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Summary 

Integrins are heterodimeric transmembrane receptors that were key to the dawn of metazoa. 

In multicellular animals they are widely expressed in all organs and tissue. There, they provide 

a link between the extracellular matrix and the cellôs actin cytoskeleton. They are used as 

physical anchorage points that fix the cells to the underlying substrate and mediate 

bidirectional signaling across the cell membrane. Integrins are thus necessary to respond to 

biophysical and biochemical changes in the extracellular environment. They govern cell 

differentiation, proliferation, survival, cell migration, embryonic development, immune defense 

as well as thrombus formation. Since their discovery in the early 80ôs, their ubiquitous 

expression and their crucial role in both health and disease made them one of most intensely 

investigated proteins of the human body. Upon ECM engagement integrins recruit a large, 

multimeric protein complex, called focal adhesions (FAs). FAs make up a complex network, 

consisting of several hundreds of proteins and thousands of protein-protein interactions. This 

complex is also referred to as the integrin adhesome. At the core of these complexes are a 

number of scaffolding and adaptor proteins. One of them is the ñ¿ber-linkerò paxillin, which 

mediates a vast number of protein interactions and regulates the controlled assembly and 

disassembly of FAs as well as actin cytoskeleton remodeling for efficient cell migration. The 

immense complexity of this network, its dynamic nature but also the redundancy that exists 

between multiple protein isoforms, makes it notoriously hard to study those structures. In the 

first two chapters we present novel tools to reduce the complexity and redundancies of the 

system. These tools are then applied in chapter III to reveal a novel feature of the adaptor 

protein paxillin. 

 

In the first study, a novel approach for the microscopic evaluation of protein-protein interactions 

at integrin clusters is presented. This approach, called Opa protein triggered integrin clustering 

(OPTIC), uses bacteria as multivalent ligands to cluster chimeric integrin receptors and induce 

minimal versions of the focal adhesion complex. These clusters solely depend on the short 

cytoplasmic tail of integrins and are independent of endogenous integrin ligands. They donôt 

rely on force generation and recruit only a small fraction of the integrin adhesome. Due to their 

drastically reduced complexity and their easy manipulability, these structures can be used to 

investigate protein-protein interactions and can be applied to verify biochemical data in a 

cellular context. Using integrin orthologues from a unicellular ancestor of metazoa, the OPTIC 

is utilized to proof the evolutionary conservation of the talin-integrin interaction. 

 

The second study uses a novel streamlined approach for the rapid disruption of multiple genes 

and subsequent generation of stable re-expression cell lines. The workflow is applied to 

simultaneously delete two members of the paxillin family, paxillin and Hic-5, which have both 
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distinct and redundant functions. Biochemical and morphological analysis of the generated cell 

lines reveal a phenotype that is surprisingly different from previously described single knockout 

cells. The double knockout cell lines were then used to characterize an important role for 

paxillin and Hic-5 in host cell invasion of the opportunistic human pathogen Staphylococcus 

aureus. 

 

Paxillin is one of the first proteins to localize to FAs and its localization is a prerequisite for its 

function. FA targeting is mediated via its C-terminal LIM2 and LIM3 domains. Yet, the exact 

mechanism of its recruitment is not entirely clear. In the last chapter we use 3D NMR 

measurements to solve the structure of paxillinôs LIM2/3 domain and identify a direct interaction 

with the cytoplasmic tails of integrin b1 and b3. We apply a combination of biochemical assays 

and the OPTIC presented in chapter I, to determine the binding interface of both proteins. 

Reverse genetics verify our findings in a cellular context and reveal an important role for the 

LIM3-integrin b3 interaction in FA maturation and cell spreading. 
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Zusammenfassung 

Integrine sind heterodimere Transmembranrezeptoren, deren evolutionärer Ursprung der 

Schlüssel für die Entstehung der Metazoa war. Integrine finden sich in allen Organen und 

Geweben mehrzelliger Tiere. Dort stellen sie eine Verbindung zwischen der extrazellulären 

Matrix und dem Aktin-Zytoskelett der Zelle her. Sie dienen daher als physische 

Verankerungspunkte, die den Kontakt zwischen den Zellen und ihrem Substrat herstellen und 

eine beidseitig gerichtete Signalvermittlung gewährleisten. Integrine sind somit nötig um auf 

biophysikalische und biochemische Veränderungen im extrazellulären Milieu zu reagieren. 

Zudem regulieren sie das Überleben der Zelle, die Zelldifferenzierung, Proliferation, 

Zellmigration, Embryonalentwicklung, Immunabwehr und die Thrombusbildung. Seit ihrer 

Entdeckung in den frühen achtziger Jahren sind Integrine aufgrund ihrer ubiquitären 

Expression in sämtlichen Organen und ihrer wichtigen Rolle in physiologischen und 

pathophysiologischen Prozessen von immensem Interesse und zählen zu den am intensivsten 

untersuchten Proteinen im menschlichen Körper. Nach dem Kontakt mit der extrazellulären 

Matrix rekrutieren Integrine einen multimeren Proteinkomplex, die fokalen Adhäsionen. Die 

fokalen Adhäsionen bilden ein komplexes Netzwerk aus mehreren hundert Proteinen, die 

untereinander tausende von Protein-Protein-Interaktionen eingehen. Die Summe dieser 

Proteine wird auch Integrin-Adhäsom genannt. Den Kern dieser Komplexe bilden 

verschiedene Gerüst- und Adapterproteine, wie zum Beispiel das als ñ¦ber-Linkerò 

bezeichnete Paxillin. Paxillin vermittelt eine große Anzahl verschiedener Wechselwirkungen 

und reguliert den Auf- und Abbau der fokalen Adhäsionen, sowie den Umbau des Aktin-

Zytoskeletts, welches für eine effiziente Zellmigration nötig ist. Die immense Fülle an Protein-

Interaktionen, die Dynamik des Systems, aber auch die vielen Redundanzen, die aufgrund 

mehrerer Proteine-Isoformen mit ähnlichen Eigenschaften beruhen, machen es 

bekanntermaßen sehr schwierig diese Komplexe zu erforschen. In den ersten beiden Kapiteln 

dieser Arbeit werden neue Werkzeuge präsentiert, die geeignet sind die Komplexität zu 

reduzieren und Redundanzen zu entfernen. Diese Werkzeuge werden schließlich in Kapitel 

drei eingesetzt um eine neue Eigenschaft des Adapterproteins Paxillin aufzuklären. 

 

In der ersten Studie wird ein neuer Ansatz für die mikroskopische Evaluierung von Protein-

Wechselwirkungen an lokalen Integrin Ansammlungen präsentiert. Dieser Ansatz, genannt 

OPTIC (Opa protein triggered integrin clustering), verwendet Bakterien als multivalente 

Bindungspartner um chimäre Integrin-Rezeptoren zu rekrutieren und so minimale Versionen 

der fokalen Adhäsionskomplexe zu induzieren. Die so entstehenden Komplexe sind allein 

abhängig vom kurzen zytoplasmatischen Teil der Integrine und unabhängig von ihren 

natürlichen Bindungspartnern. Zudem sind sie unabhängig von Krafteinwirkungen und 
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bestehen nur aus einem Bruchteil des Integrin-Adhäsoms. Die drastisch reduzierte 

Komplexität und die einfache Manipulierbarkeit dieser Strukturen machen sie zu einem idealen 

System um biochemische Daten zu Protein-Protein Interaktionen in einem zellulären System 

zu reproduzieren. Der OPTIC-Ansatz wird hier genutzt um die Integrine aus einzelligen 

Vorfahren mehrzelliger Lebewesen zu untersuchen. Die erhaltenen Daten legen nahe, dass 

die Interaktion von Integrinen mit dem Integrinaktivator Talin evolutionär hoch konserviert ist. 

 

In der zweiten Studie wird ein neuer, optimierter Arbeitsablauf genutzt, um mehrere Gene 

gleichzeitig auszuschalten und anschließend schnell stabile Re-Expressionszelllinien zu 

generieren. Dieses Protokoll wird angewendet, um gleichzeitig Paxillin und Hic-5, zwei 

Mitglieder der Paxillin Proteinfamilie, zu deletieren. Diese beiden Proteine haben sowohl 

individuelle, als auch redundante Funktionen. Biochemische und morphologische 

Untersuchungen der generierten Zelllinien enthüllen einen überraschenden Phenotyp, der 

teilweise konträr zu den Phenotypen der zuvor beschriebenen Einzel-Deletionen ist. Die 

generierte Doppel-Mutante enthüllt außerdem eine zuvor unbekannte Rolle von Paxillin und 

Hic-5 bei der Regulation der Zellinvasion des opportunistischen Humanpathogens 

Staphylococcus aureus. 

 

Paxillin ist eines der ersten Proteine, welches an den fokalen Adhäsionen lokalisiert. Seine 

erfolgreiche Lokalisierung ist Voraussetzung für eine korrekte Funktion des Proteins. Die 

Rekrutierung an fokale Adhäsionen wird durch Paxillins carboxyterminale LIM2 und LIM3 

Domänen gewährleistet. Jedoch ist der exakte Mechanismus dieser Rekrutierung noch nicht 

vollständig aufgeklärt. Im letzten Kapitel dieser Dissertation werden dreidimensionale NMR-

Messungen genutzt, um die Struktur der LIM2/3 Domäne aufzuklären und eine direkte 

Interaktion der LIM3 Domäne mit dem zytoplasmatischen Teil der Integrin b1 und b3 

Untereinheiten zu identifizieren. Anhand einer Kombination biochemischer Experimente und 

unter Verwendung des OPTIC-Ansatzes aus Kapitel 1, werden die Interaktionsschnittstellen 

auf beiden Interaktionspartnern bestimmt. Durch den Einsatz von Gen-knockout und 

Komplementierung mit verschiedenen Mutanten werden die Ergebnisse im zellulären Kontext 

bestätigt und enthüllen, welch wichtige Funktion Paxillins LIM3 Domäne bei der Reifung der 

fokalen Adhäsionen sowie der Zellausbreitung spielt. 
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Introduction 

The integrin family of adhesion receptors and the rise of multicellularity 

 

ñFrom so simple a beginning endless forms most beautiful and most wonderful have been, and 

are being, evolved.ò Charles Darwin, The Origin of species 

 

The appearance of multicellularity brought great complexity, diversity but also beauty on the 

face of the earth. Although the different kingdoms of animals, fungi and plants share a common 

unicellular ancestor, multicellularity arose multiple times independently throughout evolution in 

the different clades (Brunet et al. 2017). 

The transition from unicellular protists to multicellular aggregates and communities offered 

some important advantages. Organisms became larger and more complex, making them 

harder to be preyed upon. They also became long lived and, additionally, due to specialized 

cell types they could split jobs, meaning our ancestors became multi-tasking (King 2004). Cells 

in multicellular organisms are integrated structurally and functionally, which allows 

compartmentalization and fulfilling multiple jobs at the same time. There are several 

prerequisites for that. First, the cells need to be mechanically held together and, secondly, the 

cells need to communicate with each other and with their environment (Morgan et al. 2007, 

Humphries et al. 2015). 

The cellular machinery needed to fulfill those functions consists of receptor tyrosine kinases 

(RTKs), components of the extracellular matrix (ECM), cell adhesion receptors like cadherins 

and integrins, mechanosensory molecules and certain transcription factors (King 2004). 

Integrins are especially important in that regard, since they serve as bidirectional signaling 

machineries that link the ECM to the actin cytoskeleton. Integrins are type I transmembrane 

glycoproteins, consisting of a non-covalently linked a and b subunit. Up to date there are 18 a 

and 8 b subunits identified in vertebrates forming 24 distinct heterodimers (Hynes 2002). 

Integrins are found over a large variety of multicellular organisms from mammals to insects 

and are even found in echinoderms, nematodes and sponges (Johnson et al. 2009). Although 

they have been considered strictly metazoan specific for a long time, recent genomic studies 

revealed the presence of numerous genes of the adhesion and signaling machinery in 

unicellular ancestors of metazoa (Sebe-Pedros et al. 2010b). 

It has become evident, that the rise of multicellularity in unicellular ancestors of metazoa 

coincides with the emergence of cell adhesion molecules mediating cell-cell adhesion 

(cadherins and C-type lectins) (King 2004), as well as cell-matrix adhesions which is mainly 

mediated by the integrin family of adhesion receptors (Sebe-Pedros et al. 2010a). In species 

that can adopt a multicellular aggregative stage, like Capsaspora owczarzaki, it was shown 
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that integrins and components of the integrin adhesome are upregulated in the aggregative 

stage and mediate cell aggregation by binding to fibronectin (Sebe-Pedros et al. 2013). These 

organisms can also use integrins in their filopodia to move over a fibronectin substrate (Parra-

Acero et al. 2020). Anchorage to the ECM, linkage of the ECM to the cellular actin cytoskeleton 

and cell migration are therefore the most basic functions of integrins and predate the rise of 

multicellular animals (Parra-Acero et al. 2020). In higher organisms with an increasing number 

of specialized cell types, the function of integrins became much more diverse. They are now 

known to be involved in anchorage dependent cell growth, survival, cell differentiation, 

epithelial-mesenchymal transition, immune surveillance and blood clotting (Hynes 2002, 

Barczyk et al. 2010, Green et al. 2019, Scott et al. 2019). 

Although they are around for millions of years and were key to the rise of metazoa, it wasnôt 

before the mid-80ôs that the integral membrane complex linking the ECM to the actin 

cytoskeleton has been first discovered and characterized as the long searched for fibronectin 

receptor (Tamkun et al. 1986). It has subsequently been termed ñintegrinò. Soon after its initial 

discovery it became clear that integrin is not a single molecule but belongs to a rather large 

protein family, and molecules previously investigated under different names such as the 

fibrinogen receptor (GPIIb/IIIa) (Bennett et al. 1982), the lymphocyte specific heterodimers 

LFA-1 and Mac-1 (Kishimoto et al. 1987), the VLA protein family (Hemler et al. 1987) and the 

Drosophila PS antigens (Wilcox et al. 1984) turned out to belong to the integrin family (Hynes 

2004). Ever since then, they have been of immense interest to researchers around the world 

and from such diverse fields as developmental biology, immunology, hematology and 

oncology. 

Integrin structure and function 

Each subunit of the heterodimer consists of a large extracellular domain, a single 

transmembrane domain and a relatively short cytoplasmic tail (integrin b4 being an exception 

here). Huge efforts have been undertaken to solve the structure of integrins, yet due to the 

very nature of the molecule, being a large integral membrane protein, solving a high-resolution 

structure has been challenging. So, it wasnôt until 2001 that the first crystal structure of the full 

extracellular domain of the aVb3 heterodimer was solved (Xiong et al. 2001). 

This crystal structure provides important insights into the function of the protein. The 

extracellular part of the integrin subunits can be subdivided in a ñheadò domain, a ñthighò 

domain and a ñcalfò module, followed by a single spanning transmembrane domain and a 

usually short cytoplasmic tail. In the inactive state, the calf modules or leg pieces of the a and 

b subunit remain associated. The head domain of the a subunit consists of a seven-bladed b 

propeller, which harbors the ligand binding site. a subunits can be subgrouped according to 

their ligand binding specificity. The collagen binding  a1, a2, a10 and a11, as well as the  
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Figure 1: Representation of the integrin family.  

Depicted are the 18 a and 8 b subunits known to exist in vertebrate species, separated by their ligand 

binding specificity. The pairing of the 24 distinct heterodimers is indicated by black lines. The a subunits 

containing an inserted aI domain are highlighted in yellow. Adapted and modified from (Barczyk et al. 
2010). 

 

leukocyte specific a subunits aE, aL, aM, aD and aX have an inserted von Willebrand factor 

A domain, also referred to as (I)-domain (aI domain) (Figure 1). 

The aI domain consists of around 200 amino acids, contains a metal-ion dependent adhesive 

site (MIDAS) and is the main determinant of ligand binding in those receptors. MIDAS binds 

divalent cations such as Mn2+, Mg2+ and Ca2+, with decreasing affinity (Mn2+>Mg2+>Ca2+) 

(Zhang et al. 2012). The divalent cations play an important role in integrin affinity regulation 

and can prime the heterodimer towards a state with higher ligand binding affinity. The structure 

and function of the aI domain and MIDAS has been extensively reviewed and is not the prime 

focus here (Luo et al. 2007). 

Contrary to the aI domain, which is only found in some a subunits, all b subunits contain an 

inserted bI domain that is homologous to the aI domain with the exception of some additional 

segments. One of which is the so-called specificity-determining loop (SDL). As the name 

suggests this segment has an important role in ligand binding. Additionally, there is the ligand-

induced metal ionïbinding site (LIMBS) and the adjacent to metal ionïdependent adhesion 

site (ADMIDAS) which help in the regulation of ligand binding affinity (Luo et al. 2007). In aI-

less heterodimers the bI domain is the major ligand binding domain. By using antibodies 

targeting different regions of the bI domain the lab of Timothy Springer was able to show that 

blocking the bI domain disrupts ligand binding. Furthermore, a high number of mutations found 
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in patients with leukocyte adhesion deficiency (LAD) could be mapped to this region (Huang 

et al. 2000). 

Ligand-mimetic RGD peptides were shown to span the a and b head regions binding to both 

the aI as well as the bI domain. However, the ligand binding site of naturally occurring, 

macromolecular ligands is expected to be much larger (Xiong et al. 2002). 

A unique feature of cell adhesion molecules of the integrin family are its high structural flexibility 

and dynamic regulation. With the very first crystal structure of the extracellular domains of the 

aVb3 heterodimer it became apparent that the heterodimer can exist in a bent, closed 

conformation (Xiong et al. 2001). This observation was contradictory to the initial electron 

microscopy (EM) images taken by Kenneth Yamadaôs group (Nermut et al. 1988) as well as 

previously obtained cryoelectron images, showing a clear extended conformation of integrin 

aIIbb3 heterodimer (Erb et al. 1997). 

Indeed it is now clear that integrins exist and dynamically switch between a bent- closed (BC), 

an extended-closed (EC) and an extended-open (EO) conformation (Takagi et al. 2002, Luo 

et al. 2007) (Figure 2). Each of the different conformations display different ligand binding 

affinities. In the BC conformation the dimer adapts a V-like shape with the head domain facing 

towards the cell membrane. In this situation the ligand binding site is buried and ligand binding 

is thought to be sterically hindered. Naturally, the BC conformation displays weak binding 

affinities in the range of KD = ~ 9000 nM (Li et al. 2017b). Additionally, calculations by the 

Springer lab suggest that the BC conformation is thermodynamically favored, meaning the 

switch from the bent to the extended conformation is the crux that needs to be overcome. Once 

this is achieved, the integrin heterodimer adapts an intermediate state where the ectodomain 

is extended but the ligand binding in the bI domain is still hindered by the a7 helix. Ligand 

binding induces the displacement of the a7 helix, which results in a hybrid domain swing-out 

and the fully active EO conformation is reached (Xiao et al. 2004). It was calculated that the 

EO is thermodynamically favored against the EC conformation and has a much higher ligand 

binding affinity with KD values around 1.4 nM (Li et al. 2017b). The high affinity state is induced 

and stabilized by extracellular ligand binding (Takagi et al. 2002, Nishida et al. 2006) and leads 

to dramatic conformational changes in the integrin legs and transmembrane domains resulting 

in the unclasping of the cytoplasmic tails. The shift from the BC to an EO conformation is 

termed integrin activation and can be triggered or stabilized by both internal and external 

stimuli. 
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Figure 2: Integrin activation is regulated by outside-in and inside-out mechanisms. 
(A) Integrins dynamically switch between a bent closed (BC) conformation with low ligand affinity and 
an extended closed (EC) conformation with intermediate ligand affinity. Divalent cations like Mn2+ can 
stabilize the EC conformation. Binding of an extracellular ligand like fibronectin induces a conformational 

change where the a7-helix in the bI domain is shifted downward and causes a swing-out of the hybrid 
domain inducing the extended open (EO) conformation. The opening is supported and stabilized by 
binding of intracellular integrin activators talin and kindlin. Conversely, extracellular stimuli like growth 
factors or certain chemokines that bind to their receptors activate protein kinase C (PKC) either directly 
or via a phospholipase C mediated release of diacylglycerol (DAG), inositol-trisphosphate (IP3) and 
Ca2+. PKC activates Rap1 via PKD1 and mediates the Rap1 dependent recruitment of talin to PIP2 
islands, which releases the autoinhibitory conformation of talin. (B) Upper panel: sequences of the 
integrin transmembrane domains. Residues embedded in the membrane are marked in blue. Lower 

panel: crystal structures showing the integrin aIIb and integrin b3 transmembrane domain interactions 
Images are taken from (Shattil et al. 2010). (C) Complex between the talin F3 domain (yellow) and the 

integrin b1D tail (red), showing how talin binding to the membrane proximal NPXY motif can disrupt the 
IMC between Asp723 and Arg995. Image is taken from (Calderwood et al. 2013). 
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Integrin outside-in and inside-out signaling 

The structure of the integrin transmembrane (TM) domains is quite unique and is the basis for 

the regulation of different integrin activity states. In the BC and EC state, the integrin TM 

domains are held together by two major interactions. The outer membrane clasp (OMC) and 

the inner membrane clasp (IMC). The a-helix of the integrin a subunit is short and broken by 

the insertion of the highly conserved GFFKR motif. The two phenylalanine residues are not 

able to maintain the a-helical structure and instead introduce a turn in the TM domain (Lau et 

al. 2009). This serves as the basis for the IMC which is stabilized by interhelical packing of the 

highly conserved GFFKR motif in the a subunit and the hydrophobic residues W715 and I719 

in the b3 tail and is further stabilized by a salt bridge between Arg995 of aIIb integrin with 

Asp723 of b3 integrin (Hughes et al. 1996, Shattil et al. 2010). The outer membrane clasp 

(OMC) is a close packing interaction of glycine residues Gly972 and Gly976 of aIIb integrin 

and Gly708 of b3 integrin (Luo et al. 2004, Shattil et al. 2010) (Fig. 2B). The assembly of the 

OMC and IMC are enabled by a peculiar feature of the integrin b3 TM domain. Integrin b3 

Lys716 is inserted into the phospholipid bilayer causing a tilt angle of the TM of approximately 

25°. This tilt angle is needed to allow both OMC and IMC to be stable (Kim et al. 2011). 

For integrins to become fully active, the (TM) domains and cytoplasmic tails (CT) of the 

individual subunits must be separated. The disruption of the OMC and IMC, the drifting apart 

of the two cytoplasmic tails and the extension of the ectodomains into a high affinity state is 

termed integrin activation. It can be induced and stabilized by both external (outside-in 

activation) and internal (inside-out activation) stimuli. In the first scenario, the presence of high 

concentrations of divalent cations, especially Mn2+ leads to the stabilization of the EC 

conformation with unfolding of the integrin legs and a high affinity ligand binding site but no 

TM separation (Takagi et al. 2002). Binding of an extracellular ligand such as fibronectin to the 

bI domain induces further conformational changes, resulting in a piston like movement of the 

a7 helix in the b-propeller. This downward slide of the a7 helix is followed by a swing out of 

the hybrid domain (Luo et al. 2007, Zhang et al. 2012). Hybrid domain swing-out stabilizes the 

EO conformation and causes a separation of the a and b legs (Takagi et al. 2002). In that way 

the integrin b CT becomes available for binding by integrin activators talin and kindlin which 

stabilize the EO conformation (Calderwood et al. 2013). This results in a local enrichment of 

integrin associated signaling molecules such as the focal adhesion kinase (FAK) and Src which 

then mediate downstream signaling (Giancotti et al. 1999). Outside-in signaling regulates 

processes like cell spreading, migration, and cell survival (Shen et al. 2012).  

Conversely, integrin activation can also be achieved by inside-out mechanisms. Therefore, the 

cell needs to be stimulated by integrin independent extracellular cues. There are several 

known triggers for inside-out integrin activation, most of which are derived from studies in 
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leukocytes and platelets and involve integration of T-cell receptor, G-protein coupled receptor 

(GPCR) or growth factor receptor signaling. Downstream of such receptors is a complex 

signaling cascade that triggers the recruitment of the small GTPase Rap1 to sites of integrin 

attachment. Rap1 forms a complex with the Rap1-GTP interacting adaptor molecule RIAM and 

talin and therefore directly mediates integrin activation (Watanabe et al. 2008). 

Binding of GPCR agonists for example activate phospholipase C (PLC), which cleaves 

phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-

trisphosphate (IP3). The second messenger IP3 stimulates release of intracellular Ca2+. In the 

presence of DAG and Ca2+ proteinkinase C (PKC) is localized to the membrane and activated 

(Nishizuka 1988). PKC then phosphorylates PKD1, which can bind Rap1 via its PH domain 

and causes recruitment of Rap1 to the membrane (Medeiros et al. 2005). Rap1 in turn is again 

activated by DAG and Ca2+ and recruits talin either directly or indirectly via a Rap1-RIAM 

complex to sites of PIP2 accumulation (Lagarrigue et al. 2016, Bromberger et al. 2019). 

