (red bar) are given. (n) denotes the number of fibroblasts probed for each condition. b and ¢, Speed-
dependent adhesion profiles of pKO-aV/B1 fibroblasts attached to ConA-coated cantilevers and adhering
to FNIII7-10 substrates for the indicated contact time are displayed in grey for reference (all taken from
Fig. 5-la and 5-3b). For statistical analysis, the slopes of adhesion forces in the first
(1-5um s ™) and second (6-20 um s™') phase were compared with the respective slopes of pKO-aV/f1
fibroblasts on ConA-coated cantilevers and adhering to FNIII7-10 substrates for the same time. Slopes were
compared based on difference in differences. Differences of adhesion forces between 5 um s and 6 um s~
! were evaluated by applying the Mann-Whitney test. P-values are ns > 0.05, * < 0.05, ** < 0.01 and *** <
0.001.
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Supplementary Figure 5-8. Adhesion strengthening in response to mechanical load requires talin and
FAK and c-Src mediated signalling. a, Talin control (parental tin1" ﬂ, tin2”/ 5 ertl) or pKO-aV /B1 fibroblasts
were attached to ConA-coated cantilever, approached to FNIII7-10-coated support and after 5 s contact
time separated from the substrate at the retraction speeds indicated. b, To inhibit the Src-kinase family cell
suspensions were incubated with 20 uM PP1 and to inhibit FAK cell suspensions were incubated with
PF573228 for 30 min prior to and throughout the SCFS experiments. For each retraction speed adhesion
forces of individual fibroblasts (dots) and their mean (red bar) are given. (n) denotes the number of fibro-
blasts probed for each condition. The speed-dependent adhesion profile of pKO-aV /1 fibroblasts attached
to ConA-coated cantilevers and adhering to FNIII7-10 substrates for 5 s contact time (Fig. 5-1a) is displayed
in grey for reference. For statistical analysis, the slopes of adhesion forces from 1-5 um s~ and 6-20 um s~

were compared with the respective slopes of pKO-aV /B1 fibroblasts attached to ConA-coated cantilevers
and adhering to FNIII7-10 substrates for 5 s. Adhesion slopes were compared based on difference in differ-
ences. Differences of adhesion forces between 5 um s~ ' and 6 um s~' were evaluated by applying the Mann-
Whitney test. P-values are ns > 0.05, * < 0.05, ** < 0.01 and *** < 0.001.
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Supplementary Figure 5-9. Adhesion strengthening in response to mechanical load requires the for-
mation of catch bonds between a5B1 integrins and fibronectin. a, Adhesion forces of pKO-f1 fibroblasts
to FNIII7-10mSYN. were attached to ConA-coated cantilevers, approached to FNIII7-10mSYN-coated sup-
port and after 5 s contact time separated from the substrate at the retraction speeds indicated. For each
retraction speed adhesion forces of individual fibroblasts (dots) and their mean (red bar) are given. (n)
denotes the number of fibroblasts probed for each condition. The speed-dependent adhesion profile of
pKO-aV/B1 fibroblasts attached to ConA-coated cantilevers and adhering to FNIII7-10 substrates for 5's
contact time (Fig. 1c) is displayed in grey for reference. For statistical analysis the slopes of adhesion forces
from 1-5 um s~ and 6-20 um s~' were compared with the respective slopes of pKO-aV/B1 fibroblasts at-
tached to ConA-coated cantilevers and adhering to FNIII7-10 substrates for 5 s. Adhesion slopes were com-
pared based on difference in differences. Differences of adhesion forces between 5ums™ and 6 ums™"
were evaluated applying the Mann-Whitney test. b, Rupture forces of single a581 integrins. pKO-B1 fibro-
blasts were approached to FNIII7-10mSYN- or FNIII7-10-coated supports, allowed to adhere for 5 s and
separated at the retraction speeds indicated. Rupture forces required to separating single integrin-FN bonds
were taken from single rupture events detected in force-distance curves. Rupture forces of single integrin-
FN bonds (grey dots), their median (red bars) and the interquartile range are given. In the right panel is
taken from experiments analysed in Fig. 5-2 (n) denotes the number of single unbinding events analysed.
Statistical significance of median differences to the slower retraction speed was tested using the Mann-
Whitney-Test. P-values are ns > 0.05, * < 0.05, ** < 0.01 and *** < 0.001.
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Supplementary Figure 5-10. In response to mechanical load, fibroblasts adapt adhesion within less than
0.5 seconds. a, Typical force-time curve recorded while approaching (red) and retracting (black) a
pKO-aV/B1 fibroblast attached to a ConA-coated cantilever from a FNIII7-10-coated support (5 s contact
time). From this retraction curve we determined the time At the fibroblast was mechanically loaded until
measuring the maximum adhesion force initiating the detachment of the cell from the substrate. b, time to
initiate cell detachment versus retraction speed of pKO-aV/B1 fibroblasts attached to ConA-coated canti-
levers and adhering to FNIII7-10-coated supports for 5 s. For each retraction speed, the time of individual
fibroblasts (dots) and their mean (red bar) are given.
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5.15. Statistical Tests

ConA
pKO-aV/B1
FNII7-10

lums™’ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10ums™' 20ums™
lums™ 3.03E-01 1.88E-02 1.44E-06 6.06E-01 7.59E-02 3.33E-02 2.75E-04
3ums™ 3.03E-01 1.68E-01 2.61E-03 7.33E-01 7.76E-01 2.80E-01 4.74E-02
4ums™! 1.88E-02 1.68E-01 5.77E-02 6.88E-02 2.35E-01 7.05E-01 4.49E-01
5ums™ 1.44E-06 2.61E-03 5.77E-02 1.57E-05 9.67E-04 1.17E-02 2.04E-01
6ums™" 6.06E-01 7.33E-01 6.88E-02 1.57E-05 1.16E-01 1.49E-01 1.04E-03
8ums™ 7.59E-02 7.76E-01 2.35E-01 9.67E-04 1.16E-01 6.47E-01 3.36E-02
10ums™ | 3.33E-02 2.80E-01 7.05E-01 1.17E-02 1.49E-01 6.47E-01 1.83E-01
20ums™ | 2.75E-04 4.74E-02 4.49E-01 2.04E-01 1.04E-03 3.36E-02 1.83E-01

Statistics Table 1. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-1a using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA
WT

FNII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™' 20ums™
lums™ 1.15E-02  2.24E-04 9.02E-08 1.43E-01  2.32E-02 2.09E-03  2.09E-03
3ums™ 1.15E-02 1.44E-01 1.75E-04  3.53E-01  3.93E-01 1.05E-01 1.05E-01
4ums™! 2.24E-04 1.44E-01 8.99E-03 4.75E-02 8.49E-01 6.43E-01  3.97E-01
5ums™ 9.02E-08 1.75E-04  8.99E-03 1.65E-05 1.94E-02 4.82E-02  4.41E-01
6ums™ 1.43E-01 3.53E-01  4.75E-02 1.65E-05 2.18E-01 4.33E-02  2.88E-02
8ums™ 2.32E-02 3.93E-01 8.49E-01 1.94E-02 2.18E-01 6.31E-01 1.65E-01
10ums™ | 2.09E-03 1.05E-01 6.43E-01 4.82E-02 4.33E-02 6.31E-01 4.81E-01

20ums™ | 2.09E-03 1.05E-01  3.97E-01 4.41E-01 2.88E-02 1.65E-01 4.81E-01

Statistics Table 2. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-1a using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

= ConA

pKO
FNII7-10

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™' 20ums™’
lums™ 1.90E-01 6.30E-02 1.15E-02 8.93E-03 1.50E-03 1.50E-03 1.05E-03
3ums™ 1.90E-01 5.79E-01 3.55E-02 3.55E-02  3.89E-03 6.84E-03  3.89E-03
4yums™ 6.30E-02 5.79E-01 6.30E-02 7.53E-02  2.09E-03 6.84E-03 5.20E-03
5ums™ 1.15E-02 3.55E-02 6.30E-02 9.12E-01  3.55E-02 1.05E-01 8.92E-02
6ums™" 8.93E-03 3.55E-02 7.53E-02 9.12E-01 1.23E-01 2.18E-01 7.53E-02
8ums™ 1.50E-03 3.89E-03  2.09E-03 3.55E-02 1.23E-01 1.00E+00  5.29E-01
10ums™ | 1.50E-03 6.84E-03 6.84E-03 1.05E-01 2.18E-01  1.00E+00 3.93E-01
20ums™ | 1.05E-03 3.89E-03 5.20E-03 8.92E-02 7.53E-02 5.29E-01 3.93E-01

Statistics Table 3. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-1b using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.
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ConA
pKO-aV/B1
FNIII7-10ARGD

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 3.00E-03  3.44E-04 3.93E-06 2.88E-05 2.96E-06 7.69E-07 7.69E-07
3ums™ 3.00E-03 3.11E-01 9.45E-02 2.39E-01 8.85E-03 1.02E-02 6.28E-04
4ums™! 3.44E-04  3.11E-01 3.02E-01 4.58E-01  2.57E-02 1.02E-02 1.25E-03
5ums™ 3.93E-06 9.45E-02  3.02E-01 6.67E-01  2.67E-01 2.80E-01 2.91E-02
6ums™" 2.88E-05 2.39E-01  4.58E-01 6.67E-01 2.67E-01 1.41E-01 2.22E-02
8ums™ 2.96E-06 8.85E-03  2.57E-02 2.67E-01 2.67E-01 8.20E-01 1.86E-01
10ums™ | 7.69E-07 1.02E-02 1.02E-02 2.80E-01 1.41E-01 8.20E-01 2.64E-01

20ums™ | 7.69E-07 6.28E-04 1.25E-03 2.91E-02 2.22E-02 1.86E-01 2.64E-01

Statistics Table 4. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-1b using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

