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ABSTRACT 

 Focal adhesions are important subcellular structures that are composed of many 

signaling and scaffolding proteins. They serve not only for anchoring the cell to the 

substratum but they are also important signaling centers that regulate various cellular behavior 

such as migration, invasiveness, proliferation and survival. Focal adhesion signaling needs to 

be strictly regulated because alteration in activity or expression of many focal adhesion 

proteins leads to tumorogenesis and metastasis formation. One of the most important 

scaffolding protein associated with focal adhesion is p130Cas. The importance of p130Cas in 

regulation of cell migration and invasiveness has been well established. P130Cas also plays 

important role in regulation of cell survival and proliferation. Moreover, high protein levels of 

human ortholog of p130Cas – BCAR1, has been linked to more aggressive breast tumors and 

poor prognosis. 

 During my doctoral studies, I focused on the role of p130Cas in integrin signaling. At 

the beginning we characterized the role of tyrosine 12 phosphorylation within its SH3 

domain. We confirmed that this phosphorylation is increased in Src527F transformed mouse 

embryonic fibroblasts compared to non-transformed counterparts and also in some human 

cancer cell lines. We showed that this phosphorylation disrupts binding capacity of p130Cas 

SH3 domain and alters phosphorylation levels of some focal adhesion proteins. Furthermore, 

phosphomimicking mutation Y12E leads to delocalization of p130Cas from focal adhesion, 

but expression of this variant increases the migration and invasiveness of mouse embryonic 

fibroblast. This effect was probably caused by increased dynamics of focal adhesion in cells 

expressing p130Cas Y12E variant. Moreover, expression of non-phosphorylatable mutation of 

p130Cas (Y12F) has oposite effect on focal adhesion dynamics, migration and invasiveness. 

 Subsequently, we identified vinculin as a novel binding partner for p130Cas SH3 

domain and confirmed that this interaction is direct. We showed that this interaction is 

important for proper localization of p130Cas to focal adhesion and influences the size and 

dynamics of adhesion structures. Moreover, we found that p130Cas-vinculin interaction is 

important for stretch induced phosphorylation of p130Cas substrate domain and the 

phosphorylation of Y12 within p130Cas SH3 domain abolished mechanical activation of 

p130Cas. This interaction has been found to be important also for maintaining proper cell 

stiffness and generation of traction forces. 

 Finally, during my study I also participated in characterization of assembly and 

dynamics of focal adhesion formed by cells grown in 3D environment. 
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ABSTRACT IN CZECH 

 Fokální adheze jsou důležitými buněčnými strukturami, které pozůstávají z mnoha 

signálních a strukturních proteinů. Slouží nejen k ukotvení buňky k podkladu, ale i jako 

důležitá signalizační centra, která regulují různé buněčné děje jako například migraci, 

invazivitu, proliferaci a přežívání. Signalizace zprostředkovaná fokálními adhezemi musí být 

přísně regulována, protože změna v aktivitě nebo expresi mnoha proteinů fokálních adhezí 

může vést ke vzniku nádorů a tvorbě metastáz. Jedním z nejdůležitějších strukturních proteinů 

asociovaných s fokálními adhezemi je protein p130Cas. Důležitost proteinu p130Cas 

v regulaci buněčné migrace a invazivity je velice dobře zdokumentovaná. Protein p130Cas 

také hraje důležitou roli v regulaci buněčného dělení a přežívaní. Navíc, vysoké hladiny 

lidského homologu proteinu p130Cas – BCAR1 jsou spojené s agresivnějšími nádory a 

špatnou prognózou.  

 V průběhu mého doktorandského studia jsem se zaměřil na studium úlohy proteinu 

p130Cas v integrinové signalizaci. Charakterizovali jsme úlohu fosforylace tyrozinu 12 v jeho 

SH3 doméně a potvrdili jsme, že tato fosforylace je zvýšená v myších embryonálních 

fibroblastech transformovaných aktivovaným Src527F v porovnaní s jejich 

netransformovanými protějšky a také v některých lidských nádorech. Tato fosforylace ruší 

vazebné schopnosti SH3 domény proteinu p130Cas a mění hladinu fosforylace kinázy FAK. 

Fosfomimikující mutace Y12E navíc vede k delokalizaci proteinu p130Cas z fokálních 

adhezí, a zároveň zvyšuje migraci a invazivitu myších embryonálních fibroblastů. Tento efekt 

je způsoben zvýšenou dynamikou fokálních adhezí v buňkách exprimujících tuto variantu. 

Oproti tomu exprese nefosforylovatelné mutace v p130Cas (Y12F) má opačný efekt na 

dynamiku fokálních adhezí, migraci a invazivitu. 

 Následně jsme identifikovali vinculin jako nového vazebného partnera SH3 domény 

proteinu p130Cas a potvrdili jsme, že tato interakce je přímá. Ukázali jsme, že tato interakce 

je důležitá pro správnou lokalizaci p130Cas do fokálních adhezí a že ovlivňuje velikost a 

dynamiku adhezivních struktur. Navíc jsme zjistili, že interakce proteinů p130Cas a vinculin 

je důležitá pro fosforylaci substrátové domény proteinu p130Cas indukovanou mechanickým 

napětím a naopak fosforylace tyrozinu 12 ruší tuto interakci a zároveň ruší i mechanicky 

indukovanou fosforylaci substrátové domény. Tato interakce je rovněž důležitá pro tvorbu 

trakčních sil a udržování správných vlastností aktinového cytoskeletu. 

  V průběhu mého studia jsem se navíc podílel na charakterizaci tvorby a dynamiky 

fokálních adhezí v buňkách rostoucích v 3D prostředí. 
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AIMS OF THE STUDY: 

 

I.  Elucidation of the influence of tyrosine phosphorylation within 

  SH3 domain of p130Cas on integrin signaling 

 

II. Characterization of the role of interaction of p130Cas and 

 vinculin 
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1. INTRODUCTION: 

 

 Most of the adherent cell types in animal body have to be in contact with their 

surroundings in order to be able to survive and proliferate. Loss of adhesion results in special 

type of apoptosis, a process called anoikis. Cells form specialized multiprotein structures 

called focal adhesions (FAs) to ensure the interaction of cell with extracellular matrix. Focal 

adhesions are formed on different substrates such as fibronectin, collagen or laminin and they 

connect extracellular proteins with actin cytoskeleton. Focal adhesions are not just passive 

anchors for cells, but they are also important signaling hubs that transmit chemical and 

physical informations about extracellular environment. The contacts between the cell and the 

extracelular matrix are very important for various processes. Focal adhesions are essential for 

wound healing, tissue organisation, differentiation and thus play a key role in embryogenesis 

and tissue homeostasis. In cooperation with other pathways regulate cell migration, cell 

survival and proliferation. Moreover, disturbed focal adhesion signaling may lead to 

tumorogenesis and subsequently potentiate invasive behaviour and metastasis formation 

(Burridge et al., 1988, Danen and Sonnenberg., 2003, Luo et al., 2007, Wehrle-Haller B. 

2012). Taken together, clarification of the cell-matrix adhesion signaling will not only shed 

more light on developmental processes per se, but may help understand more deeply 

pathological events such as cancer. 

 

1.1. STRUCTURE OF FOCAL ADHESIONS 

 Focal adhesions are formed at the interface of cell surface and proteins of extracellular 

matrix. They consist of many proteins, that form so called adhesome. Basic extracellular parts 

of focal adhesion are composed of cell surface receptors called integrins. Integrin molecules 

form heteromeric transmembrane receptors generated by selective coupling of 18 α- and 8 β-

subunits. α-subunits are usually responsible for binding of extracellular proteins, whereas β-

subunits recruit intracellular regulatory proteins. These subunit can be assembled in 24 

different specific receptors. Each subunit contains large extracellular head domain, general 

transmembrane domain and usually short cytoplasmic tail (Humphries et al., 2006, Berrier 

A.L. and Yamada K.M., 2007). Integrin receptors serve as a bidirectional signaling entities 

across plasma membrane. On one hand, there is a classical “outside-in“ signaling that trasmit 

signals from extracellular environment, which mediate survival, proliferation and motility. On 

the other hand, there is also an “inside-out“ signaling. Integrin molecules are often delivered 

http://www.ncbi.nlm.nih.gov/pubmed?term=Wehrle-Haller%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22819514
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to cell surface in low-afinity ligand binding conformation. When cytoplasmic tails of integrins 

bind to their interacting partners, large conformation change take place and integrins are 

activated. The key activator of integrins is talin. It binds to cytoplasmic tails of integrins 

through its FERM (Four point one protein/Ezrin/Radixin/Moesin) domain and induce 

activation of integrins (Fig1.1) (Calderwood et al., 2002, Kim et al., 2012, Wang 2012). 

Another co-operating protein is kindlin, which contributes to fully active state of integrins 

(Régent et al., 2011, Margadant et al., 2013). Once the complex is assembled, it recruits other 

focal adhesion proteins. 

  

Figure 1.1. Integrin activation by talin. After releasing the autoinhibitory interaction 

between RS segment and FERM domain, usually by binding of PIP2 (phosphotidylinositol-

4,5-bisphosphate), talin binds cytoplasmic part of integrins and activate them. (adapted from 

Wang JH. Pull and push: talin activation for integrin signaling. Cell Res. 2012 

Nov;22(11):1512-4.)  

  

 One of the key players in focal adhesion signaling is focal adhesion kinase (FAK). 

FAK is recruited to focal adhesions after integrin clustering (Hanks et al., 1992) through its 

C-terminal focal adhesion targeting (FAT) domain and autophosphorylates itself on tyrosine 

397, thus creating a binding site for SH2 domain of another very important kinase – Src. 

Subsequently, Src phosphorylate tyrosines in kinase domain of FAK, therefore fully activate 

it (Hanks et al., 2003). This complex then recruits another important adaptor proteins: 

p130CAS and paxillin (Polte and Hanks, 1997, Burridge et al., 1992). After binding of to 

FAK/Src complex, p130Cas and paxillin are tyrosine phosphorylated and they recruit Crk 

http://www.ncbi.nlm.nih.gov/pubmed/22777425
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protein (Nojima et al., 1995, Hanks et al., 2003, Chodniewitz and Klemke, 2004). This event 

triggers signal downstream to regulate FA mediated processes (Fig1.2.).  

                                                  
 
Figure 1.2. FAK/Src/p130Cas/paxillin signaling complex. (Adapted from Hanks SK et al., 

Focal adhesion kinase signaling activities and their implications in the control of cell survival 

and motility. Front Biosci. 2003 May 1;8:d982-96). 

 

Another critically important adaptor protein localized in focal adhesions is vinculin 

(Geiger et al., 1979). In cytoplasm, vinculin is in inhibited state due to the interaction of head 

and tail domains (Ziegler et al., 2006), but when its binds α-actinin alone or together with 

actin or phosphatidylinositol-4,5-bisphosphate, inhibitory interactions are released and 

vinculin is activated (Zaidel-Bar et al., 2003, Carisey and Ballestrem, 2011). On the other 

hand, vinculin is stabilized in focal adhesions mostly through interaction with talin 

(Humphries et al., 2007, Carisey et al., 2013) and to some extend with paxillin (Pasapera et 

al., 2010). This complex of adaptor proteins serves as a link to connect the integrin receptors 

to the actin microfilaments inside the cell. The connection to actin cytoskeleton is important 

for maintaining the focal adhesion integrity, because loss of tension caused by treatment the 

cells with inhibitors of acto-myosin contractiliy (ROCK-Y-27632, MyosinII-blebbistatin) 

results in rapid disassembling of focal adhesion (Pasapera et al., 2010, Carisey et al., 2013). 

Since integrity of actin cytoskeleton is important for focal adhesions, its obvious that there 

have to be proteins that regulates actin cytoskeleton. One of them is zyxin. Zyxin is important 

for actin polymerization and reorganisation through recruitment of α-actinin and Ena/VASP 

proteins (Hoffman et al., 2006, Hirata et al., 2008) and for maintaining integrity of actin 

stress fibers (Yoshigi et al., 2005, Smith et al., 2010).  

http://www.ncbi.nlm.nih.gov/pubmed?term=Hanks%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=12700132
http://www.ncbi.nlm.nih.gov/pubmed/?term=FOCAL+ADHESION+KINASE+SIGNALING+ACTIVITIES+AND+THEIR+IMPLICATIONS+IN+THE+CONTROL+OF+CELL+SURVIVAL+AND+MOTILITY
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Recently, there have been attempts to characterize nanoscale architecture of focal 

adhesions. Kanchanawong and collegues describe localization of several proteins in z-axis 

spaning 150nm from the substrate and found out that focal adhesion core proteins are 

organized into different layers bridging the approximately 40nm gap between integrin 

cytoplasmic tails and actin microfilaments (Kanchanawong et al., 2010) (Fig1.3.).  

 

  

Figure 1.3. Z-axis characterization of focal adhesion core proteins. Proteins that create 

focal adhesion core are organized into distinguished layers. (Adapted from Kanchanawong et 

al., Nanoscale architecture of integrin-based cell adhesions. Nature. 2010 Nov 

25;468(7323):580-4). 

  

 

 Focal adhesions are complicated multimolecular suborganels that are composed from 

many more proteins that were hereby depicted. Recent bioinformatic analysis revealed 156 

molecules connected with each other with network of 690 interaction. These components 

together form so called “integrin adhesome“. 91 of them are integral components of adhesions 

and 65 are associated with adhesions. They can be divided into 20 subgroups according to 

their known biological activity (Figure 1.4) (Zaidel-Bar et al., 2007, www.adhesome.org). It´s 

obvious, that cell has to have well-tuned mechanisms for orchestrating such a huge number of 

molecules to ensure proper physiological functions of focal adhesions. The key role plays 

regulation of formation, maturation and disassembly of focal adhesions. 

  

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Nanoscale+architecture+of+integrin-based+cell+adhesions
http://www.adhesome.org/
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Figure 1.4 Molecular complexity of focal adhesion components. Proteins are divided into 

two subgroups, intergral components and associated components. (Adapted from Geiger B, 

Spatz JP, Bershadsky AD. Environmental sensing through focal adhesions. Nat Rev Mol Cell 

Biol. 2009 Jan;10(1):21-33) 

 

 

1.2. DYNAMICS OF FOCAL ADHESIONS 

 Focal adhesions may seem as a very stable structures but a continous exchange of 

proteins take place within adhesions. This protein exchange within focal adhesions is reflected 

in dynamics of whole focal adhesions. Cultured cells form three types of integrin based 

http://www.ncbi.nlm.nih.gov/pubmed/19197329
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adhesion with slightly different molecular composition, dynamics and functions. It it tought 

that these different types of adhesion form and evolve as a function of tension generation and 

maturation (Zamir and Geiger, 2001).  At the edge of the lamelipodium so called focal 

complexes (FX) are formed. These are smal (1µm) dot-like adhesions. Within less than 

a minute after formation they are turned over or evolve in a force-dependent manner to form 

focal adhesions (FA) which are larger structures (2-5µm) mainly localized on cell periphery 

and associated with actin stress fibers. Subsequently, focal adhesion can transform in fibrillar 

adhesion (FB), which are dot or fibrillar structures (1-10µm) localized in the center of the 

cells (reviewed in Geiger et al., 2001). 

 

1.2.1.  FOCAL ADHESION ASSEMBLY 

 As expected, the first step in formation of focal adhesion is binding of extracellular 

matrix ligands to integrins and subsequently clustering of the surface receptors. Different 

subtypes of integrins bind different proteins of extracellular matrix. Most of them are binding 

RGD (arginine-glycine-aspartate) or LDV (leucine-aspartate-valine) motifs on fibronectin or 

vitronectin molecule. Other subtypes bind collagen, laminin and other various types of 

extracellular matrix proteins (Humphries et al., 2006). Moreover, at focal adhesion there are 

other coreceptors of extracellular matrix such as syndecan or lyalin which cooperate with 

integrins in adhesion dependent signaling (Woods et al., 2000, Bono et al., 2001). Initial 

contact with extracellular matrix (ECM) is mediated by β1-containing integrin receptors 

(Galbraith et al., 2007). The rationale behind it is that β1 integrin is present on the leading 

edge in high-affinity conformation, unlike β2 or β3 integrins which are inhibited by the 

interaction with α-subunit whereas this interaction is absent in β1-containing integrin such 

as α5β1 integrin. Therefore they need to be activated prior to clustering (Wehrle-Haller, 

2012). The activation of integrin is triggered mainly by interaction of integrin cytoplasmic 

tails with adaptor proteins talin and kindlin (Calderwood et al., 2002, Margadant et al., 

2013). The interaction is mediated by PTB domains on talin/kindlin and NPxY motifs on 

integrin tails (Calderwood et al., 2002, Harburger et al., 2009). Integrin activation is also 

potentiated by different phosphatidyl-inositol-phosphates. Specificaly, phosphatidyl-inositol-

4,5-bisphosphate binds talin tail domain and opens it up. This leads to binding of talin to 

integrins tail and thus activate them (Martel et al., 2001, Legate et al., 2011). Crucial role in 

generating the localized pool of PIP2 have phosphatidyl-inositol 4 phosphate 5 kinases 

(PI4P5K) which could be phosphorylated and thus activated by FAK (Ling et al., 2002). 
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Additional mechnism of integrin activation is dependent on recruiting of migfilin to focal 

adhesion. Migfilin binds to filamin and release the inhibitory interaction between β integrin 

and filamin thus enabling integrin activation (Das et al., 2011).  

 These nascent adhesion or focal complexes are formed as a result of Rac activation 

and typically contain talin, paxillin, phosphotyrosine and low levels of vinculin and FAK, but 

zyxin and tensin are absent (Nobes and Hall, 1995, Laukaitis et al., 2001, Zaidel-Bar et al., 

2003). Since tyrosine phosphorylation is important in regulation of focal adhesion assembly 

and turnover, tyrosine kinases have to be recruited to the adhesion sites (Zaidel-Bar et al., 

2003) The most important kinases are FAK and Src. FAK is recruited to adhesions after 

integrin engagement and provides both scaffolding and kinase activities. FAK 

autophosphorylates itself on tyrosine 397 in N-terminal domain. This phosphorylation creates 

docking site for SH2 domain of Src kinase. Src substequently phosphorylates FAK on 

multiple tyrosine residues such as Tyr576/577 thus leading to fully active FAK (Hanks et al., 

2003). This complex then binds adaptor proteins such as CAS or paxillin and phosphorylates 

multiple tyrosines within their polypeptide chains. These phosphotyrosines serve as a docking 

sites for SH2 domains of Crk and this interaction triggers signaling to downstream effectors 

for example to Rac1 GTPase which in turn stimulates actin polymerization and formation of 

new focal complexes at the leading edge of the cell (Nojima et al., 1995, Panetti 2002). 

Indeed, paxillin has been shown to be very important adaptor molecule for focal complex 

formation and turnover. Paxillin-containing nascent adhesion sites were highly dynamic and 

turned over very rapidly, indicating that paxillin arrives “at the party“ among the first. It has 

been shown that for example α-actinin doesn´t localize to these highly dynamic structures, but 

when focal complexes is stabilized, α-actinin colocalize with paxillin (Laukaitis et al., 2001). 

Moreover, crucial step in regulation of turnover and maturation of focal contacts and focal 

adhesion is paxillin tyrosine phosphorylation. Paxillin contains two tyrosines that are highly 

phosphorylated upon integrin activation, namely Y31 and Y118 (Nakamura et al., 2000). 

Phosphorylation of these two tyrosines is linked with formation of focal contacts, whereas 

stable focal adhesion contains low level of phosphorylated paxillin and phosphorylation of 

these residues is almost completely absent in fibrillar adhesions. On the other hand dynamic 

focal adhesion also contains significant amount of phosphorylated paxillin (Zaidel-Bar et al., 

2006).  

Focal complexes consists almost of the same components as focal adhesions, however 

there are differences in the density of adhesion plaque proteins. On the other hand, focal 
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complexes doesn´t contain neither zyxin nor tensin which are incorporated to focal adhesion 

during tension-mediated maturation (Zaidel-Bar et al., 2003). 

 

1.2.2. MATURATION OF FOCAL ADHESIONS 

 The key role in maturation of focal complexes into focal adhesion plays the increase in 

intracellular tension. This could be caused either by Rho-induced acto-myosin contractility or 

by aplication of external forces onto cell surface receptors (Chrzanowska-Wodnicka and 

Burridge K, 1996, Galbraith et al., 2002). Mechanical tension activates guanine nucleotide 

Exchange factors (GEFs) for Rho such as Vav2, GEF-H1 or LARG, which subsequently 

induce GTP loading of Rho. This leads to activation of downstream Rho-efectors ROCK and 

mDia. ROCK then phosphorylates myosin light chain (MLC), myosin light chain phosphatase 

(MLCP), which in turn mediates increased myosine-II activity and ROCK also 

phosphorylates LIMK. LIMK phosphorylates and inactivates cofilin and thus stabilizing the 

actin stress fibers. The other efector of Rho, mDia, is a formin family member and serves as 

a nucleating factor for actin and facilitates actin polymerization (Lessey et al., 2012). The 

increase of intracellular tension results in force-dependent unfolding of some proteins 

resulting in either exposing cryptic binding sites or increasing in enzyme activity (Vogel and 

Sheetz, 2006). In focal adhesions, there are two important mechanosensoric proteins that 

change their conformation upon tension aplication: talin and vinculin. It´s know that talin 

interact with integrins and actin cytoskeleton (Wang et al.,2012). Increased actomyosin 

contractility induce force-dependent separation of talins head and tail domain and exposure of 

vinculin binding sites (del Rio et al., 2009). This interaction is important for enlargement and 

stabilization of focal adhesions and proper mechanical properties of cells (Humphries et al., 

2007, Diez et al., 2011). It has been shown that cytoplasmic vinculin is in closed 

conformation and opens up after association with its binding partners (Ziegler et al., 2006). 