Once at the membrane the talin head associates with PIP2 and with two talin binding sites in 

the integrin b CT. By binding to the membrane proximal region of the integrin b CT talin 

competes with the a-tail for binding to Asp723 and disrupts the electrostatic interaction of the 

IMC. Secondly, by simultaneous binding to the integrin b CT and to phospholipids in the 

membrane it changes the tilt angle of the integrin b transmembrane domain which disrupts the 

TM interactions between the a and b subunit and causes conformational changes in the 

extracellular domain, shifting the equilibrium towards the EO conformation (Kim et al. 2012, 

Ginsberg 2014). 

In reality inside-out and outside-in cannot be clearly separated. Itôs not a black and white 

picture since in the natural environment one stimulus rarely occurs separated. Multiple signals 

might feed into the activation so itôs rather and inside-outside-in mechanism.  

Integrins not only mediate cell adhesion but are also bidirectional signaling molecules used to 

translate mechanical signals into biochemical cues. They can sense their environment, like the 

rigidity and composition of the extracellular matrix, shear flow or mechanical stress and can 

integrate signals from the intracellular and extracellular environments. Since integrins 

themselves lack actin binding sites or kinase activity, these receptors depend on a large array 

of cytosolic signaling and adaptor molecules, which regulate integrin signaling.  

Master regulators of integrin activation ï Talin and kindlin 

Talin is the master regulator of integrin activation. It is a large 270 kDa protein, that was initially 

identified as a component of focal adhesions that colocalized with vinculin (Burridge et al. 

1983). Because of its cellular distribution in focal adhesions and membrane ruffles as well as 

its alignment with fibronectin and stress fibers, talin was immediately suspected to be involved 

in actin organization (Burridge et al. 1983). It was soon found that talin also colocalizes with 
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integrins (Horwitz et al. 1986) and that the talin N-terminal domain directly binds integrins and 

plays an important role in their activation (Calderwood et al. 1999b).  

The importance of talin in integrin dependent processes became evident through genetic 

deletion studies in mice. Similar to the deletion of integrin b1 or fibronectin, global knockout of 

talin1 results in early embryonic lethality (Monkley et al. 2000). Surprisingly, studies with cells 

derived from talin knockout mice had no defect in the integrin dependent activation of Src 

family kinases and the initiation of cell spreading. However, cells were defective in integrin and 

FAK activation, could not sustain cell spreading and were not able to generate force. (Zhang 

et al. 2008). 

How does talin regulate these processes? Talin consists of a smaller N-terminal globular head 

domain (approx. 50kDa) and a long cytoplasmic rod domain (>200kDa) which are separated 

by a short linker, harboring a calpain cleavage site (Rees et al. 1990). The talin head is an 

atypical FERM domain, consisting of a F0, F1, F2 and F3 domain. As mentioned in the previous 

chapter, the FERM domain is responsible for integrin activation. The talin F3 domain contains 

a phosphotyrosine binding (PTB) domain which binds with high affinity to the membrane 

proximal region as well as the NPXY motif of the integrin b cytoplasmic tails and induces the 

fully active state of integrins (Kim et al. 2003, Wegener et al. 2007). The long cytoplasmic rod 

of talin consists of 13 amphipathic helical bundles or rod domains (R1-R13), which consist of 

four to five a-helices each, and a C-terminal dimerization domain (DD) (Goult et al. 2013c). 

Additionally, there are two actin binding sites (ABS2 and ABS3) in the rod domain and one in 

the FERM domain (Hemmings et al. 1996, Gingras et al. 2008). So talin binds and activates 

integrins with its N-terminal head domain, thereby initiating ECM engagement and mediates 

actin binding via its C-terminal rod. It is therefore the essential protein for providing a link 

between the ECM and the actin cytoskeleton and was revered to as the master of integrin 

adhesion (Calderwood et al. 2013, Klapholz et al. 2017).  

In the absence of a stimulus talin shows a predominantly cytosolic distribution where it exists 

in an autoinhibited state (Banno et al. 2012). Autoinhibition takes place by intramolecular 

interactions where the integrin binding site in the F3 domain is masked by a high affinity 

interaction with the R9 rod domain and the PIP2 binding site in the F2 domain is masked by 

the R12 rod domain (Goult et al. 2013a, Dedden et al. 2019). It was proposed that talin binding 

to PIP2 is a critical factor for talin activation (Martel et al. 2001) and that PIP2 binding can 

displace the rod domain, releasing the autoinhibitory conformation (Goksoy et al. 2008). 

Recent structural models confirmed this hypothesis and provide a detailed model of talin 

activation through PIP2. The two ubiquitin-like subdomains F0-F1 are separated from F2 by a 

short flexible linker which occludes them from the autoinhibited conformation and makes them 

available for binding partners (Dedden et al. 2019). The F0 domain interacts with Rap1 which 

brings the autoinhibited talin into close proximity of the membrane (Goult et al. 2010, Zhu et 
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al. 2017) where the talin F2 and F3 domain directly interact with PIP2. This interaction might 

be sufficient to release the autoinhibitory interaction (Ye et al. 2016). Interestingly, talin is also 

able to recruit type I phosphatidylinositol phosphate kinase g (PIP5KIg) via interaction with the 

talin F3 domain to sites of adhesions. There PIP5KIg generates PIP2 which causes enhanced 

recruitment of talin (Di Paolo et al. 2002, Ling et al. 2002).  

Once talin is associated with the integrin b tail and the autoinhibitory conformation is released 

the two actin binding sites (ABS) in the talin rod domain become available. Actin binding to 

ABS2 which is constituted by the R4-R8 domain and ABS3 which is formed by R13 (Hemmings 

et al. 1996, Gingras et al. 2008), results in an unfolding of the molecule. The rod domains are 

organized like beads on a string and can be stretched with the exception of R8 which is 

organized outside of the force regimen. This makes talin an ideal mechanosensor (Goult et al. 

2018). Hidden in the rod domains (at least in 9 out of 13) are several cryptic vinculin binding 

sites that are inaccessible in the unstretched state of the protein (Gingras et al. 2005). But 

when pulling forces through myosin mediated contraction of the actin cytoskeleton are applied, 

the a-helical bundles of the rod domains unfold, exposing the vinculin binding sites (del Rio et 

al. 2009). Multiple vinculin molecules can bind to talin with their N-terminal head domain and 

to actin with their C-terminal tail domain. In this way vinculin further strengthens the talin actin 

linkage and enables the adhesion to withstand higher pulling forces as they are found in mature 

focal adhesions (del Rio et al. 2009, Goult et al. 2018). 

Based on in vitro and cellular assays it was thought that the talin head domain is sufficient to 

trigger integrin activation. However, knockout studies in mice clearly suggested that another 

protein, kindlin3, is essentially needed for integrin activation and that its deletion caused a 

severe bleeding disorder that closely resembled Glanzmann thrombasthenia, a disease 

previously associated with mutations in the integrin b3 cytoplasmic tail (Moser et al. 2008, 

Moser et al. 2009). But, kindlin alone is not able to mediate integrin activation and it has now 

become clear that talin and kindlin cooperate synergistically to regulate integrin activity, 

clustering and downstream signaling (Calderwood et al. 2013). The kindlin family consists of 

three isoforms, which are differentially expressed. Kindlin1 is found predominantly in epithelial 

cells, kindlin3 is mainly found in hematopoietic cells and kindlin2 is ubiquitously expressed 

(Meves et al. 2009). Kindlin is structurally quite similar to the talin head. It also has an atypical 

FERM domain consisting of an F0 domain that obtains a ubiquitin-like fold, an F1, F2 and F3 

domain. It was shown to localize to focal adhesions and forms a complex with integrin b1, 

which is mediated by a PTB motif in its F3 domain (Kloeker et al. 2004, Li et al. 2017a). Unlike 

talin however, kindlin contains a pleckstrin homology (PH) domain inserted into its F2 domain 

which mediates membrane binding. In contrast to talin, which binds to PIP2, the PH domain of 

kindlin binds with higher affinity to phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Liu et al. 

2011, Yates et al. 2012b). 
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Biochemical and structural analysis confirmed that kindlin associates with b1, b2 and b3 

subunits by binding to the membrane distal NxxY motif as well as the preceding, evolutionary 

conserved threonine motif (Ma et al. 2008, Moser et al. 2008, Harburger et al. 2009, Morrison 

et al. 2013, Li et al. 2017a). Since the binding site on the integrin b tail is distinct from the talin 

binding site, simultaneous binding and the formation of a ternary integrin-talin-kindlin complex 

is possible (Yates et al. 2012a, Fischer et al. 2021). 

So far, a detailed mechanism of how kindlin is recruited to the membrane is lacking and also 

how kindlin contributes to integrin activation is not entirely clear. Neither kindlin depletion nor 

its overexpression affected talin integrin binding. Conversely, talin could not promote kindlin 

integrin interaction and up to date no proof of a direct interaction between kindlin and talin 

exists (Bledzka et al. 2012, Kahner et al. 2012). There exist several hypotheses, how kindlin 

and talin could support each other. It was speculated that through binding to the membrane 

distal NxxY motif on the one hand and to the plasma membrane on the other, kindlin might 

contribute to the talin-mediated integrin tail separation. The findings that phospholipid binding 

is necessary for the kindlin co-activation of integrin support this hypothesis (Perera et al. 2011, 

Bouaouina et al. 2012). Another idea comes from the observation that both talin and kindlin 

can build homodimers, suggesting that kindlin and talin cooperate in integrin clustering to 

increase the avidity of integrins, rather than increasing the ligand affinity (Ye et al. 2013, Li et 

al. 2017a). Lastly, the kindlin binding site in the integrin b tail partially or fully overlaps with the 

binding sites for known negative regulators of integrin activity, namely filamin and ICAP1. In 

this scenario kindlin might contribute to talin mediated integrin activation by displacing these 

inhibitors, or by recruiting additional activators that could do so (Calderwood et al. 2013). 

Future research will tell, which of these theories holds true. Since integrins fulfill such important 

roles governing all sorts of cellular process from cell growth, proliferation, spreading, and 

migration to gene expression and differentiation, these molecules must be tightly regulated. It 

is therefore imaginable that all of the above hypotheses are true to allow multiple points of fine-

tuning integrin activity. 

Talin and kindlin mediated integrin activation are the first steps in establishing nascent 

adhesions. These nascent adhesions are quite dynamic, displaying a short lifetime. They can 

either disassemble fast and reoccur at different places in the cell, or they mature and assemble 

into large macromolecular complexes called focal adhesions (FA).  

The integrin adhesome and FA architecture 

The whole set of integrin associated signaling and adaptor molecules is referred to as the 

integrin adhesome and consist of both direct integrin binding partners and indirectly associated 

molecules (Zaidel-Bar et al. 2010). A proteomic landmark study by the Humphries lab identified 

60 core integrin adhesome components (IAC), which were found in 5 or more datasets from 

different cell types (Horton et al. 2015). This remarkably narrowed down the previously 
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proposed integrin core adhesome that was based on literature curated datasets and was 

thought to contain over 200 proteins (Winograd-Katz et al. 2014) or 156 core components 

(Zaidel-Bar et al. 2007a), respectively. However, the study by Horton et al. also found that 

there is a much larger meta-adhesome, consisting of more than 2000 proteins that are more 

loosely associated with the integrin adhesome and were found only in 1 out of 7 investigated 

datasets. This gives a pretty good idea about the heterogeneity between different cell types.  

The integrin-adhesome comprises subgroups of proteins, categorized by their function. There 

are the adhesion receptors which are mostly a5b1 and aVb3 integrins, since all datasets where 

curated on fibronectin as a ligand. Another subgroup are phosphatases and kinases. While 

the kinase group constitutes well known core adhesome components like the integrin-linked 

kinase (ILK), focal adhesion kinase (FAK) and the C-terminal Src kinase (CSK), the 

phosphatase group is surprisingly underrepresented. This might be in part due to the transient, 

short-lived nature of the interactions between phosphatases and their substrates or the time 

point these datasets were studied after initial cell adhesion. Actin regulators make up another 

subgroup of IAC. This group contains mainly VASP, LASP1 and a-actinin1. Those actin 

binding proteins are mainly involved in actin polymerization and actin cytoskeleton re-

organization. Small GTPases of the Rho family and their regulators are also important for the 

organization of the integrin adhesome. Interestingly, only Rac1 and RhoA but not Cdc42 were 

identified by Horton and colleagues (Horton et al. 2015). The many associated guanine 

nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) identified hint at 

a tightly controlled and complex regulatory network for controlling actin cytoskeleton 

reorganization at FAs.  

The largest subgroup of IAC, however, are adaptor proteins. They are the most important 

group in FAs because they link integrins to the actin cytoskeleton, like talin and vinculin (Jiang 

et al. 2003, Humphries et al. 2007), mediate a vast number of interactions between different 

IACs like kindlin-2 and paxillin (Dong et al. 2016), regulate signaling, like p130Cas, Grb2 and 

Trip6 or link focal adhesions to intermediary filaments and the tubulin cytoskeleton like tensin, 

plectin and vimentin. The vast number of adaptor proteins, their presence in multiple datasets 

as well as their diverse functions positions them at the core of IACs. 

The classification of IACs into different functional groups is also reflected by their three-

dimensional spatial organization in FAs. Using super-resolution microscopy it could be shown 

that FAs are organized in a stratified, hierarchical organization, with individual IACs occupying 

different layers (Kanchanawong et al. 2010). Actin filaments were found to be spatially 

separated from the plasma membrane, leaving a gap of roughly 40 nm that needs to be bridged 

by core focal adhesion components. This gap is bridged by FAK and paxillin, which are in close 

proximity to the membrane and the integrin cytoplasmic tails, making up the integrin signaling 

layer. Talin and vinculin constitute the force transduction layer. While vinculin inhabits mostly 
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the lower boundary of actin density, talin diagonally spans the focal adhesion core at a stretch 

of roughly 50 nm. Its N-terminal FERM domain is situated in the membrane proximal integrin 

signaling layer and its C-terminal rod domain stretches into the actin filaments at approximately 

50 nm distance from the membrane and into the actin regulatory layer. The actin regulatory 

layer is defined by the presence of actin regulators VASP and zyxin as well as the actin 

crosslinker a-actinin1 (Kanchanawong et al. 2010) (Fig. 3). 

A big question in the field from the beginning was, how these large macromolecular complexes 

assemble. A model was proposed were some IACs exist as pre-assembled building blocks in 

the cytosol and readily assemble into FAs upon the necessary stimulus in a modular fashion 

(Hoffmann et al. 2014). This model is further supported by a recent study from the Humphries 

lab. In this study they applied proximity biotinylation using several core adhesome components 

as bait to reveal that core adhesome components pack together in distinct clusters that might  

 

Figure 3: Nanoscale architecture of focal adhesions. 
Focal adhesions are organized in stratified layers. Each layer contains characteristic FA proteins and 
fulfills distinct functions. In close proximity of the membrane is the integrin signaling layer. FAK, paxillin 
and the talin head domain reside within this layer. Above is the force transduction layer, where the talin 
rod domains are linked to the actin cytoskeleton, reinforced by vinculin binding to talin and actin. Furthest 
away from the plasma membrane the actin crosslinking protein a-actinin and other actin binding proteins 
make up the actin regulatory layer. The color bar shows the vertical distance from the extracellular 
matrix, whereas the scale bar denotes the distance across the xy plane. The proximal tip transcends 
into stress fibers, whereas new actin monomers are incorporated at the distal tip towards the leading 
edge. Phosphorylation of paxillin and other FA proteins precedes the formation of FAs and is highest at 
the distal tip. Here, the actin flow speed is the greatest and high traction forces are applied. Modified 
from (Case et al. 2015) 
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represent functional modules within FAs. They provide a topological map of the integrin 

adhesome and confirm the presence of the previously proposed ternary ILK-pinch-parvin, as 

well as the FAK-paxillin-p130Cas complexes (Chastney et al. 2020). 

The detailed order of events how FAs assemble is still not completely understood, but it is 

known that it is a hierarchical process that is both regulated in dependence of time and force 

(Zaidel-Bar et al. 2004). At the newly forming lamellipodium, closely behind the leading edge, 

small nascent adhesions develop. They are short-lived (< 1 min), small in size (< 1 µm in 

diameter) and consist of only a few proteins. The integrin aVb3 heterodimer, integrin activators 

talin and kindlin, as well as the adaptor protein paxillin are the first visually detectable proteins 

at nascent adhesions (Zaidel-Bar et al. 2004, Parsons et al. 2010, Bachir et al. 2014). Nascent 

adhesions are quite dynamic and either rapidly disassemble or mature into larger focal 

complexes. These focal complexes are more stable and can persist for a couple of minutes. 

They are also larger in size and contain additional proteins like the focal adhesion kinase 

(FAK), vinculin and actin regulatory proteins Arp2/3 and a-actinin. Focal complexes can then 

again disassemble or continue to mature into large, stable FAs which contain the complete set 

of IACs (Parsons et al. 2010). 

The generation of force via myosin II mediated actin contractions plays a critical role in the 

regulation of FA maturation and turnover. The activity of Myosin II is needed for the cell to 

establish a front-rear polarization, for regulated lamellipodial protrusion and the establishment 

of mature focal adhesions and pharmacological inhibition of myosin II activity through 

application of blebbistatin prevents the establishment of FAs and increases the number of 

nascent adhesions (Vicente-Manzanares et al. 2008, Pasapera et al. 2010, Kuo et al. 2011, 

Schiller et al. 2011). How can the generation of force change the composition of FAs? There 

are several mechanisms in place here. As described previously, talin links integrins to the actin 

cytoskeleton. If pulling forces are exerted on talin, the rod domain is stretched and cryptic 

vinculin binding sites are exposed leading to the recruitment of vinculin under tension and the 

reinforcement of the integrin actin linkage (Cohen et al. 2006, del Rio et al. 2009). Other focal 

adhesion proteins also seem to be force sensitive. It was proposed that FAK can be activated 

under mechanical tension and that it is recruited to FAs in a myosin II dependent manner 

(Pasapera et al. 2010, Bauer et al. 2019). Also, p130Cas can be stretched under tension, 

revealing a tyrosine site that is substrate to Src family kinases and tension increases 

phosphorylation of this residue (Sawada et al. 2006). Therefore, the generation of force 

induces conformational changes that induce activation of some proteins, influence protein-

protein interactions and it also activates certain signaling events that might promote 

phosphorylation regulated protein-protein interactions. Additionally, focal adhesion dynamics 

were shown to be under the control of a FAK/paxillin regulated phosphorylation switch (Zaidel-

Bar et al. 2007b). At later stages during adhesion maturation, RhoA is activated, probably 
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through FAK mediated activation of p190RhoGEF. Active RhoA stimulates Rho-associated 

protein kinase (ROCK) which sustains the phosphorylation of myosin II regulatory light chain 

and therefore promotes actin bundling and sustains actin contractility leading to further 

reinforcement of FA maturation (Tomar et al. 2009, Parsons et al. 2010). 

Another peculiar feature of the integrin adhesome is, that it contains a large number of LIN11, 

Isl-1 and MEC-3 (LIM) domain containing proteins. Interestingly, these LIM domain proteins 

are strongly sensitive to force changes and it was found that their abundance in FAs is changed 

when cells were treated with the myosin II inhibitor blebbistatin (Schiller et al. 2011). They were 

therefore proposed as mechanical tension sensors. One of those LIM domain proteins whose 

abundance was drastically reduced, but could still efficiently localize to nascent adhesions in 

the presence of blebbistatin was the adaptor protein paxillin. 

The paxillin family and its role in cell spreading and migration 

Paxillin is the key adaptor molecule at focal adhesion sites with over 270 curated unique 

interactors in the BioGRID database and was recently also referred to as an ñ¿ber-linkerò since 

it connects all essential modules of the integrin adhesome (Green et al. 2019, Chastney et al. 

2020). It is one of the first proteins to be recruited to nascent adhesions independently of 

myosin II and talin (Choi et al. 2008, Atherton et al. 2020).  

The paxillin family of adaptor proteins consists of three members which show similar domain 

organization, highly similar evolutionary conserved sequences and similar cellular localization 

but distinct tissue expression. Paxillin is ubiquitously expressed but shows highest levels in 

brain, testis and smooth muscle tissue lining the inner organs. Hydrogen peroxide-inducible 

clone 5 (Hic-5) is mainly expressed in smooth muscle tissue (Yuminamochi et al. 2003), 

whereas leupaxin is thought to be mainly expressed in leukocytes (Lipsky et al. 1998). 

Paxillin is the family member that was identified first and is the most intensely studied. It is a 

68 kDa scaffolding and adaptor protein with essential functions in integrin signaling and was 

identified in 1990 by Christopher Turner as a new vinculin binding partner at focal adhesion 

sites and a substrate of Src (Glenney et al. 1989, Turner et al. 1990). There are three 

alternative splice isoforms of human paxillin, a, b and g as well as a shortened fourth isoform 

paxillin d that is a result of an alternative initiation of translation (Brown et al. 2004). The a 

isoform represents the canonical isoform and is found in almost all tissues (Mazaki et al. 1998). 

Hic-5 is slightly smaller than paxillin. It was the second family member identified when it was 

isolated from mouse osteoblasts that have been stimulated with transforming growth factor b 

(TGF-b) (Shibanuma et al. 1994). The gene that encodes Hic-5 is therefore also referred to as 

transforming growth factor beta-1-induced transcript 1 protein (TGFB1I1). It was also 

independently identified in an androgen receptor yeast two-hybrid screen and has therefore 

the alternative name androgen receptor co-activator 55 kDa (ARA55) (Fujimoto et al. 1999). 
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There are two isoforms of Hic-5, a slightly shorter b isoform that is lacking the first LD motif 

and an alternative splice variant containing a 17 amino acid extension at its N-terminus. This 

a isoform represents the ñfull lengthò protein and is regarded as the canonical sequence. 

The third family member, leupaxin, is an even smaller, 45 kDa protein that was identified in 

immune cells as a novel Pyk2 binding partner (Lipsky et al. 1998). It was initially thought to 

mainly play a role in immune cells but was soon also found to be enriched in vascular smooth 

muscle cells upon certain stimuli and was reported to be upregulated in some cancer types 

(Kaulfuss et al. 2008, Sundberg-Smith et al. 2008). 

All three members of the paxillin family share a similar domain architecture. The N-terminus 

comprises several leucine-aspartate rich LD motifs, containing a consensus LDXLLXXL amino 

acid sequence. These LD motifs form short, amphipathic, helical structures. While paxillin 

contains 5 LD domains, Hic-5 has only four and leupaxin only three such motifs. They mediate 

a vast number of protein-protein interactions and are essential for paxillinôs function as an 

adaptor and scaffolding protein (Brown et al. 1998a, Brown et al. 2004, Alpha et al. 2020). The 

LD1 motif is conserved among isoforms and across species but is missing in paxillin d and Hic-

5 b isoforms. Also, the paxillin LD4 and 5 are highly conserved among paxillin family members 

and across species. The LD2 motif is only found in paxillin and Hic-5 and is absent in leupaxin. 

The LD3 domain is special because it differs the most from the consensus sequence and 

although it is absent in Hic-5 and leupaxin, it is highly conserved within paxillin orthologs. The 

LD domains are interspaced by unstructured regions of variable length. Inserted in these 

regions are proline-rich segments, that mediate SH3 domain binding, as well as numerous 

phosphorylatable tyrosine, serine and threonine residues (Brown et al. 2004). It is thought that 

these disordered regions might determine the global folding of the protein and might regulate 

accessibility of the individual LD domains and thereby regulate protein function 

(Neerathilingam et al. 2016). Interestingly, Hic-5 and leupaxin differ significantly in the length 

of those interspaced regions, which might contribute to different regulatory functions of those 

proteins (Brown et al. 2004). 

The C-terminus of paxillin family members is constituted of four double zinc-finger motifs, the 

LIM domains, which are highly conserved between isoforms as well as across species. LIM 

domains are named after the first proteins in which they were initially discovered (LIN-11, Isl1 

and MEC-3). They share a consensus sequence that can be quite variable but essentially 

contains 8 highly conserved cysteine and histidine residues that are spaced in defined intervals 

to coordinate two zinc-ions. Structural analysis of some LIM domain containing proteins 

revealed that each individual zinc-finger is made up of two anti-parallel b-sheets, separated by 

a tight turn and ends in an a-helix (Kadrmas et al. 2004). Like the LD domains, LIM domains 

mediate protein-protein interactions to a vast number of cytosolic proteins.  
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Figure 4: The LIM domain containing adaptor proteins of the paxillin family. 
(A) Consensus sequence of the double zinc-finger forming LIM domains. The eight conserved zinc-
binding residues are numbered. Infrequently observed patterns are shown in text that is not bold. (B) 
Topology of zinc-coordination. Blue circles indicate zinc binding residues. Purple circles indicate 
residues that are not conserved but represent invariant spacing. Green circles represent semi-
conserved aliphatic amino acids. (C) Solution NMR structure of the leupaxin LIM3 domain showing the 

typical folding. Two orthogonally packed zinc-fingers, consisting of anti-parallel b-sheets that terminate 

in an a-helix. Associated zinc ions are depicted as small purple circles. (D) Domain organization of the 
paxillin family members. Interactions with the key binding partners are depicted. Cytoskeletal adaptor 
proteins are colored magenta. Other cytosolic signaling and adaptor proteins are colored dark blue. (A) 
and (B) were adapted and modified from (Kadrmas et al. 2004). Structure in (C) was taken from the 
RCSB protein data bank (Berman et al. 2000). PDB ID: 1X3H, deposited by Yoneyama et al from the 
RIKEN Structural Genomics/Proteomics Initiative. Model in (D) was adapted and modified from (Brown 
et al. 2004) and (Alpha et al. 2020) 

 

Paxillinôs LIM3 and to a lesser extent LIM2 domains are responsible for targeting paxillin and 

Hic-5 to FAs. Deletion of LIM3 or disrupting the structural integrity of this domain by mutating 

the zinc-coordinating cysteines results in a complete loss of paxillin from FAs (Brown et al. 