= ConA

pKO-aV
FNIN7-10

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 3.18E-03  2.01E-03 5.06E-04 1.30E-03  4.01E-04  2.88E-04 5.61E-06
3ums™ 3.18E-03 5.40E-01 1.80E-01 1.64E-01  9.08E-02 1.88E-02 2.17E-04
4ums™! 2.01E-03 5.40E-01 6.53E-01 6.24E-01  2.56E-01 8.32E-02 1.03E-03
5ums™ 5.06E-04 1.80E-01 6.53E-01 9.35E-01  2.36E-01 1.03E-01 2.63E-03
6ums™ 1.30E-03 1.64E-01 6.24E-01 9.35E-01 3.47E-01 1.26E-01 5.18E-03
8ums™ 4.01E-04  9.08E-02  2.56E-01 2.36E-01 3.47E-01 5.90E-01 1.10E-01
10ums™ | 2.88E-04 1.88E-02 8.32E-02 1.03E-01 1.26E-01 5.90E-01 3.20E-01
20ums™ | 5.61E-06  2.17E-04 1.03E-03 2.63E-03 5.18E-03 1.10E-01 3.20E-01

Statistics Table 5. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-1c using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA
pKO-B1

FNIN7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 4.73E-02  4.68E-05 1.50E-05 8.94E-06  6.19E-07  2.23E-07  3.33E-09
3ums™ 4.73E-02 9.50E-02 1.04E-02 1.33E-01 5.39E-03 9.71E-03 1.32E-04
4ums™! 4.68E-05 9.50E-02 5.76E-02 5.25E-01 5.56E-02 2.75E-02 1.05E-03
5ums™ 1.50E-05 1.04E-02 5.76E-02 3.79E-02  1.00E+00  8.90E-01 1.09E-01
6ums™ 8.94E-06 1.33E-01 5.25E-01 3.79E-02 9.06E-03 6.61E-03 1.69E-06
8ums™ 6.19E-07 5.39E-03 5.56E-02  1.00E+00  9.06E-03 8.86E-01 5.23E-02
10ums™ | 2.23E-07 9.71E-03  2.75E-02 8.90E-01 6.61E-03 8.86E-01 4.26E-02

20ums™ | 3.33E-09 1.32E-04 1.05E-03 1.09E-01 1.69E-06  5.23E-02 4.26E-02

Statistics Table 6. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-1c using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.
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\,\\VN
=
pKO—c://BTv
FNIN7-10

lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10ums™' 20ums™’
lums™ 1.49E-03  2.24E-04  2.66E-07  4.52E-06 1.73E-04  2.03E-06 1.75E-06
3ums™ 1.49E-03 4.59E-02 2.01E-04 1.01E-01  9.12E-02 6.23E-03  4.49E-06
4ums™! 2.24E-04  4.59E-02 1.39E-01 5.20E-01 8.17E-01 2.38E-01  4.84E-05
5ums™ 2.66E-07  2.01E-04 1.39E-01 2.79E-02  3.31E-01 8.67E-01  2.72E-04
6ums™ 4.52E-06 1.01E-01 5.20E-01 2.79E-02 6.70E-01 1.47E-01  2.01E-05
8ums™ 1.73E-04  9.12E-02 8.17E-01 3.31E-01 6.70E-01 4.60E-01 1.04E-03
10ums™ | 2.03E-06 6.23E-03  2.38E-01 8.67E-01 1.47E-01  4.60E-01 1.82E-03
20ums™ | 1.75E-06  4.49E-06  4.84E-05 2.72E-04  2.01E-05 1.04E-03 1.82E-03

Statistics Table 7. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-1d using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA
pKO-aV/B1
VN
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™  20ums™’

lums™ 1.54E-03 9.72E-06  2.58E-08  4.99E-08 9.97E-08  4.24E-09 1.44E-09
3ums™ 1.54E-03 2.59E-01 1.29E-02 3.30E-04  3.75E-05 1.52E-05 1.57E-07
4ums™! 9.72E-06  2.59E-01 4.59E-02 2.69E-04 1.26E-03 1.95E-04  4.31E-08
5ums™ 2.58E-08 1.29E-02  4.59E-02 4.11E-02 1.95E-02 3.10E-03  2.13E-06
6ums™ 4.99E-08  3.30E-04  2.69E-04  4.11E-02 8.30E-01 7.08E-02  2.01E-04
8ums™ 9.97E-08  3.75E-05 1.26E-03 1.95E-02 8.30E-01 1.25E-01 1.20E-03
10ums™ | 4.24E-09 1.52E-05 1.95E-04  3.10E-03 7.08E-02 1.25E-01 2.05E-02
20ums™ | 1.44E-09 1.57E-07 4.31E-08  2.13E-06  2.01E-04 1.20E-03 2.05E-02

Statistics Table 8. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-1d using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

pKO-aV/g1
0.5 mM Mn?
FNIII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™' 20ums™
lums™ 3.29E-02  2.85E-03 5.55E-05 5.97E-05  2.97E-05 1.48E-05 1.98E-05
3ums™ 3.29E-02 5.75E-02  4.51E-05  3.10E-03  5.18E-05  2.05E-05  5.21E-05
4ums™! 2.85E-03 5.75E-02 2.62E-01 1.71E-01  6.97E-02 8.32E-02 1.09E-01
5ums™ 5.55E-05  4.51E-05  2.62E-01 741E-01  4.43E-01 8.06E-01  4.95E-01
6ums™ 5.97E-05  3.10E-03 1.71E-01 7.41E-01 9.05E-01  9.88E-01  7.18E-01
8ums™ 2.97E-05 5.18E-05 6.97E-02  4.43E-01  9.05E-01 9.89E-01  9.42E-01
10ums™" | 1.48E-05 2.05E-05  8.32E-02 8.06E-01  9.88E-01  9.89E-01 8.26E-01
20ums™ | 1.98E-05 5.21E-05 1.09E-01  4.95E-01 718E-01  9.42E-01 8.26E-01

Statistics Table 9. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-3a using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.
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ConA
pKO-B1
0.5 mM Mn?
FNIII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™’
lums™ 6.30E-02  6.84E-03  3.80E-04 5.50E-04  3.25E-04  2.17E-05 1.70E-04
3ums™ 6.30E-02 1.90E-01  2.42E-02 1.01E-02  6.84E-03 7.25E-04  4.84E-03
4ums™! 6.84E-03 1.90E-01 1.52E-01 7.20E-02  2.88E-02  2.09E-03 7.95E-03
5ums™ 3.80E-04  2.42E-02 1.52E-01 4.01E-01 1.73E-01  2.42E-02 1.01E-01
6ums™ 5.50E-04 1.01E-02  7.20E-02  4.01E-01 6.05E-01  3.49E-01  3.32E-01
8ums™ 3.25E-04  6.84E-03  2.88E-02 1.73E-01 6.05E-01 1.00E+00  6.05E-01
10ums™ | 2.17E-05 7.25E-04  2.09E-03  2.42E-02  3.49E-01  1.00E+00 8.63E-01
20ums™ | 1.70E-04  4.84E-03  7.95E-03 1.01E-01  3.32E-01  6.05E-01 8.63E-01

Statistics Table 10. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-3a using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

= ConA

pKO-aV
0.5 mM Mn?
FNIN7-10
lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™’
lums™ 7.58E-05  4.33E-05 1.08E-05 1.08E-05 1.08E-05 1.08E-05 1.08E-05
3ums™ 7.58E-05 5.29E-01 2.09E-03 2.88E-03 1.50E-03 5.20E-03 1.30E-04
4ums™! 4.33E-05 5.29E-01 1.05E-01 8.92E-02 6.30E-02 8.92E-02 3.89E-03
5ums™ 1.08E-05 2.09E-03 1.05E-01 7.39E-01 6.84E-01 8.53E-01 5.24E-02
6ums™" 1.08E-05 2.88E-03 8.92E-02 7.39E-01 7.96E-01 9.71E-01 1.65E-01
8ums™ 1.08E-05 1.50E-03 6.30E-02 6.84E-01 7.96E-01 9.12E-01 1.90E-01
10ums™ | 1.08E-05 5.20E-03 8.92E-02 8.53E-01 9.71E-01  9.12E-01 1.43E-01
20ums™ | 1.08E-05 1.30E-04  3.89E-03 5.24E-02 1.65E-01 1.90E-01 1.43E-01

Statistics Table 11. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-3a using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

pKO-aV/B1
1 s contact time

ConA

FNII7-10

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10uyms'  20ums™’
lums™ 1.43E-01 1.47E-02 1.50E-03  2.88E-03 1.85E-02 7.25E-04  4.11E-04
3ums™ 1.43E-01 4.36E-01 1.85E-02 1.65E-01  3.15E-01 1.15E-02 1.01E-02
4ums™! 1.47E-02  4.36E-01 2.18E-01 5.29E-01  7.96E-01 6.30E-02 6.53E-02
5ums™ 1.50E-03 1.85E-02  2.18E-01 4.36E-01 1.23E-01 6.31E-01  4.47E-01
6ums™" 2.88E-03 1.65E-01  5.29E-01  4.36E-01 5.79E-01 1.05E-01  3.50E-02
8ums™ 1.85E-02  3.15E-01  7.96E-01 1.23E-01 5.79E-01 8.92E-02 5.35E-02
10ums™ | 7.25E-04 1.15E-02  6.30E-02 6.31E-01 1.05E-01  8.92E-02 7.20E-01
20ums™ | 4.11E-04 1.01E-02  6.53E-02  4.47E-01  3.50E-02  5.35E-02 7.20E-01

Statistics Table 12. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-3b using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.
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5-150 | a5B1 integrins sense and respond to load within a second

ConA

pKO-aV/p1
2 s contact time
ENIN7-10
lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10uyms'  20ums™
lums™ 4.36E-01  7.53E-02 1.05E-03  3.93E-01  143E-01  6.84E-03  4.30E-04
3ums™ 4.36E-01 4.36E-01  2.88E-02  9.71E-01  7.39E-01  2.18E-01  2.06E-02
4ums™! 7.53E-02  4.36E-01 8.92E-02  3.15E-01 7.96E-01  6.31E-01  1.23E-01
5ums™ 1.05E-03  2.88E-02  8.92E-02 1.47E-02  4.33E-02 1.90E-01  7.22E-01
6ums™ 3.93E-01 9.71E-01  3.15E-01 1.47E-02 6.84E-01 1.90E-01  1.38E-02
8ums™ 1.43E-01  7.39E-01  796E-01  4.33E-02  6.84E-01 2.18E-01  1.07E-01
10ums™" | 6.84E-03 2.18E-01  6.31E-01 1.90E-01 1.90E-01  2.18E-01 3.46E-01
20ums™ | 4.30E-04  2.06E-02  1.23E-01  7.22E-01 1.38E-02  1.07E-01  3.46E-01