Especially, vinculin needs to be associated with talin and acto-myosin network to be fully 

activated (Chen et al., 2006, Golji and Mofrad, 2013). This opened actin-binding 

conformation localize to focal complexes and mediate force-induced transformation into focal 

adhesions and regulates composition of FAs in force-dependent manner (Chen et al., 2005, 

Carisey et al., 2013). 

 Another important signaling event in regulation of force-dependent maturation of focal 

adhesion is tyrosine phosphorylation. Again FAK and Src play crucial role. FAK is recruited 

to focal adhesion upon force-induced activation of integrin receptors and autophosphorylates 
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itself thus creating a binding site for Src (Shi and Boettiger, 2003, Pasapera et al., 2010). 

Moreover, Src itself is activated upon mechanical tension (Han et al., 2004, Wang et al., 

2005). This complex is then responsible for extensive phosphorylation of well-known adaptor 

proteins – p130Cas and paxillin, and this phosphorylation is dependent on actomyosin 

generated tension (Ballestrem et al., 2006, Sawada et al., 2006). For example it has been 

shown, that phosphorylation of paxillin by FAK is increased when actomyosin tension is 

increased, which results in recruitment of vinculin and thus stabilization of focal adhesions. 

Moreover, activity of myosin II is required for targeting of other signaling and structural 

proteins to focal adhesion, such as zyxin or α-actinin (Choi et al., 2008, Pasapera et al., 

2010). On the other hand, strict regulation of phosphorylation status of adhesion proteins is 

important for focal adhesion signaling, because it has been shown that tyrosine phosphatase 

PTP-1B induce focal adhesion maturation by regulating paxillin turnover and incorporation of 

α-actinin into focal adhesions (Burdisso et al., 2013). 

 The third type of adhesive structures are fibrillar adhesions. They develope in response 

of actomyosin generated tension and have slightly different molecular composition. Fibrillar 

adhesions start to form on the proximal tip (the part of FA closest do the attached actin fiber) 

of focal adhesions and move to the centre of the cell. They specifically contain only α5β1 

integrin heterodimers (fibronectin receptor), unlike focal adhesion that contains also 

vitronectin receptor (αvβ3). Mature fibrillar adhesions are exclusively located in the center of 

the cell and play important role in fibronectin fibrillogenesis. Moreover, they contain large 

amount of tensin and very low levels of other focal adhesion proteins such as vinculin, 

paxillin and FAK and the tyrosine phosphorylation in these structures is almost absent. The 

formation and translocation into fibrills is dependent on actomyosin contractility, but 

important role in separating of tensin and α5β1 integrin from focal adhesion plays Src too 

(Pankov et al., 2000, Zamir et al., 2000, Volberg et al., 2001). 

 To conclude, maturation of focal adhesion is dependent on actomyosin contractility 

and tyrosine phosphorylation of some proteins which is leading to increased focal adhesion 

size and changes in dynamics of focal adhesion components (Cluzel et al., 2005, Möhl et al., 

2009, Wolfenson et al., 2011). 

  

1.2.3. SLIDING AND DISASSEMBLY OF FOCAL ADHESIONS 

 Final step in the inner life of focal adhesion is detachment of integrin receptors from 

extracellular matrix and disassembly of focal adhesions. Focal adhesion disassemble within 
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two region in the cell. The first is the zone where adhesion turn over rapidly, behing the 

leading edge of the cell, and the second region is the retracting tail where adhesion must 

detach from the substrate. Disassembly of focal adhesion on retracting end is accompanied by 

phenomenon called focal adhesion sliding, where adhesion aren´t detached, rather the 

components are treadmiling and adhesion is moving towards the centre of the cell. The sliding 

of focal adhesion is enabled by differential dynamics of focal adhesion components. It has 

been shown that paxillin and vinculin dynamics is higher at the proximal end of the sliding 

focal adhesion than at distal one (Wolfenson et al., 2009). Moreover, paxillin is added to the 

proximal end in form of monomers, whereas distal end leaves in form of larger agregates 

(Digman et al., 2008). This is caused by higher phosphorylation of paxillin in more dynamic 

adhesion and subsequently by higher recruitment of FAK which is key regulator of focal 

adhesion signaling (Zaidel-Bar et al., 2006). Moreover, sliding focal adhesion posses higher 

densities of adhesion components such as integrin α5β1 with higher dynamics, which is 

important for treadmiling of integrins (Ballestrem et al., 2001).  

 Since tyrosine phosphorylation is important signaling event in adhesion turnover, 

logically tyrosine kinases such as FAK and Src play important role in regulating focal 

adhesion disassembly. It has been shown that cells lacking FAK and Src have increased focal 

adhesions and decreased turnover (Ilic et al., 1995, Webb et al., 2004). This effect might be 

caused by phosphorylation of tyrosine 397 on FAK. Phosphorylated FAK (pY397) remains 

longer associated with focal adhesions, which results in higher turnover of FAs due to several 

effects (Hamadi et al., 2005). Phosphorylated tyrosine 397 recruits Src, which leads to 

phosphorylation of p130Cas substrate domain and subsequently to reorganization of actin 

cytoskeleton and focal adhesions (Meenderink et al., 2010). Moreover this complex 

phosphorylates ERK which leads to activation of MLCK and increased in contractility and 

reorganization of focal adhesions. Also FAK/Src deactivates Rho and activates Rac – another 

way to dissolve adhesions (Webb et al., 2004). On the other hand, it has been shown that 

inhibition of myosin II activity leads to changes in dynamics of adhesion components 

(vinculin, paxillin, zyxin) and subsequently to adhesion disassembly (Wolfenson et al., 2011). 

Moreover, focal adhesion components are degraded by cysteine protease calpain. Again 

calpain is activated by Src/FAK complex throught MEK/ERK phosphorylation and this leads 

to degradation of FAK, paxillin, talin and p130Cas (Franco and Huttenlocher, 2005, Chan et 

al., 2010, Shim et al., 2001). In addition, microtubules are also involved in negative regulation 

of focal adhesion, because it has been shown that repolymeriazation of microtubules after 

nocodazole washout results in global focal adhesion disassembly and the effect may be caused 
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by local decrease of Rho activity (Stehbens and Witmann, 2012). Finally, integrins have to be 

removed from membrane  to ensure detachment. This is enabled by action of clathrin and its 

adaptors proteins Dab2 and Arh, which binds to cytoplasmic tails of β integrins and facilitates 

endocytosis. It has been shown that clathrin-mediates endocytosis is preferentially used to 

turn over integrins near the leading edge of migrating cells (Ezratty et al., 2009) 

 

Figure 1.5. Characterization of different types of adhesion structures. Localization of 

different adhesion in the cell body with associated form of actin cytoskeleton. (Adapted from 

Wehrle-Haller B. Assembly and disassembly of cell matrix adhesions Curr Opin Cell Biol. 

2012 Oct;24(5):569-81.)  

    

1.3. ADHESIONS IN 3D ENVIRONMENT 

Formation of focal adhesion on 2D substrated have been extensively studied and is 

well characterized. But regarding adhesion in 3D, there have been quite a lot of controversy. 

Some authors don´t observe any clustering of focal adhesion proteins (FAK, paxillin, 

vinculin) rather they report that these proteins are diffusely localized in cytosol, however they 

are still able to affect migration (Fraley et al., 2010). Kubow and Horwitz suggested that the 

problem with vizualizing focal adhesion component in live cells might arise from to high 

background intensity of overexpressed fluorescence tagged protein. They showed that 

expressing low levels of paxillin reveals focal adhesions at the edges of the cells, but still they 

weren´t able to vizualize focal adhesion in the centre of the cell, probably due to thicker 

sample which results in higher background fluorescence (Kubow and Horwitz, 2011). 

However many others were able to stain adhesion structures in 3D by antibodies. It has been 

http://www.ncbi.nlm.nih.gov/pubmed?term=Wehrle-Haller%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22819514
http://www.ncbi.nlm.nih.gov/pubmed/22819514
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shown that these adhesive structures contain paxillin, FAK, vinculin and β1 integrin (Wozniak 

et al., 2003, Wolf et al., 2003,  Petrie et al., 2012). These clusters of focal adhesion proteins 

differ from adhesion seen on planar surfaces. Cukierman and collegues observe quite unusual 

combination of paxillin and α5 integrin in adhesive structures (Cukierman et al., 2001) 

although, in cells on 2D surfaces paxillin and α5 integrin are separated in focal adhesion 

respectively fibrillar adhesions (Zamir et al., 2000). But like focal adhesion, these 3D 

adhesions forms in a tension-dependent manner and some components such as vinculin were 

highly mechanosensitive (Tamariz and Grinnell, 2002). Moreover formation and structure of 

3D adhesion was affected by composition of 3D matrix (cell derived matrix, collagen gel, 

fibrin gel, basement membrane/matrigel) and also by 3D matrix structure and density 

(well/less organized fibrils) (Hakkinen et al., 2011, Harunaga and Yamada, 2011).  

 Taken togehter, in spite of lots of knowledge about adhesion on 2D surfaces, adhesion 

in 3D environment are still a challenge and we are just on the beginning of understanding 

their function and regulation. 

                    

Figure 1.6. Adhesion within different 3D environment. Different organization of 

extracellular environment affect composition of formed adhesions (Adapted from Harunaga 

JS, Yamada KM. Cell-matrix adhesions in 3D. Matrix Biol. 2011 Sep;30(7-8):363-8.) 

 

 

1.4. PODOSOME-TYPE ADHESIONS (PTAs). 

 Except of adhesion structures such as focal adhesion, focal complexes or fibrillar 

adhesion, there is one more type of integrin-based adhesion called podosomes and 

invadopodia, together forming a group of structures termed invadosomes or podosome-type 

http://www.ncbi.nlm.nih.gov/pubmed/21723391
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adhesion. Invadosomes are actin-rich structures which are formed in monocyte-derived cells 

such as macrophages, osteoclast, dendritic cells and also in transformed fibroblasts and cancer 

cells (Linder and Aepfelbacher, 2003). They were initialy identified as a ring structures 

associated with focal degradation of extracellular matrix in Src-transformed cells (Chen et al., 

1989) and it has been well established that Src is a master regulator of formation of 

invadosomes (Bowden et al., 2006, Kelley et al., 2010). Despite the fact that podosomes and 

invadopodia share common feature, they could be distinguished according to their size, 

number and dynamics. Podosomes are numerous (100/cell), highly dynamic structures 

(complete turnover in several minutes) with a diameter of 1µm and height of about 0.4µm. On 

the other hand, invadopodia are larger (up to 8µm x 5µm), more stable (up to 1 hour) and 

cells form just a few of them (1-10). Moreover capacity of invadopodia to degrade 

extracellular matrix is much higher then capacity of podosomes (reviewed in Linder, 2007) 

and they contain very small amounts of vinculin compared to podosomes (Gimona et al., 

2008). These individual podosome-type adhesion could subsequently self-organize into 

clusters, rings and belts (Brabek et al., 2004 Badowski et al., 2008). Since invadosomes are in 

close contact with substrate, they contain different integrin receptors such as αvβ1, α2β1, αvβ3 

(monocyte-derived cells) or α6β1, α3β1, α5β1 (melanoma cells) (Gimona et al., 2008). 

However, podosomes of osteoclasts recruits also non-integrin receptor, CD44 – receptor for 

hyaluronic acid (Chabadel et al., 2007). Moreover, invadosomes contain also other focal 

adhesion proteins such as talin, vinculin, paxillin, FAK or p130Cas (Linder 2009, Alexander 

et al., 2008).  

Since invadosomes were identified as a actin-rich structures, they mostly consist of 

actin and actin regulatory proteins. According to actin form dominantly present in 

subcompartment, one could distinguish invadosome core which is mainly built-up of F-actin 

and the surrounding ring that consist mainly from G-actin (Linder and Aepfelbacher, 2003). 

The F-actin core is enriched in actin-regulatory proteins such as (N)WASP, Arp2/3 complex, 

CDC42, WIP and cofilin which are key regulators of invadosome assembly (Yamaguchi et al., 

2005). Moreover, F-actin core is associated with cortactin, an adaptor protein which is target 

of Src and PAK kinases and is indespensable for formation and maturation of invadopodia 

(Bowden et al., 2006). On the other hand, ring structure is predominantly associated with 

adhesion-regulating proteins (Src, PI3K, PAK, PKC) and adaptor proteins (Tks5, p130Cas, 

paxillin, vinculin, AFAP110) (Bowden et al., 1999, Chellaiah et al., 2001, Linder and 

Aepfelbacher, 2003, Seals et al., 2005, Ayala et al., 2008, Gimona et al., 2008, Nelson et al., 

2008).  
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It has been shown that like focal adhesions, podosomes are also dependent on 

actomyosin contractility. Active RhoA and myosin II are localized to podosomes and 

inhibition of Rho or myosin II leads to disruption of F-actin core and podosomes as 

a structure (Berdeaux et al., 2004, Collin et al., 2008). Moreover, actomyosin contractility is 

indispensable also for extracellular matrix degradation mediated by invadosomes (Nelson et 

al., 2008 

              
 
Figure 1.7. Structure of invadosomes. Highly polymerized actin core is surounded by 

adhesion machinery (Adapted from Linder and Aepfelbacher, Podosomes: adhesion hot-spots 

of invasive cells. Trends Cell Biol. 2003 Jul;13(7):376-85.) 

 
 It is well established that invadosomes are the main cellular structures for degradation 

of extracellular matrix (Berdeaux et al., 2004, Bowden et al., 2006, Ayala et al., 2008, 

Buccione et al., 2009). Dominant enzymes that are recruited to invadosomes and mediate 

cleavage of extracellular proteins are matrix metalloproteses (MMPs). They are zinc-

dependent endoproteases which digest various substrates. This group contains either 

membrane-type proteases (MT-MMP) or soluble proteases (MMP). The central role plays 

membrane-type matrix metalloprotease 1 (MT1-MMP) which is important for proper function 
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and assembly of invadopodia and is also able to activate other solube proteases such as MMP-

2 (Deryugina et al., 2001, Artym et al., 2006). Other MMPs for example are collagenases 

(MMP1, MMP8), gelatinases (MMP2, MMP9), stromelysins (MMP3, MMP10) or matrilysins 

(MMP7, MMP25). Except metalloprotease family, invadosomes contain ADAMs (a 

disintegrin and metalloproteinase domain) family proteases and serine proteases such as u-PA 

(urokinase-type plasminogen activator) (van Hinsbergh et al., 2006).  

 One could also distinguish different stages of invadopodia formation. Initial event is 

contact of cells with substrate and integrins engagement. This stimulates phosphorylation of 

signaling proteins such as cortactin or p190RhoGAP  by protein kinases Src/FAK, ERK1/2, 

or PAK which leads to WASP-Arp2/3 stimulated actin polymerization (Mueller et al., 1992, 

Nakahara et al., 1998, Yamaguchi et al., 2005, Ayala et al., 2008). Subsequently, association 

of initial invadopodium with adapters proteins Tks5 or paxillin leads to maturation of the 

structure (Bowden et al., 1999, Seals et al., 2005). Moreover, during maturation of 

invadopodia, surrounding ring of adhesion proteins (talin, vinculin) is formed (Badowski et 

al., 2008). After the assembly of this multiprotein complex, extracellular proteases are 

recruited. It has been shown that MT1-MMP which is master regulator of extracellular 

proteolysis is recruited to invadosomes sequentially after actin/cortactin complexes are 

formed and remain localized in degrading structures after cortactin has left (Artym et al., 

2006). On the other hand, phosphorylation of paxillin by Src is important event in regulation 

of dynamics of podosomes (Badowski et al., 2008). However, the activity of protease calpain 

is crucial for disassembly of invadosomes, because inhibition of calpain mediated cleavage 

resulted in acumulation of F-actin, WASP, talin, vinculin and paxillin in these structures and 

it was connected with their stabilization and impaired migration (Calle et al., 2006). 

 Podosomes and invadopodia share some common components with other integrin 

based adhesion (FA, FX, FB), but in the first place they are structures associated with 

degradation and remodeling of extracellular matrix.  

 

1.5. CELLULAR PROCESSES MEDIATED BY INTEGRIN 

SIGNALING 

 Since focal adhesions are in close contact with extracellular environment, they affect 

many cellular behavior such as cell adhesion and spreading, migration and invasiveness, 

mechanosensing, survival and proliferation. 
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1.5.1. ADHESION AND SPREADING 

 As it was mentioned earlier, primary function of focal adhesion is to anchor the cell to 

to a substrate and thus regulate adhesion and spreading. Indeed, the adhesion of cells to 

proteins of extracellular matrix is dependent on integrin surface receptors (reviewed in Panetti 

et al., 2002). Integrins ensure the initial contact with extracellular matrix and this step seems 

to be independent of intracellular adhesion machinery, while subsequent events are talin-

dependent (Zhang et al., 2008). It has been shown that spreading is initiated within minutes 

after plating cells on substrate. Initial spreading is mediated by filopodia that contain focal 

adhesion proteins. At first integrin and talin, later FAK, paxillin and are enriched in 

phosphotyrosine. Later, this filopodia grow and recruit more FA-associated proteins and also 

F-actin fibers. Finally, upon actomyosin contractility these nascent adhesion transform in the 

mature focal adhesions with actin stress fibers bound to them (Zimerman et al., 2004, 

Partridge and Marcantonio, 2006). One of the key regulatory unit for cell spreading is well 

known FAK/Src complex. It has been shown that reexpression of FAK in FAK-/- cells restore 

spreading effect and phosphorylated tyrosines Y397 and Y576/577 are required for proper 

cell spreading (Owen et al., 1999). This complex phosphorylates p130CAS and paxillin and 

downstream effector is Rac which induce actin cytoskeleton reorganization and is important 

for cell spreading (Panetti 2002, Sharma and Mayer,2008). Moreover, phosphorylation of 

p130Cas substrate domain induce activation of another GTPase – Rap1 (Sawada et al., 2006). 

Active Rap1 then induce activation of all types of integrin that are associated with focal 

adhesions probably due to stimulating talin binding to the cytoplasmic tails of β-integrins and 

therefore stimulating adhesion and spreading (Régent et al., 2011).  Finally, another important 

adaptor protein vinculin plays a crucial role in regulating cell spreading, because cells lacking 

vinculin are not able to spread properly. Vinculin mechanically couples integrins to actin 

fibers and transmit the physical stresses which leads to actin cytoskeleton reorganization and 

cell spreading (Ezzell et al., 2008). 

 

1.5.2. CELL MOTILITY 

 Cell migration play indispensable role in a variety of processes. It is critically 

important for proper development, wound healing or immune system function. Moreover, 

deregulated migratory responses contribute to metastasis formation. Two main processes 

define migration: actin polymerization and orchestrated assembly and disasembly of focal 

adhesions. It has been shown that focal adhesion size is strongly related to migration speed of 

individual cells and proper turnover of adhesive structure is indispensable for cell migration 
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(Webb et al., 2004, Kim and Wirtz, 2013).  Focal adhesion turnover was described in section 

1.2. DYNAMICS OF FOCAL ADHESIONS, therefore here I will discuss only focal adhesion 

signaling leading to regulation of actin polymerization. 

 To ensure effective migration, cell has to be polarized, thus crucial step is 

establishment of leading and trailing edge. One of the key molecule in cell polarization is 

phosphatidylinositol-3,4,5-trisphosphate (PIP3) which is genereated by action of 

phosphatidylinositol 3-kinase (PI3K) on the leading edge of the cell. In contrast lipid 

phosphatase PTEN removes PIP3 from the sides and tail of migrating cell. Cooperate action 

of PIP3 and PTEN thus enables polarized movement of cells. (Ridley et al., 2003). It is know 

that PI3K localize to focal adhesion, interacts with FAK and is important for migration 

(Reiske et al., 1999). However, the master regulators of polarization and actin polymerization 

are Rho family GTPases – Rac, CDC42 and Rho (reviewed in Raftopoulou and Hall., 2004). 

Rac and CDC42 are active on the leading edge of migrating cells and are responsible for 

generating protrusive structures. Rac induce formation of lamelipodia, which are broad, flat 

protrusion generated by branched network of actin filaments (Welch and Mullins, 2002). 

Activation of Rac is ensured by different signaling pathways. One of the best known is 

pathway regulating phosphorylation of adapter protein p130Cas and paxillin. FAK/Src 

complex phosphorylates p130Cas substrate domain and paxillin tyrosine residues, thus 

creating docking sites for SH2 domains of Crk. Crk then associates with DOCK180/ELMO 

and C3G which are GEFs for Rac. This interaction leads to activation of Rac and 

subsequently to activation of Scar/WAVE family proteins. Final step of this cascade is 

activation of Arp2/3 complex and stimulation of actin polymerization (Klemke et al., 1998, 

Welch and Mullins, 2002). Another focal adhesion mediated pathway for activating Rac is the 

one including PI3K. The kinase generates phosphatidylinositol 3,4,5 trisphosphates, which 

bind GEF for Rac such as Vav, Sos, Tiam or αPIX, thus stimulating exchange of GDP for 

GTP (Welch et al., 2003). Finally, Rac can be activated by FAK or ILK/pinch/parvin complex 

through recruting α- and β-PIX GEFs (Filipenko et al., 2005, Chang et al., 2007). Rac also 

activates PAK kinase. Activation of PAK results in activation of LIM kinase and 

subsequently to inhibition of cofilin severing activity and thus stabilization of actin filaments 

(Edwards et al., 1999). 

 Another GTPase involved in actin polymerization on the leading edge of cells is 

CDC42. Its activity is stimulated by different GEFs for example α-PIX which is again 

activated by ILK/pinch/parvin complex (Filipenko et al., 2005). CDC42 activity stimulates 

filopodia – long, thin protrusions that consist of paralel actin fibers. CDC42 binds (N)WASP  
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family proteins and subsequently Arp2/3 complex which leads to actin polymerization. Again 

also PAK is activated and therefore actin filaments are stabilized (Welch and Mullins, 2002, 

Ridley et al., 2003). The third GTPase regulating migration is Rho. Through its downstream 

effectors mDia and ROCK regulates assembly of focal adhesions and tail retraction (reviewed 

in Raftopoulou and Hall., 2004).  