1996). Up to date the binding partner of paxillin LIM3 at focal adhesions remains elusive. 

Nevertheless, recent studies showed that kindlin is responsible for paxillinôs FA localization, 

but the contribution of the LIM3 domain is still not clear. It was shown that kindlinôs F0 domain 

interacts with the LIM4 domain of paxillin. However, it is likely that multiple intermolecular 

interactions exist between these two proteins and LIM3 binding to kindlinôs PH domain might 

contribute to FA localization (Theodosiou et al. 2016, Böttcher et al. 2017, Gao et al. 2017, 

Zhu et al. 2019).  

Paxillinôs importance became clear early on after its initial discovery, since paxillin knockout 

mice showed a similar phenotype as fibronectin knockout mice emphasizing its essential role 
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in cell-matrix associated processes. Paxillin deficient mice are not viable and embryos usually 

die early on in embryonic development (E9.5) (Hagel et al. 2002). Cells isolated from those 

embryos showed reduced migratory behavior, decreased cell spreading and aberrant focal 

adhesions with generally less but larger FAs per cell (Wade et al. 2002). Surprisingly, although 

they share a high amount of sequence identity, the presence of Hic-5 could not rescue the 

severe phenotype of paxillin depletion and Hic-5 knockout mice are viable (Kim-Kaneyama et 

al. 2011). 

The fact that paxillin deletion is embryonic lethal, despite the presence of Hic-5 and the distinct 

expression patterns of the three family members suggest distinct functions. Yet, the three 

proteins share many common interaction partners. Both paxillin and Hic-5 bind to FAK via their 

LD2 and LD4, or with the LD2 and LD3 domains, respectively (Nishiya et al. 2001, Bertolucci 

et al. 2005) and leupaxin was reported to interact with the FAK family member Pyk2 via its LD1 

and LD3 domains (Vanarotti et al. 2016). Both Hic-5 and paxillin bind vinculin and the 

GIT/PAK/PIX complex. So how are the distinct functions regulated despite sharing the same 

interaction partners?  

Upon cell adhesion, paxillin gets recruited to focal adhesions and becomes heavily 

phosphorylated on tyrosine residues but also at several serine/threonine residues 

Phosphorylation occurs at tyrosine residues 31 and 118 and is mediated in a concerted effort 

by Src and FAK (Burridge et al. 1992, Bellis et al. 1997). Once phosphorylated, tyrosine 31 

and 118 serve as docking sites for SH2 domain containing proteins, namely the adaptor 

molecule and proto-oncogene Crk (Petit et al. 2000). Crk provides a link to the Dock180/ELMO 

complex which in turn causes activation of Rac1 leading to actin polymerization and membrane 

protrusions. Hic-5 also localizes to FAs upon cell adhesion to integrin ligands and although it 

can bind to FAK, tyrosine phosphorylation of Hic-5 is not increased by integrin mediated 

adhesion to fibronectin or overexpression of FAK (Fujita et al. 1998). It was therefore 

speculated that Hic-5 sequesters FAK from paxillin, diminishing FAK activation and paxillin 

tyrosine phosphorylation (Nishiya et al. 2001). The tyrosine motifs of paxillin Y31 and Y118 are 

also not conserved in Hic-5 and Hic-5 cannot bind Crk. Instead, Hic-5 harbors two other 

tyrosine phosphorylation sites between its LD1 and LD2 domain. Y38 and Y60, when 

phosphorylated, mediate interaction with Csk, a negative regulator of Src (Thomas et al. 1999). 

Indeed, overexpression of Hic-5 was shown to inhibit cell spreading and reduce Src kinase 

activity, possibly via its interaction with Csk (Nishiya et al. 2001). 

Hic-5 associates preferentially with PYK2, a FAK family member highly expressed in 

hematopoietic cells, and PYK2 mediated tyrosine phosphorylation of Hic-5 has been 

described, suggesting cell type specific functions of Hic-5 (Matsuya et al. 1998, Osada et al. 

2001). 
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Paxillin and Hic-5 also compete for vinculin binding and the interaction is tightly regulated by 

force. In small nascent adhesions and focal complexes under high Rac1 activity, paxillin 

predominantly interacts with vinculin, recruiting it to FAs. At FAs, vinculin is activated and binds 

to talin and actin, strengthening the ECM-cytoskeleton linkage. When FAs mature and RhoA 

activity and actomyosin mediated contraction increase, the paxillin-vinculin interaction is 

reduced and Hic5 predominantly interacts with vinculin in its activated state (Deakin et al. 

2012a).  

Both paxillin and Hic-5 interact with members of the GTPase activating family for ADP-

ribosylation factor (Arf-GAP), such as GIT1, GIT2/PKL. GIT binds to the LD4 domain of paxillin 

and to the LD3 domain of Hic-5, respectively. GIT1 and 2 stimulate the hydrolysis of GTP in 

Arf6, inactivating it (Vitale et al. 2000). Arf6 is needed for Rac1 induced membrane ruffling and 

lamellipodia formation, probably through regulating endosomal recycling and trafficking of 

Rac1 to the plasma membrane (Radhakrishna et al. 1999). Adhesion induced phosphorylation 

of GIT2/PKL by Src and FAK also promote a complex formation between paxillin, PKL, Nck, 

PAK and the Rac GEF, b-PIX (Brown et al. 2005, Yu et al. 2009). Paxillin recruits this complex 

to FAs where these proteins exert a number of effects on actin polymerization. While b-PIX 

promotes Rac1 induced actin polymerization, the p21 activated kinase (PAK) is a Cdc42 and 

Rac1 effector protein. It phosphorylates LIM kinase which in turn inactivates ADF/cofilin and 

inhibits ADF/cofilin mediated depolymerization of actin filaments (Edwards et al. 1999). PAK 

also inactivates the myosin light chain kinase by phosphorylating it. This leads to reduced 

actomyosin contractility and enhanced cellular protrusions (Goeckeler et al. 2000, Wirth et al. 

2003). PAK function is probably differentially regulated by GIT1 and GIT2/PKL. While it was 

shown that GIT1 potentiates localization of activated PAK at FAs, GIT2/PKL seems to be 

excluded from those when a constitutive active PAK was overexpressed. Interestingly, Hic-5 

shows higher binding affinity and preferentially interacts with GIT1 over paxillin and the Hic-

5/GIT1 interaction was independent of b-PIX (Nishiya et al. 2002). Moreover, paxillin was 

shown to be lost from focal complexes when GIT1 was overexpressed in fibroblasts and this 

promoted focal complex disassembly and stimulated migration (Zhao et al. 2000). How these 

processes are timely and spatially regulated is still not entirely clear, but it shows that there 

are multiple layers of regulation, where paxillin and Hic-5 can influence each other. 

One possible mechanism for determining the binding partner might be phosphorylation. It has 

been shown that PAK mediates phosphorylation of paxillin at Ser273 and that this 

phosphorylation increases association with GIT1. This phosphoserine mediated formation of 

a GIT1-PIX-PAK complex is especially important for the dynamic assembly and turnover of 

small nascent adhesions at the leading edge (Nayal et al. 2006). Indeed, paxillin is extensively 

phosphorylated not only at tyrosine but also at a number of serine residues. Most of those 

serine residues are located in the unstructured regions, between the LD motifs. They have 
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been shown to regulate paxillinôs stability and localization dynamics and modulate FA turnover, 

membrane protrusions and cell migration (Brown et al. 1998b, Abou Zeid et al. 2006, Kwak et 

al. 2012). 

Paxillin can also both activate and inhibit Rac1 by indirectly binding and recruiting either the 

Rac1 GEF b-PIX or the Rac1 GAP CdGAP (Turner et al. 1999, LaLonde et al. 2006). This 

makes paxillin the command center of Rac activity. Furthermore, paxillin is not only responsible 

for regulating Rac activity but also exerts a regulatory role on RhoA. Once phosphorylated at 

Y31/Y118 paxillin interacts also with the SH2 domain of p120RasGAP (RASA1). RASA1 is 

usually in complex with p190RhoGAP keeping p190RhoGAP inactive. Phosphorylated paxillin 

competes with RASA1 for binding to p190RhoGAP and releasing it from RASA1. Therefore, 

by paxillin binding p190RhoGAP becomes able to inactivate RhoA (Tsubouchi et al. 2002).  

The protein tyrosine phosphatase PTP-PEST is an additional interaction partner of both paxillin 

and Hic-5 at FAs. PTP-PEST binds to the LIM3 and LIM4 domains of paxillin and Hic-5 via its 

Pro-2 domain (Cote et al. 1999, Nishiya et al. 1999). Paxillin recruits PTP-PEST to FAs where 

it mediates an inhibitory effect on cell spreading by dephosphorylating PKL. Interestingly, 

despite being able to bind to PTP-PEST, Hic-5 could not compensate for the loss of spreading 

inhibition in paxillin knockout cells (Jamieson et al. 2005).  

We now discussed the multiple ways how paxillin and Hic-5 modulate the remodeling of the 

cytoskeleton. This function is not restricted to actin. Paxillin also associates with a and g tubulin 

and localizes at the microtubule organizing center (Herreros et al. 2000). It also regulates 

microtubule acetylation and, in that way, controls polarization and directed cell migration 

(Deakin et al. 2014). 

Taken together we can summarize the following: At focal adhesion sites phosphorylated 

paxillin fulfills three main functions. 1) it is in direct control of the regulated turnover of FAs. 2) 

It contributes to the linkage of integrins with the actin cytoskeleton and regulates actin 

cytoskeleton dynamics and reorganization. 3) It integrates growth factor receptor and integrin 

signaling thereby stimulating gene expression. 

Paxillin is therefore critically involved in regulating cell shape, cell motility, proliferation and 

potentially also differentiation. It is now clear that paxillin is one of the essential signaling hubs 

at focal adhesions and responsible for recruiting a number of important signaling proteins and 

cytoskeletal regulators to FAs.  

Actin dynamics at the cells leading edge 

Cell migration is an ongoing dynamic process, which requires continuous changes of the 

cellular shape. First of all, a cell needs to polarize to distinguish the direction in which to move 

(leading edge) from the direction where itôs coming from (trailing edge). This is achieved by 

orienting the microtubule organizing center and the Golgi apparatus in the direction of 

migration. Next, the cell is actively extending and migrating towards a stimulus, which can 
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either be a preferable physical substrate (haptotaxis) or a chemical stimulus, for example 

growth factors or cytokines (chemotaxis). Therefore, the cell is continuously probing its 

extracellular environment by creating actin-based cellular extensions. Two types of such 

extensions exist. There is the lamellipodium, a flat, broad, ribbon-like structure, consisting of a 

densely branched actin meshwork, and there are the filopodia, which appear as fine, finger-

like protrusions (Letort et al. 2015).  

Actin filaments are continuously polymerizing at their barbed end and depolymerize at the 

pointed end, keeping on average the same length of the filament. This process is termed 

ñtreadmillingò. Polymerization and depolymerization are controlled by a number of capping 

proteins, actin filament severing proteins like ADF and polymerization promoting proteins like 

profilin. Ultimately, the speed at which polymerization and depolymerization take place 

determines the protrusive force (Le Clainche et al. 2008). The different forms of actin protrusion 

are mediated by distinct nucleation processes. In filopodia, nucleation leads to processive 

linear growth and is mediated by mDia2 and Ena/VASP. In lamellipodial protrusions, branched 

actin nucleation points are regulated by the Arp2/3 complex. Arp2/3 is activated downstream 

of Rho-GTPases Cdc42 and Rac1. Arp2/3 is recruited to nascent focal complexes in the 

leading edge by FAK (Swaminathan et al. 2016) where it is than activated by the (neural) 

Wiskott-Aldrich syndrome proteins (N-WASP/WASP). N-WASP exists in an autoinhibitory 

conformation which can be released by binding of Cdc42, Rac1 and PIP2 (Kim et al. 2000, 

Rohatgi et al. 2000). The conformational changes induced by Cdc42 binding allow 

phosphorylation of WASP by Src, keeping it in its active conformation (Torres et al. 2003). 

Activated WASP then binds Arp2/3 and stimulates actin assembly. Another important regulator 

of Arp2/3 is cortactin, which can bind simultaneously with WASP and synergistically activates 

the complex (Weaver et al. 2002). Leading edge localization of cortactin is induced by a 

number of stimuli, including integrin activation and is dependent of Src mediated 

phosphorylation and Rac1 activity (Weed et al. 1998, Ren et al. 2019). 

Yet, the protrusive force generated by actin polymerization on its own is not sufficient to propel 

the membrane forward. Like a man standing on ice will be pushed backwards, when he pushes 

against a wall, the same applies to actin filaments in the cell, resulting in a paradox called the 

retrograde flow. Although actin filaments are polymerizing at the barbed end, towards the 

leading edge, filaments move in the direction of the pointed end (Le Clainche et al. 2008). 

Focal adhesions are the anchorage points of the cell to its underlying matrix, acting as 

footholds. Like a rubber mat will increase traction on ice, FAs provide a supportive structure 

from which the cell can expand in the direction of migration. This theory is called the ñmolecular 

clutchò. When the molecular clutch is engaged, the force is big enough to convert actin 

polymerization at the leading edge of the lamellipodium into cellular protrusion and cell 

spreading. The molecular clutch also transmits the actomyosin contractile forces onto the cell- 
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Figure 5: Cellular actin organization at the leading edge. 
(A) Schematic representation of the main actin structures. Filopodia consist of thick actin bundles that 
sense the extracellular environment and influence the direction of cell movement. Lamellipodia comprise 
a dense dendritic actin network that drives cell protrusion. The lamella is localized behind the 
lamellipodium. It contains tropomyosin and myosin, is characterized by slow actin turnover and mediates 
contraction. Stress fibers are the major contractile structures. They consist of antiparallel actin filaments 
associated with myosin. They are anchored at focal adhesion sites. (Taken from (Letort et al. 2015)). 
(B) Model of actin branch elongation by Arp2/3. Once localized at the membrane Arp2/3 is activated by 
WASP and binds to the actin filament. The ongoing elongation of the mother filament eventually causes 
release of Arp2/3 from WASP. This initiates elongation of the daughter filament (taken from (Smith et 
al. 2013). (C) Molecular clutch hypothesis. When the clutch is not engaged - meaning no FA mediated 
link between the ECM attached integrins and the actin cytoskeleton ï the incorporation of new actin 
monomers at the barbed end of actin filaments results in retrograde flow. No traction force is applied 
and no cell protrusion occurs (upper panel). Only when the molecular clutch is engaged, polymerization 
force can be transmitted, leading to protrusion of the leading edge. Modified from (Case et al. 2015). 

matrix adhesions, which enables the traction of the cell body and a net forward movement of 

the cell. Ultimately, the generated tension results in focal adhesion maturation, initiation of new 

actin assembly and the generation of stress fibers (Webb et al. 2002, Case et al. 2015). 

Exploitation of the integrin signaling machinery by pathogenic microbes 

The human body can be a hostile environment for microbes and colonization of cell surfaces 

presents a difficult task that needs to be accomplished so that the bacteria can survive and 

grow. Sustained infection is dependent upon stable adhesion to the host cell surface to resist 

shear flow generated by the human body, for example in the urinary tract. Many pathogens 

also infiltrate host cells to escape clearance by the immune system. To achieve that they often 

exploit and manipulate the cytoskeletal machinery of the host cells to trigger endocytic events, 

help in their replication processes and ultimately trigger dissemination (Colonne et al. 2016). 

Because of their control over actin cytoskeletal remodeling and numerous cell signaling 

pathways, integrin-dependent focal adhesion complexes present an attractive target (Hauck 

et al. 2012, Murphy et al. 2021). Pathogens use their type III secretion system to inject bacterial 

toxins into the host cells which trigger signaling cascades that regulate local actin 
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polymerization to help in bacterial uptake. Those toxins often use molecular mimicry, meaning 

they share structural or sequence similarity to host cell proteins to mediate protein-protein 

interactions (Doxey et al. 2013). By that way, they target key FA proteins to facilitate bacterial 

uptake but also to prevent phagocytosis, depending on the cell type that is engaged. The 

enteropathogenic Yersinia pseudotuberculosis for instance injects a protein tyrosine 

phosphatase (YopH) into cells, which has a substrate binding domain similar to the Crk SH2 

domain. YopH directly interacts with and dephosphorylates p130Cas and paxillin, causing re-

localization of FAK and p130Cas to the cytosol. This ultimately leads to focal complex 

disassembly and cell detachment. Yersinia likely uses this mechanism to escape phagocytosis 

by macrophages (Persson et al. 1997, Black et al. 1998). Contrarily, Chlamydia trachomatis 

secretes the effector protein TarP into host cells. TarP gets recruited to FAs by binding to 

vinculin via its vinculin binding domain (VBD) which shows similarity to talinôs vinculin binding 

sites (Whitewood et al. 2018). It also recruits FAK to FAs via LD domains. This results in 

enlargement of FAs and increased cell adhesion (Thwaites et al. 2015, Pedrosa et al. 2020). 

Increasing cell adhesion is a common mechanism employed by bacteria infecting mucosal 

epithelial cells to prevent exfoliation and guarantee persistent infection. Infection of Shigella 

flexneri, Campylobacter jejuni and Neisseria gonorrhoeae all exploit the existing cellular 

machinery in different ways to stabilize FAs, generating a protective environment for 

themselves (Kim et al. 2009, Muenzner et al. 2010, Klappenbach et al. 2021).  

Since FAs link the actin cytoskeleton to ECM-bound integrins, and integrins also undergo 

endocytic cycles, these surface receptors are a preferred entry point into the cell. Integrin 

engagement can be mediated via surface exposed virulence factors, termed adhesins. These 

adhesins can either directly associate with integrins, like Yersiniaôs Invasin, or indirectly by 

binding to soluble extracellular matrix proteins, like fibronectin, vitronectin or collagen as 

bridging molecules (Vaca et al. 2020).  

A particularly well studied mode of bacterial invasion is that of the gram-positive opportunistic 

pathogen Staphylococcus aureus. S. aureus expresses two closely related fibronectin binding 

proteins A and B (FnBP-A and FnBP-B). These proteins are essential for host-cell invasion of 

S. aureus and are found in most clinical isolates. (Dziewanowska et al. 1999, Sinha et al. 1999, 

Peacock et al. 2000). Soluble fibronectin is kept in a compact conformation where the integrin 

binding RGD motif in the fibronectin type III repeats 9-10 (FnIII9-10) is inaccessible due to 

intramolecular interactions between Fn type I and type III domains (Vakonakis et al. 2009). 

FnBP binding to Fn type I modules releases the intramolecular association and allows 

simultaneous interaction of Fn with FnBP via its N-terminus and with integrin a5b1 via its 

integrin binding FnIII9-10 (Marjenberg et al. 2011, Hauck et al. 2012). FnBP binding to integrin 

results in tight association of the bacteria with the host cell surface, triggers integrin clustering 
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and leads to the recruitment of a focal adhesion like complex including FAK, Src family protein 

tyrosine kinases (PTKs), tensin, zyxin and vinculin (Agerer et al. 2003, Agerer et al. 2005b). 

Bacterial binding also induces FAK/Src mediated phosphorylation of cortactin and its localized 

enrichment at bacterial attachment sites (Agerer et al. 2005b). Similar as in nascent adhesion 

assembly, these processes finally result in Cdc42 mediated Arp2/3 activation and actin 

cytoskeletal rearrangements forming phagocytic cup like structures (Schröder et al. 2006). 
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Aims of the study 

Since the discovery of paxillin much effort has been made to understand its crucial function in 

integrin mediated processes. Paxillinôs importance in cell migration, cell spreading, cancer cell 

invasion and tumor metastasis is well characterized. It is recognized as the main signaling hub 

and one of the most important scaffolding proteins in the integrin adhesome and was therefore 

referred to as the ñ¿ber-linkerò. However, very little is known about the mode of paxillin 

recruitment to early nascent adhesions, its role in nascent adhesion formation, as well as the 

functional differences and redundancies between the paxillin family members. To further 

advance these fields of research this thesis had the following aims: 

I. The investigation of nascent adhesion formation is hampered by the fact that 

multiple integrin heterodimers are present in nascent and focal adhesions, 

making it impossible to assign protein interactions to one single integrin subunit 

in cellular experiments. Additionally, sophisticated super-resolution microscopy 

is often needed to resolve the processes at nascent adhesions. To overcome 

these obstacles, a method should be established using chimeric integrins that 

are independent of natural integrin ligands and provide spatial and temporal 

control over integrin clustering (Chapter I). 

II. Investigations of the paxillin protein family are mainly focused on paxillin and 

Hic-5 which feature partially distinct functions but also many redundancies. To 

get a clearer picture of the individual contributions of paxillin and Hic-5, double 

knockout cells have been generated using a streamlined approach for multiplex 

gene disruption. The aim of this study was to morphologically and functionally 

characterize the resulting paxillin/Hic-5 double knockout cells and assess the 

individual contributions of each protein in the integrin mediated uptake of 

Staphylococcus aureus (Chapter II). 

III. Paxillin as a main scaffolding protein is at the center of many integrin mediated 

processes. It is also one of the earliest proteins to be found at newly forming 

nascent adhesions alongside talin and kindlin. The LIM2 and 3 domains of 

paxillin were shown to be crucial for focal adhesion targeting, however the 

binding partner of the LIM2/3 domain remained obscure so far. Using 3D NMR 

spectroscopy as well as biochemical and cell biological assays the question 

should be answered, if there is a direct interaction between paxillin and integrin 

b3. Using genetic deletion and complementation studies in mouse embryonic 

fibroblasts, binding deficient integrin and paxillin mutants should be verified 

(Chapter III). 
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Abstract 

Integrins and integrin-dependent cell-matrix adhesions are essential for a number of 

physiological processes. Integrin function is tightly regulated via binding of cytoplasmic 

proteins to integrin intracellular domains. Yet, the complexity of cell-matrix adhesions in 

mammals, with more than 150 core adhesome proteins, complicates the analysis of integrin-

associated protein complexes. Interestingly, the evolutionary origin of integrins dates back 

before the transition from unicellular life to complex multicellular animals. Though unicellular 

relatives of metazoa have a less complex adhesome, nothing is known about the initial steps 

of integrin activation and adhesion complex assembly in protozoa. Therefore, we developed a 

minimal, microscope-based system using chimeric integrins to investigate receptor-proximal 

events during focal adhesion assembly. Clustering of the human integrin b1 tail led to 

recruitment of talin, kindlin, and paxillin and mutation of the known talin binding site abolished 

recruitment of this protein. Proteins indirectly linked to integrins, such as vinculin, zyxin, or 

p130CAS, were not enriched around the integrin b1 tail. With the exception of integrin b4 and 

integrin b8, the cytoplasmic domains of all human integrin b subunits supported talin binding. 

Likewise, the cytoplasmic domains of integrin b subunits expressed by the protozoan 

Capsaspora owczarzaki readily recruited talin and this interaction was based on an 

evolutionary conserved NPXY/F amino acid motif. The results we present here validate the 

use of our novel microscopic assay to uncover details of integrin-based protein-protein 

interactions in a cellular context and suggest that talin binding to integrin b cytoplasmic tails is 

an ancient feature of integrin regulation. 

Background  

The transition from unicellular organisms to multicellular animals (metazoans) coincides with 

the emergence of dedicated cell adhesion molecules such as cadherins and integrins (King 

2004). Since their discovery in the mid-80s, it became clear that integrins are not only essential 

for coupling of the cytoskeleton to the extracellular matrix upon cell attachment, but that they 

also contribute to a multitude of basic cellular processes including cell survival, proliferation, 

differentiation, and cell migration. It is therefore not surprising that these heterodimeric 

transmembrane glycoproteins are critical in physiological and pathological settings such as 

tissue development and homeostasis, immune response, wound healing, and cancer 

metastasis (Hynes 2002, Hauck et al. 2006). Encoded in the human genome are 18 integrin a 

and 8 integrin b subunits forming 24 distinct heterodimers (Hynes (2002), (Barczyk et al. 2010). 

