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“Success is not final, failure is not fatal: it is the courage to continue that 
counts.”

Sir Winston Churchill
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General introduction
Development and homeostasis of multicellular life critically depend on highly versatile 
connections between the proteins of the extracellular matrix and the intracellular 
cytoskeleton. These connections, the cell-matrix adhesions, play an essential role in 
numerous biological processes such as the regulation of tissue integrity, cell migration, 
wound healing and immune responses. Alterations in these adhesion complexes are often 
involved in human diseases including cancer, developmental and neurological disorders 
(Byron et al., 2015; Winograd-Katz et al., 2014).

Focal adhesions
Structure and components of focal adhesions
Focal adhesion (FAs) are mature integrin-mediated cell attachment complexes. These 
adhesion complexes are macromolecular assemblies, which consist of more than 50 
different proteins that form highly organized plaques at the plasma membrane (PM) 
which link the ECM to the actin cytoskeleton (Burridge and Chrzanowska-Wodnicka, 
1996; Geiger and Yamada, 2011; Winograd-Katz et al., 2014; Wolfenson et al., 2009; 
Zaidel-Bar et al., 2007). FAs have a well-structured 3-dimensional organization with 
three distinct layers (Kanchanawong et al., 2010) (Figure 1): i) The layer most proximal 
to the PM is the so-called “integrin signaling layer”. It contains proteins such as the 
heterodimeric α/β integrin receptors, which span through the PM and bind with their 
N-terminal part to extracellular proteins such as fibronectin or collagen whereas their 
cytosolic C-terminus binds to FA proteins such as talin (Barczyk et al., 2010; Hynes, 
2002). Further, the integrin signaling layer contains also paxillin and focal adhesion 
kinase (FAK), which relay the integrin-ECM contact into the cell to signaling 
pathways that control adhesion dynamics or gene transcription (Brown and Turner, 
2004; Mitra et al., 2005). ii) The intermediate layer, the so-called “force transduction 
layer” mainly consists of the two mechanosensitive adaptor proteins talin and vinculin 
(Kanchanawong et al., 2010). In this layer, talin directly links the integrin receptors 
to the actin cytoskeleton whereas vinculin binds alongside to stretched talin molecules 
thereby supporting the integrin-talin-actin connection. Consequently, this layer transmits 
force either from outside-to-inside or vice versa (Brown et al., 2006; del Rio et al., 2009; 
Hu et al., 2007; Wang, 2007). iii) The third layer, the “actin-regulatory layer” contains 
α-actinin, an actin-binding protein that can cross-link actin filaments thereby helping to 
assemble stress fibers (Otey and Carpen, 2004). Besides, this layer also contains zyxin, 
a zinc-binding phosphoprotein that together with vasodilator-stimulated phosphoprotein 
(VASP) helps strengthening the FAs by stimulating actin polymerization and stress-fiber 
enlargement (Yoshigi et al., 2005).

Assembly, maturation and disassembly of FAs
The formation/life cycle of FAs begins with the previously mentioned heterodimeric α/β 
integrin receptors (hereafter simply named integrins). Integrins can reversibly switch 
between low-affinity (inactive) and high-affinity (active) states (Hynes, 2002). This 
switch can be mediated from “the outside” by binding of extracellular ligands, such as 
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fibronectin, to the integrin receptors (“outside – in” activation). The binding of ECM 
proteins leads to the activation of the cytosolic integrin domains thereby promoting 
the binding to adaptor proteins such as talin and kindlin, which is, like talin, a FERM 
domain-containing protein that functions as interaction hub and recruits other proteins to 
the adhesion complex (Calderwood et al., 2013; Sun et al., 2019). Yet, integrin activation 
can as well be triggered from “the inside” by binding of the cytosolic adaptor protein 
talin to the β-integrin tail (“inside – out” activation) which in turn stimulates binding of 
integrins to ECM components. Overall, integrin activation leads to binding of integrin 
receptors to ECM proteins and to cytosolic adaptor proteins which link integrins to 
the actin cytoskeleton consequently leading to the recruitment of further FA proteins 
(Calderwood et al., 2013; Li and Springer, 2017; Winograd-Katz et al., 2014). Activated 
integrins can cluster into small short-lived so-called nascent adhesions (NAs) and bind to 