 Except proteins that regulate activity of Rho family GTPases such as FAK, Src, 

p130Cas, PI3K (Hanks et al., 2003, Welch 2003) also another structural proteins contribute to 

regulation of migration. For example, it has been shown that cells deficient in vinculin are 

more motile, due to destabilization of focal adhesions in these cells (Saunders et al., 2006). 

 

1.5.3. CELL SURVIVAL AND PROLIFERATION 

 Besides the role of integrins in anchoring the cell to substrate, they provide very 

important survival and proliferative signals. If cells aren´t properly attached to extracellular 

proteins, they undergo a special type of apoptosis called anoikis. This greek word means “loss 

of home“ or “homelessness“. Initially it was shown that disruption of cell-matrix interaction 

in epithelial cells results in cell death (Frisch and Francis, 1994). Anoikis is physiologically 

occuring event important for development and tissue homeostasis. Deregulation of anoikis 

induction leads to pathological processes such as tumorogenesis and metastasis formation 

(Chiarugi and Giannoni, 2008). Several kinases and adaptor proteins play crucial role in 

anoikis resistance. One of the most poweful mediator of pro-survival signaling is again 

FAK/Src complex which activates two main pro-survival pathways – MAPK and PI3K. 

Activation of these two pathways subsequently results in activation of anti-apoptotic or 

inhibiting of pro-apoptotic proteins thus stimulating cells survival. 

Src binds FAK after integrin engagement-dependent autophosphorylation of Y397 and 

subsequently phosphorylates tyrosines 576/577 in the activation loop of FAK, thus creating 

fully active kinase. This fully active complex then phosphorylates p130Cas which leads to 

recruitment of Nck adaptors and activation of ERK1/2. FAK/Src complex also phosphorylates 

Shc adaptor protein which leads to binding of Grb2 and subsequent activation of ERK 

pathway. Moreover, Src phosphorylates Y925 on FAK molecule, which again results in 

recruitment of Grb2 and ERK pathway activation (Zhong and Rescorla, 2012).  

Autophosphorylated Y397 on FAK recruits another important kinase – PI3K, thus activating 

it. PI3K then creates PIP3 molecules which leads to recruitment of integrin linked kinase 
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(ILK). ILK then phosphorylates S473 on Akt/PKB thereby stimulating its activity (Paoli et 

al., 2013). 

Another adhesion-dependent event is progression through cell cycle. It has been 

shown that integrins cooperate with receptors for growth factors to stimulate ERK activity. 

Integrin binding to extracellular matrix proteins is important for activation of cyclin D1 and 

A expression. Moreover, expression of cyclin dependent kinase inhibitors such as p21 and 

p27 is slightly increased in suspension cells, but the association of these inhibitors with cyclin 

E-cdk2 complexes was significantly increased (Zhu et al., 1996).  

                                                    

Figure 1.8. Integrin mediated control of cell survival and proliferation. MAPK and PI3K 

are two main pathways that regulate anchorage dependency (Adapted from Zhong X and 

Rescorla FJ. Cell surface adhesion molecules and adhesion-initiated signaling: understanding 

of anoikis resistance mechanisms and therapeutic opportunities. Cell Signal. 2012 

Feb;24(2):393-401.) 

 

 

1.5.4. MECHANOSENSING 

 The ability of cells to sense physical properties of extracellular environment is crucial 

for many processes such as proliferation, development, migration and also for tumor 

formation and metastasis. (Chen et al., 2004). The primary sites of sensing the mechanical 

properties of cells environment are focal adhesions. In response to extracellular matrix rigidity 

or mechanical stresses they modulate their molecular composition and activity of signaling 

http://www.ncbi.nlm.nih.gov/pubmed?term=Zhong%20X%5BAuthor%5D&cauthor=true&cauthor_uid=22024283
http://www.ncbi.nlm.nih.gov/pubmed?term=Rescorla%20FJ%5BAuthor%5D&cauthor=true&cauthor_uid=22024283
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cell+surface+adhesion+molecules+and+adhesion-initiated+signaling%3A+Understanding+of+anoikis+resistance+mechanisms+and+therapeutic+opportunities
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proteins (Riveline et al., 2001). Applying an external force results in increased binding of 

integrin receptors to extracellular matrix as a result of so called “catch bond“ formation (Kong 

et al., 2013). Increased extracellular tension could unfold talin thus promoting its binding to 

vinculin (del Rio et al., 2009). The recruitment of vinculin to focal adhesion is important for 

force dependent stabilization and enlargement in direction of applied force (Galbraith et al., 

2002). The central molecule for regulating enlargement of focal adhesion is nonmuscle 

myosin II, which integrates extra- and intracellular produced tension (Vicente-Manzaranes et 

al., 2009). External tension-dependent activation of myosine II is stimulated by active Rho 

and can be achieved by two mechanisms. The first one can be due to activated Src-family 

kinase Fyn and subsequent activation of LARG (Rho GEF). On the other hand Rho GEF-H1 

is activated by FAK/Ras/ERK pathway (Guilluy et al., 2011). It has been shown that 

mechanical tension can activate Src and FAK, thereby stimulating phosphorylation of 

p130Cas and paxillin. This leads to recruitment of Crk/C3G complex and stimulation of 

activity of Rap1, thus leading to activation of ERK (Tamada et al., 2004, Wang et al, 2001a, 

Wang et al., 2005). Moreover, zyxin, a LIM domain containing protein, relocalize from focal 

adhesion to actin filaments, thus stimulating VASP-dependent actin cytoskeletal 

reinforcement (Yoshigi et al., 2005). 

 There are some specific types of cell behavior that are regulated by pathways induced 

by extracellular tension. It is important for some cellular types to respond properly on cyclic 

mechanical stretch. Cells do it so by changing the orientation of focal adhesion and attached 

stress fibers. It has been shown that cyclic stretch induce reorientation of stress fibers 

perpendicular to  the direction of stretch. These effects were dependent on Src family kinases 

induced p130Cas phosphorylation and also on ROCK signaling (Lee et al., 2010, Niediek et 

al., 2012) Moreover, reorientation of focal adhesions upon stretch was dependent on the angle 

between their main axis and direction of the stretch. Most prominent reorientation occurs in 

adhesions with the angle between 0° and 30°, while those with 60° to 90° angle reorientate 

very poorly (Carisey et al., 2013).  

 Another important matrix rigidity specific behaviour is migration toward stiffer 

substrate termed “durotaxis“ (Pelham and Wang, 1997). It has been shown that proper 

response to different substrate rigidity during migration is connected to the activation of 

signaling proteins such as FAK, Src family kinase or tyrosine phosphatase RPTPα (Moore et 

al., 2010) and is dependent on activity of myosin II (Raab et al., 2012), but the exact 

mechanism is remaining elusive. However, recently Plotnikov and collegues revealed that 

force fluctuations within focal adhesion could be responsible for sensing the rigidity gradient. 
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They showed that there are two types of focal adhesion, the stable ones with stable traction 

and force peak across the entire adhesion and so called “tugging“ ones that modulate the 

traction and force peak across themselves. These tugging focal adhesion could be responsible 

for the sensing the differences in matrix ridigity. Moreover, the fraction of stable and tugging 

focal adhesions was dependent on ROCK induced contractility and regulated by 

FAK/phosphopaxilin/vinculin signaling pathway (Plotnikov et al., 2012). These tugging focal 

adhesion mechanism represent plausible and very elegant way how to navigate cell movement 

towards region with higher substrate rigidity. 

                      

  

Figure 1.9. Durotaxis mediated by tugging focal adhesions. The basic principle of tugging 

focal adhesions is modulating the overall mechanical stress and the position of force peak 

across the entire focal adhesion. (Adapted from Plotnikov SV, Pasapera AM, Sabass B, 

Waterman CM. Force fluctuations within focal adhesions mediate ECM-rigidity sensing to 

guide directed cell migration. Cell. 2012 Dec 21;151(7):1513-27.) 

 

 

 Finally, transduction the information about mechanical properties of extracellular 

environment plays an important role in cancer and metastasis formation. Proliferation of many 

cancer types is rigidity dependent. These cancer cell lines proliferate from 2 to 5 times faster 

on stiffer than on softer substrate (Tilghman et al., 2010). The increased proliferation was 

associated with alteration in cells metabolism and proteosyntesis, especially syntesis of cyclin 

D1 (Tilghman et al., 2012). It has been shown also in vivo that tumor-surrounding tissue is 

stiffer than tumor cell. This tumor-surrounding tissue stimulates integrin receptors on the 

surface of tumor cells, thus leading to activation of proliferation and malignant phenotype 

(Paszek et al., 2005). Moreover, stiff substrate stimulates also the activity of invadopodia. It 

has been shown in vivo and in vitro that the number of invadopodia and their activity 

http://www.ncbi.nlm.nih.gov/pubmed?term=Plotnikov%20SV%5BAuthor%5D&cauthor=true&cauthor_uid=23260139
http://www.ncbi.nlm.nih.gov/pubmed?term=Pasapera%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=23260139
http://www.ncbi.nlm.nih.gov/pubmed?term=Sabass%20B%5BAuthor%5D&cauthor=true&cauthor_uid=23260139
http://www.ncbi.nlm.nih.gov/pubmed?term=Waterman%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=23260139
http://www.ncbi.nlm.nih.gov/pubmed/?term=Force+Fluctuations+within+Focal+Adhesions+Mediate+ECM-Rigidity+Sensing+to+Guide+Directed+Cell+Migration
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increased with increasing substrate stiffness and this increased extracellular matrix 

degradation was stimulated by myosin II and phosphorylated FAK/p130Cas complex 

(Alexander et al., 2008, Parekh et al., 2011).  

 

1.6. FOCAL ADHESION AND CANCER 

 Since focal adhesions play important role in mediating migration, survival and 

proliferation, it´s comprehensible that alteration in expression or activity of some components 

may lead to tumor growth and metastasis formation. Especially, activity of kinases implicated 

in adhesion signaling is deregulated within some tumors. It has been shown that activity 

and/or expression of FAK is increased in various human tumors. Moreover, increased FAK 

expression is associated with transition of benign tumors to malignant ones (Zhao and Guan, 

2009). Another kinase is Src, which is one of the most potent oncogene if deregulated. Src 

was found to be deregulated in almost all types of cancer and alteration in its activity could be 

achieved by different mechanisms. There can be either mutation in DNA causing increased 

expression or activity of Src or mutation in regulatory enzymes such as Csk which 

phosphorylates critical tyrosine 527. This phosphorylation leads to inhibition of Src activity 

and Csk is thus downregulated in some cancers (Warmuth et al., 2003). Except tyrosine 

kinases, there are also serine/threonine kinases such as ILK or lipid kinase such as PI3K, 

which are upregulated it many human tumors (McDonald et al., 2008, Martini et al., 2013). 

 Together with kinases, alteration in expression or sequence of adaptor proteins are 

common in tumors. For example, increased expression of p130Cas is associated with more 

malignant phenotype and decreased survival of patients especially with breast cancers, but 

p130Cas is implicated also in many others (reviewed in Tikhmyanova et al., 2010).  Another 

adaptor protein that is usually altered in tumors is paxillin. Mutation in paxillin are associated 

with increased tumor growth and increased levels of paxillin stimulate formation of 

invadopodia thereby leading to metastasis formation (Deakin et al., 2012). These two adaptor 

subsequently recruit Crk protein thus mediating downstream signaling. In fact, upregulation 

of Crk expression in various human cancer has been linked to poor prognosis and shorter 

survival (Tsuda and Tanaka, 2012).  
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1.7. PROTEIN P130CAS 

 Protein p130Cas (Crk associated substrate) is a 130kDa large, important scaffolding 

protein which was for the first time identified as a major tyrosine-phosphorylated protein in v-

Crk (Matsuda et al., 1990) and v-Src (Reynolds et al., 1989) transformed cells. 

 

1.7.1. STRUCTURE OF PROTEIN P130CAS 

 P130Cas is an adaptor protein and together with other three structurally similar 

proteins (Efs/Sin, HEF1/NEDD9, CASS4) forms a CAS proteins family. Since p130Cas is 

adaptor protein, it consists of several interactive domains. On the N-terminus, there is SH3 

domain which binds polyproline motifs of tyrosine kinases FAK or PYK2, tyrosine 

phosphatase PTPB1 or PTP-PEST and other proteins such as C3G, CIZ or CMS. SH3 domain 

is followed by large substrate domain with 15 repetitions of YxxP motif and is a main site of 

tyrosine phosphorylation on p130Cas molecule. Once phosphorylated serves as a docking site 

for SH2 domains of Crk or Nck adaptor proteins. After substrate domain there is short serin-

rich region which could bind 14-3-3 proteins after phosphorylation. Within C-terminal part of 

p130Cas, one can locate Src-binding domain which is able to bind SH3 and after 

phosphorylation also SH2 domain of Src family kinases. On the very C-terminus there is 

conserved C-terminal CAS-family homology domain. Except Src-family kinases, the C-

terminal part of p130Cas can bind other various signaling proteins such as PI3K, zyxin, 

BCAR3 or BMX/Tec family kinases (Chodniewicz and Klemke, 2004, reviewed in 

Tikhmyanova et al., 2009). In non-adherent cells, p130Cas is localized in cytoplasm and after 

activation of integrin receptors it moves to focal adhesions and the tyrosine phosphorylation 

of substrate domain occurs (Fonseca et al., 2004). Phosphorylation of p130Cas substrate 

domain upon integrin engagement regulates reorganization of actin cytoskeleton and 

associated processes such as spreading and migration (Honda et al., 1999). Moreover, this 

tyrosine phosphorylation triggers signaling pathways leading to regulation of cell survival and 

proliferation (Almeida et al., 2000, Oktay et al., 1999). Recently, it has been found that 

p130Cas is implicated in mechanotransduction as a primary sensor of mechanical stress 

(Sawada et al., 2006).  

 Since p130Cas is involved in pathways influencing cell motility and proliferation, it 

plays a role in embryonal development and also in pathological processes such as 

tumorogenesis and metastasis formation. It was proved, that p130Cas deficient mouse 

embryos die between 11,5 and 12,5 day of embryonal development. The cause of death is 
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unsufficiently developed cytoskeleton in cardiomyocytes (Honda et al., 1998). Moreover, 

reexpression of p130Cas in Src527F transformed cas-/- results in significant increase of 

invasiveness and metastasis formation (Brabek et al., 2004). Human ortholog of p130Cas – 

BCAR1 (Breast Cancer Antiestrogen Resistance 1) plays a crucial role in resistance of breast 

cancer to tamoxifen treatment. High levels of BCAR1 are associated with more aggressive 

tumors, premature disease reccurence and lower survival rate (Brinkman et al., 2000).  

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Domain structure of p130Cas. Adapted from 

(http://www.mechanobio.info/Home/glossary-of-terms/proteins/p130cas) 

 

1.7.2. SH3 DOMAIN OF PROTEIN P130CAS 

 One of the important interaction domains of p130Cas is N-terminal SH3 domain. SH3 

(Src homology 3) domain was initially identified as a conserved sequence on N-terminus of 

Src kinase (Meyer et al., 1988) and subsequent comparison of seqence revealed that it is 

conserved among different proteins across the eukaryotic kingdom and plays important role in 

many different processes (reviewed in Musacchio et al., 1994).  

 SH3 domain is a 60-85kDa large, globular (Ø:30Å) domain consisting of 2 β-sheets. 

Each sheet contains 2-3 β-chains joined toghether by loops (RT-, n-Src-loop). RT-loop 

contains aminoacid sequence ALYDY (in p130Cas it is ALY12DN) conserved among all SH3 

domain-containing proteins (Agrawal et al., 2002, Tatárová et al., 2012). This sequence is 

involved in creation of hydrophobic binding site on the surface of SH3 domains (Wisniewska 

et al., 2005). The SH3 domains recognize as their ligands proline-rich regions (PxxP 

sequence), which form rigid secondary structure termed polyproline helix type II (Adzhubei 

and Sternberg, 1993). This helix is bound to the binding site created by aminoacid residues 
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located mainly in RT- and n-Src loops. Within p130Cas molecule, especially important 

residues are Leu9, Tyr10, Glu19, Trp41 a Pro54 (numbering according human BCAR1). 

Three relatively distinct binding pockets are present on the binding surface of p130Cas SH3 

domain.  

 Since tyrosines located on surface of SH3 domain play important role in binding of 

ligand and mutation of these tyrosine results in alteration of binding capacity (Agrawal et al., 

2002) the question whether phosphorylation of these tyrosine could influence the binding of 

ligands arose. Mutation of Y90 in Src SH3 domain leads to disruption of interaction with the 

protein Sam68 or p85α regulatory subunit of PI3 kinase (Erpel et al., 1995).  It has been also 

shown that tyrosine phosphorylation in SH3 domains of Tec family kinases (Btk –Y233, Itk – 

Y180, Bmx – Y215) modulates the catalytic activity of these enzymes (Nore et al., 2003). 

Moreover, phosphorylation of tyrosines in SH3 domain of some adaptor proteins 

(Endophilin2, Grb2, Grap2) results in decrease of SH3 domain modulated interaction with 

their ligands (Wu et al., 2005, Li et al., 2001, Kim et al., 2006). Finally, a tyrosine 

phosphorylation site was discovered also within the sequence of p130Cas SH3 domain – Y12 

(Y10 for BCAR1) (Luo et al., 2008). 

 

1.7.3. CELLULAR  FUNCTIONS  OF  P130CAS 

 P130Cas is an important molecule in integrin signaling pathway. One of the most 

important event mediated by p130Cas is reorganization of actin cytoskeleton and associated 

cell spreading and motility. Moreover, p130Cas plays a key role in stimulating cell survival 

and progression through cell cycle upon attachment to the proteins of extracellular matrix 

(reviewed in Defilippi et al., 2006).  

 

1.7.3.1 SPREADING AND CELL MOTILITY. 

 P130Cas localizes to focal adhesion after stimulation of integrin receptors. This 

recruitment of p130Cas is dependent mainly on its SH3 domain, however, C-terminal CCH 

domain may cooperate (Nakamoto et al., 1997, Donato et al., 2010). It was established that 

FAK is responsible for translocating of p130Cas from cytoplasm to focal adhesions (Polte 

and Hanks, 1997). The interaction of FAK or structuraly similar PYK2 and p130Cas is 

mediated by p130Cas SH3 domain and polyproline regions within FAK/PYK2 kinases (Polte 

and Hanks, 1995). Upon integrin engagement p130Cas interacts with FAK and undergoes 

extensive tyrosine phosphorylation within its substrate domain (Vuori et al., 1996). It has 
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been shown that kinetic profile of FAK phosphorylation is almost identical with one of 

p130Cas, which suggest that activation of FAK and p130Cas is sequential (Nojima et al., 

1995). This phosphorylation can be ensured by two mechanisms. Both mechanisms involves 

formation of FAK/Src/p130Cas complex. After integrin binding to extracellular matrix, FAK 

autophosphorylates itself and recruits Src, which subsequently phosphorylates activating 

tyrosines within FAK molecule. Src is then recruited to proximity of p130Cas and is able to 

phosphorylate substrate domain (Ruest et al., 2001). Another way for FAK to ensure 

phosphorylation of p130Cas is to phosphorylate the sequence of tyrosines (YDYVHL)  in Src 

binding domain, which was shown to be the main site of FAK phosphorylation on p130Cas 

molecule. This phosphorylation creates a docking site for Src SH2 domain and together with 

adjacent proline-rich region of p130Cas, binds Src and relieves its autoinhibitory interaction, 

thus enabling extensive phosphorylation of substrate domain (Tachibana et al., 1997).  

Dependence of p130Cas phosporylation on FAK/Src complex is well established. 

Overexpression of FAK and Src in COS-7 cells resulted in significant increase of p130Cas 

phosphorylation. On the other hand, adding the selective Src inhibitor to the cells or 

overexpression of FAK with mutation of tyrosine 397 for phenylalanine leads to decreased 

phosphorylation of p130Cas substrate domain (Ruest et al., 2001) Another set of experiments 

showed that reexpression of FAK in FAK-/- cells resulted in striking increase of p130Cas 

tyrosine phosphorylation (Owen et al., 1999), but expression of FAK with mutation in 

polyproline region causing disrupted interaction with CAS didn´t stimulate the tyrosine 

phosphorylation of p130Cas (Cary et al., 1998).  This tyrosine phosphorylation is initial step 

of signaling pathway regulating cell spreading and motility (Klemke et al., 1998, Honda et al., 

1999). Phosphotyrosines are recruiting another important adaptor protein Crk which 

subsequently interact with GEFs DOCK180/Elmo or C3G thus leading to their activation. 

These active GEFs then activate GTPase Rac and Rac is responsible for activation of PAK 

and Arp2/3 complex thereby stimulating actin cytoskeleton reorganization (Raftopoulou and 

Hall, 2004). Moreover, Bmx/Etk, a Tec kinase family member, interact with C-terminal part 

of p130Cas and stimulates phosphorylation of tyrosine residues within its substrate domain 

thus promoting migration (Abassi et al., 2003). Besides well described 

p130Cas/Crk/DOCK180/Rac signaling pathway, there are proteins that interact with C-

terminal part of p130Cas and stimulates migration. Among them, Zyxin family proteins 

(Ajuba, Zyxin, TRIP6) that also stimulate actin reorganization by binding the Ena/VASP 

prosteins (Yi et al., 2002). Finally, another binding partner of p130Cas C-terminal domain is 
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AND-34/BCAR3. The formation of this complex stimulates Src activation and promotes cell 

migration (Riggins et al., 2003). 

 On the other hand, there have to be a mechanism for dephosphorylation of tyrosine 

residues after ceasation of signaling. Important role is played by tyrosine phosphatases. There 

are 2 main tyrosine phosphatases that dephosphorylate p130CAS. First, PTP-PEST which 

binds SH3 domain of p130CAS, but has also low afinity to phosphorylated tyrosines (Garton 

et al., 1996). However, interaction is determined by p130Cas SH3 domain and proline rich 

region of PTP-PEST, because expression of PTP-PEST unable to interact with p130Cas leads 

to increased phosphotyrosine content of its substrate domain without affecting catalytic 

activity of PTP-PEST (Garton et al., 1997). Second phosphatase with activity towards 

p130Cas is PTP-1B. PTP-1B again interacts with SH3 domain of p130CAS and the binding is 

dependent on phosphorylation status of p130Cas substrate domain (Liu et al., 1996). 