Upon ligand binding, integrins undergo a conformational change leading to the disruption of a 

salt bridge between the transmembrane domains of the two subunits and consecutive 

stabilization of the open, active conformation, where the cytoplasmic domains of the a and b 
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subunits are spatially separated (Hughes et al. 1996). This process is termed outside-in 

activation and contrasts integrin inside-out activation, where cytoplasmic events, e.g. binding 

of integrin activators to the integrin b subunit cytoplasmic domain initiate the open, active 

conformation (Vinogradova et al. 2002, Shattil et al. 2010). One of the proteins able to initiate 

integrin inside-out activation is talin. With its N-terminal FERM domain, talin binds to the 

NPXY/F motif in the membrane proximal part of the integrin b cytoplasmic tail, thereby pushing 

apart the two integrin subunits followed by the unfolding of their ectodomains (Calderwood et 

al. 2002, Anthis et al. 2009). Upon talin binding to the integrin b subunit, additional cytoplasmic 

proteins are recruited to integrin-initiated focal adhesion (FA) sites (Zaidel-Bar et al. 2007a). 

Recent proteomic studies in mammalian cells have provided a comprehensive view of the 

integrin adhesome and revealed, that the full list of focal adhesion constituents contains more 

than 150 proteins (Horton et al. 2015). Owing to this complexity, the processes regulating the 

assembly and disassembly of these dynamic protein complexes, the hierarchy of their 

recruitment, their stoichiometry as well as their 3-dimensional arrangement is still incompletely 

understood. In particular, the initial molecular events following integrin activation have been 

hard to resolve as multiple integrin heterodimers with sometimes overlapping specificity for 

extracellular matrix proteins are present on the surface of any given cell type (van der Flier et 

al. 2001, Hynes 2002). FA analysis has been further hampered by the spatial and temporal 

heterogeneity of these structures within a single cell and the current lack of an in vitro 

reconstituted system with recombinant purified components. These shortcomings prompted 

us to establish a minimal system with chimeric integrin b subunits, which can be clustered by 

multivalent ligands to stimulate initial protein recruitment. Moreover, we hypothesized that 

integrin-mediated outside-in signaling might be a conserved process allowing the investigation 

of the initial events in less complex, evolutionary ancient organisms. 

Using the novel chimeric integrins we demonstrate here that ligand-induced clustering 

recapitulates the known recruitment of talin to a conserved site in the integrin b cytoplasmic 

tail. Furthermore, we observe differential recruitment of additional focal adhesion proteins 

including kindlin and paxillin but not vinculin, indicating direct versus indirect association of 

these cytoplasmic proteins with different integrin b subunits. Finally, this system allows us to 

test the evolutionary conservation of talin binding to integrin cytoplasmic domains encoded in 

the genome of unicellular protists such as Capsaspora owczarzaki. Our findings not only 

demonstrate the usefulness of chimeric integrins to resolve the initial molecular events at 

integrin cytoplasmic tails in a cellular context, but also provide first evidence that integrin 

activity regulation by talin evolved before the emergence of metazoa. 
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Results 

Using bacteria-triggered integrin clustering to detect and quantify protein recruitment 

to the integrin cytoplasmic domain 

Opa proteins of Neisseria gonorrhoeae (Ngo) bind with high affinity to the extracellular IgV-like 

domain of human CEACAM family members such as CEACAM3 (Kuespert et al. 2006). The 

multivalent bacteria induce local clustering of CEACAM3, which in turn rapidly recruits binding 

partners to the cytoplasmic domain of CEACAM3 (Buntru et al. 2011, Buntru et al. 2012). We 

reasoned that fusion of the intracellular part of the integrin b subunits with the extracellular IgV-

like domain of CEACAM3 would allow the selective clustering of integrin b tails and the 

monitoring of recruitment of cytosolic integrin b binding partners. Therefore, a panel of chimeric 

CEACAM3-integrin fusion constructs were generated (Fig. I-1A and Suppl. Fig. S1). Surface 

expression of our chimeric constructs was confirmed using flow cytometric detection with Ŭ-

CEACAM antibodies (Fig. I-1B). The integrin b1 cytoplasmic domain is known for its ability to 

recruit talin (Tadokoro et al. 2003). To confirm the functionality of our system the talin 

recruitment to chimeric proteins was tested in transiently transfected HEK293T. Cells 

expressing CEACAM3-integrin b1 (CEA3-ITGB1) and GFP-talin were infected with Opa 

protein-expressing, CEACAM-binding Ngo for 1 h. As expected, Opa-expressing bacteria 

attached to the cell surface and efficiently clustered the chimeric receptors (Fig. I-1C). We 

therefore coined this method OPTIC for Opa protein triggered integrin clustering. Importantly, 

bacteria-induced clustering of CEA3-ITGB1 also induced a strong enrichment of talin around 

the cell-associated bacteria (Fig. I-1C). In contrast, clustering of a CEACAM3 protein lacking 

the cytoplasmic domain (CEA3-DCT) did not show any talin recruitment upon OPTIC (Fig. I-

1C), indicating that the observed talin recruitment is strictly dependent on the presence of the 

integrin cytoplasmic tail and is not mediated via other infection-associated events. There was 

no recruitment of GFP alone, demonstrating that the increased signal intensity seen for GFP-

talin is not due to volume effects around the cell-associated bacteria (Fig. 1C). To quantify the 

extent of protein recruitment to clustered integrin cytoplasmic tails, two regions of interest (ROI) 

were defined: ROI1 circles the whole cell area, while ROI2 covers the clustered CEACAM3 at 

the infection site (Fig. I-1D). The mean fluorescence intensity in ROI1 and the maximum 

fluorescence intensity in ROI2 are used to calculate the relative intensity ratio R (Fig. I-1F). A 

relative intensity of R = 2 indicates a two-fold local enrichment over the mean cellular 

distribution, a value we use as threshold for positive recruitment. The enrichment of the protein 

of interest around cell-associated bacteria can also be nicely illustrated by plotting the 

fluorescence intensity values along a line indicated in Figure I-1D. Fluorescence intensity for 

each channel along the line is represented relative to maximum values and the overlapping 

maximum peaks of the red (CEA3-ITGB1) and green (GFP-talin1) signals highlight the 

recruitment of talin to clustered CEA3-ITGB1 (Fig. 1E). The dashed gray lines indicate the  
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Figure I-1: The OPTIC principle and quantification.  
(A) Schematic overview of the OPTIC workflow. Opa expressing N. gonorrhoeae (Ngo) are used to 

cluster CEACAM3-integrin b cytoplasmic tail (ITGB ct) fusion proteins potentially resulting in the 
recruitment of an intracellular protein of interest (POI). (B) Transiently transfected 293T cells were 

stained with a monoclonal a-CEACAM antibody and analyzed by flow cytometry. As a control, cells were 
stained with an isotype-matched control antibody. (C) 293T cells were transiently co-transfected with a 

CEACAM3-ITGB1 fusion construct (CEA3-ITGB1) or CEA3-DCT together with GFP-talin1 or GFP and 
seeded on poly-L-lysine. Cells were infected for 1h with Pacific Blue-labeled Ngo, fixed, and stained for 
CEACAM3. Bars represent 10 µm. (D) Representative micrograph showing the region of interests (ROI) 
selected for quantification. After encircling the perimeter of the cell (ROI1) the mean GFP fluorescence 
for ROI1 is determined. Next, the infection site (indicated by the outline of cell-attached bacteria) is 
defined as ROI2 and the maximum GFP fluorescence in ROI2 is determined. (E) Line scan (dashed line 
in D) shows the intensity distribution of Pacific Blue (Ngo; blue), CEACAM3 (Cy5, red) and GFP-talin 
(green). The horizontal lines indicate the mean GFP fluorescence intensity in ROI1 and the maximum 
GFP intensity in ROI2. (F) Formula used to calculate the ratio of recruitment R. A ratio of max. 
ROI2/mean ROI1 > 2 was defined as positive protein recruitment. 
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maximum (ROI2) and mean value (ROI1) of the ROIs marked in Figure I-1D. To make our 

approach not only quantitative, but also independent of pathogenic bacteria, we clustered 

CEA3-ITGB1 with latex-beads coated with a monoclonal Ŭ-CEACAM antibody. Also, in this 

case, we could observe clustering of the CEA3-ITGB1 chimera with Ŭ-CEACAM coated beads, 

while control beads coated with irrelevant IgG were not effective demonstrating that Ŭ-

CEACAM coated beads could substitute for pathogenic bacteria in this assay (Fig. I-2). 

Together, these results suggest that clustering of b-integrin chimeras can recapitulate the initial 

events occurring upon physiological stimulation of integrins.   

 

Figure I-2: Neisseria gonorrhoeae can be substituted by Ŭ-CEACAM antibody conjugated 
polystyrene beads.  
(A) 293T cells were transiently transfected with GFP-tagged full-length CEACAM3 and incubated for 1h 
with polystyrene beads coated with a monoclonal Ŭ-CEACAM antibody or coated with an isotype-
matched irrelevant monoclonal antibody (IgG beads). As a positive control, CEACAM3-expressing cells 
were infected for 1h with Pacific Blue-labeled N. gonorrhoeae (Ngo). Images show representative 
micrographs of infection sites. (B) Line scans depict the GFP-fluorescence intensity along the dashed 
lines in A. Polystyrene beads coated with Ŭ-CEACAM antibody lead to comparable clustering of 
CEACAM3 as seen for Ngo, while IgG beads do not cluster the receptor. (C) Cells as in A were incubated 
with beads sonicated prior to antibody coupling. Again, single beads coated with Ŭ-CEACAM antibody 
lead to clustering of CEACAM3 (white arrow), while IgG beads did not cluster the receptor (arrowhead). 
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Figure I-3: OPTIC can be used to visualize effects of point mutations on protein localization.  
(A) Amino acid sequence of the integrin b1 cytoplasmic tail indicating the talin binding sites (yellow 
lines). Residues marked in green are embedded in the plasma membrane. The main talin binding motif 
is highlighted in red. (B) 293T cells were transiently transfected with the indicated expression constructs. 
Western Blot of whole cell lysates (WCL) with a monoclonal Ŭ-CEACAM antibody (upper panel) 

demonstrates equal amounts of CEA3-DCT, CEA3-ITGB1, and CEA3-ITGB1 Y783A. Probing of the 
membrane with a monoclonal Ŭ-tubulin antibody confirms equal loading of the samples (lower panel). 
The full scans of both Western blots are shown in Suppl. Fig. S2. (C) Cells as in (B) were stained for 
CEACAM3 and analyzed by flow cytometry. 15ï20% of the transfected cell population expressed 
CEACAM3. (D) Cells were co-transfected with CEA3-ITGB1 or CEA3-ITGB1 Y783A together with 
mCherry-talin1. Transfected cells were infected for 1 h with Pacific Blue-labeled Ngo, fixed, and stained 
for CEACAM3. Bacterial binding to CEACAM3 resulted in clustering of CEA3-ITGB1 and CEA3-ITGB1 
Y783A as evident in the CEACAM3 channel (arrowheads). Line plots through infection sites (dashed 
lines in merged pictures) show the distribution of fluorescence intensities of CEACAM3, mCherry-talin1 
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around Pacific Blue-stained Ngo. Talin is not enriched upon clustering of CEA3-ITGB1 Y783A. (E) 
Quantification of talin recruitment in samples processed as in (D). Each data point reflects talin 
recruitment in a CEACAM3-expressing cell with CEACAM3-bound bacteria. Horizontal lines indicate 
mean values and 95% confidence intervals (whiskers) of n = 60 cells from three independent 
experiments. Statistically significant differences from the CEA3-ȹCT control were evaluated using one-
way ANOVA, followed by Bonferroni posthoc test (***p < 0.001). (F) Percentage of CEACAM3-
expressing cells, which show a ratio of talin recruitment R Ó 2. Bars indicate mean values Ñ standard 
deviation of n = 60 cells/sample. 

OPTIC captures the direct interaction of talin1 with the cytoplasmic tail of integrin b1 

As OPTIC was able to detect and quantify the local enrichment of talin around clustered 

chimeric receptors we wanted to investigate, if this recruitment depends on the known direct 

interaction with the cytoplasmic tail of integrin b1. The short amino acid sequence of the 

integrin b1 cytoplasmic tail comprises two known talin interaction sites, with the membrane 

proximal NPXY/F motif being the main binding site for talin (Tadokoro et al. 2003). Therefore, 

we introduced a point mutation in the integrin b1 cytoplasmic tail replacing tyrosine for alanine 

(Y783A) (Fig. I-3A), a missense mutation known to impair talin association with integrin b1 

(Calderwood et al. 1999a). Similar expression levels of the CEACAM3-integrin fusion proteins 

by the transiently transfected cells were verified by Western blotting and flow cytometry (Fig. 

I-3B-C). Upon infection with Opa-expressing Ngo, cells expressing the intact CEA3-ITGB1 

construct showed the expected recruitment of talin1 (Fig. I-3D) and the maximum intensity 

peaks of CEA3-ITGB1 and talin1 colocalized (Fig. I-3D). Altering the NPXY motif tyrosine 

residue to an alanine lead to the loss of talin recruitment and a disruption of colocalization of 

the maximum peaks (Fig. I-3D-E). To quantify the extent of talin recruitment the ratio R for 60 

cells for each sample from three independent experiments was calculated. In the case of 

CEA3-ITGB1 wildtype, a mean ratio of R = 2.84 was observed, which is clearly above the 

defined threshold value of 2 (Fig. I-3F). Around 85% of the cells analysed were positive for 

talin recruitment (Fig. I-3G). Talin recruitment by CEA3-ITGB1 was also significantly different 

to the negative control, which was transfected with mCherry (mean value of R = 1.5). 

Importantly, similar to the complete deletion of the cytoplasmic tail (Fig. I-1C), the Y783A 

mutation severely impaired talin recruitment (Fig. I-3F). In cells expressing this mutant chimeric 

receptor, a talin enrichment of R = 1.8 was observed, with only about 17% of the cells showing 

recruitment, which is comparable to the values seen for the mCherry expressing negative 

control (Fig. I-3F-G). This experiment underscores that our microscopic approach is sensitive 

enough to detect the effect of single amino acid alterations on protein recruitment. Therefore, 

OPTIC can be used to verify biochemical data obtained with purified components on integrin-

mediated protein-protein interactions in a complex cellular environment. 
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Figure I-4: Talin is recruited to the cytoplasmic tail of most human integrin b subunits.  

(A) Amino acid sequence alignment of the human integrin b cytoplasmic tails including the highly 
conserved membrane proximal NPxY/F and membrane distal NxxY/F motifs. Identical residues are 
shaded in black; highly similar residues are shaded gray. (B) 293T cells were transiently co-transfected 
with the indicated CEACAM3-integrin fusion constructs and GFP-talin1. Cells were stained for 
CEACAM3 and analyzed by flow cytometry. (C) Cells as in (B) were infected for 1 h with Pacific Blue-
labeled Ngo, fixed, and stained for CEACAM3. Micrographs show representative sites of bacterial 
attachment and CEA3-ITGB clustering. Bars represent 2 ɛm. (D) Talin recruitment to the different 
CEACAM3-integrin fusion proteins in (C) was evaluated. Each data point reflects the talin recruitment 
ratio R in a CEA3-ITGB-expressing cell with attached bacteria. Horizontal lines indicate mean values 
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and 95% confidence intervals (whiskers) of n = 60 cells from three independent experiments. Statistically 

significant differences from the CEA3-DCT control were evaluated using one-way ANOVA, followed by 
Bonferroni post-hoc test (***p < 0.001; ns = not significant). (E) Percentage of CEA3-ITGB expressing 
cells, which show a ratio of talin recruitment R Ó 2. Statistical significance was calculated using one-way 
ANOVA, followed by Bonferroni post-hoc test (*p < 0.05, ***p < 0.001, ns = not significant). 

Talin recruitment is a conserved feature of human integrin b CTs 

As talin binding to integrin b1 has been well described before, we set out to compare talin 

recruitment to other human integrin b subunits in a cellular context. Sequence alignment 

revealed that, with the exception of integrin b4 and b8, all b-subunits share the highly 

conserved membrane proximal NPXY/F and the lesser conserved membrane distal NXXY 

motif (Fig. I-4A). The cytoplasmic tail of integrin b4 was not included in the alignment due to 

its extraordinary length that would disturb the analysis. The different CEACAM3-integrin b 

chimeras were cloned and transiently expressed in 293T cells. All chimeric proteins were 

expressed and exposed on the cell surface, as confirmed by flow cytometric analysis (Fig. I-

4B). Upon infection with CEACAM-binding bacteria, talin was recruited to the majority of the 

analysed integrin b subunits, displaying a mean of R Ó 2. Except for CEA3-ITGB4, -5, and -8, 

talin recruitment was significantly different from the negative control (Fig. I-4C). Interestingly, 

the cytoplasmic domains of integrin b1, b2 and b3 were identical in their ability to recruit talin, 

with roughly 85% of all cells being positive for talin recruitment (Fig. I-4D). Statistical analysis 

of the data in Figure 3C revealed no significant difference between CEA3-ITGB1 and CEA3-

ITGB3 with regard to talin recruitment. In contrast, CEA3-ITGB4 and CEA3ïITGB8, which both 

do not contain the conserved NPXY/F motif, did not lead to enrichment of GFP-talin as they 

did not significantly differ from the negative control lacking the cytoplasmic tail (Fig. I-4C and 

D). Surprisingly, the cytoplasmic domain of integrin b5 seemed to be less efficient in its ability 

to recruit talin. Positive talin recruitment was only observed in around 62% of cells transfected 

with CEA3-ITGB5 and the mean R of CEA3-ITGB5 was only 2.1 (Fig. I-4C and D). Taken 

together our results indicate that association with talin is a conserved feature of outside-in 

activation for most integrins. Though the possession of a NPXY/F motif is a prerequisite for 

talin binding, there appear to be quantitative differences in the ability of particular integrins, 

such as integrin b5, to efficiently recruit talin in a cellular environment. 

OPTIC reveals differences between integrin b1 and b3 in recruiting cytoplasmic proteins 

Since our microscopic approach was able to detect differences in the extent of talin recruitment 

to distinct integrin cytoplasmic domains, we wondered if this analysis could be extended to 

additional interaction partners of the integrin b cytoplasmic tail. In particular, integrin b1 and 

integrin b3 share a large set of cytosolic binding partners, yet their engagement by extracellular 

matrix proteins has been connected to different cellular outcomes such as modulation of 

adhesion strength in the case of integrin b1 or adhesion maturation in the case of integrin b3 
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(Roca-Cusachs et al. 2009, Schaufler et al. 2016). Therefore, we compared these two integrin 

subunits in their ability to recruit a set of FA proteins known to be involved in integrin activation 

and FA maturation. As observed before, talin recruitment was comparable between CEA3-

ITGB1 and CEA3-ITGB3 (R=3.41 and R=3.78, respectively) (Fig. I-5A-C). In contrast, kindlin 

recruitment to the integrin b1 cytoplasmic tail was 1.6 fold higher than to the integrin b3 

cytoplasmic tail (R=3.9 and R=2.4, respectively) (Fig. I-5A-C). Interestingly, we were also able 

to detect paxillin recruitment to both integrin chimeras with only marginal differences (R=2.92 

for ITGB1 and R=2.57 for ITGB3), while vinculin, a marker for mature FAs, was not recruited, 

neither to CEA3-ITGB1 nor to CEA3-ITGB3 (Fig. I-5A-C). Further FA proteins, such as focal 

adhesion kinase (FAK), p130CAS, a-actinin1 and migfilin were also not recruited to the clustered 

integrin cytoplasmic domains (Fig. I-5D). In summary, of all the proteins tested, those found in 

nascent adhesions were recruited to the chimeric constructs upon receptor clustering, 

suggesting that our assay mimics early, force-independent nascent adhesions. 

Talin recruitment is highly conserved throughout evolution 

Integrins were thought to be solely expressed by metazoans until genome sequencing of 

unicellular protists, such as the filasterean Capsaspora owczarzaki (C.ow) and the apusozoan 

protist Amastigomonas sp. revealed the presence of genes encoding homologues of the 

integrin adhesion and signalling machinery (Sebe-Pedros et al. 2010a). Prompted by this 

ancient origin of integrins and associated proteins, we wondered whether integrin regulation 

by talin has emerged before metazoans. Sequence alignment of integrin b subunits encoded 

by C. owczarzaki with human integrin b1 and the integrin b-nu subunit from Drosophila 

melanogaster revealed a high conservation of the membrane distal as well as the membrane 

proximal NPXY/F motifs (Fig. I-6A). We used codon optimized sequences of the cytoplasmic 

domains from three integrin homologues found in C. owczarzaki (UniProt identifiers D7PE18-

1 and D7PE19-1, designated ITGB1 C.ow and ITGB2 C.ow, respectively) and produced CEA3-

ITGB C.ow fusion constructs. All C.ow integrin chimeras were expressed on the cell surface 

(Fig. I-6B) and were able to recruit human talin with a ratio of R>2 (Fig. I-6C-E). These findings 

imply a functional conservation of the integrin-talin interaction. To further strengthen a 

presumable ancient origin of the integrin-talin interaction, we introduced a point mutation into 

the NPXF motif of the C.ow ITGB2 sequence. When this NPXA-mutant was tested in OPTIC 

assays, there was impaired recruitment of talin demonstrating that the interaction of the 

Capsaspora integrin with the cytoplasmic interaction partner is based on the same mechanistic 

principle. This finding also implies that the Capsaspora integrins might be regulated by outside-

in and inside-out processes involving talin. 
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Figure I-5: OPTIC reveals differences between integrin b1 and b3 in recruiting cytoplasmic 
proteins. 
(A) 293T cells were transiently co-transfected with CEA3-ITGB1 or CEA3-ITGB3 in combination with 
different focal adhesion proteins tagged with GFP. Transfected cells were seeded on poly-L-lysine 
coated coverslips. Cells were infected for 1 h with Pacific Blue-labeled, Opa expressing Ngo, fixed, 
stained for CEACAM3, and recruitment of the different proteins to CEACAM3-ITGB1 or CEA3-ITGB3 
was observed. Depicted are representative micrographs of the infection sites. Bars correspond to 2 ɛm. 
(B, C) Quantification of protein recruitment to cells expressing CEACAM3-ITGB1 (B) or expressing 
CEACAM3-ITGB3 (C). Each data point reflects the recruitment ratio R in a CEACAM3-expressing cell 
with associated bacteria. Horizontal lines indicate mean values and 95% confidence intervals (whiskers) 
of n = 60 cells from three independent experiments. Statistically significant differences from the CEA3-

DCT control were evaluated using one-way ANOVA, followed by Bonferroni post-hoc test (***p < 0.001, 
ns = not significant). (D) 293T cells were transiently transfected with CEA3-ITGB1 together with the 
indicated, GFP-tagged focal adhesion proteins. Cells were seeded on poly-L-lysine and infected for 1 h 
with Pacific blue-labeled, Opa expressing N. gonorrhoeae (Ngo). After fixation, samples were stained 
for CEACAM3. Depicted are representative micrographs of the infection sites. Only talin shows a clear 
recruitment to CEA3-ITGB1 (white arrowhead), while zyxin, p130CAS, FAK, and migfilin are not 
enriched around bacterial attachment sites. Bars correspond to 2 ɛm. 
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Figure I-6: Talin recruitment is conserved throughout evolution. 
(A) Amino acid sequence alignment of evolutionary distant integrin ɓ cytoplasmic tails in comparison to 

human integrin b1. Identical residues are shaded in black, highly similar residues are shaded gray. (B) 
293T cells were transiently co-transfected with the indicated CEACAM3-integrin fusion constructs and 
GFP-talin1. Cells were stained for CEACAM3 and analysed by flow cytometry. (C) Cells as in (B) were 
infected for 1 h with Pacific Blue-labeled Ngo, fixed, stained for CEACAM3, and talin recruitment to 
different CEACAM3-integrin fusion proteins was observed. Depicted are representative micrographs of 
the infection sites. Bars correspond to 2 ɛm. (D) Quantification of talin recruitment in cells expressing 
the indicated CEA3-integrin fusion proteins. Each data point reflects the talin recruitment ratio R in a 
CEACAM3-expressing cell with CEACAM3-bound bacteria. Horizontal lines indicate mean values and 
95% confidence intervals (whiskers) of n = 60 cells from three independent experiments. Statistically 

significant differences from the CEA3-DCT control were evaluated using one-way ANOVA, followed by 
Bonferroni post-hoc test (***p < 0.001, ns = not significant). (E) Percentage of CEACAM3-expressing 
cells, which show a ratio of talin recruitment R Ó 2. Statistical significance was calculated using one-way 
ANOVA, followed by Bonferroni post-hoc test (*p < 0.05; **p < 0.01; ***p < 0.001, ns = not significant). 
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Discussion 

Interpretation of focal adhesion composition and dynamics in a cellular context is complicated 

by the fact that multiple integrins as well as diverse extracellular matrix ligands are present for 

any given cell type (Katz et al. 2000, Zamir et al. 2000). Indeed, focal adhesions are not 

homogenous clusters of one particular integrin heterodimer, but usually are composed of a 

combination of integrins, e.g. integrin a5b1 and integrin aVb3 in cells adhering to fibronectin 

(Klemke et al. 1994). The cellular response upon integrin activation and clustering can further 

be influenced by crosstalk with other surface receptors, such as growth factor receptors, other 

cell adhesion molecules, or the glycocalyx (Klemke et al. 1994, Hynes 1999). These 

complications can be circumvented by employing chimeric integrins, which have been used 

before to dissect the role of the integrin cytoplasmic domain in receptor localization in non-

adherent cells (LaFlamme et al. 1992). Inspired by this prior work, we present here a new 

approach to investigate the first steps in the assembly of integrin-associated focal adhesions. 