Figure 1. Schematic overview of a focal adhesion with its highly organized three-layered structure
The cytoplasmic tails of the integrins together with paxillin and focal adhesion kinase (FAK) form the 
integrin signaling layer. The two mechanosensitive adaptor proteins talin and vinculin form the force 
transduction layer. The actin regulatory layer consists of actin, α-actinin, zyxin and vasodilator-stimulated 
phosphoprotein (VASP).

Thesis_20201116.indd   11Thesis_20201116.indd   11 16/11/2020   09:4016/11/2020   09:40



1

Chapter 1

12

ECM components (Bachir et al., 2014). While most of these newly formed NAs quickly 
disintegrate, a small fraction remains, accumulates more integrins as well as additional 
adaptor proteins and consequently matures further into bigger so-called focal complexes 
(FXs) that ultimately develop into FAs, which are connected to stress fibers, contractile 
bundles of actin and myosin IIA (actomyosin) (Vicente-Manzanares et al., 2007; 
Wolfenson et al., 2009). Mature FAs, can either disassemble, for example by detaching 
from actomyosin, releasing the adaptor proteins and clathrin-mediated endocytosis of 
integrins (Ezratty et al., 2009); or, the FAs can mature further and become elongated 
fibrillar adhesions (FBs) by retrograde sliding into the cell center (Geiger and Yamada, 
2011; Sun et al., 2016).

The role of the microtubules and Rho GTPases in the regulation of FA dynamics
For more than 20 years it has been known that microtubules (MTs) grow towards FAs 
and that this FA targeting is usually correlated with FA disassembly (Kaverina et al., 
1999; Kaverina et al., 1998; Krylyshkina et al., 2003; Rid et al., 2005).
One way how MTs can affect FA dynamics is by modulation of Rho GTPase signaling. 
Rho GTPases are the major regulators of actin dynamics; yet, they also regulate a wide 
range of other cellular processes (Hall, 2012; Hodge and Ridley, 2016). Rho GTPases 
can be in a GTP-bound (active) or a GDP-bound (inactive) state. Guanine nucleotide 
exchange factors (GEFs), proteins which stimulate the exchange of GDP for GTP, 
activate Rho GTPases; whereas GTPase-activating proteins (GAPs) inactivate Rho 
GTPases by stimulating the hydrolysis of GTP to GDP. Moreover, Guanine nucleotide 
dissociation inhibitors (GDIs), bind to GDP-bound GTPases, thereby preventing the 
exchange of GDP for GTP as well as the activation of the GTPase; furthermore, GDIs 
also sequester the Rho GTPase in the cytoplasm and block their translocation to the PM 
(Hall, 2012; Hodge and Ridley, 2016). The active GTPase RhoA promotes the assembly 
of contractile actomyosin fibers (Ridley and Hall, 1992). RhoA does this via its two main 
effectors: mDia, Diaphanous-related formin 1, which stimulates actin polymerization 
(Watanabe et al., 1997), and Rho-associated kinase (ROCK), which phosphorylates 
and thereby inactivates myosin light chain phosphatase that in turn activates myosin II 
(Kimura et al., 1996; Watanabe et al., 1999). The active GTPase Rac1 on the other hand 
promotes the assembly of an actin meshwork at the cell periphery thereby stimulating 
the formation of membrane protrusions (Ridley et al., 1992). It does so by activating the 
actin-polymerizing complex Arp2/3 which promotes formation of a new actin filament 
from an already existing filament (actin filament branching) (Eden et al., 2002). For cell 
migration, for example, these processes are required to form membrane protrusions at 
the leading edge and to form NAs, whereas actomyosin contractility is needed at the cell 
body for formation of FAs and translocation of the cell (Raftopoulou and Hall, 2004).
It has been shown that drug-induced MT depolymerization (e.g. by nocodazole) leads 
to elevated RhoA activity, which results in increased cell contractility (via increased 
actomyosin activity) and FA assembly (Ren et al., 1999). On the other side, MT re-
growth (polymerization) after nocodazole-induced MT depolymerization yields rapid 
FA disassembly (Ezratty et al., 2005). Later it was found that the depolymerization of 
MTs leads to the release of GEF-H1, a special GEF that is normally bound to MTs and is 
therefore inactive (Krendel et al., 2002; Ren et al., 1998), consequently GEF-H1 locally 
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activates RhoA (Chang et al., 2008).
Another way how MTs can influence FA dynamics is by serving as tracks for cargo 
transport either directed to FAs or away from them. For example, all the traffic between 
the different subcellular compartments involved in the recycling of endocytosed 
integrins occurs via MT-dependent transport regulated by Rab GTPases (Caswell et 
al., 2009; Horgan and McCaffrey, 2011). Direct cleavage of the integrin attachment to 
the ECM is another potent trigger for FA disassembly. The membrane-type 1 matrix 
metalloproteases (MT1-MMP) mediates ECM degradation in the vicinity of FAs (Takino 
et al., 2006; Wang and McNiven, 2012). It was shown by Stehbens et al. that MTs, 
that are anchored by CLASPs and LL5β containing plaques (the cortical microtubule 
stabilization complex, CMSC) at the cortex in the vicinity of FAs, function as tracks for 
transport of MT1-MMP to FAs where they are secreted to cut the ECM (Stehbens et al., 
2014).
All in all, MTs play an essential role in regulating the interplay between the actin 
cytoskeleton and FAs at the cell cortex. Yet, despite the growing knowledge how MTs 
moderate the dynamics of FAs, there are still many unanswered questions.