Statistics Table 13. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-3b using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/B1
3 s contact time
FNII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™
lums™ 2.32E-02  6.84E-03  2.06E-04  1.05E-01  2.09E-03  8.93E-03  5.20E-03
3ums™ 2.32E-02 3.93E-01  2.18E-01 1.23E-01  9.71E-01  8.53E-01  3.53E-01
4ums™! 6.84E-03  3.93E-01 5.29E-01  4.33E-02  2.47E-01 6.84E-01  7.96E-01
5ums™ 2.06E-04  2.18E-01  5.29E-01 2.32E-02  1.05E-01  2.18E-01  6.84E-01
6ums™ 1.05E-01 1.23E-01  4.33E-02  2.32E-02 1.05E-01  2.80E-01  7.53E-02
8ums™ 2.09E-03  9.71E-01  2.47E-01 1.05E-01 1.05E-01 8.53E-01  1.90E-01
10ums™ | 893E-03 853E-01 6.84E-01 2.18E-01  2.80E-01  8.53E-01 4.81E-01
20ums™ | 5.20E-03 3.53E-01 7.96E-01  6.84E-01  7.53E-02  1.90E-01  4.81E-01

Statistics Table 14. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-3b using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/g1
20 s contact time
FNIII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™
lums™ 5.03E-02  3.00E-04  1.22E-05  8.63E-01  9.31E-02  7.14E-03  3.71E-05
3ums™ 5.03E-02 4.49E-02  4.51E-04  792E-02 1.00E+00  3.19E-01  1.00E-02
4ums™! 3.00E-04  4.49E-02 5.97E-02  9.81E-04  2.42E-02 1.98E-01  7.99E-01
5ums™ 1.22E-05  4.51E-04  5.97E-02 1.52E-05  2.59E-04  548E-03  5.97E-02
6ums™ 8.63E-01  7.92E-02  9.81E-04  1.52E-05 7.92E-02  4.49E-03  2.06E-04
8ums™" 9.31E-02  1.00E+00  2.42E-02  2.59E-04  7.92E-02 2.19E-01  6.81E-03
10ums™ | 7.14E-03 3.19E-01 198E-01 5.48E-03  4.49E-03  2.19E-01 1.60E-01
20ums™ | 3.71E-05 1.00E-02  7.99E-01  597E-02  2.06E-04  6.81E-03 1.60E-01

Statistics Table 15. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-3c using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.



a5p1 integrins sense and respond to load within a second

ConA

pKO-aV/B1
35 s contact time
FNIN7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™’
lums™ 1.50E-03 1.30E-04  3.09E-06 5.50E-04  6.80E-05 2.09E-03 1.08E-05
3ums™ 1.50E-03 4.33E-02 6.00E-04 8.09E-01  2.82E-01 6.30E-02 7.58E-05
4ums™! 1.30E-04  4.33E-02 2.03E-01 1.14E-01  4.68E-01 6.84E-01 4.33E-02
5ums™ 3.09E-06 6.00E-04  2.03E-01 2.80E-03  4.39E-02 7.22E-01 1.80E-01
6ums™ 5.50E-04 8.09E-01 1.14E-01 2.80E-03 4.01E-01 1.14E-01 2.55E-04
8ums™ 6.80E-05 2.82E-01  4.68E-01 4.39E-02 4.01E-01 3.87E-01 7.95E-03
10ums™ | 2.09E-03 6.30E-02 6.84E-01 7.22E-01 1.14E-01  3.87E-01 1.90E-01
20ums™ | 1.08E-05 7.58E-05  4.33E-02 1.80E-01 2.55E-04  7.95E-03 1.90E-01

Statistics Table 16. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-3c using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/B1
50 s contact time
FNII7-10
lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10uyms'  20ums™’
lums™ 7.88E-04  7.58E-05 4.74E-07  2.07E-04  2.55E-04 1.08E-05 1.08E-05
3ums™ 7.88E-04 2.95E-02 3.48E-03 5.95E-02  4.73E-02 4.79E-03 2.55E-04
4ums™! 7.58E-05 2.95E-02 4.43E-01 9.23E-01 8.09E-01 6.84E-01 3.55E-02
5ums™ 4.74E-07  3.48E-03  4.43E-01 4.71E-01 5.47E-01 9.41E-01 3.09E-01
6ums™ 2.07E-04 5.95E-02  9.23E-01 4.71E-01 9.28E-01 7.22E-01 4.26E-02
8ums™ 2.55E-04  4.73E-02 8.09E-01 5.47E-01 9.28E-01 8.09E-01 8.45E-02
10ums™ | 1.08E-05 4.79E-03 6.84E-01 9.41E-01 7.22E-01 8.09E-01 1.65E-01
20ums™ | 1.08E-05 2.55E-04  3.55E-02 3.09E-01 4.26E-02 8.45E-02 1.65E-01

Statistics Table 17. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-3b using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA
talin KO
FNIN7-10

lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10uyms'  20ums™’
lums™ 2.55E-02  2.20E-02 6.47E-03 1.38E-02  2.24E-04  3.00E-04  4.08E-06
3ums™ 2.55E-02 5.83E-01 1.53E-01 3.47E-01 5.81E-02 1.88E-02 3.72E-05
4ums™! 2.20E-02 5.83E-01 6.85E-01 4.03E-01 7.69E-02 3.10E-02 1.01E-04
5ums™ 6.47E-03 1.53E-01 6.85E-01 7.69E-01  2.54E-01 7.68E-02 1.02E-03
6ums™ 1.38E-02 3.47E-01  4.03E-01 7.69E-01 3.23E-01 1.78E-01 1.27E-02
8ums™ 2.24E-04 5.81E-02 7.69E-02 2.54E-01 3.23E-01 6.14E-01 4.59E-02
10ums™ | 3.00E-04 1.88E-02  3.10E-02 7.68E-02 1.78E-01 6.14E-01 2.52E-01
20ums™ | 4.08E-06  3.72E-05 1.01E-04 1.02E-03 1.27E-02  4.59E-02 2.52E-01

Statistics Table 18. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-4a using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.
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5-152 | a5B1 integrins sense and respond to load within a second

ConA

talin KO

0.5 mM Mn?*
FNII7-10

lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 1.47E-02 7.25E-04  2.06E-04 6.19E-06  7.58E-05 2.17E-05 1.08E-05
3ums™ 1.47E-02 1.43E-01 4.33E-02 3.00E-04  3.89E-03 4.87E-04 1.08E-05
4ums™! 7.25E-04 1.43E-01 4.81E-01 4.26E-02 1.05E-01 1.47E-02 1.50E-03
5ums™ 2.06E-04  4.33E-02  4.81E-01 2.54E-01  3.53E-01 5.24E-02  3.89E-03
6ums™ 6.19E-06  3.00E-04  4.26E-02 2.54E-01 1.00E+00  1.80E-01  4.30E-04
8ums™ 7.58E-05 3.89E-03 1.05E-01 3.53E-01  1.00E+00 3.53E-01 1.47E-02
10ums™ | 2.17E-05 4.87E-04 1.47E-02 5.24E-02 1.80E-01  3.53E-01 2.47E-01
20ums™ | 1.08E-05 1.08E-05 1.50E-03 3.89E-03 4.30E-04 1.47E-02 2.47E-01

Statistics Table 19. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-4a using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA
kindlin KO (L1.0)
FNII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™' 20ums™
lums™ 2.70E-02  5.92E-05  2.24E-06 4.96E-04  1.23E-03 7.17E-05  6.19E-06
3ums™ 2.70E-02 5.19E-03 5.80E-05 1.06E-01 1.16E-01  3.71E-03 1.02E-06
4yums™ 5.92E-05 5.19E-03 2.66E-01  3.02E-01  3.08E-01  9.45E-01 1.03E-02
5ums™ 2.24E-06  5.80E-05  2.66E-01 1.71E-02  3.42E-02  3.68E-01  4.00E-02
6ums™" 4.96E-04 1.06E-01  3.02E-01 1.71E-02 9.79E-01 1.60E-01  2.07E-04
8ums™ 1.23E-03 1.16E-01  3.08E-01  3.42E-02  9.79E-01 2.47E-01 1.96E-03
10ums™ | 7.17E-05 3.71E-03  9.45E-01  3.68E-01 1.60E-01  2.47E-01 4.43E-03
20ums™ | 6.19E-06 1.02E-06  1.03E-02  4.00E-02  2.07E-04  1.96E-03  4.43E-03

Statistics Table 20. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-4b using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

: ConA

kindlin KO )
0.5 mM Mn?*
FNIII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™' 20ums™
lums™ 3.25E-04 1.08E-05 1.08E-05 7.58E-05 1.08E-05 1.08E-05 1.08E-05
3ums™ 3.25E-04 1.85E-02 1.15E-02 1.85E-02  2.06E-04 5.20E-03 7.58E-05
4ums™! 1.08E-05 1.85E-02 7.39E-01 3.53E-01  2.88E-02 2.88E-02  2.88E-03
5ums™ 1.08E-05 1.15E-02 7.39E-01 5.79E-01  2.47E-01 2.80E-01 5.24E-02
6ums™ 7.58E-05 1.85E-02  3.53E-01 5.79E-01 7.96E-01 6.31E-01  3.53E-01
8ums™ 1.08E-05 2.06E-04  2.88E-02 2.47E-01 7.96E-01 7.96E-01  2.47E-01
10ums™ | 1.08E-05 5.20E-03  2.88E-02 2.80E-01 6.31E-01 7.96E-01 4.36E-01
20ums™ | 1.08E-05 7.58E-05  2.88E-03 5.24E-02 3.53E-01  2.47E-01 4.36E-01

Statistics Table 21. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-4b using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.