Moreover, overexpression of PTP-1B in v-Src and v-Crk transformed rat 3Y1 fibroblasts 

suppress transformation phenotype and that correlates with tyrosine phosphorylation of 

p130CAS (Liu et al., 1997).  

 P130Cas also plays an indispensable role in invasiveness. It has been shown that 

p130Cas is localized to podosomes in Src527F transformed mouse embryonic fibroblast and 

is required for formation of large podosomes ring and belts, promotion of invasiveness and 

metastasis formation (Nakamoto et al., 1997, Brabek et al., 2004). Moreover, these features of 

transformed fibroblasts are dependent on phosphorylation of p130Cas substrate domain 

(Brabek et al., 2005). P130Cas is important also for extracellular matrix degradation. 

Especially, SH3 domain is critical for increased MMP2 production (Brabek et al., 2005). It is 

also know that SH3 domain interact with nucleoplasmic shuttle protein CIZ, which promotes 

production of some proteases (MMP1, MMP3, MMP7). Specifically, coexpression of CIZ 

with p130Cas in cas-/- cells leads to upregulation of production of MMP7 (Nakamoto et al., 

2000). Except stimulation of production of some proteases, p130Cas is also needed for 

recruitment of MT1-MMP to the leading edge of cells (Gingras et al., 2008). 

  

1.7.3.2. PROGRESSION THROUGH CELL CYCLE AND SURVIVAL 

 P130Cas is implicated in transmission of pro-survival and pro-proliferative signals 

triggered by integrin engagement. Phosphorylation of p130Cas substrate domain by FAK/Src 

complex mediates activation of c-Jun NH2-terminal kinase (JNK). Activated JNK then 

phosphorylates transcription factors c-Jun and ATF2, thus regulating AP-1 dependent 

transcription (Oktay et al., 1999, Almeida et al., 2000). Mediation of the signal is again 
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enabled by Crk and subsequent activation of DOCK180 and C3G. These GEFs then stimulate 

Ras/Rac1/PAK/MKK4 signaling pathway leading to JNK activation (Dolfi et al., 1998). 

Moreover, tyrosine phosphorylation of p130Cas substrate domain leads to recruiting of 

Smad3 protein and decreasing its phosphorylation. That results in inhibition of p15 and p21 

expression and sitmulation of cell cycle progression (Kim et al., 2008). On the other hand, 

phosphorylation of some serine residues within serine rich domain of p130Cas leads to 

activation of Ras through Grb2/Shc scaffolding complex, thus resulting in activation of ERK2 

and mediation of serum response element transcription (Hakak et al., 1999). Moreover, 

mitosis-specific serine/threonine  phosphorylation of p130Cas is important for progression 

through cell cycle. Tyrosine dephosphorylation triggers serine/threonine phosphorylation and 

it may play a role in disolving focal adhesion and substequent detachment of cell from 

substrate, thereby enabling cell to divide (Yamakita et al., 1999).  

 Finally, p130Cas has also a role in apoptosis. It has been shown that caspase-mediated 

cleavage of p130Cas generate a 31-kDa fragment from C-terminus, which was connected with 

disassembling of focal adhesion, cell rounding and nuclear fragmentation. The 31-kDa HLH 

domain containg fragment interacts with E2A and translocates to nucleus where it inhibit E2A 

stimulated p21(Waf1/Cip1) transcription (Kim et al., 2004).   

 

1.7.3.3. MECHANOTRANSDUCTION 

 Since focal adhesions are primary sites of sensing physical properties of the 

environment and p130Cas is an important player in focal adhesion signaling, it is possible that 

it has a role in translation of mechanical signals into biochemical. Indeed, tyrosine 

phosphorylation of p130Cas is increased upon mechanical stimulation of cells. Subsequently, 

Crk and C3G complex is recruited to phosphotyrosines and activation of Rap1 GTPase occur 

(Tamada et al., 2004). The key to this stretch induced p130Cas phosphorylation is probably 

the structure of its substrate domain. It has been shown that substrate domain is intrinsically 

disorded (Lu et al., 2013). Anchoring the purified p130Cas substrate domain to membrane 

and subsequent stretching of the membrane resulted in unfolding the domain and increase of 

tyrosine phosphorylation by Src in vitro. In vivo, p130Cas is anchored to focal adhesions 

through SH3 domain and the mechanism of substrate domain phosphorylation could be 

similar. Indeed, p130Cas tyrosine phosphorylation after stretch is dependent on Src-family 

kinases (SFK), because the phosphorylation was diminished in SYF cells or in cells treated by 

SFK inhibitor. Moreoveor, antibody that recognize extended substrate domain predominantly 
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localized to the edges of spreading cells where high traction forces are generated (Sawada et 

al., 2006). Similarly, p130Cas is recruited to the leading edge of spreading cells and increase 

spread area on rigid substrate in comparison to soft ones (Kostic and Sheetz, 2006). Moreover, 

p130Cas is indispensable for stretch-induced reorientation of cells and it was again dependent 

on tyrosine phosphorylation of its substrate domain by Src family kinases (Niediek et al., 

2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Model for CAS substrate domain extension in focal adhesion. Substrate 

domain of CAS is folded when CAS is localized in cytoplasm. After recruitment of CAS into 

focal adhesion, CAS is anchored on two sites and substrate domain is partially unfolded and 

weakly phosphorylated. After force application CAS substrate domain is unfolded and 

extensively phosphorylated which leads to recruitment of downstream adaptor proteins and 

activation of signal transduction pathways (Adapted from Sawada Y, Tamada M, Dubin-

Thaler BJ, Cherniavskaya O, Sakai R, Tanaka S, Sheetz MP. Force sensing by mechanical 

extension of the Src family kinase substrate p130Cas. Cell. 2006 Dec 1;127(5):1015-26. 
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2. MATERIAL AND METHODS: 

 

2.1. CELL TRANSFECTION AND CULTURE 

 cas–/– MEFs expressing constitutively active mouse Src Y529F (SrcF cells) or both 

SrcY529F and wt CAS (SC cells) were prepared using the LZRS-MS-IRES-GFP retroviral 

vector and the Phoenix E packaging line as described previously (Brabek et al., 2004). RsK4 

cells were transfected with pEGFP-C1-CAS using Lipofectamine 2000 reagent (Life 

Technologies, Carlsbad, CA) as specified by the manufacturer. CAS-/- and FAK-/- MEFs 

were obtained from Steven Hanks (Vanderbilt University, Nashville). Wildtype MEFs and 

Vin-/- cells were a kind gift from Dr. W.H. Ziegler, University of Leipzig. cas–/– MEFs were 

transfected with pEGFP-C1 CAS, pIRES-puro-CAS or pcDNA3.1- EGFP-vinculin (Diez et 

al., 2011)  using Lipofectamine 2000. Vin-/- MEFs were transfected with pcDNA3.1- 

EGFP-vinculin and pCS2-wtCAS-venus (Donato et al., 2010). FAK-/- cells were transfected 

with pCS2-wtCAS-venus. Src-transformed cas–/– MEFs were transfected with plasmids 

pIRES-puro-CAS or yellow fluorescent protein (YFP)–vinculin using Lipofectamine 2000. 

Stable transfectants were obtained using puromycin selection (3 μg/μl). All cell lines were 

cultivated in full DMEM (Life Technologies) with 4.5 g/l L-glucose, L-glutamine, and 

pyruvate, supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO), 2% 

antibiotic–antimycotic (Life Technologies), and 1% MEM non-essential amino acids (Life 

Technologies). To abrogate the PKPP CAS SH3-binding motif in vinculin, we mutagenized 

the vinculin cDNA using QuikChange II Kit (Stratagene). The resulting construct was verified 

by sequencing.  

 

2.2. DERMIS BASED-MATRIX 

Pig dermal cell-free matrix (XeDerma®; registered trade mark of BIO-SKIN a.s., Czech 

Republic) is a covering biocompatible material made of porcine skin grafts prepared by 

removing the epidermis and all other cells. The remaining matrix is stored in form of dry 

sheets. For immunofluorescence staining: 2 days before use the dermis was cut into small 

pieces (approximately 1 cm × 1 cm), placed into 12-wells plates with HBSS buffer and just 

prior use washed twice with DMEM medium and cells were seeded on the epidermal side of 

the dermis. After incubation the dermis was washed with PBS and fixed. For labeling the 

dermis was pre-incubated for 2 days in HBSS buffer. The conjugation of FITC or Alexa-633 

http://www.molbiolcell.org/content/22/22/4256.long#ref-3
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reactive dye (both 1 μg/ml; Molecular Probes) was performed in 0.1 M sodium bicarbonate 

buffer, pH.9.0 for 30 min and then was the unconjugated dye washed three times with PBS 

and two times with DMEM. 

 

2.3. IMMUNOBLOTTING AND IMMUNOPRECIPITATION 

 Subconfluent cell cultures were washed with phosphate-buffered saline (PBS) and 

lysed in modified RIPA buffer (0.15 M NaCl; 50 mM Tris-HCl, pH 7.4; 1% Nonidet P-40; 

0.1% SDS; 1% sodium deoxycholate; 5 mM EDTA; 50 mM NaF). Protein concentrations in 

the lysates were determined using the DC Protein Assay (Bio-Rad, Hercules, CA). Protein 

lysates were diluted in Laemmli sample buffer (0.35 M Tris-HCl, pH 6.8; 10% SDS; 40% 

glycerol; 0.012% bromophenol blue). For immunoblotting, samples were separated on 10% 

SDS-polyacrylamide gels and transferred onto nitrocellulose membrane. Nonspecific activity 

was blocked by incubating membranes for 45 min at 37°C in Tris-buffered saline containing 

4% bovine serum albumin. Membranes were then incubated overnight at 4°C with primary 

antibody, washed extensively with Tris buffered saline with Tween-20 (TTBS), and then 

incubated for 1 h at room temperature with horseradish peroxidase (HRP)–conjugated 

secondary antibody. After extensive washing in TTBS, the blots were developed using the 

LAS-1000 Single System (Fujifilm, Tokyo, Japan). Monoclonal antibodies against CAS 

(clone 24) and paxillin (clone 349) were obtained from BD Transduction Laboratories 

(Lexington, KY). Anti-vinculin monoclonal antibodies were from Sigma Aldrich. Anti-FAK 

polyclonal rabbit antibody (FAK C-20), anti-GFP (sc8334), anti–Cas-L monoclonal mouse 

antibody (2G9), and HRP-conjugated anti-mouse and anti–rabbit immunoglobulin G were 

from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-GST antibody was from Amersham 

Pharmacia Biotech (Piscataway, NJ). Anti–phosphotyrosine 4G10 was from Millipore 

(Billerica, MA). Phospho-specific antibodies against FAK phosphotyrosine (397, 861) were 

from BioSource International (Camarillo, CA). Phospho-specific antibodies against CAS 

phosphotyrosine 410 and paxillin phosphotyrosine 118 were from Cell Signaling Technology 

(Beverly, MA).  

CAS pY12 antibody was developed in collaboration with 21st Century Biochemicals 

(Marlboro, MA) by immunizing rabbits with synthetic peptide corresponding to residues 

surrounding mouse CAS Y12 tyrosine, CVLAKAL[pY]DNVAESP amide, respectively, 

where pY indicates phosphotyrosine. The peptide was synthesized with N-terminal cysteine 

residue and coupled to MBS for immunization. The antibody was affinity purified from rabbit 
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antisera by affinity chromatography steps using protein A columns to purify immunoglobulins 

followed by specific immunodepletion using nonphosphopeptide and affinity purification 

using phosphopeptide (immunogen) columns to obtain the CAS pY12 affinity-purified 

antibody used in this study. Quantification of western blots was carried out using ImageJ 

software (http://rsbweb.nih.gov/ij/). 

For immunoprecipitations, cells were lysed in NP-40 lysis buffer (50 mM Tris, pH 7.4, 150 

mM NaCl, 1% NP-40, 5 mM EDTA, 50 mM NaF). Lysates containing 500 mg of proteins 

were incubated for 4 h on ice with 1 μg of primary antibody (FAK C- 20; Santa Cruz 

Biotechnology, or monoclonal anti-GFP antibody; Molecular Probes, Invitrogen), and 

immune complexes were collected by additional 1-h incubation with protein A–Sepharose (20 

μl of 50% slurry; Zymed, San Francisco, CA). The immunoprecipitates were washed five 

times with 1 ml of ice-cold NP-40 lysis buffer, resuspended in 2× SDS–PAGE sample buffer, 

and processed for immunoblotting.  

 

2.4. FAR WESTERN BLOT ANALYSIS 

 Cell lysates were prepared from Vinculin -/- MEFs re-expressing Vinculin WT tagged 

with GFP in a NP-40 lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 5 mM 

EDTA, 50 mM NaF). Protein samples were prepared as described under 

“Immunoprecipitations”. After SDS-PAGE, proteins were transferred to nitrocellulose 

membrane and far western blot analysis was carried out by incubating the protein blots with 

the recombinant protein probe at 1.2 µg/ml and anti-GST antibody (Sigma, 1:4000) in 1% 

BSA in TTBS overnight. After extensive washing with TTBS, blots were treated with 

horseradish peroxidase-conjugated secondary antibodies and the blots were developed using 

the LAS-1000 Single System (Fujifilm, Tokyo, Japan). 

 

2.5. GST PULL-DOWNS, MS ANALYSIS AND 

PHOSPHORYLATION REACTIONS 

 CAS SH3 domain and mutational variants with either the non-phosphorylatable Y12F 

substitution or a negative control phospho-mimicking Y12E substitution were N-terminally 

fused with glutathione-S-transferase. The recombinant protein was purified and incubated 

with HeLa cell lysate by applying an affinity chromatography strategy. The interacting 

proteins were separated by SDS-PAGE, and proteins differentially bound by both WT and 

Y12E CAS-SH3 domain variants were identified by peptide mass fingerprinting using a 4800 
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Plus MALDI TOF/TOF (AB SCIEX) mass spectrometer. For GST pull-down, cell lysates 

were incubated with glutathione Sepharose 4B beads with immobilized GST or 

GST-CAS-SH3 variants at 4°C for 2 h. The beads were washed extensively and boiled in 

Laemmli sample buffer, and proteins were detected by SDS–PAGE and immunoblotting.  

Phosphorylation reactions of the CAS SH3-domain variants were conducted in 50 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, containing 10 mM MgCl2, 0.1 mM 

sodium orthovanadate, 2 mM dithiothreitol, and 0.1 mM ATP for 80 min at 30°C and initiated 

by adding 400 ng of recombinant Bmx kinase (Cell Signaling Technology). 

 

2.6. IMMUNOFLUORESCENCE MICROSCOPY 

 Cells were seeded either on coverslips or on PDMS membranes (for stretching), both 

coated with human 5 μg/ml fibronectin (Invitrogen, Carlsbad, CA). Cells seeded on coverslips 

were grown for 24–48 h, and subsequently fixed in 4% paraformaldehyde, permeabilized in 

0.5% Triton X-100, washed extensively with PBS, and blocked in 3% bovine serum albumin. 

Cells attached to PDMS membranes were stretched for 10 min at 0.25 Hz and 20% peak-to-

peak amplitude, immediately fixed in 4% paraformaldehyde, permeabilized in 0.5% Triton 

X-100, washed with PBS, and blocked in 3% bovine serum albumin. PDMS membranes with 

cells were then mounted on coverslips. The cells (both on coverslips and PDMS membranes) 

were sequentially incubated with primary antibodies for 2 h, secondary antibodies for 60 min, 

and if needed with Dy-405 phalloidin (Dyomics) or with Alexa Fluor 594 phalloidin 

(Molecular Probes, Invitrogen) for 15 min, and extensive washing between each step. The 

primary antibodies were as follows: anti-vinculin (Jackson Biotechnology), anti-paxillin (BD 

Transduction Laboratories). anti-phosphotyrosine (clone 4G10; Upstate, Millipore), anti-

phosphopaxillin (Tyr118; Cell Signaling Technology), and anti-phosphocortactin (pY421; 

BioSource International). The secondary antibodies were as follows: anti-rabbit (Alexa 546) 

and anti-mouse (Alexa 594, Alexa 633; Molecular Probes). Images were acquired with a TCS 

SP2 microscope system (Leica, Wetzlar, Germany) equipped with a Leica 63×/1.45 oil 

objective.  

 

2.7. IN-GEL GELATIN ZYMOGRAPHY 

 Fifty thousand cells were plated per well of a 24-well dish. After 16 h, cells were 

washed with PBS and incubated in 300 μl of serum-free media for 24 or 72 h. Aliquots (30 μl) 

of the conditioned media were loaded for zymography on a 10% SDS–PAGE gel containing 1 
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mg/ml gelatin as described previously (Pozzi et al., 2000). Briefly, gel proteins were washed 

for 1 h in 50 mM Tris-HCl (pH 7.5), 0.1 M NaCl, and 2.5% Triton X-100 and then incubated 

at 37°C in 50 mM Tris-HCl (pH 7.5), 10 mM CaCl2, and 0.02% Na azide for 17 h. Gels were 

stained with Coomassie blue and destained in 7% acetic acid/5% methanol.  

 

2.8. ALEXA 633 GELATIN ZYMOGRAPHY 

 To prepare Alexa Fluor 633 gelatin, 2 μl of Alexa 633 reactive dye (1 μg/ml; 

Molecular Probes) was conjugated with 1 ml of gelatin (10 mg/ml; Bio-Rad, Hercules, CA) 

diluted in 0.1 M sodium bicarbonate buffer, pH 9.0, for 30 min. The unconjugated dye was 

removed by passage through a Zeba Micro Desalt Spin Column (Thermo Scientific, Waltham, 

MA). Coverslips were coated with Alexa Fluor 633 gelatin (1 mg/ml), air dried, rehydrated 

with water for 15 min in 4°C, and fixed with 0.5% glutaraldehyde for 30 min in 4°C. RsK4 

cells transfected with GFP-CAS were grown on Alexa Fluor 633 gelatin–coated coverslips for 

24 h and then fixed in 4% paraformaldehyde, permeabilized in 0.5% Triton X-100, washed 

thrice with PBS, blocked in 3% bovine serum albumin, and mounted.  

 

2.9. MIGRATION ASSAYS 

 Cell migration was analyzed using the Oris Cell Migration Assay (Platypus 

Technologies, Madison, WI) with some modifications. The cell-seeding stopper was inserted 

into 96-well plate, and well bottoms were either uncoated (polylysine) or coated with 10 

μg/ml fibronectin (Invitrogen). Fifty thousand cells were seeded into each well with a stopper 

to restrict cell seeding to the outer annular regions of the wells. Removal of the stopper results 

in opening of a round, unseeded region, into which the seeded cells migrate. Migration was 

assessed using Eclipse TE2000-S (4×/0.13 Plan Fluor objectives; Nikon, Melville, NY) 

mounted with a VDS Vosskühler CCD-1300 camera (Allied Vision Technologies, Osnabrück, 

Germany) as a decrease of cell-free area in time quantified by NIS-Elements software 

(Nikon). Alternatively, migration was analyzed according to manufacturer's protocol using an 

Ibidi Culture-Insert (Ibidi, Munich, Germany) in a 35-mm μ-Dish. Briefly, 70 μl of a cell 

suspension (7 × 105 cells/ml) was applied into each well and incubated at 37°C and 5% CO2. 

After appropriate cell attachment was achieved (24 h), the Culture-Insert was removed and 

the μ-Dish was filled with cell-free medium (2 ml of media for 35-mm μ-Dish). Migration 

was also assessed, using a Nikon Eclipse TE2000-S (10×/0.25 Plan Fluor objective), as a 

http://www.molbiolcell.org/content/22/22/4256.long#ref-37


 
 

47 
 

decrease of cell-free area in time quantified by NIS-Elements software (Laboratory Imaging, 

Prague, Czech Republic).  

Chemotaxis was analyzed using a Boyden chamber chemotaxis assay (BD Biosciences, 

Oxford, UK) according to the manufacturer's protocol. Briefly, 500 μl of media containing 

10% fetal bovine serum was added to the lower chambers. A total of 105 cells suspended in 

0.3 ml serum-free D-MEM was loaded to the top of each chamber and then incubated at 37°C 

in 5% CO2. After 10 h, the chambers were washed with PBS. Cells were fixed in 4% 

paraformaldehyde in 1× PBS for 15 min and stained with 4′,6-diamidino-2-phenylindole. 

Representative fields were documented by fluorescence microscopy and the numbers of 

transmigrated cells determined from replicate chambers by counting 10 random areas at 200× 

magnification.  

 

2.10. SPREADING ASSAYS 

Cells were trypsinized and counted, and 2.5 × 105 cells were added with medium to 100-mm 

culture dishes for a final volume of 10 ml. Random fields were photographed after 120 min 

using a low-magnification, phase-contrast microscope and evaluated for the percentage of 

spread cells. Unspread cells were apparent as phase-bright and punctual, whereas spread cells 

were not phase-bright, with extensive visible membrane protrusions. The two kinds of cells 

were distinguishable such that two independent counts of the same field gave the same result 

±2%. Three fields were counted for each cell line, and, in each field, >200 cells were counted. 

The experiment was repeated twice.  

 

2.11. INVASION ASSAYS 

Invasiveness of cells was analyzed using the Ibidi μ-Slide Angiogenesis System. A 200-μl 

solution containing 2 mg/ml collagen R (Serva, Heidelberg, Germany) and 4 mg/ml collagen 

G (Biochrom, Berlin, Germany) was prepared, and 46 μl of NaHCO3 and 46 μl minimum 

essential medium Eagle (modified) with Hank's salts (HMEM) were added. A total of 10 μl of 

the collagen solution was added into each well of μ-Slide Angiogenesis plate and polymerized 

at 37°C. Fifty μl of cell suspension (2 × 105 cells/ml) was added on top of a collagen gel. 