By using a recombinant system that is independent of natural integrin ligands and that provides 

temporal and spatial control over integrin clustering we can directly compare different integrin 

b subunits for their ability to recruit FA proteins. As the extracellular fusion partner for integrin 

cytoplasmic domains we chose CEACAM3, an immunoglobulin-related receptor exclusively 

expressed by human granulocytes. Currently, there is no endogenous ligand for this receptor 

known, making it unlikely that CEACAM3-containing chimeric receptors are engaged by other 

cellular or soluble serum components. Nevertheless, several high affinity ligands for 

CEACAM3 are known to be present on the surface of particular gram-negative bacteria, such 

as the gonococcus Neisseria gonorrhoeae (Chen et al. 2001, Schmitter et al. 2004). Therefore, 

CEACAM3 clustering is selectively stimulated by addition of these multivalent microbes, which 

in turn trigger recruitment of cytoplasmic integrin binding proteins. As the micrometre-sized 

bacteria can be easily identified by microscopy, even early integrin clusters can be observed 

and the potential enrichment of fluorescently labelled cytosolic interaction partners can be 

visually addressed on the single cell level. 

Talin binding to integrin b1, b2, b3, b5 and b7 and the importance of the membrane proximal 

NPXY/F motif as the core talin binding site has been characterized before using synthetic 

peptides and purified recombinant proteins (De Deyne et al. 1998, Calderwood et al. 2003). In 

their biochemical studies, Calderwood et al. added a coiled-coil sequence to the amino-

terminal end of integrin cytoplasmic tails to promote dimerization. By fusing the integrin b 

cytoplasmic tails to the transmembrane domain of CEACAM3 and clustering with multivalent 

ligands, we can now show that the OPTIC approach is well suited to translate and confirm 

these findings in a cellular context. Interestingly, we observed weaker recruitment of talin to 

integrin b5, a feature that has not been seen in pulldown assays with recombinant proteins 

(Calderwood et al. 2003). Besides its function in cell adhesion, integrin b5 is also involved in 
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clathrin-mediated endocytosis, where the clathrin-adaptin complex is engaging the membrane 

proximal NPXY motif (De Deyne et al. 1998). This might explain why we observe a reduced 

recruitment of talin in a cellular environment, where several factors might compete for binding 

to integrin b5 cytoplasmic domain. Furthermore, we could detect recruitment of talin to the 

cytoplasmic tail of integrin b6, which is, to our knowledge, the first experimental proof of this 

interaction in a human cell-based system. In the future, the incorporation of integrin a subunit 

cytoplasmic domains in these types of assays might provide additional insight into the behavior 

and interaction partners of the complete integrin heterodimer during nascent adhesion 

formation and integrin activation. 

Interestingly, only talin, kindlin and paxillin were recruited to the integrin b1 cytoplasmic domain 

upon clustering. Other FA proteins characteristic for mature FAs like vinculin, a-actinin1, FAK 

or p130CAS were not enriched around chimeric integrins. The adhesion recruitment of these 

proteins was previously shown to depend on the motor activity of myosin II (Pasapera et al. 

2010). This is in line with the hierarchical assembly model of focal adhesions (Zaidel-Bar et al. 

2004) and indicates that OPTIC-initiated integrin clusters mimic force-independent nascent 

adhesions. Clearly, gonococci as mobile ligands should not be able to impart pulling forces 

towards the engaged receptors. Therefore, mechanical unfolding of talin and exposure of 

cryptic vinculin binding sites in the carboxy-terminal domain of talin would not occur (Gingras 

et al. 2005, del Rio et al. 2009, Goult et al. 2013b). This could explain, why recruitment of 

vinculin to the clustered integrin tails is not observed during OPTIC. A further indication that 

bacteria-triggered clustering of integrin cytoplasmic domains does not result in extracellular-

intracellular force coupling is seen by the lack of recruitment of LIM domain-containing adaptor 

proteins. Indeed, LIM domain proteins have been suggested to act as tension sensors and to 

enrich at focal adhesions in a myosinII-dependent manner (Schiller et al. 2011). In our case, 

LIM domain containing proteins such as migfilin and zyxin did not colocalize with the clustered 

chimeric receptors upon bacterial infection, further supporting the idea that OPTIC mimics the 

initial, force-independent events after integrin activation. A different behaviour is observed for 

the LIM domain protein paxillin, which is known to associate with nascent focal adhesions in a 

myosinII-independent manner (Pasapera et al. 2010). Paxillin strongly co-localized with the 

cytoplasmic domain of integrin b1 upon receptor clustering, which could be explained by the 

reported direct interaction of paxillin and kindlin-2 (Böttcher et al. 2017, Gao et al. 2017). 

However, as paxillin was also strongly recruited to integrin b3, where kindlin association was 

reduced, there might be additional routes how paxillin interacts with the integrin b3 carboxy 

terminus. Nevertheless, it would be highly interesting to analyse the recruitment of additional 

focal adhesion-enriched LIM domain proteins related to zyxin and paxillin (such as leupaxin, 

Hic-5, Ajuba, TRIP6, or LPP), under different force regimes (e.g. using optical tweezers) to 

further shed light on focal adhesion maturation. 
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Integrin-mediated processes like cell adhesion and cell signalling are indispensable for 

multicellular life and were therefore, for a long time, thought to be metazoan specific. This 

misconception was abandoned when the fully sequenced genome of the filasterean 

Capsaspora owczarzaki, a close relative of metazoans, became available (Sebe-Pedros et al. 

2010a, Suga et al. 2013). Interestingly, the talin and kindlin binding sites in the cytoplasmic tail 

of these ancient pre-metazoan integrins are highly conserved. Capsaspora can adapt a 

filopodial as well as an aggregative form. In the aggregative form, components of the integrin 

adhesome as well as fibronectin type III are upregulated (Sebe-Pedros et al. 2013). The fact 

that integrin homologues of Capsaspora were also able to recruit human talin in our assay 

strongly suggests a functional conservation of talin-mediated activity regulation of integrins. It 

remains to be elucidated, if Capsaspora can regulate its integrin activity through both outside-

in as well as inside-out activation as seen in mammals. Recently, integrin homologues were 

also discovered in the ichthyosporean Sphaeroforma arctica and the apusozoan 

Amastigomonas spec. (Sebe-Pedros et al. 2010b) suggesting that non-metazoan integrins can 

be found in various protists. Though the functional role of these integrin-related proteins in 

unicellular eukaryotes is currently completely unclear, we believe that our novel assay can 

provide valuable insight into the origin of integrin signalling. 

Taken together, our results indicate that CEACAM-integrin chimeras are well suited to study 

integrin-associated protein complexes in a cellular context. Thereby, OPTIC can corroborate 

data obtained with recombinant proteins in in vitro assays, as the quantitative evaluation is 

sensitive enough to study the effect of single amino acid changes on protein complex 

formation. Furthermore, this experimental approach might be particularly useful to unravel the 

function and signalling connections of ancient integrins. 

Material and Methods 

Plasmids 

Constructs encoding pGFP-FAK, pGFP-vinculin, and pGFP-zyxin were as described (Agerer 

et al. 2005a). In addition, cDNAs of human kindlin-2 (Bioscience, Nottingham, UK), paxillin and 

human talin1 were cloned into pDNR Dual (Clontech, Mountain View, USA). Cre/LoxP 

recombination was used to move sequences from pDNR Dual into GFP- or mCherry-encoding 

acceptor vectors for eukaryotic expression. cDNA of human integrin b1 (a gift from Michael 

Davidson, Addgene plasmid # 54129), human integrin b4 (a gift from Filippo Giancotti, 

Addgene plasmid # 16039), and human integrin b5 (a gift from Raymond Birge, Addgene 

plasmid # 14996) were obtained from Addgene (Watertown, MA). Human integrin b2 and 

human integrin b3 were acquired from RZPD (Berlin, Germany). CEACAM3-integrin b fusion 

constructs are summarized in Supplementary Figure S1 and were created via PCR 

amplification using above mentioned templates and the following primers: integrin b1[E762-
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K798] BamHI sense (5ô-

GCGGCTATGGATCCGAATTCGCTAAATTTGAGGAAGAACGCGCCAGAG-3ô), integrin 

b1[E762-K798] XhoI anti (5ô-TATCTCGAGTTAAGTGCCCCGGTACGTG-3ô), integrin 

b2[E734-S769] BamHI sense (5ô-GCGGCTATGGATCCGAGTACAGGCGCTTTGAGAAGG-

3ô), integrin 02[E734-S769] XhoI anti (5ô-

TATCTCGAGTTAACTCTCAGCAAACTTGGGGTTCATGAC-3ô), integrin b3[E752-T788] 

BamHI sense (5ô-

GCGGCTATGGATCCGAATTCGCTAAATTTGAGGAAGAACGCGCCAGAG-3ô), integrin 

b3[E752-T788] XhoI anti (5ô-TATCTCGAGTTAAGTGCCCCGGTACGTG-3ô), integrin b4 [744-

1822] BamHI sense (5ô-GCGGCTATGGATCCGCACTTCTCCCGTGCTGCAACC-3ô) integrin 

b4 [744-1822] XhoI anti (5ô-TATCTCGAGTCAAGTTTGGAAGAACTGTTGGTCCATGTG-3ô), 

integrin b5[E753-799] BamHI sense (5ô-

GCGGCTATGGATCCGAGTTTGCAAAGTTTCAGAGCGAGCGATCCAG-3ô), integrin 

b5[E753-799] XhoI anti (5ô-TATCTCGAGTCAGTCCACAGTGCCATTGTAGG-3ô). PCR 

products were then cloned into pcDNA3.1 CEACAM3 DCT-HA (Muenzner et al. 2005) using 

BamHI/XhoI restriction sites. The cDNA for cytoplasmic regions of human integrin b6, b8 and 

drosophila integrin bNu (NCBI accession numbers NM_000888.4, NM_002214, and 

NM_078884.3, respectively) as well as codon optimized C. owczarzaki beta integrins were 

synthesized (Eurofins, Konstanz, Germany) and cloned into pcDNA3.1 CEACAM3 DCT-HA 

using BamHI/XhoI restriction sites. For sequence alignments, the integrin cytoplasmic domain 

amino acid sequences were compiled using T-coffee 

(https://www.ebi.ac.uk/Tools/msa/tcoffee/) and coloured using the BoxShade tool at Expasy 

(https://embnet.vital-it.ch/software/BOX_form.html). ITGB4 was excluded from analysis due to 

the excessive length of the cytoplasmic tail. 

Antibodies 

The following primary and secondary antibodies were used at indicated concentrations: mouse 

monoclonal anti CEACAM1, 3, 4, 5, 6 (D14HD11 from Aldevron, Freiburg, Germany) WB: 

1:6000, IF: 1:200; mouse monoclonal anti-CEACAM3/CEACAM5 (COL-1 from Invitrogen) FC: 

1:200; mouse monoclonal anti GFP (JL8 from Clontech, Mountain View, USA) WB: 1:6000; 

mouse monoclonal anti tubulin (clone E7, purified from hybridoma cell supernatants, 

Developmental Studies Hybridoma Bank, University of Iowa, USA) WB: 1:1000. Secondary 

antibodies used: horseradish peroxidase (HRP)-conjugated goat anti-mouse WB: 1:10.000; 

Cy5-conjugated goat anti-mouse IF: 1:200, Biotin-conjugated goat anti-mouse 1:200 and 

AlexaFluor488-streptavidin 1:200 (all from Jackson ImmunoResearch Inc., Baltimore, USA). 

Cell culture and transfection 
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Human embryonic kidney 293T cells (293T cells) were cultured in regular DMEM growth 

medium (Dulbecco's Modified Eagle's Medium, Biochrome, Merck Millipore, Berlin, Germany) 

supplemented with 10% calf serum (CS, Biochrome) at 37°C and 5% CO2. The day before 

transfection, cells were seeded at 25% confluence in new 10 cm culture dishes. Cells were 

transfected using calcium phosphate transfection with a total amount of 5 µg plasmid 

DNA/dish. 

Flow cytometry 

48h after transfection, 293T cells were trypsinized and suspended in growth medium. Samples 

were centrifuged at 100g for 3 min and the resulting pellet was re-suspended in FACS buffer 

(PBS with 5% CS, 2 mM EDTA). 1x106 cells per sample were incubated with a mouse 

monoclonal anti-CEACAM antibody for 1h at 4°C. After washing, cells were incubated for 30 

min with a biotinylated goat anti-mouse antibody and another 30 min with AlexaFluor488-

conjugated streptavidin. Cells were analysed by flow cytometry (BD LSRII, FACSDivaÊ 

software, BD Biosciences, Heidelberg, Germany). 

Bacterial culture and staining 

Non-piliated Neisseria gonorrhoeae strain MS11-B2.1 expressing the CEACAM3-binding 

Opa52 protein [14] were grown on GC agar plates (Difco BRL, Paisley, UK) supplemented with 

vitamins, chloramphenicol (10 ɛg/ml) and erythromycin (7ɛg/ml) (GC cam/erm) at 37ÁC, 5% 

CO2 and subcultured daily. For infection, bacteria were collected from the plate using a cotton 

swab, suspended in PBS and stained with Pacific Blue (final concentration of 2µg/ml) for 30 

min under rotation at 37°C. Bacteria were washed three times with PBS and the optical density 

of the suspension was used to estimate the number of the microorganisms according to a 

standard curve. Bacteria were suspended in DMEM and added to the cells at the indicated 

multiplicity of infection (MOI). 

Opa-protein triggered integrin clustering (OPTIC) 

293T cells were transfected with pcDNA3.1 CEACAM3ȹCT or the indicated CEACAM3-ITGB 

fusion constructs (Additional File 1) together with cDNA coding for the protein of interest fused 

to GFP or mCherry. 48 h post-transfection, cells were seeded on coverslips coated with 10 

µg/ml poly-L-lysine in suspension medium (DMEM + 0.25% BSA). After 2h, adherent cells 

were infected with Pacific Blue-stained Neisseria gonorrhoeae (Opa52-expressing, non-piliated 

N. gonorrhoeae MS11-B2.1, kindly provided by T. Meyer, Berlin, Germany) at MOI 20 for 1h 

in suspension medium. After 1h, infection medium was aspirated and cells were fixed for 15 

min with 4% paraformaldehyde in PBS at room temperature followed by 5 min permeabilization 

with 0.1% Triton X-100 in PBS. After washing with PBS, cells were incubated for 10 min in 

blocking solution (10% heat inactivated calf serum in PBS) and stained for CEACAM3. After 

washing, cells were again incubated for 10 min in blocking solution followed by secondary 
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antibody staining. Coverslips were mounted on glass slides using Dako fluorescent mounting 

medium (Dako Inc, Carpinteria, USA). 

Evaluation of protein recruitment 

Microscope pictures were analyzed using LAS AF (Leica Microsystems, Mannheim, 

Germany). For calculating the recruitment ratio R, a region of interest was drawn around the 

outlines of the cell using the GFP channel (ROI1). A second region of interest was drawn 

around the clustered CEA3-ITG fusion protein using the CEA3-Cy5 channel (ROI2). The 

maximum intensity value of ROI2 measured in the GFP-channel was divided by the mean 

intensity value of ROI1 measured in the same channel yielding the recruitment ratio R. 

Accordingly, R indicates the fold difference of the maximum GFP intensity at the bacteria/bead 

attachment site over the average GFP fluorescence throughout the cell. Additionally, cells 

showing a bacterial-binding event with an R>2 were counted and expressed as percentage of 

all cells (n=60) analyzed within this sample. 

Protein conjugation to microbeads 

1 µm carboxylated polystyrene microbeads (Polysciences, Warrington, PA) were covalently 

coupled to proteins according to the manufacturerôs protocol using the carbodiimide method. 

To obtain single bead suspensions, beads were sonicated for 10 seconds and washed two 

times in 0.1M carbonate buffer, pH 9.6, and prior to activation with 2% carbodiimide dissolved 

in 0.1M MES buffer (pH 5.6). Beads were washed two times in 0.1M MES buffer and 

resuspended in 0.2M borate buffer. 1×1010 beads were coupled to 300 µg of recombinant 

protein G in 1.2ml 0.2M borate buffer over night at 4 °C. Unreacted binding sites were blocked 

with 0.25M ethanolamine in borate buffer. Beads were washed 3 times with PBS and stored 

at 4 °C. On day of experiment, 9×107 protein G coupled beads were incubated with 1 µg of 

monoclonal CEACAM antibody or 1µg of irrelevant mouse IgG for 1h at 4 °C. Beads were 

washed 2 times with PBS, and blocked 30 min in PBS+10 mg/ml BSA at room temperature. 

2×106 beads were centrifuged on to 2×105 cells (300 g, 2 min, 25 °C) and incubated for 15min 

at 37 °C before fixation. 

Fluorescent Microscopy and microscope settings 

All images were taken from fixed specimens embedded in Dako fluorescent mounting medium 

(Dako Inc, Carpinteria, USA) on a LEICA SP5 confocal microscope equipped with a 63.0×/1.40 

NA oil HCX PL APO CS UV objective and analyzed using LAS AF Lite software. All images 

were acquired in xyz mode with 1024×1024 pixel format and 100 Hz scanning speed at 8 bit 

resolution. Fluorochromes used are Pacifc Blue (excitation 405 nm, emission bandwidth: 436ï

476 nm); GFP (excitation 488nm, emission bandwidth: 495ï533nm); mCherry (excitation 

561nm, emission bandwidth: 571ï 613nm) and Cy5 (excitation 633nm, emission bandwidth: 
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640ï700 nm). Images were processed using ImageJ by applying the same brightness/contrast 

adjustments to all images within one experimental group. 

Acquisition of Western blot images 

Images of western blots were acquired on the ChemidocÊ Touch Imaging System from Biorad 

using Chemiluminescence detection in signal accumulation mode. Acquired images were 

processed with photoshop by adjusting the levels of the whole image.  

Statistical analysis 

All experiments were repeated three times. All statistical significances were determined using 

one-way ANOVA followed by Bonferroni post-hoc test. Statistical analyses were performed 

with Prism5 (GraphPad, La Jolla, CA, USA).  

Data Availability  

The datasets used and/or analyzed during the current study are available from the 

corresponding author on request. 
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Supplementary information 

 

Supplementary Figure S1: Schematic overview of the CEACAM3-ITGB chimeras generated in 
this study. 

Constructs were made in the mammalian expression vector pcDNA3.1 CEACAM3 DCT HA, which 
encodes human CEACAM3 lacking a cytoplasmic domain. Using BamHI and XhoI restriction sites, the 
HA-tag encoding peptide was exchanged for different integrin beta cytoplasmic tails derived from human 
(ITGB1 - ITGB8), Drosophila melanogaster (ITGB Nu), or Capsaspora owczarzaki (ITGB C.ow), 
resulting in the indicated CEACAM3-integrin fusion proteins. Thereby, a 7 amino acid linker between 
the CEACAM3 transmembrane domain and the amino-terminal end of the integrin cytoplasmic domain 
is inserted. Indicated amino acid positions of the integrin cytoplasmic domains correspond to the 
respective full-length integrins. 
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Supplementary Figure S2: Intensity analysis of clustered CEA3-ITGB fusion proteins at bacterial 
attachment sites 
Data from Figure 4 were re-evaluated with regard to CEA3-ITGB intensity. Mean and maximum intensity 
of ROI2 was measured in the CEA3-ITGB Cy5 channel for three representative chimeric constructs. 
Data show mean values and 95% confidence intervals (whiskers) of n = 60 cells from three independent 
experiments. Statistical significance was calculated using one-way ANOVA, followed by Bonferroni post-
hoc test (* p<0.01; ns = not significant). 

 
 

 
Supplementary Figure S3: Full scans of the Western blots shown in Figure 3B 
(A) Figure 3B upper panel. The left part of this membrane contained irrelevant samples. The marker 
lane (M) on the left-hand site, which separated samples 1-4 from the irrelevant samples on the left side, 
can be seen by the clear marks and are indicated by the black lines on the left. The red frame indicates 
the part of the blot shown in Fig. 3B. (B) Figure 3B lower panel. The left part of this membrane contained 
irrelevant samples. The marker lane (M), which separated samples 1-4 from the irrelevant samples, is 
clearly visible. Samples 1-4 are derived from the same experiment as shown above and run on a 
separate gel. The lower part of the membrane (<40 kDa) was trimmed prior to processing with 
antibodies. The red frame indicates the part of the blot shown in Fig.3B. 
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Abstract 

The paxillin protein family consists of three members, ubiquitously expressed paxillin and Hic-

5 as well as the hematopoietic cell specific leupaxin. All three have a similar domain 

architecture and share many common interaction partners. They act as scaffolding proteins at 

focal adhesions and are in control of focal adhesion maturation and turnover, cytoskeletal 

rearrangements and, ultimately, cell migration and cancer cell invasion. Therefore, this protein 

family is of high interest to understand a number of hematological and immunological 

pathologies and is particular interesting in cancer research. Although some functional 

redundancies exist between the individual proteins, they each have specific features. 

Especially for paxillin and Hic-5 extensive crosstalk but also synergy has been reported, 

however, how these two proteins influence each other is still not completely understood. Most 

studies rely on single gene deletions or knockdown approaches. While these are valid 

approaches in most situations there is always the risk of siRNA resistance, insufficient protein 

deletion or upregulation of one family member upon deletion of the other. Here, we use a rapid 

and efficient multiplex gene disruption and complementation strategy to generate isogenic 

paxillin/Hic-5 double knock-out and reconstituted cells. Employing these cells in functional 

assays resulted in some surprising phenotypes and revealed a critical role of both paxillin and 

Hic-5 during integrin-dependent invasion of Staphylococcus aureus. 

Introduction 

The scaffolding protein paxillin was the first identified member of the paxillin family. It is 

characterized as a 68 kDa protein that localizes to focal adhesions and is heavily 

phosphorylated upon transformation of cells with the Rous sarcoma virus (Glenney et al. 

1989). Soon after its initial discovery it was described as a vinculin binding partner and a 

natural substrate of c-Src and the focal adhesion kinase (FAK) (Turner et al. 1990, Bellis et al. 

1995, Schaller et al. 1995b). A few years later the paxillin homolog hydrogen peroxide inducible 

clone-5 (Hic-5) was isolated from mouse osteoblasts that have been stimulated with 

transforming growth factor b (TGF-b) (Shibanuma et al. 1994). Sequence analysis revealed 

that paxillin and Hic-5 share a similar domain architecture, consisting of 5 and 4 N-terminal LD 

domains, respectively, which are Leucine-aspartate rich motifs that mediate a vast number of 

protein-protein interactions. At their C-terminus, paxillin and Hic-5 harbor 4 C-terminal double 

zinc-finger motifs, the so-called LIM domains. Overall, these two proteins share a high degree 

of sequence identity (Thomas et al. 1999). Their identical cellular localization at focal 

adhesions (FAs) combined with the discovery that they share many common binding partners 

like vinculin, FAK and PTP-PEST (Fujita et al. 1998, Nishiya et al. 1999, Thomas et al. 1999) 

led to the conclusion that paxillin and Hic-5 fulfill similar functions in the cell. Yet, paxillin 

knockout in mice is embryonic lethal, despite the presence of Hic-5. Taken together with the 
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observed differential expression of these two proteins in different tissues this points at distinct 

and exclusive roles, but also redundant functions. While paxillin is ubiquitously expressed in 

both non-muscle tissue and muscle tissue, in the latter it is mainly restricted to striated and 

cardiac muscle. Contrarily, Hic-5 is mainly expressed in smooth muscle tissue (Yuminamochi 

et al. 2003). On the other hand, Hic-5 is strongly expressed in platelets, while paxillin is not 

(Osada et al. 2001). Another interesting observation in fibroblasts showed that Hic-5 

overexpression actually reduces tyrosine phosphorylation of paxillin and inhibits cell spreading 

on fibronectin, while paxillin was shown to support it (Nishiya et al. 2001, Wade et al. 2002). 