a5p1 integrins sense and respond to load within a second

ConA
pKO-aV/B1
1 uM LatA
FNIII7-10
lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 1.45E-02 1.26E-03 5.18E-06  3.84E-04  3.75E-05 2.40E-06  3.73E-05
3ums™ 1.45E-02 6.03E-01 6.83E-03 2.20E-01 1.45E-02 7.65E-04  4.48E-03
4ums™! 1.26E-03 6.03E-01 2.59E-02 3.50E-01  4.27E-02 2.26E-03 6.45E-03
5ums™ 5.18E-06 6.83E-03  2.59E-02 3.39E-01 8.56E-01 3.45E-01 1.39E-01
6ums™ 3.84E-04  2.20E-01  3.50E-01 3.39E-01 4.18E-01 4.13E-02 4.57E-02
8ums™ 3.75E-05 1.45E-02  4.27E-02 8.56E-01 4.18E-01 2.54E-01 1.37E-01
10 um s' 2.40E-06 7.65E-04  2.26E-03 3.45E-01 4.13E-02  2.54E-01 3.47E-01
20ums™" | 3.73E-05 4.48E-03 6.45E-03 1.39E-01 4.57E-02 1.37E-01 3.47E-01

Statistics Table 22. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-4c using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

pKO-aV/B1

10 uM SMIFH2
FNIN7-10

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 1.09E-01  3.01E-02  3.01E-04  4.73E-02  5.94E-03 5.24E-03 1.90E-04
3ums™ 1.09E-01 3.16E-01  4.94E-02 7.99E-01 1.70E-01  4.14E-02 8.22E-04
4ums™! 3.01E-02  3.16E-01 3.98E-01 5.31E-01  7.62E-01  3.03E-01  2.18E-02
5ums™ 3.01E-04  4.94E-02  3.98E-01 3.01E-02  5.03E-01 6.10E-01 8.89E-02
6ums™ 4.73E-02 7.99E-01  5.31E-01  3.01E-02 2.28E-01 1.16E-01 8.33E-03
8ums™ 5.94E-03 1.70E-01  7.62E-01 5.03E-01  2.28E-01 3.31E-01  4.10E-02
10ums™ | 5.24E-03  4.14E-02  3.03E-01 6.10E-01 1.16E-01  3.31E-01 2.17E-01
20ums™ | 1.90E-04  822E-04  2.18E-02 8.89E-02 8.33E-03  4.10E-02  2.17E-01

Statistics Table 23. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-4c using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

pKO-aV/B1
200 pM CK666

ConA

FNIN7-10

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 8.60E-03  2.87E-03 7.17E-05  2.97E-04  6.78E-05 1.89E-06  8.65E-06
3ums™ 8.60E-03 3.90E-01 1.40E-02 8.11E-02  3.32E-02 1.54E-03  4.93E-04
4ums™! 2.87E-03  3.90E-01 4.79E-01  4.79E-01  4.02E-01  4.27E-02  3.38E-02
5ums™ 7.17E-05 1.40E-02  4.79E-01 5.45E-01  9.43E-01  3.25E-01 7.23E-02
6ums™ 2.97E-04  8.11E-02  4.79E-01 5.45E-01 5.83E-01 1.55E-01 5.68E-02
8ums™ 6.78E-05  3.32E-02  4.02E-01  9.43E-01 5.83E-01 3.29E-01 1.28E-01
10ums™ | 1.89E-06 1.54E-03  4.27E-02  3.25E-01 1.55E-01  3.29E-01 5.50E-01
20ums™ | 8.65E-06 4.93E-04  3.38E-02 7.23E-02 5.68E-02 1.28E-01 5.50E-01

Statistics Table 24. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-4c using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.
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5-154 | a5B1 integrins sense and respond to load within a second

ConA

pKO-aV/p1
2pugmL'C3
FNIlI7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums' 20ums™
lums™ 8.92E-02  2.17E-05 7.58E-05 8.93E-03 7.53E-02 7.25E-04  7.58E-05
3ums™ 8.92E-02 7.25E-04  4.87E-04  4.81E-01  4.36E-01 2.88E-02  2.88E-03
4ums™! 2.17E-05 7.25E-04 4.36E-01 2.32E-02  4.33E-02 1.90E-01  1.00E+00
5ums™ 7.58E-05 4.87E-04  4.36E-01 5.20E-03  2.32E-02 8.92E-02  3.93E-01
6ums™ 8.93E-03 4.81E-01  2.32E-02 5.20E-03 1.00E+00  1.65E-01  2.32E-02
8ums™ 7.53E-02 4.36E-01  4.33E-02 2.32E-02  1.00E+00 3.53E-01 7.53E-02
10ums™ | 7.25E-04  2.88E-02 1.90E-01 8.92E-02 1.65E-01  3.53E-01 3.15E-01
20ums™ | 7.58E-05 2.88E-03  1.00E+00  3.93E-01 2.32E-02 7.53E-02 3.15E-01

Statistics Table 25. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-4d using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/p1
20 pM Blebb
FNII7-10

lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™
lums™ 2.09E-03  9.28E-05 1.22E-05 5.24E-02 1.05E-03  3.80E-04  2.55E-04
3ums™ 2.09E-03 1.23E-01  3.06E-02  3.15E-01  9.71E-01 6.54E-01 1.52E-01
4ums™! 9.28E-05 1.23E-01 3.47E-01  2.06E-02  2.83E-01 4.13E-01  8.33E-01
5ums™ 1.22E-05  3.06E-02  3.47E-01 1.91E-03 1.85E-02 8.47E-02  2.44E-01
6ums™ 5.24E-02  3.15E-01  2.06E-02 1.91E-03 1.23E-01 5.13E-02  5.13E-02
8ums™ 1.05E-03  9.71E-01  2.83E-01 1.85E-02 1.23E-01 5.12E-01 1.73E-01
10ums™" | 3.80E-04 6.54E-01  4.13E-01 8.47E-02 5.13E-02  5.12E-01 5.19E-01

20ums™ | 2.55E-04 1.52E-01  8.33E-01  2.44E-01 5.13E-02 1.73E-01 5.19E-01

Statistics Table 26. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-4d using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/B1
10 pM Y27632
FNII7-10

lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10ums' 20ums™
lums™ 1.11E-03  8.51E-05 1.84E-06 1.07E-02  7.07E-04  2.81E-05  9.61E-06
3ums™ 1.11E-03 2.91E-01 1.18E-02  3.25E-01  9.43E-01  4.32E-01  2.91E-02
4ums™! 8.51E-05  2.91E-01 9.89E-02  4.74E-02  2.28E-01 5.66E-01  4.94E-01
5ums™ 1.84E-06 1.18E-02  9.89E-02 2.52E-03 1.16E-02 5.93E-02  3.51E-01
6ums™ 1.07E-02  3.25E-01  4.74E-02  2.52E-03 4.48E-01 1.52E-01  2.35E-03
8ums™ 7.07E-04  9.43E-01  2.28E-01 1.16E-02  4.48E-01 7.28E-01  2.21E-02
10ums™" | 2.81E-05 4.32E-01  5.66E-01 5.93E-02 1.52E-01  7.28E-01 1.23E-01

20ums™ | 9.61E-06  2.91E-02  4.94E-01 3.51E-01 2.35E-03  2.21E-02 1.23E-01

Statistics Table 27. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-4d using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.



a5p1 integrins sense and respond to load within a second

ConA
pKO-aV/p1
20 pM PP2
FNIN7-10
lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10uyms'  20ums™’
lums™ 6.84E-03 1.01E-02 2.43E-04  3.25E-04  4.33E-05 2.55E-04  2.17E-05
3ums™ 6.84E-03 5.57E-01 3.58E-02 3.55E-02  4.87E-04  3.65E-03 1.30E-04
4ums™! 1.01E-02 5.57E-01 3.03E-01 1.73E-01 7.95E-03 2.33E-02 3.80E-04
5ums™ 2.43E-04  3.58E-02  3.03E-01 7.84E-01  4.93E-02 6.29E-02 6.40E-04
6ums™ 3.25E-04  3.55E-02 1.73E-01 7.84E-01 1.05E-01 1.52E-01 1.50E-03
8ums™ 4.33E-05 4.87E-04  7.95E-03 4.93E-02 1.05E-01 9.73E-01 3.55E-02
10ums™ | 2.55E-04  3.65E-03  2.33E-02 6.29E-02 1.52E-01  9.73E-01 1.59E-02
20ums™ | 2.17E-05 1.30E-04  3.80E-04 6.40E-04 1.50E-03  3.55E-02 1.59E-02

Statistics Table 28. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-5a using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

pKO-aV/B1
10 pM Y11
FNIN7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™’
lums™ 1.47E-02  6.19E-03 5.20E-03  2.06E-03  2.27E-05 7.58E-05  4.33E-05
3ums™ 1.47E-02 4.26E-01 1.43E-01 6.10E-02  3.65E-03  2.88E-03 1.05E-03
4ums™! 6.19E-03  4.26E-01 2.23E-01 1.01E-01  6.63E-03 1.01E-02  3.65E-03
5ums™ 5.20E-03 1.43E-01  2.23E-01 9.73E-01  3.49E-01 1.90E-01 7.53E-02
6ums™" 2.06E-03 6.10E-02 1.01E-01  9.73E-01 2.43E-01  2.82E-01 7.20E-02
8ums™ 2.27E-05  3.65E-03  6.63E-03  3.49E-01  2.43E-01 6.54E-01 1.97E-01
10ums™ | 7.58E-05  2.88E-03 1.01E-02 1.90E-01  2.82E-01  6.54E-01 3.53E-01
20ums™ | 4.33E-05 1.05E-03  3.65E-03 7.53E-02 7.20E-02 1.97E-01  3.53E-01

Statistics Table 29. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-5b using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/B1
10 uM LY249002
FNIII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™’
lums™ 1.12E-02  2.06E-02 1.22E-05 1.52E-03 1.30E-04 5.88E-05 1.13E-05
3ums™ 1.12E-02 4.78E-01 1.73E-02 9.76E-01  2.03E-01 1.14E-01 1.06E-02
4ums™! 2.06E-02 4.78E-01 1.18E-01 5.25E-01 5.82E-01 3.78E-01 1.34E-01
5ums™ 1.22E-05 1.73E-02 1.18E-01 3.33E-02  3.71E-01 4.32E-01 8.93E-01
6ums™ 1.52E-03 9.76E-01 5.25E-01 3.33E-02 1.73E-01 1.18E-01 4.10E-03
8ums™ 1.30E-04  2.03E-01 5.82E-01 3.71E-01 1.73E-01 8.72E-01 1.14E-01
10ums™ | 5.88E-05 1.14E-01  3.78E-01 4.32E-01 1.18E-01 8.72E-01 2.88E-01
20ums™ | 1.13E-05 1.06E-02 1.34E-01 8.93E-01 4.10E-03 1.14E-01 2.88E-01