After 2 d, invasion was scored as an average invasion depth of the cells in selected field of 

view using Nikon Eclipse TE2000-S (20×/0.45 Plan Fluor objective) and NIS Elements 

software. For each experiment six fields of view were analyzed by 10-μm optical sections.  
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2.12. FLUORESCENCE RECOVERY AFTER 

PHOTOBLEACHING 

FRAP studies were conducted on live cells expressing GFP-tagged CAS, GFP-tagged 

vinculin, YFP-tagged vinculin or Venus-tagged CAS. The cells were plated on glass-bottom 

dishes (MatTek, Ashland, MA) coated with 10 μg/ml fibronectin and cultured for 24 h before 

the experiment. Measurements were performed in DMEM at 37°C and 5% CO2. Ten focal 

adhesions and 10 podosome-type adhesions, each structure from a different cell, expressing 

GFP-CAS, GFP-vinculin, YFP-vinculin or Venus-CAS was analyzed. After a brief 

measurement at monitoring intensity (488 nm), a high-energy beam was used to bleach 30–

50% of the intensity in the spot. The intensity of recovery of the bleached region was 

extracted from the images series, and curves were fitted to a single-exponential using 

SigmaPlot (SYSTAT Software). The FRAP data were fit assuming one-phase exponential 

association from bottom to span plus bottom equation: Y (fluorescence recovery) = Span*(1-

exp(-K*X))+bottom. The half-life time for recovery was calculated as 0.69/K 

 

2.13. CELL STRETCHER 

Stretch experiments were carried out either on flexible polydimethylsiloxan (PDMS, Sylgard) 

substrates that were molded into the shape of a cell culture well or on commercial silicone 

chambers (B-Bridge International) all with 4.0 cm2 internal surface (Faust et al., 2011).  The 

stretchers for both types of chambers consist of a linear stage for uniaxial stretch and are 

driven by a computer controlled stepper motor. The substrates were then coated with 5 µg/ml 

fibronectin in PBS overnight at 4 oC, and 10,000 cells were seeded 24 h prior to experiments. 

Uniaxial stretch was performed in the incubator under normal cell culture conditions (37 oC, 

5% CO2, 95% humidity) for 10 min at 20% stretch amplitude (peak-to-peak) (Bonakdar et al., 

2012). 

 

2.14. TRACTION MICROSCOPY 

Traction measurements were performed on 7.0% acrylamide/bisacrylamide (ratio 29:1) gels 

(Young’s modulus 18.0 kPa, thickness 300 µm) with 1.0 μm red fluorescent beads embedded 

at the top surface (Pelham and Wang, 1997, Raupach et al., 2007). Gels were coated with 

5 μg/mL fibronectin at 4 °C overnight. Cells were seeded on the gels at a density of 5,000 

cells per cm2 and incubated under normal growth conditions overnight. During 
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measurements, the cells were maintained at 37 °C and 5% CO2 in a humidified atmosphere. 

Cell tractions were computed by an unconstrained fast Fourier traction cytometry method 

(Butler et al., 2002) and measured before and after the cells were treated with 80 μM 

cytochalasin D to relax the traction forces. 

 

2.15. MAGNETIC TWEEZER EXPERIMENTS  

We used a high-force magnetic tweezer device as described in (Kollmannsberger and Fabry, 

2007). For measurements, 30,000 cells were seeded overnight in a 35 mm tissue culture dish. 

Thirty minutes prior to experiments, cells were incubated with 4.5 µm fibronectin-coated 

superparamagnetic beads (Invitrogen, Karlsruhe, Germany). The tip of the magnetic tweezer 

was then placed at a distance of 20–30 μm from a bead bound to a cell. Transfected cells were 

identified in fluorescence mode. During measurements, bright-field images were taken at 40× 

magnification (NA 0.6) with a CCD camera (ORCA ER, Hamamatsu) at a rate of 40 frames/s. 

The bead position was tracked using an intensity-weighted center-of-mass algorithm. 

Measurements on multiple beads per well were performed at 37 °C for a maximum duration 

of 30 min.  

 

Statistical analysis 

Statistical significances were determined using an unpaired, two-tailed, Student's t test.  
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3. RESULTS 

3.1.CAS SH3 DOMAIN-MEDIATED SIGNALING 

(related to publication Janostiak et al., 2011) 

 

3.1.1. CHARACTERIZATION OF Y12 PHOSPHORYLATION 

WITHIN THE CAS SH3 DOMAIN 

 A phosphoproteomic analysis of Src-transformed mouse embryonic fibroblasts from 

year 2008 identified a new site of tyrosine phosphorylation within the CAS SH3 domain, Tyr 

12 (Luo et al., 2008). To describe the physiological function of CAS Tyr12 phosphorylation, 

an antibody specifically recognizing phosphorylated Tyr12 was developed. To confirm the 

specificity of the antibody we expressed CAS wt or mutant where tyrosine 12 was replaced by 

nonphosphorylatable phenylalanine (CAS Y12F) in cas-/- MEFs. The antibody recognized 

phosphorylated CAS wt on Y12, but no signal was detected in cells expressing phenylalanine 

mutation (Fig.3.1.1A).  

 The Tyr12 phosphospecific antibody was further used to confirm the data obtained 

from phosphoproteomic analysis showing the enrichment of Tyr12 phosphorylation in Src-

transformed MEFs. We have showed that phosphorylation of Tyr12 is increased in Src-

transformed MEFs in comparison to untransformed MEFs (Fig.3.1.1B). Moreover, we 

compared Tyr12 phosphorylation levels in a rat fibrosarcoma cellular model of metastasis 

composed of parental noninvasive K2 cells and derived, highly invasive, Rous sarcoma virus-

transformed RsK4 cells (Veselý, 1972). Similarly to Src-transformed MEFs, the level of 

Tyr12 phosphorylation in Src-transformed RsK4 was higher than the one in parental 

nontransformed K2 cells (Fig.3.1.1C) which indicates key role of activated Src in mediating 

CAS Tyr12 phosphorylation.   

 Finally, we tried to detect the phosphorylation of Tyr12 in several human carcinoma 

cell lines, to assess the biological relevance of this phosphorylation. We detected the highest 

levels of Tyr12 phosphorylation in invasive colorectal carcinoma DLD cells. Furthermore, 

highly invasive breast carcinoma cell line MDA-MB exhibited higher levels of Tyr12 

phosphorylation that did noninvasive breast carcinoma cell lines MCF-7 or EM-G3 

(Fig.3.1.1D). Taken togheter, these results suggest that phosphorylation of Tyr12 may 

correlate with invasive behavior.  

 



 
 

51 
 

 

 

A                                        B                                   C         

 

 

 

 

D 

 

 

 

Figure 3.1.1. Phosphorylation of CAS on Tyr12 is enriched in invasive cell lines. Total 

cell lysates were analyzed by immunoblotting. Phosphorylation of Tyr12 within CAS SH3 

domain was detected by phosphospecific pTyr12 antibody in (A) untransformed cas-/- MEFs 

and cas-/-MEFs transiently reexpressing CAS wt or CAS Y12F, (B) untransformed MEFs and 

Src-transformed MEFs, (C) K2 and RsK4 rat fibrosarcoma cells, (D) human breast carcinoma 

cell lines G3, MCF-7, MDA-MB-231, 4T1 and human colorectal carcinoma line DLD. The 

immunoblots are representative of three independent experiments. 

 

 

3.1.2. PHOSPHORYLATION OF CAS TYR12 IN THE SH3 

DOMAIN INFLUENCE ITS BINDING CAPACITY 

  Since Tyr12 lies in the first hydrophobic pocket of the SH3 domain ligand-binding 

surface (Wisniewska et al., 2005), phosphorylation of this specific tyrosine could affect 

binding capacity of CAS SH3 domain. To investigate the role of Tyr12 phosphorylation in 

regulating binding ability of CAS SH3 domain, we prepared mutational variants of CAS SH3 

domain, with either the nonphosphorylatable Y12F substitution or a phosphomimicking Y12E 

substitution (tyrosine changed to glutamic acid) fused to glutathione S-transferase (GST-

SH3). We performed pull-down assays to analyze binding of SH3 domain variant to FAK and 

PTP-PEST, which both directly associate with CAS SH3 domain. As expected, wt SH3 

domain precipitate both FAK and PTP-PEST out of HeLa cell lysates, so did the structurally 

similar Y12F mutation. On the other hand, SH3 domain with phosphomimicking mutation 

Y12E didn´t recover neither FAK nor PTP-PEST from lysates (Fig.3.1.2.A) suggesting that 

substitution of Tyr12 for glutamate disrupts binding capacity of CAS SH3 domain. To 

confirm that Y12E mutation has similar effect on binding capacity of CAS SH3 domain, we 
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subjected wt SH3 and Y12F SH3 variants to phosphorylation in vitro and subsequently tested 

the the binding ability to FAK again using pull-down experiment. For in vitro experiment we 

used Bmx kinase which effectively phosphorylates wt CAS SH3 domain. Althought 

recombinant Src kinase also showed phosphorylation activity towards CAS SH3 domain, it 

was less effective than Bmx kinase. Phosphorylation of wt CAS SH3 domain led to disruption 

of association of SH3 domain with FAK. Since Y12F variant was not phosphorylated by Bmx 

kinase, in vitro phosphorylation assay didn´t vary the binding capacity of Y12F CAS SH3 

domain (Fig.3.1.2B). To confirm the results from GST pull-down experiments, we expressed 

full-lenght CAS wt or Y12 mutation in cas-/-MEFs. Substequently we immunoprecipitated 

FAK from cas-/-MEFs reexpressing CAS variants and binding was of CAS was analyzed 

using total CAS antibody. Consistently, FAK was coimmunoprecipitated with wt or Y12F 

CAS, whereas Y12E mutation showed significant decrease of association with FAK 

(Fig.3.1.2C). 

A                               B                                 C    

 

 

 

 

 

Figure 3.1.2. The effects of p130Cas Y12 mutation on SH3 binding capacity. (A) Binding 

capacity of SH3 domains of CAS wt, CAS Y12E, CAS Y12F fused with GST was analyzed 

by pull-down assay and subsequent immunoblotting. FAK, PTP-PEST and GST were 

detected by anti-FAK, anti-PTP-PEST, and anti-GST antibodies. Total lysates were used as 

a positive control. (B) Binding of FAK with either Bmx non-treated or Bmx phosphorylated 

SH3 domains of CAS wt and Y12F was analyzed by general anti-FAK antibody. (C) FAK 

was precipitated from cas-/- MEFs reexpressing CAS variants (wt, Y12E, Y12F) and binding 

of CAS was detected by general anti-CAS antibody. 

 

3.1.3. MUTATION OF TYR12 RESULTS IN ALTERATION OF 

PHOSPHORYLATION OF CAS SUBSTRATE DOMAIN AND 

FAK 

 Since Tyr12 is important for modulation of CAS SH3 domain binding capacity and 

SH3 domain is important for binding kinases and phosphatases, we analyzed the effect of 

Tyr12 mutation on phosphorylation of CAS substrate domain (SD). We prepared cell lines 

that stably express full-lenght CAS variants (wt, Y12E, Y12F). The variants were expressed 
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from a CMV-based vector in both normal and Src-transformed cas-/-MEFs. Expression of 

Y12F mutation in Src-transformed MEFs led to increase of CAS SD phosphorylation as 

assessed by pY410 antibody. The Y12E mutation resulted in slight, yet insignificant, decrease 

in phosphorylation of substrate domain (Fig.3.1.3A).  

 It has been shown that reexpression of CAS in cas-/- Src-transformed MEFs greatly 

enhances FAK phosphorylation on tyrosines 397(FAK major autophosphorylation site) and 

861(the major C-terminal Src-phosphorylated site) (Brabek et al., 2004). Therefore we tested 

the effect of CAS Tyr12 substitution on FAK tyrosine phosphorylation. The expression of 

CAS wt in Src-transformed MEFs enhanced phosphorylation of FAK on tyrosines 397 and 

861 and the same effect was observed for CAS Y12F substitution, however not to the same 

extent as wt. On the other hand, CAS Y12E was unable to promote FAK tyrosine 

phosphorylation above the basal level seen in CAS deficient cells (Fig.3.1.3B). These results 

indicate that undisrupted binding ability of CAS SH3 domain is important for tyrosine 

phosphorylation of CAS itself and FAK. 

A                                                  B        

 

 

 

 

 

 

Figure 3.1.3. The effects of p130Cas Y12 mutation on phosphorylation of FAK and CAS 

SD. (A) Cell lysates from cas-/- Src-transformed MEFs reexpressing CAS wt, CAS Y12E, 

CAS Y12F were analyzed by immunoblotting. Phosphorylation of CAS substrate domain was 

detected by phosphospecific antibody against Y410 and CAS levels were detected by general 

anti-CAS antibody. (B) Cell lysates from cas-/- Src-transformed MEFs reexpressing CAS wt, 

CAS Y12E, CAS Y12F and CAS wt from retroviral vector (SC) were analyzed by 

immunoblotting. Phosphorylated FAK was detected by antibody recognizing pY397 and 

pY861, and total FAK was detected by general anti-FAK antibody. 

 

3.1.4. EFFECT OF TYR12 SUBSTITUTION ON 

LOCALIZATION OF CAS  

 It is known that CAS SH3 domain  plays an important role in localization of CAS 

protein to focal adhesion (Donato et al., 2010), therefore we tested the influence of tyrosine 

12 substitution on CAS localization. We expressed the CAS wt, Y12E, Y12F N-terminally 
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tagged to green fluorescent protein (GFP) in RsK4 sarcoma cells. GFP-CAS localization was 

analyzed by fluorescence confocal microscopy. As a markers of focal adhesion we used 

phosphorylated FAK. Focal adhesions were identified as elongated structures at the cell 

periphery with a uniform colocalization of phosphorylated FAK and F-actin. As expected, 

both CAS wt and CAS Y12F localized to focal adhesion in RsK4 cells, however localization 

of CAS Y12E was different. Only 34% of focal adhesions in RsK4 cell expressing GFP-CAS 

Y12E were GFP positive, moreover relative intensity of GFP CAS Y12E signal in focal 

adhesion was lower than signal of CAS wt (Fig.3.1.4.1A,B,C).  
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Figure 3.1.4.1. Localization of CAS variants into focal adhesions. (A) RsK4 cells 

expressing GFP-CAS (green) were stained for F-actin (blue) and phosphorylated FAK (red). 

Smaller images on the right show focal adhesions and podosome type adhesion in detail. (B) 

Histogram represents the percentage of FAs positive for GFP CAS. Number of analyzed focal 

adhesions (n) in RsK4 cells expressing particular variant of CAS is stated above the bars. (C) 

The average fluorescence intensity of GFP signal in CAS – positive focal adhesion was 

compared to average fluorescence intensity of GFP signal in adjacent cytoplasm. Histogram 
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represents ratio between fluorescence intensity of GFP within focal adhesion vs. cytoplasm. 

Error bars represent standard deviations and p-values indicate statistical significance. Scale 

bars: 10µm. 

 

 The localization of GFP-CAS variants into podosome-type adhesion in RsK4 cells was 

also analyzed. As a marker of podosome-type adhesions we used phosphorylated cortactin 

and podosomes were identified as rounded structures at the ventral surface with central 

staining for phosphorylated cortactin. Neither Y12F nor Y12E CAS variant altered 

localization of CAS to podosomes, which indicates that CAS SH3 domain is dispensable for 

localization of CAS to podosomes (Fig.3.1.4.2A). The GFP-CAS wt, Y12E and Y12F were 

all associated with active podosomes because they colocalize with sites of gelatin degradation 

(Fig.3.1.4.2B). 
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Figure 3.1.4.2. Localization of CAS variants into podosome-type adhesion. (A) RsK4 

cells expressing GFP-CAS variants (green) were stained for F-actin (blue) and phospho-

cortactin (red). Smaller images on the right show focal adhesions and podosome type 



 
 

56 
 

adhesion in detail. (B) RsK4 cells expressing GFP-CAS variants (green) were plated on 

Alexa633 conjugated gelatin (red). Areas of degraded gelatin appear black. Scale bars: 10µm 

 

 Since we have prepared the antibody against phosphorylated tyrosine 12 within CAS 

SH3 domain, we tried to stain cells using that antibody. Consistently with localization of 

phosphomimicking variant of CAS, we found that this antibody stains only a small fraction of 

focal adhesions in cas-/-MEFs reexpressing GFP-CAS wt. Moreover, the antibody didn´t 

recognize any structure in cas-/-MEFs reexpressing GFP-CAS Y12F mutation, thereby the 

specificity of staining was confirmed. (Fig.3.1.4.3A). Furthermore, staining of Src-

transformed MEFs retroviraly reexpressing CAS wt showed that the antibody recognize CAS 

within large podosomal aggregates (Fig.3.1.4.3B) 
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Figure 3.1.4.3. Tyr-12 phosphospecific antibody staining is reduced in focal adhesion 

and is present in large podosomal aggregates (A) Cas-/- MEFS expressing GFP-CAS 
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(green) were stained for F-actin (blue), phosphotyrosine (red) and Tyr-12 phosphospecific 

antibody (grey). Details, as indicated in larger images, are showing several FAs (column of 

small panels). (B) Tyr-12 phosphospecific antibody stains podosomal aggregates. Src-

transformed cas-/- MEFs expressing CAS wt were stained for F-actin (blue) and Tyr-12 

phosphospecific antibody (green). Scale bar: 10µm. 

 

 

3.1.5. INFLUENCE OF TYR12 SUBSTITUTION ON CELL 

ADHESION AND MIGRATION 

  

 Because focal adhesions are involved in mediating cell adhesion and migration and 

CAS Y12E mutation results in decreased localization into focal adhesion, we wanted to 

investigate the effect of CAS Y12 mutation on cell adhesion and migration. It has been shown 

that reexpression of CAS wt in cas-/-MEFs (Huang et al., 2002) significantly increased the 

wound-healing migration on fibronectin compared to cells lacking CAS. Consistenly with this 

results we were able to enhance wound healing migration by reexpression of CAS wt in cas-/-

MEFs. Surprisingly, CAS Y12E variant promoted migration even more than did CAS wt. On 

the other hand, CAS Y12F mutation had oposite effect. Cells expressing CAS Y12F variant 

migrate poorly, migration rate was even lower than in cas-/-MEFs (Fig.3.1.5.1A,B). However, 

reexpression of CAS wt in cas-/-MEFs cells didn´t enhance migration rate on poly-lysine 

coated dishes. In contrast, reexpression of CAS Y12E leads to great increase  of migration 

also on poly-lysine coated surface (Fig.3.1.5.1C). This suggest that CAS Y12E promotes 

migration in a integrin-independent manner. On the other hand, CAS Y12F mutation decrease 

migration rate both on fibronectin or poly-lysine coated surfaces (Fig.3.1.5.1C). Similar 

results were obtained in Src-transformed MEFs reexpressing either CAS wt or CAS Y12 

variants (Fig.3.1.5.1D). To further analyze the effect of CAS Y12 mutation on motility of Src-

transformed MEFs, we performed Boyden chamber chemotaxis assays. Consistent with 

results from wound-healing assay, we found out that Src-transformed MEFs reexpressing 

CAS Y12E mutation exhibit enhanced chemotaxis towards 10% fetal bovine serum (FBS) 

compared to CAS wt (Fig.3.1.5.1E).       
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Figure 3.5.1. Mutation of CAS Tyr12 affects motility of the cells. (A) cas-/- MEFs 

expressing indicated CAS (wt, Y12E, Y12F) variants were allowed to migrate on fibronectin 

coated μ-Dish 35mm with Ibidi Culture-Insert and images were captured at indicated times. 

(B) cas-/-MEFs expressing CAS variants were allowed to migrate for 12h on polylysine or 

10µg/ml fibronectin-coated wells using the Oris Cell Migration Assay as described in section 

“2.8. Migration assay“. (C) cas-/-MEFs expressing CAS variants were allowed to migrate for 

12h on polylysine-coated, 35mm µ-Dish with Ibidi Culture-Insert. The distance migrated by 

the cells was monitored by observation with Nikon Eclipse TE2000-S. (D) Src-transformed 

cas-/-MEFs expressing CAS variants were allowed to migrate for 12h on polylysine-coated, 

35mm µ-Dish with Inidi Culture-Insert. For (B-D) histogram bars represents average 

migration rates obtained from three biological repetitions. Error bars represent standard 

deviation, p-values indicate statistical significance. (E) Chemotaxis response towards 10% 

FBS of Src-transformed cas-/-MEFs expressing CAS variants was assesed by Boyden 

Chamber chemotaxis assai. The cells were allowed to transmigrate for 10 h. The histogram 

bars represent average number of transmigrated cells obtained from three independent 

experiments. Error bars represent standard deviation, p-values indicate statistical significance.   

  

 It has been shown that hyperphosphorylation of CAS substrate domain results in 

impaired migration as a consequence of increased cell adhesiveness (Kira et al., 2002, Siesser 

et al., 2008). Since Y12F substitution results in increase of CAS SD phosphorylation, we 

further analyzed the effect of CAS tyrosine 12 mutation on spreading of Src-transformed 

MEFs. Consistently with previous results, CAS Y12F variant slightly increased spreading on 

polylysine compared to CAS wt (Fig.3.1.5.2A). In contrast, CAS Y12E was found to decrease 

cell spreading on both polylysine and fibronectin (Fig.3.1.5.2A,B).   
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Figure 3.5.2. The effect of CAS Y12-site mutants on cell spreading. (A) Src-transformed 

cells cas-/-MEFs expressing indicated variants of CAS were allowed to spread on polylysine-

coated tissue culture dishes, and the number of spread cells was assayed after 120 min. (B)  

Src-transformed cells cas-/-MEFs expressing indicated variants of CAS were allowed to 

spread on fibronectin-coated tissue culture dishes, and the number of spread cells was assayed 

after 120 min. For A and B, A quantitative evaluation was expressed as the percentage of 

spread cells of the total number of cells per field. Histogram bars represent the mean 

percentage of spread cells from three independent repetitions. Error bars represent standard 

deviation, p-values indicate statistical significance.   