The observed effects were attributed to a possible sequestration of FAK by Hic-5, leading to 

the suggestion that Hic-5 may act as a counterbalance, opposing some of the effects of paxillin 

such as growth promotion and cell spreading (Fujita et al. 1998, Nishiya et al. 2001). 

Differential roles of paxillin and Hic-5 were further demonstrated in the SVS30 smooth muscle 

cell line. When subjected to cyclic stretch, endogenous Hic-5 moved out of FAs and bound to 

actin stress fibres in those cells, while paxillin remained within FAs (Kim-Kaneyama et al. 

2005). Additionally, a study in fibroblasts has shown that the pathways regulating Hic-5 and 

paxillin association with vinculin at FAs also differ. While Rac1 activation leads to paxillin 

association with vinculin in immature FAs, Rac1 inhibition and RhoA activation leads to paxillin 

association with actopaxin while vinculin shows increased association with Hic-5 in mature 

FAs. Interestingly, in 3D environments, vinculin seems to preferentially interact with Hic-5 

(Deakin et al. 2012a). 

So far, most of the studies on the individual roles of paxillin and Hic-5 used either single 

knockout cells, siRNA mediated knockdown, or overexpression in cells still expressing the 

endogenous proteins. However, it was already speculated that, due to the many shared 

interactions and the crosstalk between paxillin and Hic-5, variations in the expression of one 

protein will influence the downstream signaling of the other (Deakin et al. 2012b). Indeed, a 

recent study by the Turner lab, argued that the relative Hic-5 to paxillin expression ratio is a 

critical factor in determining cancer cell morphology and invasiveness (Gulvady et al. 2018). 

While much is known about the contributions of paxillin and Hic-5 to cell migration, their role 

in integrin mediated uptake of bacteria remains poorly understood. 

The Gram-positive microorganism Staphylococcus aureus is an opportunistic pathogen and 

part of the human microbiota. It is a common cause of nosocomial infections and became an 

ever-increasing problem especially in health-care facilities, due to excessive use of antibiotics 

and the rise of multidrug resistant strains (Hiramatsu et al. 2014). S. aureus expresses 

fibronectin binding proteins (FnBP) which are attached to its cell wall and mediate binding to 

the extracellular matrix protein fibronectin (Fn). FnBP binding is mediated via the N-terminal 

end of Fn and is therefore independent of the Arg-Gly-Asp (RGD) sequence in the fibronectin 

type III repeats. In that way, Fn acts as a molecular bridge, linking FnBP expressing S. aureus 
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to integrin expressing endothelial or epithelial cells enhancing colonization but also 

internalization (Sinha et al. 1999). The molecular pathways of integrin-mediated internalization 

are still not completely resolved. Yet, many of the above-mentioned processes like Src family 

protein tyrosine kinases, the activation of FAK and actin cytoskeletal remodeling where all 

shown to be crucial regulators of S. aureus internalization by their host cells (Agerer et al. 

2003, Agerer et al. 2005b). We therefore hypothesized that the regulation of bacterial invasion 

via integrins is linked to the regulation of paxillin function and that either paxillin or Hic-5 might 

be key components in regulating cellular invasion of S. aureus. 

We argued that a clean genetic background would be necessary to study the interplay between 

the two proteins in more detail. Therefore, we developed a pipeline for a rapid and efficient 

multiplex gene knockout followed by fast complementation and used the resulting cell lines to 

study the role of paxillin and Hic-5 in integrin mediated invasion of Staphylococcus aureus. 

Results 

Efficient multi-gene disruption and selection in diploid murine fibroblasts 

To our knowledge, only one study exists that uses paxillin/Hic-5 double knockout to dissect 

the individual contributions of these family members (Rashid et al. 2017). Due to embryonic 

lethality of paxillin deletion the authors used neural-specific gene knockout. Because this is a 

time and cost-intensive approach we focused on CRISPR/Cas mediated knockout in cell lines. 

A pre-requisite for the efficient detection of knock-out cells is the availability of a selection 

marker, ideally a marker allowing visual selection of individual cells. Therefore, we first 

generated a murine fibroblast cell line stably expressing a Cerulean-tagged histone 2B (3T3 

Cer-H2B) as a reporter gene (Fig.II-1 A and B). To allow for stable complementation of target 

genes at later stages, we decided to use transient transfection of an eukaryotic expression 

vector encoding a GFP-tagged Cas9 enzyme derived from Streptococcus pyogenes (SpCas9-

GFP) which was codon optimized for mammalian cells and contained a nuclear localization 

sequence (Cong et al. 2013). Transfection efficiency was about 25% after 2 days in culture. 

GFP expression in the 3T3 Cer- H2B cells declined rapidly and was completely lost after 5 

days, demonstrating transient expression (Fig.II-1 C and D). 

When SpCas9-GFP was co-transfected with a plasmid encoding a single guide RNA against 

Cerulean, the cerulean positive cell population dropped by roughly 10% 13 days after 

transfection (Fig.II-1 E-G). The cerulean negative population can be sorted by flow cytometry 
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Figure II-1: Cerulean-depletion as a selectable marker for CRISPR/Cas9-mediated multi gene 
knock-out. 
(A) Flp-In 3T3 cells were transduced with a retrovirus encoding Cerulean-Histone 2B (Cer-H2B) and the 
stable cell line 3T3 Cer-H2B was established. Phase contrast (Phase) and Cerulean fluorescence (CFP) 
micrographs show the nuclear location of Cer-H2B in all 3T3 Cer-H2B cells. Bar represents 100 µm. (B) 
Flow cytometry based on Cerulean fluorescence allows clear separation of 3T3 Cer-H2B cells from 
parent 3T3 cells (grey area). (C) 3T3 Cer-H2B cells were co-transfected with SpCas9-GFP and Cer-
sgRNA. (D) The Cas9-GFP positive population was measured by flow cytometry for 5 consecutive days 
and given as % of total cells analyzed. (E) 3T3 Cer-H2B cells were co-transfected with SpCas9-GFP 
and Cer-sgRNA or empty pBluescript (Mock). Cerulean fluorescence was analyzed for 13 days post 
transfection by flow cytometry. (F-G) Representative histograms from E. Samples were taken 10 days 
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post-transfection compared to the 3T3 and 3T3 Cer-H2B parent cell lines. (H) The cerulean-negative 
population was gated and sorted as indicated. (I) Sorted cells from (H) were analyzed by fluorescence 
microscopy. Few cells (<2%) in the sorted population were still expressing Cer-H2B (arrowhead). Bar 
indicates 100 µm. (J) 3T3 Cer-H2B cells were co-transfected with plasmids harboring the indicated 
sgRNAs directed against paxillin and Hic-5 together with sgRNA directed against Cerulean (Cer) and 
the Cas9-GFP. Cells were analyzed by flow cytometry 10 days after transfection for Cerulean 
fluorescence. Marked boxes indicate the Cerulean-negative cell population, from which single cells were 
sorted into 96-well plates. (K) Whole cell lysates from clonal cell lines were analyzed by Western blotting 

with monoclonal antibodies detecting paxillin and Hic-5 (upper panels) or b-tubulin as a loading control 
(lower panels). Single paxillin or Hic-5 knock-out lines are indicated by *; paxillin and Hic-5 double knock-
out lines are indicated by **. 

resulting in a pool of non-fluorescent cells (Fig.II-1 H-I) indicating that transient expression of 

Cas9 is sufficient to allow target gene disruption when co-transfected with specific sgRNA(s) 

and that disruption of Cerulean fluorescence can be used as a reporter of productive Cas9 

expression and gene disruption of the desired target. 

We therefore used our Cerulean gene disruption and combined it with the CRISPR/Cas9-

mediated targeting of additional gene loci by using a combination of three different sgRNAs 

targeting exon 2 of paxillin or Hic-5, respectively, and the Cer-sgRNA in a defined ratio of 1:5:5 

(Cer-sgRNA : paxillin-sgRNA : Hic-5-sgRNA). As expected we obtained a cerulean negative 

population of approximately 7% 10 days after transient transfection (Fig.II-1 J). After sorting 

and expansion of single cerulean negative clones we achieved paxillin/Hic-5 double knockout 

cells (Pax/Hic-5-/-) with a high success rate (Fig.II-1 K). 

Paxillin can be stably re-introduced upon transient Cas9/sgRNA action. 

For rigorous analysis of protein function in the generated isogenic cell lines, we complemented 

the Pax/Hic-5-/- cells with GFP-paxillin (GFP-Pax) or GFP-Hic-5. For this purpose, we initially 

chose Flp-In 3T3 fibroblasts (O'Gorman et al. 1991, Munoz et al. 2014). These cells harbor a 

Flp recombinase target (frt) site at a defined chromosomal location. Upon co-transfection of 

these cells with a shuttle vector containing the gene of interest flanked by frt sites and a plasmid 

containing the Flp recombinase, the DNA will be stably integrated into the host genome. 

After selection of successfully transfected cells, both paxillin and Hic-5 could be stably re-

expressed in the Pax/Hic-5-/- cells. Western Blot revealed a clean genetic background, with no 

residual level of endogenous proteins and no observable proteolytic degradation of the 

exogenous proteins (Fig.II-2 A). Also, no cleavage of the GFP-tag was observed. We analyzed 

the cells for the presence of other focal adhesion components as well as surface expression 

of integrin b1 and b3. Whereas FA proteins a-actinin, FAK and vinculin remained largely 

unchanged, we observed a strong upregulation of p130Cas as well as talin in both the GFP-

Pax and the GFP-Hic-5 cell lines (Fig.II-2 B). There was no significant alteration in the surface 

levels of integrin b1 neither in the Pax/Hic-5 knockout, nor in the complemented cell lines. 

Although the integrin b1 surface expression slightly dropped in the GFP-Hic-5 cells compared 

to control cells, changes where not statistically significant (Fig.II-2 C and E). Surface levels of 
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integrin b3 seemed to be slightly increased in the Pax/Hic-5-/- cells and re-expression of either 

paxillin or Hic-5 reduced integrin b3 levels comparable to the control cells. However, as with 

integrin b1, changes where not statistically significant (Fig.II-2 D and F). There was also a 

slight increase of active integrin b1 on the surface of Pax/Hic-5-/- cells, measured by 9EG7 

binding. Nevertheless, changes were not statistically significant (Fig. S1).  

 

Figure II-2: Paxillin can be stably re-introduced upon transient Cas9/sgRNA action. 
(A) Western Blot of whole cell lysates from Pax/Hic5-/- and re-constituted cell lines. Protein levels of 
Paxillin and Hic-5 are compared to endogenous levels in control cells where only Cerulean has been 
deleted (3T3 Cer KO). (B) Whole cell lysates of Pax/Hic-5-/- and reconstituted cell lines have been 
probed with antibodies against major focal adhesion proteins. (C-F) Pax/Hic-5-/- and reconstituted cell 

lines have been stained for surface exposed integrin b1 (C and E) or integrin b3 (D and F). C and D 
show representative histograms. E and F show the quantification of mean fluorescence intensity from 
three independent experiments. Bar graphs represent mean ± SEM. 
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Paxillin is sufficient for ECM mediated FAK activation and vinculin recruitment. 

Next, we wanted to analyze the phenotype of these cell lines. Based on literature, we 

suspected reduced tyrosine phosphorylation of the focal adhesion kinase (FAK), impaired focal 

adhesion maturation and defects in cell spreading similar to what had already been described 

for paxillin single knockout cells (Hagel et al. 2002, Wade et al. 2002). First, we assessed FAK 

activity in the generated cell lines using an antibody that specifically recognizes the 

autophosphorylation site of FAK (pY397). When cells were starved and replated on either 

vitronectin or fibronectin in the absence of serum, Pax/Hic-5-/- cells showed reduced FAK 

activity indicated by reduced signal intensity of the pY397 immunoblot, although FAK 

expression was slightly elevated in Pax/Hic5-/- cells. Re-expression of GFP-Pax, reconstituted 

FAK activity (Fig.II-3 A-B). We also observed a significantly reduced immunofluorescence 

signal at focal adhesions when Pax/Hic5-/- cells were stained with the pY397-specific antibody 

after seeding the cells on collagen (Fig.II-3 C-D). Even after prolonged adhesion on collagen 

for 2 hours, FAK activity was not restored in the Pax/Hic-5 deficient cells (Fig. S2). 

Paxillin as well as Hic-5 contain vinculin binding sites at their N-terminus and these proteins 

were reported to mediate vinculin recruitment to FAs, which leads to FA maturation and force 

generation (Brown et al. 1996, Pasapera et al. 2010, Deakin et al. 2012a). We therefore 

investigated vinculin localization in the Pax/Hic-5-/- and GFP-Pax or GFP-Hic-5 reconstituted 

cell lines. Normal vinculin distribution was observed in the 3T3 Cer KO cell line. As expected, 

when both paxillin and Hic-5 are deleted, vinculin was almost completely absent from FAs and 

maintained a cytosolic distribution when cells where seeded on either vitronectin or fibronectin 

(Fig.II-3 E-F). We observed only few occasional FA-like structures staining weakly for vinculin 

(Fig.II-3 E-F, arrows). Re-expression of paxillin as well as Hic-5 were both able to rescue 

vinculin recruitment to FAs on integrin ligands (Fig.II-3 E-F, arrowheads). However, some 

observable differences were noted. While vinculin recruitment seemed equally efficient by both 

proteins on fibronectin, Hic-5 re-expression led to a more intense vinculin staining when cells 

were seeded on vitronectin. Additionally, paxillin colocalized with vinculin in both nascent as 

well as mature FAs on vitronectin, whereas Hic-5 predominantly colocalized with vinculin at 

large, elongated FAs. On fibronectin paxillin and Hic-5 were more equally distributed at both 

nascent and mature adhesions. These results indicate divergent roles for paxillin and Hic-5 on 

different integrin ligands. Interestingly, when cells were seeded for prolonged timepoints on 

collagen, vinculin recruitment to FAs was restored even in the absence of paxillin family 

members, and no changes in actin stress fibers were observed (Fig. S3), arguing for a delayed 

but not completely disturbed FA maturation. 

Pax/Hic-5-/- depletion causes hyperactivation of p130Cas. 

Surprisingly, contrary to the pY397 antibody, probing the membrane with a general 

phosphotyrosine antibody (pY72) resulted in an intense band at approximately 130 kDa (Fig.II- 
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Figure II-3: Paxillin is sufficient for ECM mediated FAK activation and vinculin recruitment. 

(A) Representative Western Blot of whole cell lysates from cells seeded for 30 minutes on different ECM 
components after serum starvation. Cells were either seeded on 5 µg/ml fibronectin (FN), 5 µg/ml 
vitronectin (VN), 10µg/ml poly L-Lysine (poly-L) or kept in suspension (susp) (B) Densitometric analysis 
of Western Blots from (A). Susp, poly-L and FN samples are from n=3 biological replicates, VN is from 
n=1. (C) Serum starved cells were seeded for 30 minutes on 5 µg/ml Collagen. Cells were fixed and 
stained with an antibody against active FAK (pY397) and phalloidin. (D) Quantification of microscopic 
images in (C). Box-whisker blot represents data from 30 cells per sample from three biological replicates. 
The total number of FAs are indicated in brackets. Whiskers denote 5 and 95 percentiles. Statistical 
significance was calculated using One-way ANOVA followed by Bonferroni Multiple Comparison Test. 
**pÒ0.01; ***pÒ0.0001. (E and F) Serum starved cells were seeded on vitronectin (E) or fibronectin (F) 
for 30 min and stained for endogenous vinculin. Scale bars represent 10 µm. 
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3 A). Although FAK can be phosphorylated at multiple tyrosine residues other then Y397, 

autophosphorylation of Y397 is necessary to reach full phosphorylation (Calalb et al. 1995). 

We therefore argued that the band corresponds to another heavily phosphorylated FA protein 

and investigated phosphorylation of p130Cas after replating on fibronectin. Indeed, Pax/Hic-5 

depletion resulted in drastically increased phosphorylation of p130Cas at tyrosine 410 (Fig. 

S4). Re-expression of Hic-5 but not paxillin could reduce p130Cas phosphorylation (Fig. S4 A 

and B). The increased p130Cas phosphorylation could be explained by elevated levels of Src 

kinase and possibly also by increased Src activity in Pax/Hic-5-/- and GFP-Pax cells (Fig. S4 

B). 

Src mediate phosphorylation of p130Cas was reported before to enhance membrane ruffling 

(Sharma et al. 2008). Consistent with the increase in p130Cas phosphorylation, we frequently 

observed a drastic increase in actin dense membrane ruffles around the cell periphery of 

Pax/Hic-5-/- cells. This was especially obvious during early stages of cell spreading, thirty 

minutes after seeding on collagen (Fig.II-3 C). 

Simultaneous deletion of paxillin and Hic-5 causes hyperactive spreading phenotype. 

Apart from FAK recruitment and activation, paxillin is also critical for integrin mediated cell 

spreading (West et al. 2001). Therefore, we starved the cells overnight and seeded them on 

different ECM ligands in the absence of serum. Unexpectedly, Pax/Hic-5-/- cells displayed a 

significantly enhanced spreading phenotype on both vitronectin and fibronectin (Fig.II-4 A-D). 

When comparing the mean cell area, Pax/Hic5-/- cells reached about three times the size of 

control cells (3T3 Cer KO) after 30 minutes on fibronectin (1488,79 µm2 vs 535,4 µm2) and 

roughly double the size of the control cells after 30 minutes on vitronectin (998,99 µm2 vs 523,1 

µm2) (Fig.II4 A and C, respectively). After two hours on the respective matrices the vast 

differences still exist (Fig.II4 B and C). Re-expression of either paxillin or Hic-5 were both 

sufficient to rescue this phenotype, reducing the spreading area to levels comparable to the 

3T3 Cer KO cells. Yet, at 30 minutes, only GFP-Pax was able to reduce the cell area to an 

extent that was not significantly different from 3T3 Cer KO cells, whereas GFP-Hic-5 cells 

showed a slight increase in cell area compared to 3T3 Cer KO (p Ò 0.05 on vitronectin and p 

Ò 0.01 on fibronectin). This is contradictory to paxillin single knockout cells, which showed a 

clear reduction in cell area at 30 minutes as well as 120 minutes after cell seeding (Fig. S5 B) 

and can be possibly explained by the different expression levels of Hic-5. In GFP-Hic-5 re-

expressing cells, Hic-5 expression is strongly upregulated compared to 3T3 Cer KO cells, 

whereas Hic-5 expression in Pax-/- cells is comparable to 3T3 Cer KO cells (compare Fig.II-2 

A with Fig S5 A). No significant differences in cell area were observed between GFP-Pax and 

GFP-Hic-5 cells neither after 30 minutes nor after 2 hours of spreading. 

To get a closer look on the spreading dynamics we performed live cell imaging using a 

holotomographic imaging system that allows for detailed imaging of cell structures. Consistent  
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Figure II-4: Combined gene disruption of paxillin and Hic-5 results in aberrant cell spreading due 
to increased Rac activity. 
(A-D) Starved cells were seeded on fibronectin for 30 minutes (A) or 120 minutes (B) or on vitronectin 
for 30 minutes (C) or 120 minutes (D). Cells were fixed after indicated timepoints and stained with a 
membrane dye. Representative micrographs of stained cells are shown. The scatter plots represent cell 
areas of at least 100 cells per sample from three biological replicates (A and C) or from at least 53 cells 
per sample from two biological replicates (B and D). Error bars denote mean and 95% confidence 
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intervals. Statistical significance was calculated using One-way ANOVA, followed by Bonferroni Multiple 
Comparison test. (E) Holotomographic live cell imaging. Still images from indicated timepoints after cell 
seeding on fibronectin are shown. Arrowheads indicate membrane ruffles. Arrows indicate smooth 
lamellipodia (Timestamp min:sec). (F) Starved cells were stimulated by seeding on fibronectin for 10 
minutes. GTP-bound Rac was pulled down from whole cell lysates using the p21 binding domain of PAK 
(GST-PBD) (G) Densitometric quantification of Western Blots in (F). Bar graphs show mean + SEM of 
three biological replicates. Statistical significance was calculated by testing if sample means are 
significantly different from the hypothetical value 1 using one-sample t-test. *pÒ0.05; **pÒ0.01. 

with our previous findings, Pax/Hic-5-/- cells showed a massive increase in membrane ruffles 

and lamellipodia (Fig.II-4 E, arrow heads). As opposed to this, GFP-Pax cells showed one 

evenly extending, smooth lamellipodium (Fig.II-4 E, arrow). GFP-Hic-5 and 3T3 Cer KO cells 

showed a mixture between these two phenotypes but had much less ruffled lamellipodia and 

required much more time for the initial spreading phase (Fig. S6A). 

These results strongly suggested an increase in Rac activity in the Pax/Hic-5-/- cells. To test 

this, we performed Rac activity assays using the p21 binding domain (PBD) of PAK which only 

binds Rac in its active GTP-bound state (Benard et al. 1999). After 10 minutes stimulation on 

fibronectin, 3T3 Cer KO cells yielded very low levels of active Rac while GTP-Rac levels were 

strongly increased in Pax/Hic-5-/- cells and dropped back to control levels when paxillin was 

re-introduced in these cells (Fig.II-4 F-G). In GFP-Hic-5 cells, active Rac was barely detectable 

(Fig. S6 B-C). Since this increase in Rac activation is probably the main cause for the increased 

cell spreading we wondered what processes upstream of Rac activation might be involved. 

We therefore tested a small panel of inhibitors (Fig.II-4 H). As expected further reducing FAK 

kinase activity with the pharmacological inhibitor PF43196 did not change the cell area. Also, 

the Rac-Inhibitor NSC23766, which prevents binding of the guanine nucleotide exchange 

factors Tiam1 and Trio (Gao et al. 2004) did not have an effect on cell spreading. Treating the 

cells with the Src kinase inhibitor PP2, however, significantly reduced the spreading area, 

although it was not as efficient as re-expression of paxillin or Hic-5. Our findings suggest that 

Src-mediated activation of p130Cas and subsequent Rac activation might be the main driver 

of the hyperactive spreading phenotype in Pax/Hic-5-/- cells. 

Another downstream substrate of Src kinase that plays an important role in cell spreading is 

cortactin. Cortactin is phosphorylated by Src and as a consequence translocates from the 

cytosol to the cell membrane where it promotes lamellipodia formation (Tehrani et al. 2007, 

Ammer et al. 2008). In line with our previous findings, we also observed a higher degree of 

cortactin localization to the cell periphery in Pax/Hic-5-/- cells. While lamellipodial protrusions 

in 3T3 Cer KO cells were only weakly stained for cortactin, staining was much more intense 

throughout the cellular periphery in Pax/Hic-5-/- cells during initial cell spreading (Fig. S7 A, 

arrowheads). Cortactin localization to the cell periphery was markedly reduced upon re-

expression of either paxillin or Hic-5 (Fig. S7 A). At later stages, cortactin was faintly localized 

to the cell edges in 3T3 Cer KO cells, while it was barely detectable in GFP-Pax and GFP-Hic-

5 cells (Fig. S7 B). In Pax/Hic-5-/- cells however, we still observed prominent cortactin 
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localization at the leading edges (Fig. S7 B, arrowheads) as well as actin and cortactin dense 

protrusions around the periphery (Fig. S7 B, arrows). 

Paxillin and Hic-5 are necessary to regulate bacterial invasion of non-phagocytic cells. 

The characterization of Pax/Hic-5-/- cells revealed impaired FAK kinase activation on the one 

hand, but upregulation of Src and Rac activity on the other. These cells also had increased 

cortactin localization to the membrane and showed an enhanced number of membrane ruffles. 

Since those are all processes shown previously to be involved in bacterial invasion of host 

cells (Popoff 2014), especially in integrin-mediated invasion of Staphylococcus aureus (Agerer 

et al. 2003, Agerer et al. 2005b, Schröder et al. 2006), we wondered how these cells would 

perform in Staphylococcal uptake assays. 

Staphylococcus aureus exploits integrins to invade its host cell and bacterial binding to 

integrins via fibronectin triggers the recruitment of focal adhesion proteins such as tensin, 

vinculin and FAK (Agerer et al. 2005b) but also paxillin (Schröder et al. 2006), however, the 

role of paxillin in this process has not been evaluated before. 

First, we wanted to confirm that paxillin is indeed part of this focal adhesion like complex at 

bacterial attachment sites in fibroblasts. Therefore, we transfected NIH3T3 cells with GFP-talin 

and RFP-paxillin and infected the cells with the fibronectin binding S. aureus or the non-

invasive S. carnosus which does not engage integrins and poorly associates with eukaryotic 

cells (Agerer et al. 2003). Infection of cells with S. aureus but not S. carnosus triggered 

clustering of integrins and the subsequent recruitment of GFP-talin to infection sites. RFP-

paxillin was efficiently recruited alongside talin to sides of infection (Fig.II-5 A, arrows), 

indicating that paxillin is indeed part of the protein machinery recruited to sites of infection and 

could be involved in the uptake of S. aureus. To assess, whether paxillin and Hic-5 play a role 

in the internalization process, we infected the double knockout and re-constituted cell lines 

with S. aureus and performed gentamicin protection assays. In these assays, extracellular 

bacteria are killed by the addition of the membrane-impermeable antibiotics lysostaphin and 

gentamicin, before intracellular bacteria are released, and viable bacteria are quantified. 