Statistics Table 30. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-5c using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.
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5-156 | a5B1 integrins sense and respond to load within a second

ConA

pKO-aV/B1
10 pM GGTi286
FNII7-10

lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 1.85E-02 1.05E-03  3.32E-05 1.65E-01  2.88E-03  4.87E-04  7.58E-05
3ums™ 1.85E-02 2.80E-01 9.89E-03 1.43E-01  9.12E-01 1.90E-01  2.32E-02
4ums™! 1.05E-03  2.80E-01 1.01E-01  4.33E-02  3.15E-01 8.53E-01  5.29E-01
5ums™ 3.32E-05 9.89E-03 1.01E-01 4.70E-04  2.54E-03 1.01E-01  4.10E-01
6ums™ 1.65E-01 1.43E-01  4.33E-02  4.70E-04 2.18E-01 6.84E-03  7.25E-04
8ums™ 2.88E-03  9.12E-01  3.15E-01  2.54E-03  2.18E-01 5.24E-02  5.20E-03
10ums™ | 4.87E-04 1.90E-01  8.53E-01 1.01E-01 6.84E-03  5.24E-02 8.92E-02

20ums™ | 7.58E-05  2.32E-02  5.29E-01  4.10E-01 7.25E-04  5.20E-03 8.92E-02

Statistics Table 31. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-5d using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA
pKO-B1
20 uM PP2
FNIII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™' 20ums™
lums™ 1.23E-01 1.50E-03 1.30E-04  3.89E-03  4.87E-04 1.08E-04  4.33E-05
3ums™ 1.23E-01 1.23E-01 3.89E-03 3.53E-01  2.32E-02 1.01E-02  3.89E-03
4ums™! 1.50E-03 1.23E-01 1.65E-01 5.29E-01 6.31E-01 3.14E-01 1.65E-01
5ums™ 1.30E-04  3.89E-03 1.65E-01 1.47E-02  3.15E-01 7.56E-01 8.53E-01
6ums™ 3.89E-03 3.53E-01 5.29E-01 1.47E-02 1.90E-01 4.30E-02 8.93E-03
8ums™ 4.87E-04  2.32E-02 6.31E-01 3.15E-01 1.90E-01 6.54E-01 1.23E-01
10ums™ | 1.08E-04 1.01E-02  3.14E-01 7.56E-01 4.30E-02 6.54E-01 4.26E-01
20ums™ | 4.33E-05 3.89E-03 1.65E-01 8.53E-01 8.93E-03 1.23E-01 4.26E-01

Statistics Table 32. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-5e using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA
pKO-B1
10 pM Y11
FNIII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™’
lums™ 4.26E-01  3.93E-01 4.33E-02 1.15E-02 5.20E-03 1.05E-03  2.09E-03
3ums™ 4.26E-01 8.09E-01 6.10E-02 2.95E-02  3.65E-03 1.52E-03  2.76E-03
4ums™ 3.93E-01 8.09E-01 1.90E-01 1.05E-01  4.33E-02 2.88E-03 5.20E-03
5ums™ 4.33E-02 6.10E-02 1.90E-01 9.71E-01 8.53E-01 8.92E-02 1.85E-02
6ums™ 1.15E-02 2.95E-02 1.05E-01 9.71E-01 6.84E-01 6.30E-02 1.15E-02
8ums™ 5.20E-03 3.65E-03  4.33E-02 8.53E-01 6.84E-01 1.05E-01  2.32E-02
10ums™ | 1.05E-03 1.52E-03  2.88E-03 8.92E-02 6.30E-02 1.05E-01 2.47E-01
20ums™ | 2.09E-03 2.76E-03 5.20E-03 1.85E-02 1.15E-02  2.32E-02 2.47E-01

Statistics Table 33. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-5f using
Mann-Whitney test. P-values smaller than 0.05 are shown bold.



a5p1 integrins sense and respond to load within a second

ConA
pKO-aV/B1
FNIN7-10mSYN

lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10uyms'  20ums™’
lums™ 1.47E-02 7.25E-04 1.15E-03 3.80E-04  4.87E-04 1.22E-05 4.33E-05
3ums™ 1.47E-02 1.05E-01 9.56E-02 8.45E-02 8.92E-02 9.89E-03 2.06E-04
4ums™! 7.25E-04 1.05E-01 8.86E-01 4.68E-01 8.53E-01 2.32E-01 1.15E-02
5ums™ 1.15E-03 9.56E-02 8.86E-01 7.27E-01 7.96E-01 3.50E-01 3.06E-02
6ums™ 3.80E-04 8.45E-02  4.68E-01 7.27E-01 9.18E-01 9.10E-01 7.20E-02
8ums™ 4.87E-04 8.92E-02 8.53E-01 7.96E-01 9.18E-01 3.76E-01 8.92E-02
10ums™ | 1.22E-05 9.89E-03  2.32E-01 3.50E-01 9.10E-01  3.76E-01 4.71E-02
20ums™ | 4.33E-05 2.06E-04 1.15E-02 3.06E-02 7.20E-02 8.92E-02 4.71E-02

Statistics Table 34. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Fig. 5-5g using

Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/B1
5mM EDTA
FNIII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™’
lums™ 4.36E-01  4.36E-01 7.53E-02 3.93E-01 1.47E-02 2.09E-03 1.30E-04
3ums™ 4.36E-01 7.39E-01 4.36E-01 7.39E-01 1.05E-01 6.84E-03 2.09E-03
4ums™! 4.36E-01 7.39E-01 3.15E-01 7.39E-01 6.30E-02 5.20E-03 7.25E-04
5ums™ 7.53E-02 4.36E-01  3.15E-01 6.84E-01  2.80E-01 2.32E-02 6.84E-03
6ums™" 3.93E-01 7.39E-01 7.39E-01 6.84E-01 2.80E-01 8.92E-02 2.32E-02
8ums™ 1.47E-02 1.05E-01 6.30E-02 2.80E-01 2.80E-01 3.15E-01 7.53E-02
10ums™ | 2.09E-03 6.84E-03 5.20E-03 2.32E-02 8.92E-02  3.15E-01 3.53E-01
20ums™ | 1.30E-04  2.09E-03 7.25E-04 6.84E-03 2.32E-02 7.53E-02 3.53E-01

Statistics Table 35. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Sup-
plementary Fig. 5-5a using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/g1
5 s contact time
FNINI7-10

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™’
lums™ 3.03E-01 1.88E-02 1.44E-06 6.06E-01 7.59E-02 3.33E-02 2.75E-04
3ums™ 3.03E-01 1.68E-01 2.61E-03 7.33E-01 7.76E-01 2.80E-01 4.74E-02
4ums™! 1.88E-02 1.68E-01 5.77E-02 6.88E-02  2.35E-01 7.05E-01 4.49E-01
5ums™ 1.44E-06  2.61E-03 5.77E-02 1.57E-05 9.67E-04 1.17E-02 2.04E-01
6ums™ 6.06E-01 7.33E-01 6.88E-02 1.57E-05 1.16E-01 1.49E-01 1.04E-03
8ums™ 7.59E-02 7.76E-01  2.35E-01 9.67E-04 1.16E-01 6.47E-01 3.36E-02
10ums™ | 3.33E-02 2.80E-01 7.05E-01 1.17E-02 1.49E-01 6.47E-01 1.83E-01

20ums™ | 2.75E-04  4.74E-02  4.49E-01 2.04E-01 1.04E-03  3.36E-02 1.83E-01

Statistics Table 36. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-

tary Fig. 5-7a using Mann-Whitney test. P-values smaller than 0.05 are shown bold.
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5-158 | a5p1 integrins sense and respond to load within a second

pKO-aV/B1
20 s contact time
FNIII7-10
lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10uyms'  20ums™
lums™ 5.03E-02 3.00E-04 1.22E-05 8.63E-01 9.31E-02 7.14E-03 3.71E-05
3ums™ 5.03E-02 4.49E-02 4.51E-04 7.92E-02  1.00E+00  3.19E-01 1.00E-02
4ums™! 3.00E-04 4.49E-02 5.97E-02 9.81E-04  2.42E-02 1.98E-01 7.99E-01
5ums™ 1.22E-05 4.51E-04 5.97E-02 1.52E-05 2.59E-04 5.48E-03 5.97E-02
6ums™ 8.63E-01 7.92E-02 9.81E-04 1.52E-05 7.92E-02 4.49E-03 2.06E-04
8ums™ 9.31E-02 1.00E+00  2.42E-02 2.59E-04 7.92E-02 2.19E-01 6.81E-03
10ums™ | 7.14E-03 3.19E-01 1.98E-01 5.48E-03 4.49E-03 2.19E-01 1.60E-01
20ums™ | 3.71E-05 1.00E-02 7.99E-01 5.97E-02 2.06E-04 6.81E-03 1.60E-01

Statistics Table 37. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-
tary Fig. 7a using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/B1
35 s contact time
ENIN7-10
lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10uyms' 20ums™
lums™ 1.50E-03 1.30E-04  3.09E-06 5.50E-04  6.80E-05 2.09E-03 1.08E-05
3ums™ 1.50E-03 4.33E-02 6.00E-04 8.09E-01  2.82E-01 6.30E-02 7.58E-05
4ums™! 1.30E-04  4.33E-02 2.03E-01 1.14E-01  4.68E-01 6.84E-01  4.33E-02
5ums™ 3.09E-06 6.00E-04  2.03E-01 2.80E-03  4.39E-02 7.22E-01 1.80E-01
6ums™ 5.50E-04 8.09E-01 1.14E-01 2.80E-03 4.01E-01 1.14E-01  2.55E-04
8ums™ 6.80E-05 2.82E-01  4.68E-01 4.39E-02 4.01E-01 3.87E-01 7.95E-03
10ums™ | 2.09E-03 6.30E-02 6.84E-01 7.22E-01 1.14E-01  3.87E-01 1.90E-01
20ums™ | 1.08E-05 7.58E-05  4.33E-02 1.80E-01 2.55E-04  7.95E-03 1.90E-01