 

3.1.6. INFLUENCE OF TYR12 SUBSTITUTION ON CAS-

MEDIATED CELL INVASIVENESS AND PRODUCTION OF 

MATRIX METALLOPROTEASES 

 After investigation of the role of CAS Y12-site in regulation of migration, we next 

analyzed the influence of Y12E and Y12F substitution on invasive capacity of Src-

transformed MEFs in a 3D environment. Similar to results from the migration assays, 

expression of CAS Y12E variant in Src-transformed MEFs led to slight increase in invasive 

potential compared to CAS wt. Moreover, CAS Y12F resulted in striking decrease of cell 

invasiveness to the level comparable to the CAS deficient Src-transformed MEFs (Fig3.1.6A). 

 Src-transformed MEFs exhibit mesenchymal-type of invasiveness, which is dependent 

on production of extracellular matrix metalloproteases. To test the possibility that mutation of 

Tyr12 will affect the production and activation of extracellular proteases, we plated Src-
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transformed MEFs expressing CAS variants on Alexa633-conjugated gelatin. Cell-mediated 

gelatin degradation was detected by loss of Alexa633 fluorescence. This in situ gelatin 

degradation assay detects both secreted and membrane-bound protease activity. We found that 

cells expressing CAS Y12E variant have incrased gelatinase activity compared to CAS wt and 

CAS Y12F. This indicates that increased gelatin degradative activity mediated by CAS Y12E 

contributes to more invasive phenotype of CAS Y12E reexpressing Src-transformed MEFs 

(Fig.3.1.6B,C). 
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Figure 3.6. The effect of Tyr12 substitution on invasive potencial of Src-transformed 

MEFs. (A) Three dimensional collagen invasion assay. cas-/-MEFS transformed by activated 

Src expressing indicated variant of CAS (wt, Y12E, Y12F) were seeded on top of the collagen 

gel and the invasive index was assessed as described in section “2.10.Invasive assays“. The 

histogram bars represent the percentage of invasion from three independent experiments. 

Error bars represent standard deviations, p-values indicate statistical significance. (B) 

Quantification of the gelatin degradation assay. Histogram bars represent mean percentage of 

relative degradation activity calculated as degraded area divided by area occupied by cells. 
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Error bars represent standard deviation, p-values indicate statistical significance. (C) Gelatin 

degradation assay. Src-transformed MEFs stably expressing indicated CAS variant (green) 

were plated on Alexa633-conjugated gelatin (red). The black areas represent area of degraded 

gelatin. Scale bar: 50µm. 

 

3.1.7. DYNAMICS OF ADHESION STRUCTURES IN CELLS 

EXPRESSING TYR12 VARIANTS OF CAS. 

 Since proper dynamics of focal adhesion plays crucial role in mediating cell migration 

and invasiveness, we analyzed the effect of CAS Tyr12 mutation on dynamics of focal 

adhesions. At first, we detemined the size of ventral adhesion structures using fluorescence 

confocal microscopy. The analysis revealed that cas-/- Src-transformed MEFs reexpressing 

CAS Y12F variant exhibit significantly larger focal adhesion than did cells reexpressing CAS 

wt or CAS Y12E (Fig.3.1.7.1A). Because of the differences in focal adhesion size in cells 

expressing CAS variants, we assessed the overal dynamics of focal adhesions. We expressed 

mCherry tagged vinculin (marker of focal adhesions) in Src-transformed MEFs stably 

expressing variant of CAS and observe the turnover of focal adhesions using live-cell 

microscopy. Consistently with observed difference in FA size, cells expressing CAS Y12F 

mutation were found to have slower rates of FA assembly as well as FA disassembly. On the 

other side, FA of CAS Y12E expressing cells were more dynamic than those in cells 

expressing either CAS wt or CAS Y12F variant (Fig.3.1.7.1B,C). 
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Figure 3.7.1. Effect of CAS Y12 substitution on dynamics of focal adhesions. (A) 

Quantification of cellular adhesion structures size in cas-/- SrcF MEFs stably expressing 

indicated variant of CAS and mCherry-vinculin as a marker using fluorescence confocal 

microscopy. Histogram bars represent average area of focal adhesion in one cell. Error bars 

represent standard deviation, p-values indicate statistical significance. (B,C) FA dnymics. 

Live microscopy of Src-transformed MEFs expressing CAS variants together with mCherry 

vinculin was performed and FA assembly and disassembly rates were calculated for all 

variants. The histogram bars represent the number of assembled or disassembled FAs per cell 
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during 60 min peridod. Error bars represent standard deviation, p-values indicate statistical 

significance.  

 

 Overall dynamics of adhesion structures is associated with intrinsic dynamics of 

proteins within them. Since SH3 domain of CAS is important for its localization to focal 

adhesions, we tested whether the substitution of tyrosine 12 for phenylalanine will affect the 

exchange rate of CAS within focal adhesion. We transfected RsK4 cells with either GFP-

tagged CAS wt or CAS Y21F variant. FRAP analysis revealed that the recovery half-life of 

CAS in focal adhesions was comparable for both wt (4.2±1.3s) and Y12F (4.3±1.6s). 

However, the dynamic fraction of CAS Y12F was significantly decreased compared to CAS 

wt (CAS Y12F – 38% vs CAS wt – 75%), suggesting that a much larger fraction of the CAS 

Y12F variant is stably bound within focal adhesion (Fig.3.1.7.2A). 

 Another protein important for dynamics of focal adhesions is vinculin. Therefore we 

analyzed whether the internal dynamics of vinculin is affected by different variants of CAS. 

Src transformed cas-/- MEFs stably expressing CAS variant were transfected by YFP tagged 

vinculin and subjected to FRAP analysis. We found that recovery half-life of YFP vinculin in 

cells expressing CAS Y12F variant was much higher (24.5±5s) than in cells expressing CAS 

wt (14.6±2.5s) or the CAS Y12E variant (9.5±3.7s) (Fig.3.1.7.2B). The higher vinculin 

recovery half-life in cells expressing CAS Y12F variant togehter with smaller mobile fraction 

of CAS Y12F protein correlate with the larger adhesion structures in these cells, thereby 

partially explaining the defects in focal adhesion disassembly. On the other hand, recovery 

half-life of vinculin in cells expressing CAS Y12E variant is consistent with smaller 

adhesions, which could indicate shorter lifetime of focal adhesions. 
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Figure 3.7.2 Effect of CAS Y12 substitution on internal dynamics of CAS and vinculin 

within focal adhesions. (A) FRAP curves of GFP-CAS variants in FAs of RsK4 cells. Cells 

were subjected to FRAP analysis 24 h after plating on 10-μg/ml fibronectin–coated wells at 

37°C using 63×/1.45 oil objective. After photobleaching, fluorescence recovery was recorded 

at 1.6-s intervals. (B) FRAP curves of vinculin-YFP associated with focal adhesions in 

Src-transformed MEFs (SrcF) expressing indicated variants of CAS protein. Cells were 

subjected to FRAP analysis 24 h after plating on 10-μg/ml fibronectin–coated wells at 37°C 

using 63×/1.45 oil objective. After photobleaching, fluorescence recovery was recorded at 6-s 

intervals. 
 

 

Finally, we tested the possibility that mutation of CAS Y12 could affect the dynamics of 

podosome-type adhesion. First, we analyzed the dynamics of CAS protein within podosome-

type adhesions. Consistent with higher invasiveness of Src-transformed MEFs expressing 

CAS Y12E variant, the recovery half-life of CAS Y12E was significantly lower (1.5±0.4s) 

than that of CAS wt (4.8±2.3s) or Y12F (3.7±1.2s) (Fig.3.1.7.3A). This suggest that increased 

dynamics of CAS Y12E within podosome-type adhesion could be the reason for increased 

invasive potential of these cells. It has been shown that CAS is important for formation of 

large podosomal aggregates (Brabek et al., 2004), therefore we analyzed the ability of Src-

transformed mouse embryonic fibroblasts stably expressing CAS Y12 variants to form these 

large podosomes rings and rosettes. Formation of aggregates was assessed by fluorescence 

confocal microscopy. Podosomes were identified as structures with colocalization of 

phosphorylated cortactin and actin (Fig.3.1.7.3B). We found that 54% of cells reexpressing 

CAS Y12F variant exhibited large podosomal aggregates, whereas only 39% of cells 

reexpressing CAS wt formed these rings and belts. Moreover, podosomes in CAS Y12E 

reexpressing cells were mainly dot-like and only 19% of cells formed large podosomal 

aggregates (Fig.3.1.7.3C). 

 

 



 
 

65 
 

A 

 

 

 

 

 

 

 

 

 

 

  

 

B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

66 
 

C  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.7.3. Effect of CAS Y12 mutation on podosomes dynamics. (A) FRAP curves of 

GFP-CAS variants in podosome-type adhesions. FRAP experiments were performed the same 

way as FRAP experiments in RsK4 cells, but bleached regions were podosome-type 

adhesions instead of FAs. For all FRAP experiments, the data are shown as an average of 10 

independent experiments, with error bars representing standard errors. (B) SrcF transformed 

cas-/-MEFs stably re-expressing CAS variants (wt, Y12E, Y12F) were grown for 48h on 

fibronectin-coated coverslips and stained for phopho-cortactin and F-actin (podosomes 

markers). Scale bar 10 μm. (C) The histogram bars represent percentage of cells with large 

podosomal aggregates. Numbers in columns indicate number of analyzed cells, error bars 

represent standard deviation, p-values indicate statistical significance. 
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3.2. CAS INTERACTION WITH VINCULIN 

(related to publication Janostiak et al., 2013) 

 

3.2.1. INTERACTION OF CAS AND VINCULIN IS MEDIATED 

BY CAS SH3 DOMAIN AND VINCULINS POLYPROLINE 

MOTIF PPKP 

 Because CAS SH3 domain has been identified as a important regulator of CAS-

mediated signaling through binding of several important proteins, we tried to describe a novel 

interactors of CAS SH3 domain. To identify the proteins that can differentially bind to non-

phosphorylated CAS SH3 domain, we performed peptide mass fingerprinting of proteins 

pulled-down by a GST-fused CAS SH3 domain from HeLa cell lysates. Except some known 

interaction partners such as FAK, we identified vinculin as a new potential interacting protein 

of CAS. Next, we confirmed that this interaction is specific for wt CAS SH3 domain or 

nonphosphorylatable mutation CAS Y12F SH3 by GST pull down assay and subsequent 

western blot analysis. We showed that vinculin binds CAS SH3 domain only in non-

phosphorylated state (CAS wt, CAS Y12F). On the other hand, CAS SH3 domain with 

phosphomimicking mutation Y12E wasn´t able to recover any vinculin from HeLa cell 

lysates. (Fig.3.2.1.1A).  To confirm that interaction of CAS and vinculin occurs also in vivo 

we immunoprecipitated full-lenght CAS variant tagged with GFP and analyzed the binding of 

vinculin and FAK by western blot. Consistently with pull-down results, vinculin and FAK 

bind full-lenght CAS wt and CAS Y12F, whereas no binding to CAS Y12E was observed 

(Fig.3.2.1.1B).  

 Because it´s know that CAS SH3 domain interacts with FAK, we tested whether CAS-

vinculin interaction is FAK independent. Therefore we performed GST-pull down with wt 

CAS SH3 in HeLa cells with or without FAK depletion using anti-FAK antibody. FAK 

depletion in lysate did not affect the interaction of wt CAS SH3 domain and vinculin 

(Fig.3.2.1.1C). Moreover, we immunoprecipitated GFP-CAS wt from FAK-/- cells and 

binding of vinculin to CAS was confirmed by western blot analysis (Fig.3.2.1.1D). These 

results indicate the independency of CAS-vinculin binding of FAK. Finally, we employed far-

Western experiment to confirm that CAS directly interact with vinculin (Fig.3.2.1.1E)  
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Fig.3.2.1.1. CAS interacts with vinculin through CAS SH3 domain. (A) Binding of 

vinculin to SH3 domains of CAS WT, CAS Y12E, and CAS Y12F fused with GST was 

analyzed with pull-down assays by immunoblotting. Vinculin was detected with an anti 

vinculin antibody. GST fused SH3 domains were detected by Ponceau S staining. Aliquots of 

total cell lysates (total) were used as a control. (B) GFP CAS was immunoprecipitated from 

CAS−/− MEFs expressing CAS Y12 variants, and binding of vinculin and FAK (as a control) 

was analyzed using vinculin and FAK antibodies. (C) GST fused WT SH3 domain was used 

to pull down vinculin from either whole cell or FAK depleted lysates. After immunoblotting, 

FAK and vinculin were detected by anti FAK and anti vinculin antibodies. (D) GFP CAS WT 

was immunoprecipitated from FAK−/− MEFs and binding of vinculin was analyzed using 

vinculin antibody. (E) In a far-Western experiment, Vin WT GFP or GFP immunoprecipitated 

from Vin−/− MEFs expressing the GFP constructs were transferred to nitrocelulose 

membranes and incubated with recombinant CAS-GST, followed by detection with anti-GST 

antibody. Loading controls of GFP constructs were analyzed by anti-GFP antibody. As a 

positive kontrol for anti-GST reactivity, purified CAS-GST was run alongside 
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 After confirmation of direct binding of CAS and vinculin, we searched for binding 

motif on vinculin that is responsible for CAS SH3 domain binding. Analysis of binding 

motives of CAS SH3 domain interacting partners revealed conserved motif PXKP sequence 

(Table S1). In vinculin, the P860PKP sequence which is located in the proline-rich region of 

vinculin, also know as a hinge region (Coutu and Craig, 1988), is a single potential binding 

motif for CAS SH3 domain. Therefore, the SH3 domain-binding domain sequence PPKPP 

was mutated into PPNSS (PNSS), to abolish the binding capacity of vinculin to CAS SH3 

domain. Subsequently, co-immunoprecipitation of full-lenght GFP-tagged vinculin wt or 

vinculin PNSS mutant with full-lenght CAS was performed. The results showed the 

importance of PPKP motif for CAS binding, since the PNSS mutation disrupted the binding 

of CAS and vinculin (Fig.3.2.1.2A). In contrast, binding of paxillin and Arp2, which bind the 

tail region of vinculin (Bubeck et al., 1997) or polyproline sequence in hinge region (DeMali 

et al.,2002) was not significantly affected. (Fig.3.2.1.2A,B) 

A                                                 B                            

 

 

 

 

 

Figure 3.2.1.2. Binding of CAS to vinculin is mediated by PPKPP sequence on vinculin. 

(A) GFP vinculin was immunoprecipitated from Vin−/− MEFs re-expressing GFP-fused Vin 

WT or Vin PNSS (PKPP sequence in the prolinerich region changed to PNSS), and binding of 

CAS and paxillin was detected with CAS and paxillin antibodies. (B) GFP vinculin was 

immunoprecipitated from Vin−/− MEFs re-expressing GFP-fused Vin WT or Vin PNSS 

(PKPP sequence in proline-rich region changed to PNSS), and binding of Arp2 was detected 

with Arp2 antibody. 

 

Possible interaction of CAS and vinculin was then analyzed in living cells using fluorescent 

confocal microscopy. CAS-/- cells were transfected by GFP-tagged CAS variants and the 

colocalization with vinculin was investigated. As expected, CAS wt and CAS Y12F (both 

able to interact with vinculin) colocalized with vinculin within focal adhesions. However, 

CAS with phosphomimicking mutation Y12E (not able to interact with vinculin) didn´t 

colocalize with vinculin within focal adhesions (Fig.3.2.1.3). 
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Figure 3.2.1.3. CAS and vinculin co-localize in focal adhesion. MEFs expressing GFP CAS 

WT, Y12E and Y12F (green) were grown for 24h on fibronectin-coated coverslips and 

subsequently stained for vinculin (red). CAS and vinculin localization was determined by 

confocal fluorescence microscopy. Scale bar: 10µm. 

 

 

3.2.2. LOCALIZATION OF CAS INTO FOCAL ADHESION IS 

CO-DEPENDENT ON FAK AND VINCULIN 

 CAS directly interacts with vinculin and FAK and since vinculin and FAK are 

important focal adhesion proteins, we investigated the dependence of CAS focal adhesion 

targeting on both FAK and vinculin. GFP-tagged CAS protein was expressed in CAS-/-, 

FAK-/- and vinculin-/- MEFs and its localization to focal adhesion was assessed by 

fluorescence confocal microscopy. Paxillin was used as a marker and focal adhesions were 

identified as elongated structures with localization of paxillin and F-actin (Fig.3.2.2A). GFP-
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CAS expressed in CAS-/- was present in nearly all of the focal adhesions, whereas in FAK-/-, 

GFP-CAS localized only into 40% of focal adhesion and in Vin-/-, GFP-CAS was found in 

54% of focal adhesions (Fig.3.2.2B). Moreover, reexpression of GFP-tagged vinculin wt in 

Vin-/- cells, but not vinculin PNSS mutant, rescued the localization of mCherry-CAS in focal 

adhesions (Fig.3.2.2D,C). These results indicate that FAK and vinculin are important for 

complete localization of CAS into focal adhesions. 
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Figure 3.2.2. Targeting of CAS to focal adhesion is dependent on both FAK and 

vinculin. (A) CAS-/-, FAK-/-, Vin-/- MEFs re-expressing GFP CAS WT were grown on 

fibronectin-coated coverslips and stained for paxillin (FA marker) and F-actin. CAS 

localization was determined by confocal fluorescence microscopy. Scale bar: 10µm. (B,C) 

CAS localization in focal adhesions is dependent on FAK and vinculin. The histogram bars 

show the percentage of focal adhesions stained positive for GFP-CAS (b) or for mCherry-

CAS (c). Focal adhesions were considered CAS-positive if the GFP-CAS or mCherry-CAS 

signal is at least double the signal in cytoplasm, adjacent to the focal adhesions, indicated by 

paxillin staining. Numbers in columns indicate number of analyzed focal adhesions and error 

bars represent standard deviation, p-values indicate statistical signifikance. (D) Vin-/- MEFs 

expressing  mCherry CAS WT alone or with either GFP Vin WT or GFP Vin PNSS were 

grown on fibronectin-coated coverslips and stained for F-actin (and paxilin in case of Vin-/-). 

CAS localization was determined by confocal fluorescence microscopy. Scale bar: 10µm 

 

3.2.3. CAS-VINCULIN INTERACTION INFLUENCES FOCAL 

ADHESION DYNAMICS 

 Focal adhesions are in general relatively stable structures, but intrinsically they are 

dynamics structures where continous exchange of proteins occur. The dynamics of focal 

adhesions is tightly associated with overall size of adhesion structures. Therefore we 

examined the influence of CAS-vinculin interaction on focal adhesion size, using confocal 

fluorescence microscopy (Fig.3.2.3.1A). The size of focal adhesions in cells expressing 

vinculin wt was nearly 2µm2, whereas the size of focal adhesions in cells deficient in vinculin 

or expressing vinculin PNSS mutant was significantly smaller (Vin-/-: 1,2µm2, Vin PNSS: 1,4 
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µm2) (Fig.3.2.3.1B). Next, overall turnover of focal adhesions was assessed as a percentage of 

dynamic focal adhesion over time period. Consistently with focal adhesion size, we found that 

dynamics of focal adhesions in cells expressing vinculin wt is decreased (30% dynamic FAs) 

compared to dynamics of focal adhesion in cells expressing mutated vinculin PNSS (50% 

dynamic FAs) or in vinculin deficient cells (60%) (Fig.3.2.3.1C). 
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Figure 3.2.3.1. Influence of CAS-vinculin interaction on focal adhesion size. (A) Vin−/− 

MEFs re-expressing either Vin WT or Vin PNSS C-terminally fused with GFP were grown on 

fibronectin-coated coverslips and stained for paxillin (focal adhesion marker) and F-actin. 

Focal adhesion size was determined using ImageJ software. Scale bar 10 μm. (B) The 

histogram bars represent average size of adhesion structures in cells deficient in vinculin, or 

re-expressing either Vin WT or Vin PNSS mutant. Numbers in columns indicate number of 

analyzed focal adhesions, error bars represent standard error, p-values indicate statistical 

significance. (C) Live cell microscopy of Vin-/- cells or Vin-/- reexpressing vinculin wt or 

vinculin PNSS was performed. Cells were observed 15min and percentage of dynamic focal 

adhesion was calculated. mCherry-zyxin was used as a marker of focal adhesions. Histogram 

bars represent percentage of dynamic focal adhesion in cell compared to total number of 

adhesion per cell. Error bars represent standard deviation, p-values indicate statistical 

significance. 

 

 Changes in the inner dynamics of focal adhesion proteins are linked to changes in 

focal adhesion assembly and disassembly (Giannone et al., 2004, Cluzel et al., 2005) and 

maturation (Goetz 2009, Möhl et al., 2009). Therefore we examinated the effect of CAS-

vinculin interaction on the exchange dynamics of CAS within focal adhesion.  FAK-/-, Vin-/- 

and Vin-/- reexpressing vinculin wt or vinculin PNSS were transfected with CAS-Venus and 

FRAP technique was used to determine the half-maximum recovery after photobleaching (t1/2) 

of CAS-Venus (Fig.3.2.3.2A). Exchange rate of CAS in Vin-/- (t1/2=8.6±3.3s) and cells 

reexpressing VinPNSS (t1/2=8.6±3.6s) was significantly higher in comparison to cells 

reexpressing vinculin wt (t1/2=12.7±4.7s) (Fig.3.2.3.2B). Moreover, CAS dynamics in FAK-/- 

cells was even more accelerated (t1/2=5.2±1.6). Taken together, previous results indicate that 

binding of CAS to FAK or vinculin slows down the dynamics of CAS within focal adhesions. 
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Figure 3.2.3.2. Dependence of CAS dynamics on FAK and vinculin within focal 

adhesions. (A) FRAP curves of CAS-Venus associated with focal adhesions in MEFs lacking 

FAK or vinculin, or re-expressing either Vin WT or mutated Vin PNSS. Numbers indicate 

average half-maximum recovery times (t1/2). (B) The histogram bars show average half-

maximum recovery times of CAS-Venus in different MEFs. Error bars represent standard 

errors. 