Surprisingly, Pax/Hic-5-/- cells showed almost a five-fold increase in bacterial uptake compared 

to 3T3 Cer KO cells, whereas re-expression of paxillin but also Hic-5 significantly reduced the 

number of intracellular bacteria. Although Hic-5 was slightly more efficient in reducing bacterial 

uptake, neither paxillin nor Hic-5 were able to completely revert the excessive uptake on their 

own (Fig.II-5 B). The number of surface attached bacteria was slightly elevated in all three cell 

lines; however, changes were not statistically significant and cannot explain the major increase 

in intracellular bacteria (Fig.II-5 C). 

To corroborate these findings, we differentially stained infected cells for extracellular and 

intracellular bacteria. As observed before, S. carnosus did only weakly bind to cells, while S. 

aureus associated in large numbers with the fibroblasts irrespective of the presence of paxillin  
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Figure II-5: Paxillin and Hic-5 are necessary to regulate bacterial invasion of non-phagocytic 
cells. 
(A) NIH3T3 cells were transfected with plasmids coding for GFP-talin1 and RFP-paxillin and infected 
with Pacific Blue labelled S. aureus or S. carnosus. Scale bars indicate 10 µm. (B and C) Gentamicin 
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protection assay. Cells were infected with S. aureus or S. carnosus at MOI=20 for 30 min. Recovered 
intracellular bacteria (B) and total attached bacteria (C) were quantified. Bars show mean values + SEM 
from three biological replicates, performed in triplicates in (B) or from one experiment performed in 
triplicates in (C). Statistical significance was calculated using One-way ANOVA followed by Bonferroni 
Multiple Comparison Test. *pÒ0.05; ***pÒ0.0001, ns= not significant. (D) Cells were seeded on poly-
Lysine and infected with Pacific Blue and Biotin labeled bacteria at MOI=20 for 30 minutes. Extracellular 
bacteria were stained by the addition of Cy5-conjugated Streptavidin. (E and F) Intracellular (E) and 
total attached (F) bacteria per cell were counted. Bars show mean values + SEM from at least 20 cells 
per sample from 2 biological replicates. Significance was calculated using One-way ANOVA, followed 
by Bonferroni Multiple Comparison Test. *pÒ0.05; **pÒ0.01; ***pÒ0.0001, ns= not significant. 

(Fig.II-5 D). Quantification of intracellular bacteria confirmed the increased uptake in Pax/Hic-

5-/- cells (Fig.II-5 E). As with the gentamicin protection assay, the number of surface attached 

bacteria was slightly increased in Pax/Hic-5-/- cells, although not statistically significant (Fig.II-

5 F). Interestingly, paxillin recruitment seemed to precede the uptake of bacteria, since 

colocalization with bacteria was only observed as long as bacteria were still extracellular. Once 

bacteria were internalized, paxillin was no longer associated around bacterial particles (Fig. II-

5 D, arrows). 

We previously showed that the Pax/Hic-5-/- cells displayed elevated Rac activity. So we were 

interested, if this increase in Rac activity was responsible for the enhanced bacterial uptake. 

Staining the actin cytoskeleton of S. aureus infected cells showed no major differences in actin 

recruitment to infection sites (Fig. S8). Treating the cells with the Rac-Inhibitor NSC23766 led 

to a minor, but not significant reduction of intracellular bacteria. Surprisingly, the Src inhibitor 

PP2, which previously proved successful in preventing the uptake of S. aureus (Agerer et al. 

2003) was also not able to significantly impair the enhanced bacterial uptake in Pax/Hic-5-/- 

cells (Fig. S8 B). 

To get a closer look at the uptake dynamics, we infected cells with S. aureus and imaged the 

infection sites at different timepoints with electron microscopy. To synchronize the process, 

bacteria were centrifuged onto the cells and the process was stopped by fixation. After 5 

minutes, no uptake events were visible and all bacteria were loosely attached to the cells. After 

10 minutes phagocytic cups formed in the Pax/Hic-5-/- cells and frequent engulfment of bacteria 

was observed (Fig.II-6). Contrary to previous reports, the bacteria were not taken up by 

membrane invaginations but seemed to be actively wrapped by lamellipodia, whereas the rare 

uptake events observed in GFP-Pax cells at 10 minutes more closely resembled the previously 

reported membrane invaginations. After 20 minutes most bacteria where already intracellular 

in the Pax/Hic-5-/- cells (Fig. II-6, arrows) and almost no active engulfment events could be 

imaged. In the GFP-Pax cells, much more uptake events were visible after 20 minutes 

compared to the 10 minutes timepoint. These results indicate that the uptake dynamics are 

changed in the absence of paxillin and Hic-5 and that Pax/Hic-5-/- cells can internalize more 

bacteria in a shorter amount of time. Additionally, electron microscopy images suggest that the 

mechanism of internalization might be changed in these cells. 
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Figure II-6: Pax/Hic-5-/- cells show faster internalization and alternate uptake mechanism. 
Cells were seeded on poly-Lysine coated coverslips and infected with S. aureus. At indicated timepoints 
cells were fixed and imaged. 

Discussion  

The generation of knockout cell lines is still a time-consuming effort and multiplex gene 

knockout is rarely executed. However, targeting multiple genes of the same protein family has 

already proven advantageous in dissecting the contributions of each individual gene of one 

family, especially when the family members show redundancies and can partly replace the 

missing isoforms (Theodosiou et al. 2016, Manso et al. 2017). The approach we present here 

outlines a fast and efficient pipeline for multiplex gene disruption and complementation in 

mammalian cells. This experimental procedure can result in isogenic knock-out and 

complemented cell lines in a couple of weeks and presents a significant methodological 

advancement in reverse genetics. The use of transient CRISPR/Cas9 action further omits the 

need to design resistant cDNA sequences for complementation and might reduce the number 

of off-target effects that can arise after prolonged exposure to Cas9 activity (Lu et al. 2019).  

To demonstrate the usefulness of our approach, we applied it to further decipher the individual 

contributions of paxillin family members paxillin and Hic-5. There already exists a plethora of 

work dealing with the role of paxillin and Hic-5 in cell migration (reviewed by (Alpha et al. 

2020)), cancer cell morphology (Deakin et al. 2011, Gulvady et al. 2018), neuronal 

development (Rashid et al. 2017), and cytoskeletal organization (Deakin et al. 2014, 

Vohnoutka et al. 2019). Yet, most of these studies rely on single knockout cell lines or use a 

combination of knockdown and overexpression. By simultaneously disrupting both paxillin and 

Hic-5 in mouse fibroblasts, we obtained some expected, but also some surprising phenotypes. 

We therefore argue that employing these cell lines in the previously mentioned fields of paxillin 

and Hic-5 research could help to further dissect the redundant and non-redundant functions of 

individual paxillin family members. 

As expected, based on previous findings the simultaneous deletion of both paxillin and Hic-5 

decreased FAK activation and impaired vinculin recruitment to focal adhesions. Yet, the double 
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knockout cells surprisingly showed an enhanced spreading behavior, caused by an increased 

Src-mediated phosphorylation of p130Cas, enhanced lamellipodial localization of cortactin and 

increased Rac activity. Contrarily, single paxillin knockout cells that still express Hic-5 did show 

reduced cell spreading as was reported previously (Hagel et al. 2002, Wade et al. 2002). One 

would actually expect a similar behavior of the Pax-/- and the double knockout cells re-

expressing Hic-5. Nevertheless, we observed gross differences in cell spreading between 

these two cell lines. Differences probably arise from the different expression levels of Hic-5. 

Although using a relatively weak promoter for re-expression, Hic-5 expression levels in the 

GFP-Hic-5 cells were much higher than endogenous protein levels in 3T3 cells. The 

expression level of Hic-5 was previously proposed to negatively influence cell spreading 

(Nishiya et al. 2001) and to regulate cell morphology of several cancer cell lines (Gulvady et 

al. 2018). Effects were attributed to interference with paxillin signaling processes, however, in 

the absence of paxillin it is unclear how Hic-5 protein levels might contribute to differentially 

regulate the spreading phenotype. Our data suggest that Hic-5 negatively regulates p130Cas 

signaling.  

Integrin-mediated adhesion and engagement of ECM components like collagen or fibronectin 

results in the phosphorylation of tyrosine residues of both p130Cas and paxillin which then 

serve as docking sites for the SH2 domains of the adaptor protein Crk (Vuori et al. 1996, Petit 

et al. 2000) and leads to DOCK180 mediated Rac activation (Kiyokawa et al. 1998, Klemke et 

al. 1998). The p130Cas-Crk but also the paxillin-Crk complex have been both reported to 

promote cell spreading and migration (Klemke et al. 1998, Petit et al. 2000, Iwasaki et al. 

2002), yet, in some cell types phosphorylated p130Cas and paxillin seem to compete for Crk 

and were shown to counterbalance each other, exerting opposing effects on integrin-mediated 

signaling events (Yano et al. 2000). Indeed, a number of paxillin binding proteins can interfere 

with the Cas-Crk-Dock180-Rac signaling pathway (Turner 2000, Nishiya et al. 2005). Both 

paxillin and Hic-5 can potentially bind and recruit the C-terminal Src kinase (Csk) to sites of 

adhesion (Rathore et al. 2007). Csk is a non-receptor tyrosine kinase that can phosphorylate 

the negative regulatory tyrosine Y527 in several members of the Src-kinase family (Okada et 

al. 1991) thereby inactivating them and ultimately reducing p130Cas phosphorylation. Indeed, 

Hic-5 has been previously reported to negatively influence Src kinase activity, when 

overexpressed (Nishiya et al. 2001).  

A second mechanism of interference is via the protein tyrosine phosphatase PTP-PEST. 

Paxillin, as well as Hic-5 interact with PTP-PEST via their LIM3 and LIM4 domains (Nishiya et 

al. 1999, Jamieson et al. 2005) and are responsible for recruiting PTP-PEST to focal 

adhesions, where it specifically dephosphorylates p130Cas and inhibits cell spreading (Garton 

et al. 1997, Sastry et al. 2002).  
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Paxillin has been ascribed both stimulating and inhibiting roles in cell migration and spreading 

and integrin mediated Rac activation has been reported to be mediated via both Crk-paxillin 

or Crk-p130Cas complexes. The cause of these conflicting findings is unclear so far but might 

be derived from the use of different stimuli like integrin ligands or growth factors as well as 

different cell systems and the potentially differential expression of Hic-5 in those cell lines. Yet, 

our findings support an inhibitory role of paxillin and Hic-5 in cell spreading. The findings 

presented in chapter II suggest that in the absence of paxillin, Crk predominantly associates 

with p130Cas after outside-in integrin activation. Due to the absence of both paxillin and Hic-

5, neither Csk, nor PTP-PEST are likely to be recruited to the membrane leading to 

hyperphosphorylated p130Cas and ultimately increased Rac activity. Interestingly, both Hic-5 

and paxillin are equally able to shut down Rac activity and to reduce the excessive spreading 

phenotype to control levels, however only Hic-5 significantly reduced p130Cas 

phosphorylation, meaning that both proteins potentially exert their inhibitory effect on cell 

spreading via different mechanisms. While Hic-5 might be responsible for negatively regulating 

the Src-p130Cas-Rac axis, paxillin was also shown to mediate control over cell spreading and 

migration via its LD4 domain and the recruitment of Arf6 specific Arf-GAP GIT1 (Nishiya et al. 

2005) which ultimately leads to downregulation of Rac activity.  

Adhesion dependent phosphorylation of p130Cas was shown to be predominantly mediated 

via Src kinase (Sharma et al. 2008) and although FAK is necessary in the p130Cas-Src-FAK 

ternary complex, only the p130Cas binding domain, not its kinase activity is essential. This 

explains why the reduced FAK activity that we observe does not influence p130Cas 

phosphorylation. 

While paxillin and Hic-5 were intensely investigated in terms of cell spreading, migration and 

cancer cell invasion, their role in pathogen-host interaction and integrin-mediated bacterial 

uptake is unknown. It was previously reported that paxillin is part of the focal complex like 

protein machinery, recruited by S. aureus engagement of integrins (Schröder et al. 2006). 

However, the role of paxillin in the uptake process was never evaluated. Given its significant 

role in focal adhesions, an involvement of paxillin in the cellular invasion of S. aureus seemed 

likely. In the present study, we confirm that paxillin is indeed localized to infection sites and we 

show that simultaneous deletion of both paxillin and Hic-5 dramatically enhances cellular 

invasion of S. aureus into non-professional phagocytic cells. Although the re-expression of 

either paxillin or Hic-5 significantly reduced the number of intracellular bacteria, single protein 

complementation was not sufficient to fully rescue the enhanced bacterial invasion. This 

suggests that the concerted action of both paxillin family members is needed to normalize 

bacterial invasion. This could either be due to additive or synergistic effects. A more detailed 

analysis of the uptake mechanisms would be necessary. The increase in cell area, elevated 

integrin b1 and Rac activity, as well as enhanced Src and p130Cas phosphorylation could all 
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contribute individually to increased bacterial uptake. However, the number of extracellular 

attached bacteria was not significantly increased in Pax/Hic-5-/- cells, eliminating a significant 

contribution of heightened integrin b1 activity or increased cell area. Furthermore, although the 

cell area is completely normalized after re-expression of paxillin family members the bacterial 

uptake is not, further indicating that the increased cell area is not solely responsible for the 

enhanced bacterial invasion. Neither Src kinase, nor Rac inhibition could significantly 

downregulate bacterial uptake to control levels. The Rac inhibitor NSC23766 that was used 

here was previously reported to only prevent binding of the RacGEFs Trio and Tiam1, but 

failed to prevent Vav1 mediated activation of Rac1 (Gao et al. 2004). This suggests that the 

inhibitor is quite specific and might not prevent other GEFs like Dock180 from activating Rac1. 

This would explain why this compound fails to inhibit cell spreading and bacterial uptake in our 

cell lines which show increased Rac activity potentially induced through p130Cas-Crk-

Dock180 signaling. Previous reports showed that Cdc42 is mainly responsible for the uptake 

process (Rauch et al. 2016). Unfortunately, we did not test Cdc42 activity in our cell lines, 

however, an increased activity seems likely, since it is known that RhoGEFs and GAPs are 

quite promiscuous (Müller et al. 2020). A more detailed analysis on the individual contributions 

of other paxillin associated Rho GEFs like Dock180 or b-PIX will be helpful to better understand 

the contributions of paxillin to cellular invasion of S. aureus. 

FAK kinase activity is necessary for host cell invasion of S. aureus (Agerer et al. 2005b). Yet, 

in the Pax/Hic-5-/- cells, we see increased bacterial uptake despite reduced FAK activity. 

However, we observe elevated p130Cas phosphorylation in those cells. Interestingly, p130Cas 

phosphorylation is also induced by bacterial invasion of Salmonella, and FAK kinase activity 

was not needed for efficient host cell invasion. Instead, the interaction between the C-terminal 

proline-rich motif of FAK and p130Cas was sufficient to mediate cellular uptake (Shi et al. 

2006). This might explain, why we see an increase in bacterial invasion, despite reduced FAK 

activity. The p130Cas-Crk axis was also implicated to play an important role in the host cell 

invasion of Yersinia (Weidow et al. 2000). 

Paxillin phosphorylation is induced in response to infection by several pathogenic strains such 

as Shigella flexneri, Campylobacter jejuni and Streptococcus pyogenes (Watarai et al. 1996, 

Ozeri et al. 2001, Monteville et al. 2003). Similar to S. aureus, S. pyogenes uses FnBPs on its 

cell surface to invade host cells via integrin-mediated internalization. Several serotypes of S. 

pyogenes exist expressing different FnBPs: the M1 protein and the PrtF1/SfbI protein. 

Interestingly, different serotypes induce varying modes of internalization. While the M1 

serotype induces pseudopod-like structures and is dependent on paxillin phosphorylation 

(Dombek et al. 1999, Wang et al. 2007), the PrtF1/SfbI serotype is internalized via caveolar 

endocytosis and the formation of large membrane invaginations (Rohde et al. 2003). The 

PrtF1/SfbI type is not dependent on paxillin phosphorylation and was also not susceptible to 
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PP2 mediated Src inhibition (Wang et al. 2007). However, both invasion types were dependent 

on PI3K/ILK signaling and the authors therefore proposed divergent signaling pathways 

downstream of PI3K/ILK (Wang et al. 2006b, Wang et al. 2007). This gives rise to speculation 

if maybe similar divergent internalization processes might be possible during invasion of S. 

aureus. Using electron microscopy, we observed a strong increase in lamellipodia formation 

around infection sites whereas the previously reported membrane invaginations were rarely 

visible. Additionally, staphylococcal uptake in Pax/Hic-5-/- cells lost sensitivity towards Src 

inhibition. Together these data might hint at divergent mechanisms and that paxillin in 

conjunction with Hic-5 is in control of those processes. To answer this question, a more 

detailed investigation of infection associated phosphorylation processes and the role of 

p130Cas during S. aureus internalization would be needed. 

Material and Methods 

Establishment of retroviral Cerulean H2B reporter and clonal Cerulean-H2B-positive cell 

lines 

To stably integrate Cerulean-histone 2B into NIH3T3 and NIH3T3 Flp-In cell lines, human 

histone 2B cDNA (H2B, gift from Thomas U. Meyer, University of Konstanz, Konstanz, 

Germany) was cloned into pmCerulean-C1 expression vector (gift from David Piston, 

Vanderbilt University Medical Center, Nashville, USA). Therefore, H2B cDNA was amplified 

by polymerase chain reaction (PCR) with the following primer pair: 

hH2B_forward: 5ô - ATAGCTAGCACCATGCCAGAGCCAGCGAAGTC- 3ô 

hH2B_reverse: 5ô - ATAACCGGTTTAGCGCTGGTGTACTTGG- 3ô 

and cloned into pmCerulean-C1 via NheI and AgeI restriction sites. The resulting construct 

was again subjected to PCR amplification with primers: 

H2B-Cer_forward: 5ô - ATAGGATCCACCATGCCAGAGCCAGCGAAG- 3ô and 

H2B-Cer_reverse: 5ô - ATACTCGAGCTATTTGTACAGTTCGTCCATGCCG- 3ô. 

The PCR product was subcloned into pWZL Blasticidin (pWZLBlast, gift from Nicole Brimer, 

University of Virginia, Charlottesville, USA) via BamHI and XhoI restriction sites to generate 

pWZLBlast-H2B-Cer. The resulting plasmid was verified by sequencing. 

For retroviral production, 80% confluent Phoenix-Eco cells (Swift et al. 2001) were transfected 

with pWZLBlast-H2B-Cer and cultured for 2 days. Afterwards, the supernatant was harvested, 

filtered through a 0.45 µm pore-size filter unit (Minisart®, Sartorius Stedim Biotech GmbH, 

Göttingen, Germany) and applied on previously NIH3T3 Flp-In cells at a ratio of 1:1 (v/v, 

supernatant : NIH3T3 growth medium) together with 4 mg/ml Polybrene® (Sigma-Aldrich). 

Transduced cells were cultured in regular growth medium supplemented with 5 µg/ml 

blasticidin (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). Cerulean-positive cells were 

sorted by FACS and seeded as single cells into 96-well plates to generate clonal Cerulean-

positive 3T3 Cer-H2B Flp-In cell lines. 
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sgRNA design and cloning 

For the generation of recombinant sgRNA-expression vectors, we equipped the pBluescript 

vector (pBS SK+, Agilent technologies, Santa Clara, CA, USA) with the murine U6 promotor 

controlled sgRNA expression cassette from pSpCas9(BB)-2A-GFP (PX458, a gift from Feng 

Zhang, Addgene plasmid # 48138) (Ran et al. 2013b). Therefore, we amplified the U6 

controlled sgRNA expression cassette by polymerase chain reaction (PCR) with the following 

primer pair: 

U6_sgRNA_forward: 5ô -ATAGGTACCGTGAGGGCCTATTTCCC- 3ô 

U6_sgRNA_reverse: 5ô -ATACTCGAGGTCTGCAGAATTGGCGC- 3ô 

The resulting construct was cloned into pBS SK+ via XhoI and KpnI restriction sites. The 

sequence verified construct (pBS-U6) was then digested with BbsI and ligated with the 

annealed primer pair:  

MCS_oligo_forward:  

5ô-CACCGGGTCTTCGATGGGCCCAATTCGAATACACGTGGTTGATTTAAATGGG 

CCCGAAGACCT- 3ô 

MCS_oligo_reverse: 

5ô-AAACAGGTCTTCGGGCCCATTTAAATCAACCACGTGTATTCGAATTGG 

GCCCATCGAAGACCC- 3ô 

to create pBS-U6 with a multiple cloning site (pBS-U6-MCS) within the BbsI restriction sites. 

All sgRNAs oligos were annealed and ligated into the pBS-U6-MCS vector via the BbsI 

restriction sites to generate the respective pBS-U6-GOI-sgRNA plasmid. All sgRNAs were 

designed with the help of the CRISPR design tool (http://crispr.mit.edu) (Hsu et al. 2013) and 

E-CRISP (www.e-crisp.org/E-CRISP). 

The sgRNA oligos were designed as follows:  

Cer-sgRNA: 

Cer-KO forward:  5ô -CACCGCCGTCCAGCTCGACCAGGA- 3ô 

Cer-KO reverse: 5ô -AAACTCCTGGTCGAGCTGGACGGC- 3ô 

PXN-sgRNA: 

PXN-KO sense: 5ô -CACCGACGGTGGTGGTGGGACCGG- 3ô 

PXN-KO reverse: 5ô -AAACCCGGTCCCACCACCACCGTC- 3ô 

Hic-5-sgRNA: 

Hic-5-KO sense: 5ô -CACCGTGGTGGCCATAGGGTGGGGG- 3ô 

Hic-5-KO reverse: 5ô -AAACCCCCCACCCTATGGCCACCAC- 3ô 

To eliminate remaining pBS-U6-MCS after the ligation step, samples were digested with BstBI. 

All constructs were sequence verified by LGC Genomics. 
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For the generation of pBS SK+ harboring two U6 controlled sgRNA expression cassettes, the 

U6 Cer-sgRNA cassette from pBS-U6-Cer-sgRNA was amplified by PCR with the following 

primer pair: U6 Cer-sgRNA sense: 5ô -ATAGTCGACGTGAGGGCCTATTTCCC- 3ô 

U6 Cer-sgRNA anti: 5ô -ATAAAGCTTGTCTGCAGAATTGGCGC- 3ô 

The resulting product was cloned into pBS-U6-MCS via SalI and HindIII restriction sites to 

generate pBS-U6-MCS/U6-Cer-sgRNA. 

All constructs were sequence verified.  

Recombinant DNA for complementation 

For complementation of Flp-In Pax/Hic-5-/- cells, we equipped the expression vector 

pEF5/FRT-DEST EVC2ala4-Flag (gift from Rajat Rohatgi, Addgene plasmid # 41008) 

(McLean et al. 2011) we replaced the insert and equipped the vector with a GFP-tag adjacent 

to a LoxP site for C-terminal protein tagging via Cre-Lox recombination. Therefore, the 

respective sequence was amplified by PCR from pLPS-3'GFP (Clontech, Takara Bio Europe, 

Saint-Germain-en-Laye, France) with the following primer pair: 

pLPS_forward: 5ô -GCGCGGTCCAACTAGTCGCTAGCATAACTTCGTATAGCATAC- 3ô 

pLPS_reverse: 5ô -CTGCGCCTCGAGCAAATGTGGTATGGCTGATTATG- 3ô 

The resulting construct was cloned into pEF5/FRT-DEST via SpeI and PspXI restriction sites 

to generate the expression vector pEF5/FRT LPS3'-GFP. 

Human paxillin (isoform a, NM_002859.4) and Hic-5 (isoform 1, NM_001042454.3) were kindly 

provided by Alexander Bershadsky (Mechanobiology Institute, National University of 

Singapore, Singapore) and Nicole Brimer (University of Virginia, Charlottesville, USA), 

respectively. The coding sequences (CDS) of paxillin and Hic-5 were amplified by PCR with 

the following primers: 

PXN forward: 5ô -ACTCCTCCCCCGCCATGGACGACCTCGACGCCCTGCTG- 3ô 

PXN reverse:  

5ô-CCCCACTAACCCGCTAGCAGAAGAGCTTGAGGAAGCAGTTCTGACAGTAAG 

G-3ô. 

Hic-5 forward: 5ô -ACTCCCCCGCCATGGAGGACCTGGATGCCC- 3ô 

Hic-5 reverse: 5ô -CCCCACTAACCCGTCAGCCGAAGAGCTTCAGG- 3ô 

The respective products were cloned into the pDNR-Dual-LIC vector according to the ligation 

independent cloning (LIC) strategy (Morimatsu et al. 2015). The sequence verified constructs 

were then subcloned into the expression vector pEF5/FRT GFP-C1 by Cre-Lox recombination. 