Statistics Table 38. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-
tary Fig. 7a using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/g1

50 s contact time
FNIN7-10

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums'  20ums™
lums™ 7.88E-04  7.58E-05 4.74E-07  2.07E-04  2.55E-04 1.08E-05 1.08E-05
3ums™ 7.88E-04 2.95E-02 3.48E-03 5.95E-02  4.73E-02 4.79E-03  2.55E-04
4ums™! 7.58E-05 2.95E-02 4.43E-01 9.23E-01 8.09E-01 6.84E-01  3.55E-02
5ums™ 4.74E-07  3.48E-03  4.43E-01 4.71E-01 5.47E-01 9.41E-01  3.09E-01
6ums™ 2.07E-04 5.95E-02  9.23E-01 4.71E-01 9.28E-01 7.22E-01  4.26E-02
8ums™ 2.55E-04  4.73E-02 8.09E-01 5.47E-01 9.28E-01 8.09E-01 8.45E-02
10ums™ | 1.08E-05 4.79E-03 6.84E-01 9.41E-01 7.22E-01 8.09E-01 1.65E-01

20ums™ | 1.08E-05 2.55E-04  3.55E-02 3.09E-01 4.26E-02 8.45E-02 1.65E-01

Statistics Table 39. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-
tary Fig. 5-7a using Mann-Whitney test. P-values smaller than 0.05 are shown bold.



a5p1 integrins sense and respond to load within a second

ConA
pKO-aV
5 s contact time
FNII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™’
lums™ 3.18E-03  2.01E-03 5.06E-04 1.30E-03  4.01E-04  2.88E-04 5.61E-06
3ums™ 3.18E-03 5.40E-01 1.80E-01 1.64E-01  9.08E-02 1.88E-02 2.17E-04
4ums™! 2.01E-03 5.40E-01 6.53E-01 6.24E-01  2.56E-01 8.32E-02 1.03E-03
5ums™ 5.06E-04 1.80E-01 6.53E-01 9.35E-01  2.36E-01 1.03E-01 2.63E-03
6ums™ 1.30E-03 1.64E-01 6.24E-01 9.35E-01 3.47E-01 1.26E-01 5.18E-03
8ums™ 4.01E-04  9.08E-02  2.56E-01 2.36E-01 3.47E-01 5.90E-01 1.10E-01
10ums™ | 2.88E-04 1.88E-02 8.32E-02 1.03E-01 1.26E-01 5.90E-01 3.20E-01
20ums™ | 5.61E-06  2.17E-04 1.03E-03 2.63E-03 5.18E-03 1.10E-01 3.20E-01

Statistics Table 40. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-

tary Fig. 5-7b using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA
pKO-aV
20 s contact time
FNIII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 1.05E-01 1.23E-01 5.24E-02 1.47E-02  2.88E-03 1.47E-02 2.06E-04
3ums™ 1.05E-01 9.71E-01 9.12E-01 6.31E-01  2.09E-03 3.55E-02 1.30E-04
4ums™! 1.23E-01 9.71E-01 9.71E-01 4.81E-01 8.93E-03 3.55E-02 2.06E-04
5ums™ 5.24E-02 9.12E-01  9.71E-01 5.29E-01  4.33E-02 8.92E-02 2.09E-03
6ums™ 1.47E-02 6.31E-01  4.81E-01 5.29E-01 1.23E-01 1.43E-01 2.88E-03
8ums™ 2.88E-03 2.09E-03 8.93E-03 4.33E-02 1.23E-01 7.39E-01 4.33E-02
10ums™ | 1.47E-02 3.55E-02  3.55E-02 8.92E-02 1.43E-01 7.39E-01 2.80E-01
20ums™ | 2.06E-04 1.30E-04  2.06E-04  2.09E-03 2.88E-03  4.33E-02 2.80E-01

Statistics Table 41. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-

tary Fig. 5-7b using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

= ConA

pKO-aV
35 s contact time

FNIN7-10

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™’
lums™ 1.97E-02 1.85E-02 7.25E-04  5.67E-06  1.13E-05 6.19E-06  3.09E-06
3ums™ 1.97E-02 2.51E-01  2.95E-02 1.28E-04 1.90E-04  2.06E-04  2.81E-05
4ums™! 1.85E-02  2.51E-01 4.81E-01 1.27E-02 1.01E-02 1.12E-02 6.00E-04
5ums™ 7.25E-04  2.95E-02  4.81E-01 5.13E-02  3.57E-02  2.49E-02 7.14E-03
6ums™ 5.67E-06 1.28E-04  1.27E-02 5.13E-02 4.78E-01  4.49E-01 1.04E-01
8ums™ 1.13E-05 1.90E-04  1.01E-02  3.57E-02  4.78E-01 6.95E-01  3.79E-01
10ums™" | 6.19E-06  2.06E-04 1.12E-02  2.49E-02 4.49E-01  6.95E-01 7.13E-01
20ums™ | 3.09E-06 2.81E-05  6.00E-04  7.14E-03 1.04E-01  3.79E-01 7.13E-01

Statistics Table 42. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-

tary Fig. 5-7b using Mann-Whitney test. P-values smaller than 0.05 are shown bold.
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= ConA

pKO-aV
50 s contact time
FNIN7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™’
lums™ 4.87E-02 5.40E-03 1.05E-03 3.75E-04  2.86E-04  4.89E-04 1.81E-04
3ums™ 4.87E-02 3.07E-01 1.93E-01 1.13E-01 6.19E-02 5.27E-02  2.55E-02
4ums™! 5.40E-03 3.07E-01 7.39E-01 3.15E-01  2.80E-01 2.47E-01 8.45E-02
5ums™ 1.05E-03 1.93E-01 7.39E-01 6.84E-01  3.93E-01 4.81E-01  3.87E-01
6ums™ 3.75E-04 1.13E-01  3.15E-01 6.84E-01 8.53E-01 9.12E-01  3.49E-01
8ums™ 2.86E-04 6.19E-02  2.80E-01 3.93E-01 8.53E-01 9.71E-01 6.54E-01
10ums™ | 4.89E-04 5.27E-02  2.47E-01 4.81E-01 9.12E-01  9.71E-01 6.54E-01
20ums™ | 1.81E-04  2.55E-02 8.45E-02 3.87E-01 3.49E-01 6.54E-01 6.54E-01

Statistics Table 43. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-
tary Fig. 5-7b using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

= ConA

pKO-g1
5 s contact time
FNII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™’
lums™ 4.73E-02  4.68E-05 1.50E-05 8.94E-06  6.19E-07  2.23E-07  3.33E-09
3ums™ 4.73E-02 9.50E-02 1.04E-02 1.33E-01 5.39E-03 9.71E-03 1.32E-04
4ums™! 4.68E-05 9.50E-02 5.76E-02 5.25E-01 5.56E-02 2.75E-02 1.05E-03
5ums™ 1.50E-05 1.04E-02 5.76E-02 3.79E-02  1.00E+00  8.90E-01 1.09E-01
6ums™ 8.94E-06 1.33E-01 5.25E-01 3.79E-02 9.06E-03 6.61E-03 1.69E-06
8ums™ 6.19E-07 5.39E-03 5.56E-02  1.00E+00  9.06E-03 8.86E-01 5.23E-02
10ums™ | 2.23E-07 9.71E-03  2.75E-02 8.90E-01 6.61E-03 8.86E-01 4.26E-02
20ums™ | 3.33E-09 1.32E-04 1.05E-03 1.09E-01 1.69E-06  5.23E-02 4.26E-02

Statistics Table 44. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-
tary Fig. 5-7c using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

= ConA

pKO-B1
20 s contact time
FNINI7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™' 20ums™
lums™ 7.95E-03 5.39E-05 5.92E-06  3.65E-03  3.80E-04 6.80E-05  2.27E-05
3ums™ 7.95E-03 2.51E-01 2.49E-02 3.93E-01  9.71E-01 2.47E-01 6.30E-02
4ums™! 5.39E-05 2.51E-01 1.90E-01 3.57E-02 1.32E-01 9.18E-01 5.12E-01
5ums™ 5.92E-06  2.49E-02 1.90E-01 1.52E-03 7.14E-03 3.81E-01 6.74E-01
6ums™ 3.65E-03 3.93E-01  3.57E-02 1.52E-03 2.80E-01 3.55E-02 6.84E-03
8ums™ 3.80E-04  9.71E-01 1.32E-01 7.14E-03 2.80E-01 1.90E-01  3.55E-02
10ums™ | 6.80E-05 2.47E-01  9.18E-01 3.81E-01 3.55E-02 1.90E-01 6.31E-01
20ums™ | 2.27E-05 6.30E-02 5.12E-01 6.74E-01 6.84E-03  3.55E-02 6.31E-01

Statistics Table 45. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-
tary Fig. 5-7c using Mann-Whitney test. P-values smaller than 0.05 are shown bold.



a5p1 integrins sense and respond to load within a second

= ConA

pKO-1
35 s contact time

FNIII7-10

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 1.85E-02  3.25E-04  5.67E-06  7.58E-05  4.33E-05  2.17E-05 1.08E-05
3ums™ 1.85E-02 7.53E-02  4.79E-03 1.65E-01  4.33E-02 1.15E-02 1.05E-03
4ums™! 3.25E-04  7.53E-02 3.49E-01 6.31E-01  9.71E-01  4.81E-01 1.23E-01
5ums™ 5.67E-06  4.79E-03  3.49E-01 3.57E-02  2.51E-01 7.05E-01 5.57E-01
6ums™ 7.58E-05 1.65E-01  6.31E-01  3.57E-02 3.93E-01 6.30E-02 6.84E-03
8ums™ 4.33E-05  4.33E-02  9.71E-01  2.51E-01  3.93E-01 6.84E-01 7.53E-02
10ums™ | 2.17E-05 1.15E-02  4.81E-01 7.05E-01 6.30E-02  6.84E-01 3.53E-01