 

 Furthermore we tested whether CAS-vinculin interaction affects also dynamics of 

vinculin within focal adhesions. Cas-/-MEFs stably reexpressing CAS wt or CAS Y12 

variants (Y12E, Y12F) were transfected with GFP-tagged vinculin wt. FRAP analysis show 

that dynamics of vinculin in cells expressing either CAS wt (t1/2=14±3.4s) or CAS Y12F 

(t1/2=16.3±5s)  (both able to interact with vinculin) is similar. On the other hand, vinculin 

dynamics in cells expressing CAS Y12E mutant, unable to interact with vinculin, was 

significantly increased (t1/2=9.1±2.3s) (Fig.3.2.3.3A). However, unlike Vin wt, the exchange 
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dynamics of Vin PNSS was more or less same in cells expressing different CAS variants. The 

half-lives of GFP-tagged vinculin PNSS was 8±3.3s for CAS wt, 8.8±3.1 for CAS Y12E and 

9.6±3.7s for CAS Y12F, which is comparable to the dynamics of vinculin wt in CAS Y12E 

reexpressing cells (Fig.3.2.3.3B). These results indicate that CAS-vinculin interaction is 

important for dynamics these proteins and therefore for stabilization of focal adhesions. 
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Figure 3.2.3.3. Dependence of vinculin dynamics on CAS-Vinculin interaction. (A) FRAP 

curves of GFP-Vinculin WT (left side) or GFP-Vinculin PNSS (right side) associated with 

focal adhesions in CAS-/- MEFs re-expressing indicated CAS variants. Numbers in plot 

indicate average half-maximum recovery times (t1/2). (B) The bar plot shows half-maximum 

recovery times of GFP-fused Vin WT (left) and GFP-Vinculin PNSS (right) in CAS-/- MEFs 

re-expressing indicated CAS variants. Error bars represent standard errors.  

 

 

3.2.4. CAS-VINCULIN INTERACTION IS IMPORTANT FOR 

STRETCH-INDUCED PHOSPHORYLATION OF THE CAS 

SUBSTRATE DOMAIN 

 It has been shown that CAS substrate domain is extensively phosphorylated in 

response to mechanical extension of CAS molecule, both in vivo and in vitro (Sawada et al., 

2006). In order to response to mechanical stretching of substrate, CAS molecule has to be 

anchored on two different sites within focal adhesion. Since CAS SH3 domain is important 

for stretch induced CAS phosphorylation, vinculin could serve as one of the anchors. To 

investigate the role of CAS-vinculin binding in mechanical activation of CAS, mouse 

embryonic fibroblasts were plated on a stretchable silicon substrate and subjected to uniaxial 

static stretch (20% for 10min). As a readout for stretch-induced CAS activation, we have 

chosen to measure the phosphorylation of CAS substrate domain at tyrosine 410. In vinculin 

wt reexpressing vin-/- cells, CAS Y410 phosphorylation was significantly increased by 2.4-

fold after stretch application. On the other hand, only a small increase in CAS Y410 stretch-

induced phosphorylation was observed in cells lacking vinculin or in cells reexpressing PNSS 

mutant of vinculin which is unable to interact with CAS (Fig.3.2.4A).  Moreover, stretching 

of cas-/-MEFs reexpressing CAS with phosphomimicking mutation (Y12E) didn´t induce 

phosphorylation of CAS substrate domain (Fig.3.2.4B). On the other hand, phosphorylation of 

CAS Y12F substrate domain upon stretch was enhanced in comparison to CAS wt 

(Fig.3.2.4B).  

 Furthermore, we analyzed the dynamics of CAS Y410 phosphorylation during stretch 

in time. Src-transformed mouse embryonic fibroblast were plated on stretchable membrane 

and uniaxial stretch was applied. Western blot analysis showe that CAS Y410 occurs shortly 

after stretching initiation, culminates after 15min and subsequently dissapears. In contrast, 

CAS Y12 phosphorylation exhibit oposite dynamics, characterized by gradual increase in 

content of phosphorylated Y12 during stretch (Fig.3.2.4C). 
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Figure 3.2.4. Stretch dependent phosphorylation of CAS Y410 is dependent on vinculin. 
(A) Vinculin-/- MEFs or Vin-/- MEFS re-expressing indicated Vinculin variants, (B) CAS-/- 

MEFs re-expressing indicated CAS variants and (C) MEFs transformed by constitutively 

active Src (MEFs+Src527F) were seeded on fibronectin-coated flexible membrane, incubated 

for 24 h, and then subjected to 20% static stretch for 10 min (A,B) or for indicated times (C). 

Subsequently, cells were lysed and analyzed by Western blotting against phosphorylated 

Y410 in the CAS substrate domain and Y12 in CAS SH3 domain. Numbers indicate fold-

change (mean ± standard deviation) in CAS Y410 and Y12 phosphorylation after stretching. 

The immunoblots are representative of three independent experiments. 

 

3.2.5. CAS-VINCULIN INTERACTION IS IMPORTANT FOR 

TRACTION FORCES GENERATION 

 It is know that vinculin serves as an important link between cytoskeleton and integrin 

receptors and play a crucial role in transduction of forces generated by actomyosin 

contractility (Diez et al., 2011). Therefore we analyzed whether CAS-vinculin interaction 
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influence cells capacity to generate traction forces. Cells were plated onto polyacrylamide 

gels with fluorescence beads embedded in it. Tractions generated by cells were measured 

using the Furier transform traction cytometry method (Butler et al., 2002) (Fig.3.2.5A). As 

a scalar value for the traction force magnitude, we computed the elastic strain energy stored in 

the matrix beneath each cell. The strain energy of cell expressing vinculin PNSS mutant, 

deficient in CAS binding, was significantly lowered compared to vinculin wt reexpressing 

cells (Fig.3.2.5B). Moreover, we measured the traction forces also in cas-/-MEFs reexpressing 

particular CAS variants. Traction force microscopy revealed that the strain energy of vinculin 

binding-deficient CAS Y12E mutant cells was 3 times lower compared to CAS WT or CAS 

Y12F mutant (Fig.3.2.5C,D). 

 To ensure that lower traction forces of CAS Y12E reexpressing cells were caused not 

by impaired adhesion strength, we measured with a magnetic tweezer device the forces that 

were needed for disruption of bonds between integrins and fibronectin-covered beads attached 

onto cells surface. The bead binding strength was not significantly altered between the CAS 

WT and CAS Y12 mutant cells (Fig.3.2.5E). These results show that reduced traction forces 

generated by CAS Y12E reexpressing cells were not caused by diminished adhesion strength, 

but were due to impaired coupling of contractile aparatus in cells. 
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Figure 3.2.5. Effect of CAS-vinculin interaction on generation of traction forces. 

(A)Upper row cell image represented by GFP fluorescence (Vin Wt, Vin PNNS) and bright 

field image (Vin−/−) traction field (middle row), and fluorescent (bottom row) images of 

Vin−/− MEFs re-expressing different vinculin variants  Scale bar 10 μm. (B) The bar plot 

shows the strain energy generated by single cells (mean ± SE). Numbers in columns indicate 

number of analyzed cells. (C) Bright field (upper row), traction field (middle row) and 

fluorescent (bottom row) images of CAS-/- MEFs re-expressing indicated CAS variants. 

Scale bar: 10 µm (D) The bar plot shows the strain energy generated by single cells (mean ± 

standard error). Numbers in columns indicate number of analyzed cells. (E) The curves show 

the dependence of fibronectin-coated bead detachment (expressed as cumulative rupture 

probability) on pulling force in different CAS mutant cells.  
 

 

3.2.6. CAS-VINCULIN INTERACTION IS IMPORTANT FOR 

MAINTAINING PROPER CELL STIFFNESS 

 Cell stiffness and generated traction forces are linearly related in adherent cells (Wang 

et al., 2002), therefore we anticipated also reduced stiffness in cells where CAS-vinculin 

interaction is impaired. We measured the stiffness of cas-/-MEFs reexpressing CAS wt or 

CAS Y12 variants using fibronectin-coated magnetic beads that were attached to integrin 

receptors on surface of the cells and pulled laterally with magnetic tweezer device. After force 

application, beads attached to CAS wt and CAS Y12F expressing cells moved significantly 

less compared to CAS Y12E cells. From the bead displacement, we calculated the stiffness of 

the cells. Cells expressing vinculin-binding proficient CAS protein (wt, Y12F) exhibit 

approximately 1.5 higher stiffness than cells expressing CAS Y12E mutant unable to interact 

with vinculin (Fig.3.2.6A). Furthermore we analyzed also the stiffness of vin-/- MEFs 
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reexpressing vinculin wt or PNSS mutant. Magnetic tweezer experiments showed that stiffnes 

of VinPNSS reexpressing cells was again significantly reduced in comparison to Vin wt cells 

(Fig.3.2.6B). 
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Figure 3.2.6. Effect of CAS-Vinculin interaction on mechanical properties of the cells. 

Stiffness of MEFs analyzed at 6nN force using magnetic tweezers. The bar plots show 

stiffness of (A) CAS-/- MEFs re-expressing indicated CAS variants and (B) Vin-/- MEFs re-

expressing indicated vinculin variants. Numbers in columns indicate number of analyzed 

cells, and error bars represent standard error.  
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3.3. CHARACTERIZATION OF FOCAL ADHESIONS 

IN 3D ENVIRONMENT. 

(related to publication Tolde et al., 2012) 

 

3.3.1. ANALYSIS OF FOCAL ADHESION FORMATION IN 2D 

AND 3D ENVIRONMENT 

 For characterization of focal adhesion in 3D environment we used a life-like substrate 

of acellular porcine dermis. This dermis is a biological material made of porcine skin grafts 

prepared by removing the epidermis and all other cells (XeDerma®; registered trade mark of 

BIO-SKIN a.s., Czech Republic). The highly invasive RsK4 cells, employing a protease-

dependent mesenchymal type of invasion, were seeded on the top of the dermis and invading 

cells were imaged. The cells formed two or more protrusions and exhibited numerous 

adhesions. Fluorescence confocal microscopy revealed defined adhesion structures  that are in 

close contact with the adjacent collagen fibers of the dermis-based matrix (Fig.3.3.1.). 

 

 

 

 

 

 

Figure 3.3.1.1. Vizualization of adhesion structures of RsK4 cells embedded within 3D 

dermis. Adhesion structures were identified as elongated structures at the distal edge of 

cellular protrusion in contact with fibres of dermis-based matrix (green) with colocalization of 

F-actin (blue) with phopho-FAK (yellow) and CAS (red). The side panels show individual 

image channels and their merge of representative adhesive structures. Scale bars: 10 μm. 

 

 To confirm that pFAK/CAS positive adhesions represent focal adhesion we analyzed 

the effect of the MEK inhibitor U0126 on their length. It has been shown that inhibition of 

MEK by U0126 incrased the length of FA in 2D (Vomastek et al., 2007). At first we analyzed 

the effect of MEK inhibition on length of FA formed in RsK4 cells plated on 2D surface of 

fibronectin-coated coverslips. Focal adhesions were identified by colocalization of 

phosphorylated FAK and phosphorylated paxillin (Fig.3.3.1.2A). The average length of FAs 

was 850nm (N=55), whereas treatment of cells with MEK inhibitor U0126, resulted in 

significant increase of the average FA lenght : 1523nm (N=150) (Fig.3.3.1.1C). The average 
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length of focal adhesion in RsK4 embedded within 3D dermis-based matrix was slightly, yet 

insignificantly higher (1075nm, N=156) compared to those in 2D. However, RsK4 cells 

within 3D matrix responded to U0126 treatment similarly. The length of adhesion structures 

increased to 1690nm (N=150) (Fig.3.3.1.2B,C).  Moreover, we have shown that distinctive 

focal adhesion are preferentially formed on thick bundles of fibres, where cells can exert 

higher pulling forces (Fig.3.3.1.2B). Taken together these results indicate the similiar nature 

of focal adhesions formed in 2D and 3D environment. 
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Figure 3.3.1.2. Effect of MEK inhibitor U0126 on length of focal adhesions in 2D and 3D 

environment. (A-2D) RsK4 cells were grown on fibronectin-coated coverslips and stained 

for nuclei (blue), F-actin (green) and phospho-FAK (red, left) or phospho-paxillin (red, right) 

with or without (ctrl.) 20 μM U0126. Adhesion structures in detail are marked by rectangles 

and shown in insets of red channel (grey). (B-3D) RsK4 cells embedded in dermis-based 

matrix (red) were stained for nuclei (blue), F-actin (green) and phospho-FAK (orange, left) or 

phospho-paxillin (orange, right) with or without (ctrl.) 20 μM U0126. Adhesion structures in 

detail are marked by rectangles and shown in insets of orange channel (grey). Scale bars: 10 

μm. (C) Box and whisker plots of focal adhesion length of RsK4 cell grown in 2D or 

embedded within dermis-based matrix (3D) with or without 20µM U0126 (U). The middle 

line of the box indicates median length, the top of the box indicates 75th percentile, the 

bottom of the box indicates 25th percentile, and the whiskers indicate the extent of 10th and 

90th percentiles. Outside and far out values are depicted as separate points. Statistical analysis 

of the effect of 2D vs. 3D conditions and presence or absence of 20 μM U0126 on FA length 

was performed using a two-way ANOVA analysis. The analysis revealed a statistically 

significant effect of 20 μM U0126 on FA length; addition of 20 μM U0126 led to 

development of longer FAs (ANOVA: F (1,500) = 589.61, P < 0.001)). However, we found 

no effect of 2D vs. 3D conditions on FA length (ANOVA: F (1,500) = 0.40, P = 0.526)). The 

interaction between factors was not significant (ANOVA: F (1,500) = 0.54, P = 0.464)). 

 

3.3.2. ANALYSIS OF DYNAMICS OF FOCAL ADHESION 

IN 2D AND 3D ENVIRONMENT 

 To further analyze the similarity between focal adhesions formed in 2D and 3D 

environment, we employed FRAP analysis. We examined the dynamics of vinculin within 

focal adhesions. RsK4 cells were transiently transfected with DNA coding YFP-tagged 

vinculin and the exchange rates of YFP-vinculin in FAs formed in either 2D or 3D were 

determined. The FRAP analysis showed that recovery half-life of vinculin is comparable in 

both 2D  (12.2±2.7) and 3D environments (13.4±3.8, p=0.57). 
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Figure 3.3.2. Dynamics of vinculin within focal adhesions formed in 2D and 3D. FRAP 

curves of YFP-vinculin associated with focal adhesion of RsK4 cells formed on either 

fibronecting-coated coverslips (left) or within the dermis-based matrix (right). The data 

represent mean recovery, error bars indicate standart errors.  
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4. DISCUSSION 

 During my doctoral study in Laboratory of Cancer Cell Invasion, my research focused 

on characterization of p130Cas function in integrin mediated signaling. In the first part of my 

study I tried to elucidate the role of tyrosine phosphorylation within p130Cas SH3 domain in 

integrin signaling. Subsequently, in the second part, we identified vinculin as a novel 

interacting partner of p130Cas SH3 domain and characterized the role of this interaction. 

 

4.1. Tyrosine phosphorylation within the SH3 domain regulates CAS subcellular 

localization, cell migration, and invasiveness. (1st publication) 

 Tyrosine phosphorylation is a common way of regulating signal transduction and 

assembly of multiprotein structures. Several pieces of evidence indicate that phosphorylation 

of conserved tyrosines within SH3 domain of different proteins could regulate SH3 binding 

capacity and therefore signal transduction (Tatárová et al., 2012). It has been shown that 

phosphorylation of conserved tyrosine on binding surface of SH3 domain of Tec family 

kinases or c-Abl kinase resulted in the increase of activity, probably due to release of 

autoinhibitory interactions (Nore et al., 2003, Chen et al., 2008). Moreover, phosphorylation 

of homologous tyrosine in SH3 domain of protein Grb2 disrupts its association with mSOS 

(Li et al., 2001). Luo and collegues discovered that phosphorylation of homologous tyrosine 

in conserved ALY12D motif in SH3 domain of CAS is increased in Src-transformed MEFs 

compared to untransformed counterparts (Luo et al., 2008). Therefore we tested the effects of 

tyrosine phosphorylation in CAS SH3 domain.  

 It is known that SH3 domain of p130Cas is important for targeting of CAS to focal 

adhesion, where it form a complex with FAK and Src and gets phosphorylated (Fonseca et 

al., 2003, Donato et al., 2010). Moreover, CAS is important for tyrosine phosphorylation of 

other FA-proteins such as FAK (Y397, Y576/577, Y861) or paxillin (Y1187) (Brábek et al., 

2004). Since CAS SH3 domain mediates interaction with FAK, we supposed that disruption 

of CAS SH3 binding capacity by changing Y12 to glutamate, will affect tyrosine 

phosphorylation of FA-proteins. Indeed, we found that phoshporylation of FAK on residues 

Y397 and Y861 in SrcF transformed MEFs expressing CAS SH3 Y12E variant was lowered 

in comparison to CAS wt expressing cells. The level of phosphorylation was similar to that of 

Src transformed MEF deficient in CAS. The decrease in phosphorylation of FAK Y861 in 

CAS Y12E reexpressing cells was more profound that the decrease of FAK Y397, probably 

due to the fact that Y861 is phosphorylated by Src and disruption of FAK/CAS/Src complex 
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by Y12 mutation affects directly this phosphorylation. Moreover, FAK mainly 

autophoshorylates the Y397 after integrin engagement and this event is upstream of CAS.  

 As it was mentioned earlier, after integrin activation CAS relocalizes to focal adhesion 

and this event is dependent on SH3 domain and to some extent on CCH domain (Sakai et al., 

1994, Donato et al., 2010). However, SH3 domain possess dominant FA-targeting signal, 

therefore disruption of SH3 binding capacity by phosphorylation or mutation of Y12 or could 

result in delocalization of CAS from focal adhesion. In fact, phenotypically 

phosphomimicking mutation Y12E leads to loss of CAS from focal adhesion in both mouse 

embryonic fibroblast and sarcoma cells RsK4. However, mutation of Y12 didn´t affect CAS 

localization to podosomes. Similarly, antibody against phosphorylated Y12 stained focal 

adhesions very poorly, whereas staining of podosomes aggregates in Src transformed MEFs 

was prominent. This was consistent with findings that expression of constitutively active Src 

(Src527F) in MEFs resulted in relocalization of CAS from focal adhesion to podosomes. This 

relocalization was dependent on Src-binding domain of CAS in C-terminal part (Nakamoto et 

al., 1997). Moreover, it has been shown that FAK interferes with targeting of CAS to 

podosomes. FAK depletion by siRNA in MTLn3 cells leads to relocalization of 

phosphorylated CAS and also paxillin from focal adhesions to podosomes (Chan et al., 2009). 

Incapabality of CAS SH3 domain to bind FAK resembles the FAK downregulation, thus 

enabling CAS Y12E variant to redistribute from FA to podosomes.  

 Another protein that could influence localization of CAS is GEF protein BCAR3 

(Breast Cancer Antiestrogen Resistance 3).  BCAR3 interact with CAS C-terminal part and 

targets it to membrane. In breast cancer cells with high levels of BCAR3, CAS is highly 

enriched beneath the plasma membrane within lamelipodia, which correlates with higher Src 

activity and increase in cell motility. On the other hand, cancer cell lines with low level of 

BCAR3 exhibit decreased migration and invasiveness. Consistently, depletion of BCAR3 in 

highly motile cells is associated with decreased motility (Schrecengost et al., 2007, Shuh et 

al., 2009). Therefore, decreased association of CAS Y12E variant with focal adhesion could 

lead to increased binding of CAS and BCAR3 and relocalization of CAS to lamelipodia. This 

could subsequently results in increased formation of CAS/BCAR3/Src complex under plasma 

membrane and increase in migration, which is in agreement with our results that expression of 

CAS Y12E variant increase motility of cells. Taken together, phosphorylation/mutation of 

Y12 withing CAS SH3 domain could disrupt the localization signal to focal adhesion, thereby 

releasing the CAS protein for association with another signaling protein in different parts of 

cells. 
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 It is well established that CAS plays very important role in promoting cell migration. 

After integrin activation, FAK/Src/CAS complex is formed and phosphorylation of CAS 

substrate domain is facilitated (Cary et al., 1998). The phosphotyrosines serves as docking 

site for Crk and this association mediates cell migration (Klemke et al., 1998). FAK binds 

CAS SH3 domain (Polte and Hanks, 1995), therefore phosphorylation of tyrosine 12 within 

CAS SH3 domain could alter the CAS SD phosphorylation and migration. We have 

surprisingly shown that expression of CAS Y12E variant in cas-/-MEFs greatly enhanced 

migration rate of these cells on poly-lysine and moderately on fibronectin when compared to 

CAS wt reexpressing cas-/-MEFs. Moreover, cas-/-MEFs reexpressing CAS Y12F variant 

exhibited decreased migration on both surfaces, even lower migration rate than cas-/-MEFs. 

This phenotype could have more possible explanation. First, CAS Y12E variant is excluded 

from focal adhesion and could be enriched in lamelipodia throught association with BCAR3 

and thus enhance migration of cells (Schrecengost et al., 2007, Shuh et al., 2009). On the 

other hand, low migration rate of CAS Y12F reexpressing cells could be caused by increased 

association of CAS with FAK and subsequent observed increased spreading and tyrosine 

phosphorylation of CAS Y12F substrate domain. It has been shown that expression of 

FAK/Src chimera (FAK kinase domain replaced by Src kinase domain) in FAK deficient 

MEFs resulted in hyperphosphorylation of CAS SD. This phenomenon was associated with 

formation of unusually large adhesion structures on the perifery of cells, increased adhesion 

strength and decreased migration (Siesser et al., 2008). Consistently, STAT3 deficient 

keratocytes or PTP-PEST deficient fibroblast exhibit hyperphosphorylation of CAS SD 

leading to increased number of FAs and adhesiveness and decreased migration (Angers-

Loustau et al., 1999, Kira et al., 2002). Taken toghether, this suggest that well balanced 

phosphorylation of CAS SD is important for efficient migration. 