DNA oligos were ordered from Sigma Aldrich. 

Cell culture and transfection 

HEK 293T derived Phoenix-Eco cells were cultured in regular DMEM growth medium 

(Dulbecco's Modified Eagle's Medium, Biochrome, Merck Millipore, Berlin, Germany) 
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supplemented with 10% calf serum (CS, Biochrome) at 37°C and 5% CO2 in 10 cm dishes 

(Greiner, Frickenhausen, Germany). Cells were subcultured every 2 to 3 days. For selection, 

cells were cultured in regular growth medium (DMEM + 10% CS) supplemented with 300 µg/ml 

hygromycin B. Cells were transfected applying the calcium-phosphate co-precipitation method.  

The murine fibroblast cell lines NIH 3T3 Flp-In (Flp-InTM 3T3 cell line, InvitrogenÊ, Thermo 

Fisher Scientific, Waltham, MA ,USA), and all cell lines derived from this parental cell line were 

cultured in DMEM high glucose growth medium supplemented with sodium pyruvate 

(Genaxxon Bioscience GmbH, Ulm, Germany), 10% fetal calf serum (FCS, Biochrome), and 

1% non-essential amino acids (Genaxxon Bioscience GmbH) on gelatine-coated culture 

dishes at 37°C and 5% CO2. Cells were subcultured every 2 to 3 days. Cells were transfected 

with plasmid DNA using jetPrimeÊ (Polyplus-transfection SA, Illkirch, France) or ScreenFect® 

A (Genaxxon bioscience GmbH, Ulm, Germany) according to the manufacturerôs instructions. 

Complementation of Pax/Hic-5-/- Flp-In NIH3T3 cells 

Subconfluent Pax/Hic-5-/- cells were seeded on gelatin coated 6-well plates and cultured 

overnight. The next day, cells were co-transfected with the respective construct (pEF5/FRT 

GFP-C1-paxillin or Hic-5) and the pOG44 Flp-Recombinase Expression Vector (InvitrogenÊ) 

at a ratio of 1:4 (0.8 µg pEF5/FRT vector and 3.2 µg pOG44). Two days after transfection the 

regular growth medium was exchanged for the selection medium containing 150 ɛg/ml 

hygromycin B. Cells were kept in selection medium for 14 days and the medium was changed 

every two days. Surviving cells were split according to cell density. 

Flow cytometry and cell sorting 

Fibroblasts were grown to 70-90% confluency in 12-well plates. For analysis, cells were 

trypsinized and suspended in growth medium. Samples were pelleted by centrifuged at 100 

rcf for 3 min and re-suspended in FACS buffer (PBS + 0.5% FCS + 2mM EDTA). Cells were 

then directly analyzed for Cerulean expression by flow cytometry (BD LSRFortessa, 

FACSDivaÊ software, BD Biosciences, Heidelberg, Germany). 

For integrin surface staining cells were washed once in FACS buffer and 1x106 cells per 

sample were incubated with monoclonal anti-integrin antibodies as indicated for 1h at 4°C 

under constant rotation. Cells were washed three times with FACS buffer, followed by 

incubation for 30 min with a Rhodamine-Red conjugated secondary antibody. 

Cell sorting of Cer-/- cells was performed on BD FACSAriaTM IIIu with BD FACSDivaÊ 

software at the Core Facility for Cell Sorting and Flow Cytometry (FlowKon) at the University 

of Konstanz. Flow cytometry data was analyzed with FlowJo software package (FlowJo, LLC, 

OR, USA).  

Immunofluorescence staining 
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3T3 Flp-In cells were starved overnight in starvation medium (DMEM + 0.5% FCS). Glass 

coverslips were coated with the respective ECM components (Collagen type II 5µg/ml, 

fibronectin type III repeat 9-12 5µg/ml, vitronectin 5 µg/ml) or poly L-Lysine (10 µg/ml) overnight 

at 4°C. The following day, cells were trypsinized, trypsin was inactivated using soybean trypsin 

inhibitor (Applichem; 0.25 mg/ml in DMEM + 0.25% BSA). Cells were pelleted by centrifugation 

(100g, 3 min, RT) and suspended in DMEM + 0.25% BSA. Cells were kept in suspension for 

35 min before seeding onto glass coverslips coated with the respective ECM components for 

30 min or 2h in suspension medium (DMEM supplemented with 0.25% BSA). After indicated 

timepoints the culture medium was removed and the cells were washed once with PBS++ 

(0.5mM MgCl2, 0.9mM CaCl2) before they were fixed and permeablized with 4% PFA 

supplemented with 0.1% Triton X100 for 6 min at RT. The fixative/permeabilizing solution was 

aspirated and cells were fixed with 4% PFA for another 15 min at RT. The cells were then 

washed three times with PBS and stained with indicated antibodies for 1h at RT in the dark. 

Finally, cells were washed with PBS and mounted using Dako mounting medium (Dako, 

Agilent technologies). 

Cell spreading analysis 

Sterile glass coverslips were coated overnight at 4°C with 5µg/ml vitronectin or 5 µg/ml 

fibronectin type III repeats 9-11 (FNIII9-11). Cells were starved overnight in starvation medium 

(DMEM + 0.5% FCS). After 12h starvation cells were trypsinized, trypsin was inactivated using 

soybean trypsin inhibitor (Applichem; 0.25 mg/ml in DMEM + 0.25% BSA). Cells were pelleted 

by centrifugation (100g, 3 min, RT) and suspended in DMEM + 0.25% BSA. Cells were kept 

in suspension for 30 min before seeding on coated glass coverslips. After 30 and 120 min of 

adherence, cells were washed once with PBS++ (0.5mM MgCl2, 0.9mM CaCl2), fixed with 4% 

PFA in PBS for 15 min at RT, washed thrice in PBS, permeabilized with 0.4% Triton-X-100 in 

PBS for 5 min at RT, washed thrice in PBS and blocked for 30 min in blocking buffer (10% 

heat inactivated CS in PBS). Cells were stained with CellMaskTM Orange (diluted to 5µg/ml in 

blocking buffer) and DAPI (diluted to 0.2 µg/ml in blocking buffer) for 30 min at RT. Images 

were analysed by a custom build ImageJ macro (Bioimaging Center, University of Konstanz). 

Fluorescent Microscopy and microscope settings 

For confocal laser scanning microscopy all images were taken from fixed specimens 

embedded in Dako fluorescent mounting medium (Dako Inc, Carpinteria, USA) on a LEICA 

SP5 confocal microscope equipped with a 63.0x/1.40 NA oil HCX PL APO CS UV objective 

and analyzed using LAS AF Lite software. All images were acquired in xyz mode with 1024 x 

1024 pixel format and 100 Hz scanning speed at 8 bit resolution. Fluorochromes used are 

Pacific Blue (excitation 405 nm, emission bandwidth: 435 ï 475 nm); CF405M (excitation 405 

nm, emission bandwidth: 435 ï 475) GFP (excitation 488 nm, emission bandwidth: 500 ï 525 
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nm); CellMask Orange (excitation 561 nm, emission bandwidth: 571 ï 613 nm), RFP 

(excitation 561 nm. Emission bandwidth 571 ï 613 nm), Cy3 (excitation 561 nm. Emission 

bandwidth 568 ï 608 nm) and Cy5 (excitation 633 nm, emission bandwidth: 640 -700 nm). 

Images were processed using ImageJ by applying the same brightness/contrast adjustments 

to all images within one experimental group. 

Bacteria 

Staphylococcus aureus (Cowan) and non-pathogenic Staphylococcus carnosus TM300 were 

cultured overnight in tryptic soybean broth (TSB; BD Biosciences, Heidelberg, Germany) at 

37°C, 200 rpm. The next morning 10ml fresh TSB were inoculated with 50µl overnight culture 

and bacteria were harvested in mid-logarithmic phase after 2h. Prior to infection, bacteria were 

washed once in sterile phosphate-buffered saline (PBS) and adjusted to 1×108 cfu/ml in PBS. 

In some experiments, staphylococci were fluorescently labelled prior to infection as described 

below. 

Biotinylation and labelling of bacteria 

Bacteria (1×10^8 cfu/ml) were washed twice with sterile phosphate-buffered saline (PBS), 

suspended in 1.4 ml PBS + 0.1 mg/ml EZ-LinkÊ Sulfo-NHSïLCïbiotin (Thermo Fisher 

Scientific) and 0.2 µg/ml Pacific Blue and incubated for 30 min at 37°C under constant shaking 

at 750 rpm. Biotinylated and Pacific Blue-labelled bacteria were washed three times with PBS 

prior to use. 

Infection of cells 

Fibroblasts were seeded on glass coverslips in 24-well plates coated with poly L-Lysin (10 

ɛg/ml) in growth medium 1 day before infection. For infection, staphylococci were harvested 

by centrifugation. Bacteria were washed, suspended in PBS, and labelled with pacific blue, 

with or without biotin. Cells were infected at MOI 20 for 2 h. In some cases bacteria were 

centrifuged onto the cells for 2 min at 260g without brakes. Infected samples were fixed for 15 

min with 4% paraformaldehyde in PBS, washed three times with PBS and blocked with PBS 

containing 10% heat inactivated calf serum for 30 min at room temperature. To distinguish 

extracellular from intracellular bacteria, samples were stained with Streptavidin-AlexaFluor 647 

for 20 min in the dark. 

Gentamicin protection assay 

5x10^4 fibroblasts were seeded on poly-L-Lysin (10 µg/ml) coated 24-well plates and 

incubated overnight in growth medium. Next day, cells were infected with S. aureus or S. 

carnosus at a MOI 20 at 37 °C. After 2h infection medium was changed with growth 

medium supplemented with 100 ɛg/ml gentamicin and 10 µg/ml Lysostaphin. After 1 h at 

37 °C, medium was aspirated and cells were lysed with 1 ml 0.5 % (w/v) saponin in PBS 



78 

for 15 min at 37 °C. Serial dilutions in PBS were made and 20 ɛl were plated on TSB-agar 

plates. The next day colonies were counted. To analyze the number of attached bacteria, 

the addition of antibiotics was omitted and cells were directly lysed after 2h infection time. 

Whole cell lysates (WCLs) and WB 

WCLs were generated by lysing equal cell numbers in radioimmunoprecipitation assay buffer 

(1% Triton X-100, 50 mM Hepes, 150 mM NaCl, 10% glycerol, 1.5 mM MgCl2, 1 mM EGTA, 

0.1% wt/vol SDS, and 1% vol/vol deoxycholic acid) supplemented with freshly added protease 

and phosphatase inhibitors (10 mM sodium pyrophosphate, 100 mM NaF, 1 mM sodium 

orthovanadate, 5 µg/ml leupeptin, 10 µg/ml aprotinin, 10 µg/ml Pefabloc, 5 µg/ml pepstatin, 

and 10 µM benzamidine) and phosphatase saturating substrate (para-nitrophenolphosphate 

[pNPP]; Sigma-Aldrich; 10 mM). Chromosomal DNA was mechanically sheared by passing 

through a metal needle. DNA and cell debris were pelleted by addition of sepharose beads 

and centrifugation (13,000 rpm, 30 min, 4°C). Supernatant was supplemented with 4× SDS 

sample buffer (2 or 4% wt/vol SDS, 20% wt/vol glycerol, 125 mM Tris-HCl, 10/20% vol/vol ɓ-

mercaptoethanol, and 1% wt/vol Bromophenol blue, pH 6.8) and boiled for 5 min at 95°C. 

Proteins were resolved on 10ï18% SDS-PAGE. After separation, the proteins were transferred 

to a polyvinylidene fluoride membrane (Merck Millipore), followed by blocking in 2% BSA 

containing 50 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 20, pH 7.5 (TBS-T) buffer. The 

membrane was incubated with primary antibody in blocking buffer overnight at 4°C, washed 

three times with TBS-T, and incubated with HRP-conjugated secondary antibody in TBS-T for 

1 h at RT. The chemiluminescent signal of each blot was detected with ECL substrate (Thermo 

Fisher Scientific) on the Chemidoc Touch Imaging System (Bio-Rad) in signal accumulation 

mode. Acquired images were processed in Adobe Photoshop CS4 by adjusting illumination 

levels of the whole image. 

Rac activity assay 

The Rac activity assay was performed as previously described (Benard et al. 2002). The p21 

binding domain of human PAK (aa67-150) was fused to GST and expressed in E. coli BL21. 

Bacteria were cultured at 37°C till an OD of 0.7 was reached. Expression was induced with 1 

mM IPTG at 30°C overnight. Bacteria were harvested by centrifugation (20min, 5000 rpm, 

4°C). Pellet was washed in ice-cold PBS and lysed for 30min on ice in bacterial lysis buffer (50 

mM Tris-Cl pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM EDTA and freshly added 1 mM DTT, 

1mM PMSF, 1 µg/ml aprotinin, 1 mg/ml lysozyme, 20 mg/ml DNAseI). Suspension was 

sonicated for 60 sec at 50% cycle, 30 sec 70% and 60 sec 50% with 1 min pauses for cooling 

in between. Subsequently, lysate was incubated on ice for 15 min before centrifugation at 5000 

rpm for 10 min at 4°C. Glutathione sepharose beads (Cat. 17-0756-01, GE Healthcare) were 
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equilibrated by washing twice in water and thrice in bacterial lysis buffer. The supernatant of 

the bacterial lysate was incubated with equilibrated beads for 2 hours at 4°C. Beads were 

centrifuged 5 min at 2000 rcf at 4°C and washed five times with wash buffer (50 mM Tris-Cl 

pH 8, 150 mM NaCl, 5 mM MgCl2 and freshly added 1 mM DTT, 1 mM PMSF, 1 µg/ml 

aprotinin). 

Cells were starved overnight in starvation medium (DMEM + 0.5% FCS), washed twice with 

PBS and trypsinized. Trypsin was inactivated using soybean trypsin inhibitor (Applichem; 0.25 

mg/ml in DMEM + 0.25% BSA). Cells were pelleted by centrifugation (100g, 5 min, RT) and 

suspended in DMEM + 0.25% BSA. Cells were kept in suspension for 35 min before seeding 

on culture dishes coated with 10 µg/ml poly L-Lysine or 5 µg/ml fibronectin type III repeats 9-

11 (FNIII9-11). After 10 min, dishes were washed carefully with ice-cold PBS and cells were lysed 

in cell lysis buffer (50 mM Tris-Cl pH 7.5, 200 mM NaCl, 5 mM MgCl2, 1% NP40, 10% glycerol 

and freshly added 1mM DTT, 1 mM PMSF, 10 µg/ml aprotinin and 10 µg/ml leupeptin) on a 

plate shaker for 10 min at 4°C. Cells were scraped and DNA was sheared by passing through 

a fine needle. Lysates were centrifuged 10 min at 2000 rcf at 4°C. Supernatant was incubated 

with 20 µl of GST-PBD loaded beads for 40 min on a head-to-head rotor at 4°C. Samples were 

centrifuged for 2 min, 2000 rcf, 4°C and washed once in PBD binding buffer (25 mM Tris-Cl 

pH 7.5, 40 mM NaCl, 30 mM MgCl2, 1% NP40 and freshly added 1 mM DTT, 1 mM PMSF, 10 

µg/ml aprotinin, 10 µg/ml leupeptin). 30 µl 2x SDS were added to the beads and boiled at 95°C. 

Samples were analysed by SDS-PAGE followed by Western blotting. 

Holotomographic imaging 

35 mm ibidi dishes with ibiTreat #1.5 polymer coverslips (ibidi GmbH, Gräfelfing, Germany) 

were coated overnight at 4°C with 5 µg/ml fibronectin type III repeats 9-11 (FNIII9-11). Cells were 

starved overnight in starvation medium (DMEM + 0.5% FCS). The following day, coating 

solution was replaced with suspension medium (DMEM + 0.25% BSA) and dishes were 

prewarmed at 37°C. Cells were trypsinized, trypsin was inactivated using soybean trypsin 

inhibitor (Applichem; 0.25 mg/ml in DMEM + 0.25% BSA). Cells were pelleted by centrifugation 

(100g, 3 min, RT) and suspended in DMEM + 0.25% BSA. Cells were kept in suspension at 

37°C for 35 min before seeding on ibidi dishes in a total volume of 1.5 ml suspension medium. 

Time lapse videos were acquired on a Nanolive 3D Cell Explorer-fluo CX-A (Nanolive SA, 

Tolochenaz, Switzerland). 

Electron microscopy 

4x10^4 cells were seeded on poly L-Lysine coated coverslips and grown overnight in growth 

medium. The next day cells were infected with unlabeled bacteria at a MOI of 20 in growth 

medium. Bacteria were centrifuged onto the cells for 2 min at 360 rpm and 30°C without brakes. 

5, 10, and 20 minutes after centrifugation cells were fixed by underlaying growth medium with 
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1 ml fixative (3% formaldehyde, 2% glutaraldehyde, 0.01M CaCl2, 0.01M MgCl2, 0.09M 

sucrose in 0.1M HEPES pH 7.2) for 20 minutes at room temperature. Liquid was aspirated and 

exchanged with fresh fixative. Samples were incubated at 4°C for 20 minutes. Fixative was 

exchanged again and incubated for another 30 minutes at 4°C. Samples were washed three 

times with washing solution (0.09M sucrose, 0.01M CaCl2, 0.01M MgCl2 in 0.1M HEPES pH 

7.2) for 10 minutes at 4°C. Samples were dehydrated in ice-cold ethanol (30% for 7 min; 50% 

for 10 min, 70% for 10 min, 70% overnight at 4°C) followed by dehydration at room temperature 

(80% for 10 min, 90% for 10 min, 96% for 10 min, 100% for 3 times 10 min). The samples were 

critical point dryed over liquid CO2 (Leica EM CPD300, Leica Microsystems GmbH, Wetzlar, 

Germany) and sputter coated with a 6 nm layer of platinum (Quorum Q 150R S, Quorum 

Technologies, Laughton, UK). Samples were imaged on a Zeiss Auriga 40 Crossbeam using 

SmartSEM v6.00 software and an SE2 detector (all from Carl Zeiss Microscopy Deutschland 

GmbH, Oberkochen, Germany). Images were acquired at a working distance of 6.7 mm at an 

electron high tension of 5.00 kV and 100 ns dwell time. 

Antibodies and dyes 

The following primary and secondary antibodies were used at indicated concentrations: anti-

human a-actinin1 (mouse monoclonal, BM75.2, Sigma Aldrich, A5044; WB 1:1000), anti-

human talin (mouse monoclonal, 8d4, Sigma Aldrich, T3287; WB 1:750), anti-human FAK 

(rabbit polyclonal, A-17, Santa Cruz, sc-557; WB 1:250), anti-phospho FAK pY397 (rabbit 

monoclonal, D20B1, Cell Signaling #8556, WB 1:1000, IF 1:200) anti-human cSRC (rabbit 

polyclonal, SRC2, Santa Cruz, sc-18; WB 1:1000), anti pY418 SRC (rabbit polyclonal, 

invitrogen; WB 1:1000), anti-human p130Cas (rabbit polyclonal, N17, Santa Cruz; WB 1:1000), 

anti-phospho p130Cas pY410 (rabbit polyclonal, Cell signalling, #4011; WB 1:1000), anti-

human vinculin (mouse monoclonal, VIN-1, Sigma Aldrich, V9131; WB 1:1000, IF 1:200), anti-

ERK1/2 (rabbit polyclonal, Cell Signaling #9102; WB 1:1000), anti-human Hic-5 (mouse 

monoclonal, 34, BD Biosciences, 611164; WB 1:500), anti-human paxillin (mouse monoclonal, 

5H11, Thermo Fisher Scientific, AHO0492; WB 1:1000, IF 1:200), anti-cortactin (mouse 

monoclonal, 4F11, Merck Millipore), anti-human Rac (rabbit polyclonal, invitrogen, PA5-17519; 

WB 1:1000), anti GFP (mouse monoclonal , JL8, Clontech; WB: 1:6000), anti-human tubulin 

(mouse monoclonal, E7, purified from hybridoma cell supernatants, Developmental Studies 

Hybridoma Bank, University of Iowa, USA; WB 1:1000), anti-mouse integrin b1 (Armenian 

hamster monoclonal, Hmb1-1, Thermo Fisher Scientific, 11-0291-82; FC 1:300), anti-mouse 

integrin b3 (armenian hamster monoclonal, 2C9.G3, Thermo Fisher Scientific, 13-0611-81; FC 

1:200), active ɓ1-integrin (9EG7, G1, rat anti-human/anti-mouse, generous gift of D. 

Vestweber (MPI for Molecular Medicine, Münster, Germany); 1:300 FC. Secondary antibodies 

used: horseradish peroxidase (HRP)-conjugated goat anti-mouse; WB: 1:10.000, horseradish 

peroxidase (HRP)-conjugated goat anti-rabbit; WB: 1:5000; Cy5-conjugated goat anti-mouse; 
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IF 1:200, Dylight 488 conjugated goat anti-mouse, IF 1:200, Rhodamine Red-X conjugated 

goat anti-arm. Hamster; FC 1:300, Rhodamine Red conjugated goat anti-rat; FC 1:300, Cy3 

conjugated Streptavidin, IF 1:200 (all from Jackson ImmunoResearch Inc., Baltimore, USA). 

CellMask Orange Plasma membrane stain, Thermo Fisher Scientific, C10045; IF 1:1000 
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Supplementary information 

 

Supplementary Figure S1: Integrin b1 activity is not significantly altered in Pax/Hic-5-/- and re-
constituted cell lines. 

(A) Pax/Hic-5-/- and reconstituted cell lines have been stained for active integrin b1 using the 9EG7 

antibody (left panel) or surface exposed total integrin b1 (right panel). Shown are representative 
histograms. (B) Integrin activity was quantified by dividing the mean fluorescence intensity oft he 9EG7 

staining through mean fluorescence intensity of integrin b1 staining. Bar graphs represent mean ± SEM 
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from three independent experiments. Differences were not statistically significant, calculated by one-
way ANOVA compared to 3T3 ctrl KO followed by Dunnettôs test. 

 

Supplementary Figure S2: Sustained loss of FAK activity on collagen. 
(A) Serum starved cells were seeded for 2 hours on 5 µg/ml Collagen. Cells were fixed and stained with 
an antibody against active FAK (pY397) and phalloidin. (B) Quantification of microscopic images in (A). 
Box-whisker blot represents data from 6 cells per sample from one experiment. The total number of FAs 
analyzed are indicated in brackets. Whiskers denote 5 and 95 percentiles. Statistical significance was 
calculated using One-way ANOVA followed by Bonferroni post-hoc test. pÒ0.0001. 

 

Supplementary Figure S3: Vinculin can be recruited in the absence of paxillin and Hic-5. 
Serum starved cells were seeded on 5 µg/ml collagen for 2h and stained for endogenous vinculin. Scale 
bars represent 10 µm. Arrowheads point at representative FAs. 
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Supplementary Figure S4: Loss of paxillin family members causes hyperphosphorylation of 
p130Cas. 
(A) Representative Western Blot of whole cell lysates from cells seeded for 30 minutes on 5 µg/ml 
collagen (Coll), 10 µg/ml poly L-Lysine (poly-L) or kept in suspension (susp) after serum starvation. (B) 
Cells were either seeded on 5 µg/ml fibronectin (FN) or 10µg/ml poly L-Lysine (poly-L) for 30 minutes 
after serum starvation. Membranes were probed with the indicated antibodies. 

 

Supplementary Figure S5: Paxillin single knockout cells are strongly impaired in cell spreading 
(A) Whole cell lysates of Pax/Hic-5-/- and Pax-/- cells compared to 3T3 Cer KO. Membranes were pobed 
with antibodies specific for either paxillin or Hic-5. Left and right lanes were taken from the same 
membrane and have been cut for clearer presentation. (B) Starved cells were seeded on fibronectin or 
vitronectin for either 30 or 120 minutes. Cells were fixed after indicated timepoints and stained with a 
membrane dye. Data are from three biological replicates. Total n number per sample is indicated in 
brackets. Error bars represent mean and 95% confidence interval. Statistical significance was calculated 
by One-way ANOVA, followed by Bonferroni Multiple Comparison Test. ***pÒ0.0001, ns = not significant. 



84 

 

Supplementary Figure S6: Re-expression of GFP-Hic-5 normalizes spreading and Rac activity. 
(A) Holotomographic live cell imaging. Still images from indicated timepoints after cell seeding are 
shown. Arrowheads indicate membrane ruffles. Arrows indicate smooth lamellipodia (Timestamp 
min:sec). (B) Representative Western Blot of Rac activity assay. GTP-bound Rac was pulled down from 
whole cell lysates. (C) Densitometric quantification of Western Blots in B. Pax/Hic-5-/-+GFP-Hic-5 
sample is from one experiment only and was therefore not included in the statistical analysis. Statistical 
significance was calculated by one-sample t-test. *pÒ0.05; **pÒ0.01. 

 

 






























































































































































