20ums™ | 1.08E-05 1.05E-03 1.23E-01 5.57E-01 6.84E-03  7.53E-02  3.53E-01

Statistics Table 46. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-

tary Fig. 5-7c using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

: ConA

pKO-81
50 s contact time

FNIN7-10

lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 3.97E-05  5.67E-06 1.75E-06 1.08E-05  2.17E-05 1.08E-05 1.08E-05
3ums™ 3.97E-05 6.52E-02  3.89E-03 6.10E-02 1.32E-01  2.42E-02 7.95E-03
4ums™! 5.67E-06  6.52E-02 1.67E-01  9.73E-01  7.56E-01  3.87E-01  3.49E-01
5ums™ 1.75E-06  3.89E-03 1.67E-01 2.32E-01  2.84E-01 6.48E-01  9.27E-01
6ums™ 1.08E-05 6.10E-02  9.73E-01  2.32E-01 9.71E-01 6.31E-01  2.18E-01
8ums™ 2.17E-05 1.32E-01  7.56E-01  2.84E-01  9.71E-01 5.79E-01 5.29E-01
10ums™" | 1.08E-05  2.42E-02 3.87E-01 6.48E-01 6.31E-01  5.79E-01 6.31E-01
20ums™ | 1.08E-05 7.95E-03  3.49E-01  9.27E-01  2.18E-01  5.29E-01 6.31E-01

Statistics Table 47. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-

tary Fig. 5-7c using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA
talin crtl

FNII7-10
lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums™ 20ums™
lums™ 1.27E-02 5.50E-04 1.78E-05 8.09E-01  9.86E-02 2.81E-02 3.94E-04
3ums™ 1.27E-02 1.05E-01 1.52E-03 1.47E-02  2.80E-01 7.56E-01 1.97E-01
4ums™! 5.50E-04 1.05E-01 8.04E-02 2.09E-03  2.88E-02 1.32E-01 8.63E-01
5ums™ 1.78E-05 1.52E-03 8.04E-02 5.88E-05  4.30E-04 1.69E-03 1.90E-01
6ums™ 8.09E-01 1.47E-02  2.09E-03 5.88E-05 2.80E-01 4.30E-02 1.52E-03
8ums™ 9.86E-02 2.80E-01  2.88E-02 4.30E-04  2.80E-01 6.05E-01 4.30E-02
10ums™ | 2.81E-02 7.56E-01 1.32E-01 1.69E-03 4.30E-02 6.05E-01 1.51E-01

20ums™ | 3.94E-04 1.97E-01 8.63E-01 1.90E-01 1.52E-03  4.30E-02 1.51E-01

Statistics Table 48. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-

tary Fig. 5-8a using Mann-Whitney test. P-values smaller than 0.05 are shown bold.
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ConA

pKO-aV/B1
20 pM PP1
FNII7-10
lums™ 3ums™! 4ums™! 5ums™ 6ums™ 8ums™ 10uyms'  20ums™
lums™ 1.50E-03 1.10E-03 5.67E-06 5.50E-04  5.67E-06 5.67E-06 1.08E-05
3ums™ 1.50E-03 4.26E-01 1.01E-02 1.52E-01 1.52E-03 1.08E-04  3.25E-04
4ums™! 1.10E-03 4.26E-01 2.17E-01 4.38E-01  4.73E-02 6.63E-03 7.95E-03
5ums™ 5.67E-06 1.01E-02  2.17E-01 7.97E-01 1.01E-01 1.04E-02 1.59E-02
6ums™ 5.50E-04 1.52E-01  4.38E-01 7.97E-01 4.01E-01 1.16E-01  2.82E-01
8ums™ 5.67E-06 1.52E-03  4.73E-02 1.01E-01 4.01E-01 2.70E-01 5.12E-01
10ums™ | 5.67E-06 1.08E-04  6.63E-03 1.04E-02 1.16E-01  2.70E-01 7.05E-01
20ums™ | 1.08E-05 3.25E-04  7.95E-03 1.59E-02 2.82E-01 5.12E-01 7.05E-01

Statistics Table 49. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-
tary Fig. 5-8b using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA

pKO-aV/B1

20 uM PF573226
FNIN7-10

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums' 20ums™
lums™ 5.24E-02  5.24E-02  3.89E-03 1.15E-02 1.05E-03 7.25E-04  2.06E-04
3ums™ 5.24E-02 7.39E-01 7.53E-02  2.47E-01  2.88E-02 6.84E-03  8.93E-03
4ums™! 5.24E-02 7.39E-01 2.47E-01  3.93E-01 1.90E-01 1.05E-01  5.24E-02
S5ums™ 3.89E-03 7.53E-02  2.47E-01 1.00E+00  5.29E-01 6.31E-01  2.80E-01
6ums™ 1.15E-02  2.47E-01  3.93E-01  1.00E+00 6.31E-01  4.36E-01  3.15E-01
8ums™ 1.05E-03  2.88E-02 1.90E-01 5.29E-01 6.31E-01 8.53E-01  6.31E-01
10ums™ | 7.25E-04  6.84E-03 1.05E-01 6.31E-01  4.36E-01  8.53E-01 8.53E-01
20ums™ | 2.06E-04 893E-03  5.24E-02 2.80E-01 3.15E-01  6.31E-01 8.53E-01

Statistics Table 50. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-
tary Fig. 5-8b using Mann-Whitney test. P-values smaller than 0.05 are shown bold.

ConA
pKO-B1
FNIII7-10mSYN

lums™ 3ums™ 4ums™! 5ums™ 6ums™ 8ums™ 10ums' 20ums™
lums™ 2.33E-02  3.18E-03 3.94E-04  3.40E-05  2.84E-06  2.84E-06  2.84E-06
3ums™ 2.33E-02 1.71E-01 6.52E-02  3.18E-03  3.40E-05 1.13E-05 1.13E-05
4ums™! 3.18E-03 1.71E-01 7.48E-01 1.93E-01 4.10E-03  2.75E-04 8.51E-05
5ums™ 3.94E-04  6.52E-02 7.48E-01 3.32E-01  2.81E-02  3.18E-03 2.75E-04
6ums™" 3.40E-05  3.18E-03 1.93E-01 3.32E-01 1.33E-01  4.73E-02 4.10E-03
8ums™ 2.84E-06  3.40E-05  4.10E-03 2.81E-02 1.33E-01 6.06E-01 5.57E-02
10ums™ | 2.84E-06 1.13E-05  2.75E-04  3.18E-03  4.73E-02 6.06E-01 1.93E-01
20ums™ | 2.84E-06 1.13E-05 8.51E-05 2.75E-04  4.10E-03 5.57E-02 1.93E-01

Statistics Table 51. Cross table of P-Values comparing adhesion forces of indicated retraction speeds from Supplemen-
tary Fig. 5-9a using Mann-Whitney test. P-values smaller than 0.05 are shown bold.



6. Conclusions and Outlook

6.1. Conclusions

In order to increase the throughput of atomic force microscopy (AFM)-based single cell
force spectroscopy (SCFS), we developed a PDMS mask that is easy to produce and allows ad-
hesion characterization of a single cell to multiple substrates of interest (Chapter 2). This mask
allows better comparison of cell adhesion formation on different substrates as adhesion param-
eters of a single cell can characterize. Thereby the influence on results of cell to cell differences
in adhesion formation are minimized. Hence, less experiments are required for statistically
sound results. Further, the reproducibility and thus reliability of SCFS experiments are increased
by understanding how cell detachment from the culture flask prior to adhesion experiments in-
fluences adhesion formation (Chapter 3). Detaching fibroblast with trypsin increases adhesion
forces during early cell adhesion formation to fibronectin in subsequent SCFS experiments
within about 45 minutes of detachment. This indicates that trypsin induces a signaling cascade,
likely dependent on the protease activated receptor 2 (PAR2), which ultimately induces integrin

ligand binding and/or integrin clustering.

To form new adhesion to fibronectin, fibroblasts employ o581 and a VB3 integrins, both
of which differentially regulate adhesion maturation and cytoskeleton dynamics when expressed
exclusively"?. However, the cooperation between these two integrins in adhesion initiation has
not been studied. In this thesis, two distinct crosstalks between a5p1 and aVB3 integrins are
described that regulate early fibroblasts adhesion (Figure 6-1). In the first crosstalk (Chapter 4),
clustered aVP3 integrins signal to increase the avidity of a581 integrins in mixed adhesion sites
over long distances, likely by engaging additional o581 integrins and inducing their clustering.
Thereby, the signaling of aVB3 integrins relies on the actin polymerization machinery Arp2/3
and on myosin II-mediated contractility, which is regulated by RhoA. The second crosstalk
(Chapter 5) employs a5f1 integrins that sense mechanical load after two seconds of adhesion
formation. Hence, already the onset adhesion of fibroblasts to fibronectin is tightly regulated by
physical parameters, which results in a reinforcement of fibroblast adhesion. Although this
crosstalk may not be required in stationary cells, dynamic cells, such as migrating fibroblasts
during wound healing, require to attach newly formed protrusions to the extracellular matrix.
At the periphery of the lamellipodium in a migrating fibroblast, mainly o581 integrins bind to
the substrate'. When a5B1 integrins bind fibronectin, and are connected to actin by talin, a5p1
integrins sense force applied to them by the extracellular matrix, retrograde actin flow or acto-
myosin driven contractions. Due to a triggered signaling cascade additional fibronectin-binding
integrins in the proximity of o581 integrins are engaged. This adhesion reinforcement requires

fast signaling of FAK and Src and induces the formation mixed adhesion sites of a5f1 and aVB3
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integrins. These mixed adhesion sites are than reinforced by contractility dependent signaling
of matured aVB3 integrins-rich focal adhesions. This signaling enhances o581 integrin binding
and clustering in the mixed adhesion sites. Hence, adhesion in protrusions and the newly formed
lamellipodium is reinforced to ensure a persistent migration. When adhesion sites are more ma-
tured, a5B1 integrins are internalized in the high affinity conformation, stabilized by talin and
FAK®. Subsequently, they are recycled to the leading edge of a migrating cell, which depends on
Src kinase activety®. At the leading edge, the exocytosed aSB1 integrins can readily bind the
ligand again, thereby forming a new adhesion site. Both described crosstalks in early adhesion
reinforcement may also contribute in different physiological cell attachment processes, such as
platelet clotting, and diseases, such as metastasis formation in cancer. Although we now better
understand the cooperation of fibronectin-binding integrins to form new adhesions in migrating

cells, many questions in the process of adhesion initiation remain to be answered.
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Figure 6-1 Two distinct integrin crosstalks regulate adhesion initiation and early adhesion formation
in fibroblasts to fibronectin. Upon ligand binding at the leading edge of a migrating fibroblasts, a531
integrins are connected to actin by talin and the ligand bound conformation is stabilized by kindlin bind-
ing. These ligand-bound integrins sense forces applied to them, thereby inducing signaling that engages
additional fibronectin-binding integrins to reinforce the adhesion. Due to that mixed adhesion sites are
formed, containing a5p1 and a VB3 integrins. These nascent adhesion sites are reinforced by signaling
of matured adhesions that contain mainly aVB3 integrins but also some o581 integrins. From matured
adhesion sites a5pB1 integrins are internalized in the high-affinity conformation with FAK and Src bound
to their p-tail’. After internalization, these integrins are recycled to the leading edge, where they are
exocytozed and can readily bind fibronectin.