 Another important process regulated by CAS is invasiveness. It is known that CAS is 

indespensable for promotion of invasive behaviour and metastasis formation of SrcF 

transformed MEFs (Brábek et al., 2005). Consistently with results from migration and 

chemotaxis assays, reexpression of CAS Y12E mutant in Src transformed cas-/-MEFs leads to 

increase in invasive potential of these cells. Moreover, again, expression of CAS Y12F lower 

the invasiveness of Src transformed MEFs to the level of Src transformed MEFs lacking CAS. 

We have also shown that invasive RsK4 cells have elevated phosphorylation level of tyrosine 

12 within CAS SH3 domain, compared to non-invasive K2 cells. The tyrosine 12 

phosphorylation was also increased in some human invasive cancer cell lines compared to 

non-invasive counterparts.  
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 The first possible explanation of increased invasiveness of CAS Y12E reexpressing 

Src transformed MEFs could be connected with production of extracellular matrix protein 

degrading enzymes. We found that cells expressing CAS Y12E variant have elevated 

degradative capacity towards gelatine in comparison to CAS wt or CAS Y12F expressing 

cells. This could partially be a reason for higher invasive rate of CAS Y12E MEFs. In 

addition, it is known that CAS is important for dynamics of adhesive structures. CAS appears 

in focal adhesions early after assembly and persists until final stage of FA disassembly, 

therefore CAS directly influences the turnover of focal adhesion which is essential for cell 

migration (Donato et al., 2010, Webb et al., 2004). It is well established that cell migration 

and invasiveness is strongly influenced by focal adhesion turnover (Saunders et al., 2006, Xu 

et al., 2009). We have consistently shown that expression of CAS Y12E in Src transformed 

MEFs increase both assembly and disassembly of focal adhesion which was connected with 

smaller size of adhesion structures. On the other hand, expression of CAS Y12F has opposite 

effect – decreased turnover and increased size of FAs. This was in agreement with other 

researches that associated increased size of adhesion structures with slower migration 

(Angers-Loustau et al., 1999, Kira et al., 2002, Siesser et al., 2008).   

 Another way to assess FA dynamics is FRAP. Dynamics of protein components within 

focal adhesion is directly influencing the turnover of the whole structures. It has been shown 

that lower dynamics of paxillin within FA (measured by FRAP) was associated with more 

static cytoskeleton and focal adhesions and decreased migration (Schober et al., 2007). Our 

results showed that halflife of GFP-CAS wt or GFP-CAS Y12F within focal adhesion of 

RsK4 cells is 4 seconds, consistently with other research groups (Donato et al., 2010). 

However, fluorescence recovery of these variants is different. The dynamic fraction of CAS 

wt was 70%, whereas only 37% of CAS Y12F was dynamic. This suggests that CAS Y12F is 

bound to focal adhesion more tightly. Since CAS Y12E doesn´t localize to focal adhesion we 

couldn´t perform FRAP. Furthermore, we analyzed also the dynamics of vinculin within focal 

adhesion, because there is a strong link between vinculin dynamics and stability of focal 

adhesions (Möhl et al., 2009). FRAP analysis revealed that the halflife of YFP-vinculin within 

focal adhesions of Src transformed MEFs reexpressing CAS wt was 14.6 seconds, which was 

consistent with observed exchange rate of GFP-vinculin in primary osteoblasts (Tan et al., 

2010). Moreover, dynamics of YFP-vinculin in CAS Y12E reexpressing MEFs+SrcF was 

increased (T1/2=9.5s) and dynamics of YFP-vinculin in CAS Y12F reexpressing MEFs+SrcF 

was lowered (T1/2=24.5s). To conclude, FRAP results support the role of CAS tyrosine 12 in 

regulating cell motility.  
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 Since CAS influence also assembly of large podosomal structures in Src transformed 

MEFs (Brábek et al., 2004), we performed FRAP experiments of GFP-CAS localized within 

podosomes of RsK4 cells. The experiment revealed much higher dynamics of CAS Y12E 

within podosomes in comparison to CAS wt or CAS Y12F. Different dynamics of CAS 

variant within podosomes was probably the cause of differences in formation of large 

podosomal aggregates in Src transformed MEFs reexpressing CAS variants. 

 Further experiments need to be done to identify the kinase responsible for 

phosphorylation of tyrosine 12. Among candidates could be Src or Bmx kinase. We have 

shown that tyrosine 12 phosphorylation is elevated in cells transformed by constitutively 

active Src (MEFs+SrcF vs MEFs, RsK4 vs K2). On the other hand, our experiment revealed 

that Bmx kinase phosphorylates tyrosine 12 in vitro. Moreover, Bmx kinase also binds CAS 

in vivo within membrane ruffles and this association increase migration (Abassi et al., 2003).  

 

4.2. CAS directly interacts with vinculin to control mechanosensing and focal adhesion 

dynamics. (2nd publication) 

 In the second part of my doctoral study we identified vinculin as a novel binding 

partner of CAS SH3 domain and confirm that full length proteins interact directly. To further 

analyze the binding motif for CAS SH3 domain we searched through the vinculin sequence 

for possible ligand sequence for SH3 domain. The vinculin molecule contains three proline-

rich motives within the vinculin hinge region (Coutu and Craig, 1988). The first, most N-

terminally located motif (F842PPPP) differs from sequences that are recognized as a ligand of 

SH3 domains. This motif mediates interaction of vinculin with VASP (Hüttelmaier et al., 

1998). The third, most C-terminally located motif (P871PPRPPPP) binds Arp2/3 complex and 

vinexin family proteins (Demali et al., 2002, Zhang et al., 2007). Finally, we identified 

second poly-proline motif (AP860PKPPLP) as a possible sequence for CAS SH3 domain 

binding. Therefore we mutated AP860PKPPLP to AP860PNSSLP and showed that this 

mutation disrupts interaction of CAS and vinculin without significantly affecting binding of 

vinculin with paxillin or Arp2/3 complex.  

 CAS is an important component of integrin signaling and the localization to focal 

adhesions is facilitated mainly by the interaction of CAS SH3 domain with poly-proline 

region of FAK (Polte and Hanks, 1997, Donato et al., 2010). However, CAS is partially 

targeted to focal adhesion also in FAK deficient cells (Nakamoto et al., 1997). Therefore we 

investigated whether vinculin could serve as an anchor for CAS in focal adhesion. Indeed, we 

have shown that targeting of CAS to focal adhesion in FAK-/- or Vin-/- is significantly 

http://www.ncbi.nlm.nih.gov/pubmed/23974298
http://www.ncbi.nlm.nih.gov/pubmed/23974298
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reduced. Moreover, re-expression of vinculin PNSS mutant in Vin-/- cells didn´t restore the 

localization of CAS to focal adhesion. These results indicate that interaction of CAS with both 

FAK and vinculin is important for proper localization of CAS to focal adhesions. 

Furthermore, since FAK and vinculin localized to different layers of focal adhesion 

(Kanchanawong et al., 2010), we could speculate that interactions of CAS with either FAK or 

vinculin ensure localization of CAS throughout the entire FA. Since FAK localize to FA early 

after initial assembly (Hanks et al., 1992), CAS binding to FAK could be the main way of 

targeting CAS to these adhesive structures. On the other hand, vinculin recruitment to focal 

adhesion is stimulated by tension-dependent FA maturation (Galbraith et al., 2002, Möhl et 

al., 2009), therefore CAS-vinculin interaction in mature FAs could play a role in 

mechanotransduction.  

 Both CAS and vinculin have been shown to affect the dynamics of focal adhesion and 

migration (Saunders et al., 2006, Meenderink et al., 2010). Therefore we investigated the role 

of CAS-vinculin interaction in regulating of turnover of focal adhesion. Our experiment 

confirmed that vinculin deficient fibroblast exhibit smaller focal adhesions (Goldmann et al., 

1995). Moreover, we showed that reexpression of vinculin PNSS mutant, deficient in CAS 

binding, significantly decrease the size of focal adhesion. This is consistent with previous 

results where we show that also focal adhesion of cells expressing CAS Y12E are smaller.  

 Changes in focal adhesion size are usually associated with alteration of focal adhesion 

dynamics. Consistently with the fact, that vinculin stabilize focal adhesions (Saunders et al., 

2006), we found that vin -/- cells re-expressing vinculin PNSS mutant have increased turnover 

of focal adhesion in comparison to vinculin WT re-expressing cells. Furthermore, it is known 

that turnover of focal adhesion is affected by exchange dynamics of protein component within 

FAs. Therefore we employed FRAP technique to determine exchange rates of CAS and 

vinculin.  We have found that CAS and vinculin mutually affect their dynamics within focal 

adhesion and this effect is dependent on CAS-vinculin interaction. CAS dynamics within 

focal adhesion of cells reexpressing WT vinculin was significantly decreased, when compared 

to CAS dynamics within FAs of cells reexpressing vinculin PNSS mutant or deficient in 

vinculin. Vice-versa, exchange rate of vinculin WT within FAs of CAS WT expressing cells 

was decreased in comparison to cells expressing CAS Y12E which cannot interact with 

vinculin. Moreover, dynamics of vinculin PNSS within FA of CAS Y12 variant (WT, Y12E, 

Y12F) expressing cells wasn´t altered and was similar to dynamics of vinculin WT within FA 

of CAS Y12E reexpressing cells. Results of our FRAP experiments reflect the differences in 

size of focal adhesion and are consistent with notion that slower dynamics of vinculin is 
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associated with maturation of focal adhesion and increase of their size (Möhl et al., 2009). 

Taken toghether, abortion of CAS Y12E binding to vinculin could destabilize the focal 

adhesions and therefore increase the migration rate. On the other hand, CAS WT binding to 

vinculin hinge region could stabilize vinculin in open conformation, therefore lead to 

increased time residency of vinculin in focal adhesion and increase in stability and size 

(Humphries et al., 2007). 

 Besides the mediation of anchorage-dependent signaling, focal adhesions also serves 

as sensors of extracellular matrix rigidity and force transmitting structures. CAS has been 

recognized as an important primary sensor of mechanical tension, due to the possibility of 

stretch-dependent phosphorylation of its substrate domain (Sawada et al., 2006). In order to 

serve as a stretch sensor, CAS has to be anchored at focal adhesion on two different sites 

within CAS molecule. Vinculin is know to be force-transmitting protein (Ezzell et al., 1997, 

Mierke et al., 2008), therefore we testet whether vinculin could serve as one of the anchors for 

CAS. Mechanical stretching of cells where CAS-vinculin interaction cannot ocuur (CAS 

Y12E or VinPNSS transfected cells) showed that stretch-induced phosphorylation of CAS 

substrate domain was abolished. Transfection of cell with CAS and vinculin variants, capable 

of interacting with each other, rescued stretch-induced phosphorylation of CAS substrate 

domain, thereby showing that vinculin is indespensable for full mechanical activation of CAS. 

Proper sensing of external forces is important for many cellular processes. It is well 

established that matrix rigidity or mechanical stress regulate the size of focal adhesion 

structures (Riveline et al., 2001). Consistently we have showed that impaired 

mechanotransduction caused by disruption of CAS-vinculin signaling decrease the size of 

focal adhesions (CAS Y12E or VinPNSS cells). Moreover, proper transmission of mechanical 

stimuli from external environment is also essential for assembling large podosomal aggregates 

in NIH-3T3 fibroblasts (Collin et al., 2006). Correspondingly, Src transformed MEFs stably 

expressing CAS Y12E variant, unable to interact with vinculin, exhibited small, numerous, 

dot-like podosomes unlike CAS WT expresssing SrcF-MEFs which formed large podosomal 

rings. Moreover, CAS Y12F SrcF-MEFs formed even more prominent podosomal aggregates 

than CAS WT cells.  

 Another important biomechanical property of cells is the degree of resistance against 

deformation – stiffness.  Cell stiffness is influenced by various factors such as number and 

elasticity of bonds between cytoskeleton and focal adhesions, between cells or between the 

cell and the extracellular matrix. We found out that CAS-vinculin interaction plays important 

role in maintaing the cytoskeletal prestress. The magnetic tweezer experiment revealed, that 
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magnetic beads attached to the surface of cells where CAS-vinculin interaction is disrupted 

(expressing either CAS Y12E or VinPNSS mutation) moved more easily after force 

application than those attached to CAS WT or Vin WT cells, indicating more flexible 

cytoskeleton, therefore lower stiffness. Lower stiffness of cells in which CAS-vinculin 

binding is disrupted, could partially cause the higher invasiveness of Src transformed MEFs 

expressing CAS Y12E mutation, probably due to easier deformation of cell body when 

moving through complex 3D environment. As it was previously showed that increased 

metastatic potencial of human cancer cell lines negativelly correlates with cell stiffness (Cross 

et al., 2007, Swaminathan et al., 2011).  

 In adherent cells, cell stiffness directly correlates with traction forces generated by 

cells (Wang et al., 2002). Impaired production of traction forces can be caused either by 

diminished acto-myosin contractility (Wakatsuki et al., 2001) or by weakened link between 

focal adhesions and extracellular matrix proteins (Zhang et al., 2008, Dey et al., 2011). It is 

known that both vinculin (Mierke et al., 2008) and CAS (Tang and Tan, 2003) are important 

for generation of traction forces. Traction force microscopy revealed that CAS-vinculin 

interaction plays important role in production of traction forces. However, the strenght of 

connection between actin cytoskeleton and extracellular matrix was not altered. This indicate 

that CAS-vinculin interaction facilitate generation of traction forces by increasing actomyosin 

contractility by downstream signaling events, probably through phosphorylation of CAS 

substrate domain. 

 The role of CAS as a primary sensor of mechanical stress is well established. After 

application of external forces on cells, CAS substrate domain is extended and 

hyperphosphorylated by Src (Sawada et al., 2006). In order to accomplished this, CAS has to 

be anchored on two distinct sites within focal adhesions. The SH3 and CCH domain could 

serve as anchors, because both have been shown to localize CAS to focal adhesions (Donato 

et al., 2010). We are showing that interaction of CAS SH3 domain with vinculin is one of the 

anchoring interaction enabling the force dependent phosphorylation of CAS substrate domain 

by Src. However, Src mediates also phosphorylation of tyrosine 12 within CAS SH3 domain, 

thus disrupting binding to the FAK, PTP-PEST and also to vinculin. Therefore we try to shed 

the light on the interplay and dynamics of CAS Y12 and CAS SD phosphorylation. Stretching 

of Src transformed MEFs revealed different dynamics of phosphorylation of CAS Y12 and 

CAS SD. While phosphorylation of CAS substrate domain peaks around 15 minutes after the 

onset of the static stretch and then rapidly decline to the basal levels, the phosphorylation of 

tyrosine 12 rise gradually and is significantly increased after 20 minutes. The differences in 
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dynamics of these phosphorylations could reflect the differences in Src-kinase activity 

towards this sequentially dissimilar motif. We propose a model where Src rapidly 

phosphorylates CAS substrate domain after stretch-dependent unfolding,  leading to CAS 

mediated mechanotransduction. Subsequently, Src facilitate phosphorylation of CAS tyrosine 

12 within SH3 domain, thus disrupting the interaction of CAS with vinculin and hence 

reverting extension of CAS molecule. This could lead to termination of CAS mediated 

mechanotransduciton. Taken toghether Src could regulate not only onset of CAS mediated 

mechanochemical signaling but also the termination by the mechanism of negative feedback 

loop. 

 

Figure 4.2.1. Model of CAS-mediated mechanotransduction. CAS is anchored into focal 

adhesions by N-terminal SH3 domain and C-terminal CCH domain. In quiescent cells, the 

CAS substrate domain is unextented, intrinsically disorded state (left). Mechanical stretch 

leads to extensions of the CAS substrate domain and to exposing cryptic phosphorylation 

sites. Src subsequently phosphorylates tyrosines within CAS SD, thus activating CAS-

mediated downstream mechanosignaling (middle). Gradual phosphorylation of tyrosine 12 

then results in disruption of CAS-vinculin interaction, the substrate domain returns to compact 

structure and the CAS-mediated mechanotransduction is attenuated (right). 

 

4.3. Dynamics and Morphology of Focal Adhesions in Complex 3D environment. (3rd 

publication) 

 The role of focal adhesions in sensing the properties of extracellular environment is 

well established. From the mechanistic point of view, focal adhesions sense the fabric and 

rigidity of substrate and could modulate their intrinsic composition (Geiger et al., 2009). It 

has been shown that flexibility of 2D substrate is critical determinant of focal adhesion 

formation and dynamics (Pelham and Wang, 1997). Since most animal tissues are far more 

flexible than glass or plastics (Swift et al., 2013), usually used for cell cultivation, focal 

adhesions formed in tissue could have different dynamics of formation. There have been 

several attempts to characterize the determinants of formation the adhesions within complex 

3D environment using different types of 3D matrices. Some research groups didn´t observe 

any focal adhesions in 3D at all. Fraley and collegues transfect GFP tagged vinculin or zyxin 
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to cells and embedd them in collagen but haven´t reported any distinctive FAs (Fraley et al., 

2010). This could be caused by insuficient collagen stiffness for triggering aggregation of 

mechano-dependent proteins such as vinculin and zyxin. Furthermore, certain type of cells 

don´t utilize integrin-based adhesion for migration through 3D environment, therefore focal 

adhesion couldn´t be observed (Friedl et al., 1998, Wolf et al., 2003). On the other hand, 

many more researchers showed distinctive focal adhesion formed by cells (Harunaga and 

Yamada, 2011). Therefore we decided to investigate the nature of focal adhesion within 3D 

complex environment. It has been shown that cell morphology and focal adhesion formation 

in 3D environment is influenced not only by stiffness of the extracellular matrix but also by 

the composition. For example there is difference in cellular responses such as cell migration 

or focal adhesion formation to collagen gels, fibrin gels or cell derived matrix (Hakkinen et 

al., 2010). Therefore we used acellular matrix derived from pig dermis which contains 

crosslinked collagen fibers and other extracellular ligands. We observed aggregates of focal 

adhesion proteins which were formed mainly on thick collagen fibers, which implicates that 

RsK4 cells could use these tracks for migration. Previous studies showed that cancer cells 

utilize thick collagen fibers as migrational highway also in vivo (Wang et al., 2002) and 

aggregates of focal adhesion proteins were observed on these fibers when cells moved across 

the collagen gels (Petrie et al., 2012). Possible explanation could be that thicker fibers could 

provide stiffer environment than thin ones leading to increased actomyosin tension thus 

enabling formation of larger focal adhesions and directed migration. Since CAS and vinculin 

are mechanoperceptive proteins, effective coupling could sustain the tension needed for focal 

adhesion formation and phosphorylation of CAS substrate domain could lead to increased 

Rac1 activation that was observed on the leading edge of cells moving within 3D environemnt 

(Petrie et al., 2012).  
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CONCLUSIONS: 

 Every cell in living organism have to interact with the external environment. The 

proper responses for extracellular signals are key features to development and homeostatis of 

the organism. Focal adhesions are one of the most important cellular structures that provide 

not only attachment of cells to substratum but also enable sensing of physical properties of 

extracellular matrix that are important for regulation many processes such as migration, 

survival and proliferation. Deregulation of this signaling could lead to disrupted development 

or onset of deadly diseases in adult organism. 

 Protein CAS is one of the most important protein that mediates focal adhesion 

signaling. It plays key role in migration, survival and proliferation which indicates 

involvement of CAS in regulation of development, tumorogenesis and metastasis formation. 

During my doctoral studies, I have tried to elucidate the role of CAS protein in integrin 

signaling. We have discovered that the new phosphorylation site within CAS SH3 domain, 

tyrosine 12, regulates CAS localization and interaction with its natural binding partners such 

as FAK or PTP-PEST. Moreover, phosphorylation of this tyrosine is enriched in Src-

transformed cells and in some human malignant cancers. Expressing phosphomimicking 

mutation of CAS Y12 in cells increase their migratory and invasive potential and production 

of matrix metalloproteases. Finally, we showed that these effect are caused by alteration in 

focal adhesion size and dynamics in cells expressing mutations in CAS Y12. 

 Next we identified a novel interaction partner of CAS SH3 domain – vinculin. We 

proved that this interaction is direct and showed that CAS binds to vinculin through vinculins 

second polyproline motiv in hinge region. Furthermore, we demostrated that CAS and 

vinculin mutually affect their dynamics within focal adhesions. Stretching experiments 

revealed that CAS-vinculin binding is important for stretch-dependent phosphorylation of 

CAS substrate domain and that this interaction and subsequent stretch-induced 

phosphorylation is also regulated by tyrosine 12 phosphorylation within CAS SH3 domain. 

Finally, we have proven that CAS-vinculin interaction is important for maintaining proper cell 

stiffness and generation of traction forces. 

 Lastly, we confirmed that focal adhesions are formed in 3D complex environment and 

share similar dynamics and regulation as their 2D counterparts. Moreover we showed that 

formation of focal adhesion is a function of collagen fibers thickness.                                             
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SUPPLEMENTARY DATA: 

Table S1: 

Multiple sequence alignment of CAS SH3 binding sites 

           Protein                      Sequence                               Reference 

FAK/FRNK 711APPKPSRP Polte and Hanks, 1995 

PYK2 713PPPKPSRP Ohba et al., 1998 

PYK2 855PPQKPPRL Ohba et al., 1998 

PTP-PEST 333PPPKPPRT Garton et al., 1997 

Mical 829PPPKPPRS Suzuki et al., 2002 

CIZ/ZNF384 187APPKPPRG Nakamoto et al., 2000 

C3G 266APPKPPLP Kirsch et al., 1998 

PTP1B 308PPPRPPKR Liu et al., 1996 

Vinculin 859APPKPPLP  

 

 