6.2. Outlook

There are multiple challenges in fully understanding cell adhesion initiation and matura-
tion on a molecular level, since the complexity of the cellular system is incredibly high. At the
early stage of adhesion initiation, integrin conformations are important as the state of integrin
dictates the ligand binding rate. However, the evaluation of integrin conformational changes is

hampered due many different factors that influence integrin conformation. The documented
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high flexibility of integrins argues for constantly changing conformations in the extracellular
domains. However, a recent report suggested, that 99.7% of a5p1 integrins on the cell surface
are in the closed, bend conformation and only 0.15% are in the extended, head piece open state®.
This indicates a major energy barrier that needs to be overcome in order to switch integrins form
the low to the high affinity conformation. So far it is not known how the energy is provided to
integrin extracellular domains. However, it is likely that integrin conformation is influenced by
multiple parameter, including intra- or extracellular proteins and the glycocalyx. A synthetic cell
approach could be used to study integrin conformation in a defined system, in which integrin
conformations are independent from other factors. Our lab has recently shown that soluble pro-
teins can be used to oriented the insertion of membrane proteins into preformed liposomes®.
This is an approach that could be used to reconstitute integrins into liposomes. Further, a micro-
fluidics approach was reported that reconstituted integrins into giant unilamellar vesicles
(GUVs)®. In combination with the increasing availability of cryo-electron microscopy devices,
these approaches would allow the characterization of integrin conformation at an atomic level,
which is not available yet. These synthetic cell systems can be supplemented with different cel-
lular components, such as actin®, integrins, actin regulatory proteins or glycoproteins to under-
stand how these components alone and in synergy control integrin conformation and affinity.
This bottom up approach could be used to fundamentally understand how adhesion is regulated
by avidity or affinity changes and how the cohort of integrin regulatory proteins influences the
adhesion formation and maturation without the complexity of the cell. However, a drawback of
this technique would be the synthetic lipid composition, which may influence the movement of
the transmembrane domain and membrane proximal domains of integrins. Nevertheless, this
approach is promising in order to understand how integrin conformational changes regulate ad-

hesion initiation.

Another challenge of understanding adhesion initiation is the dependence on optically re-
solvable adhesion structures. Although super-resolution microscopy has evolved in studying cell
adhesion over the last years’”, still very little is known about exact mechanisms of adhesion
initiation due to the lack of sensitive adhesion readouts. To study adhesion initiation, very soft
substrates were used on which force transduction does not occure’. However, very soft sub-
strates do not allow the formation of force dependent adhesion clusters and hence limit the un-
derstanding of early adhesion maturation. The combination of traction force microscopy, high
resolution florescence microscopy and force sensitive measurements, which could either be sin-

gle cell force spectroscopy or multiparametric characterization''!

, would give more detailed
insights into the mechanisms of early adhesion formation. A long-standing question, how trac-
tion forces and adhesion are linked and further, how increasing traction forces regulate adhesion

independent from integrin recruitment could be answered.

Although kindlin and talin are indispensable for adhesion, their interplay in order to in-

duce or maintain integrins in the high affinity conformation. Moreover, the synergetic effect
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talin and kindlin in adhesion initiation is still not fully understood"*. Using fibroblasts deficient
of all talin and kindlin isoforms*®, allows the reconstitution of different combinations of talin and
kindlin. The impact on binding kinetics of kindlin or talin to integrins, their dimerization or other
features can be studied by genetic modification of both proteins. This may ultimately allow to
understand the interplay of both proteins in integrin activation. Further, it will give more de-
tailed information about functional domains in both proteins. Especially, the debated influence
on adhesion of the hierarchy of actin binding to talin at ABS2 and ABS3 can be investigated.
Further it is not clear, whether the integrin binding site in the talin rod (IBS2) can induce or
maintain the active conformation of integrins. Although talin deficient fibroblasts that re-express
the talin rod are non-adherent, adhesion initiation is indistinguishable from wild-type talin and
significantly higher than in fibroblasts lacking talin (Figure 6-2). This indicates that IBS2 can
induce or maintain integrins in the high affinity conformations, however adhesion maturation is
strongly impaired. Whether other proteins are recruited to the talin rod domain remains to be
understood. The role of this integrin binding site and whether it plays an important role in in-
tegrin mediated adhesion remains to be investigated. Fibroblasts expressing only the talin head
domain show a strengthened early adhesion to fibronectin, which indicates that adhesion initia-
tion is regulated by talin conformation and how it is regulated. This cellular system allows to

identify proteins that are recruited to the adhesion site independently of talin transmitted force.
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Figure 6-2 Talin head and rod domain can induce integrin mediated adhesion. Talin KO with or without
reconstituted wild type talin1 and talin KO fibroblasts reconstituted with either talin1 head or rod domain
were attached to a ConA-coated cantilever. Fibroblasts were approached onto a FNIII7-10-coated sub-
strate and allowed to initiate adhesion for the given contact times. Subsequently, fibroblasts were detached
from the substrate and their adhesion forces measured. Adhesion forces of individual fibroblasts (dots)
and their median is given (red bar). n denotes median adhesion forces. As reference adhesion forces of
fibroblasts expressing talin 1 (second panel) is given in the background. Differences of adhesion forces
were evaluated by wusing Mann-Whitney test. P-values are given as ns - P <0.05,
*—P = 0.05,*—P = 0.01 or **—P = 0.001. Top row compares the given data with data from talin KO
+ talin 1 WT and bottom row with talin KO fibroblasts.

Although talin is widely studied, research is focused on talin 1 and about talin 2 very little
is known. However, talin 2 is widely expressed'*, partially in tissue that is subjected to high me-

chanical load including heart, lung and skin. Moreover, it was suggested that talin 2 modulates
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the adhesion in prostate cancer'. Recently it was shown that fibroblasts expressing exclusively
talin 2, instead of talin 1, induces higher forces applied to talin and hence higher traction forces
at adhesion sites'®. Whether integrin-mediated adhesion is reinforced and single integrin-bind-
ing is modulated by talin 2 has not been evaluated. We have preliminary evaluated the adhesion
initiation and maturation of fibroblasts expressing talin 1 or talin 2 (Figure 6-3). It was reported
that talin 2 binds stronger to integrin intracellular domains'’, these experiments indicate that
both isoforms of talin have similar mechanisms of integrin tail binding. However, fibroblast ex-
pressing talin 2 exceed adhesion forces of talin 1 expressing fibroblasts with increasing contact
time. An increased vinculin recruitment to talin 2 (Ref. 16) could induce the increased adhesion
forces by talin 2 expression. However, biophysical aspects, such as talin stretching that regulate
protein binding to talin 2 as well as differences in adhesome formation that induce higher actin

contraction remain to be understood.
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Figure 6-3 Talin head and rod domain can induce integrin mediated adhesion. Talin KO with or without
reconstituted wild type talinl and talin KO fibroblasts reconstituted with either talinl head or rod domain
were attached to a ConA-coated cantilever. Fibroblasts were approached onto a FNIII7-10-coated substrate
and allowed to initiate adhesion for the given contact times. Subsequently, fibroblasts were detached from
the substrate and their adhesion forces measured. Adhesion forces of individual fibroblasts (dots) and their
median is given (red bar). n denotes median adhesion forces. As reference adhesion forces of fibroblasts
expressing talin 1 (second panel) is given in the background. Differences of adhesion forces were evaluated
by using Mann-Whitney test. P-values are given as ns — P <0.05, * - P = 0.05, ** - P = 0.01 or ** —P =
0.001. Top row compares the given data with data from talin KO + talin 1 WT and bottom row with talin
KO fibroblasts.

In this thesis, it is shown that with increasing contact time up to two minutes, a531 integ-
rins from stronger adhesion than a VB3 integrins, although individual a5p1 integrin-fibronectin
bonds dissociate at lower forces from the ligand, have lower binding rates and require more time
to form optically visible paxillin rich clusters than aVp3 integrins. The delayed ligand binding of
a5B1 integrins may be due to impaired stabilization in the active conformation by talin and/or
kindlin, either due to competitive inhibition or a competitive binding of talin/kindlin to B3-tails.
However, that a5B1 integrins form stronger adhesion during early adhesion formation indicates

that either o5p1 integrins are recruited faster to the adhesion site or intracellular signaling
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regulates adhesion maturation of 581 integrins at earlier stages compared to aVp3 integrins. It
remains unclear, how a5p1 integrin meditated adhesion initiation is regulated and further how
it differs from aVP3 integrins. Although a5B1 integrins are mechanosensitive already at the on-
set of adhesion and that these integrins induce actomyosin dependent cell contractility’, it re-
mains to be understood at which stage of adhesion initiation contractility regulates adhesion and
how this is induced by a.5p1 integrins. Very likely the composition of the adhesome of these two
integrins is different during adhesion initiation and maturation and needs to be investigated in

order to understand regulatory processes of adhesion initiation.
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