Talin: the mechanosensitive FA adaptor protein
Talin was first described as part of adhesion complexes in 1983 (Burridge and Connell, 
1983). Later, it was discovered that there are two paralogs: talin1 and talin2 which share 
77% homology (Monkley et al., 2001). Of the two talins, which are expressed by two 
separate genes, talin1 is ubiquitously expressed whereas talin2 is mainly expressed in 
brain, heart muscle and kidney (Thul et al., 2017).  Moreover, it was found that knockout 
of talin1 in mice is lethal due to perturbed gastrulation (Monkley et al., 2000); whereas 

Figure 2. Schematic overview of the FA adaptor protein talin (representative for both talin paralogs)
Talin1 and talin2 both contain a talin head domain (THD). The THD comprises an atypical FERM domain 
(F0-F3). Via a flexible linker the THD is connected to the talin rod. The rod consists of 62 α-helices 
that group into 4/5-helix-bundles. Each bundle forms one of the 13 talin rod domains (R1 – 13). Some 
interaction partners of talins and the regions where they bind to talins are indicated in the upper panel.
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talin2-knockout mice are viable (Debrand et al., 2012).

Structure of the talins
Talins are large proteins weighing around 270 kDa which are 2541 (talin1) and 2540 
(talin2) amino acids long, sharing a highly conserved structure (Figure 2):
The N-terminal region of talins, the so-called talin head domain (THD) consists of an 
atypical FERM domain containing four subdomains (F0 - F3) (Elliott et al., 2010). The 
F2 subdomain can bind to phosphatidylinositol 4,5-bisphosphate (PIP2) and thereby 
help localizing talin to the PM (Saltel et al., 2009). Talins contain three actin binding 
sites (ABS1 – 3) (Hemmings et al., 1996), ABS1 is located in the THD (subdomains 
F2 - 3) and is considered to be involved in blocking actin polymerization (Ciobanasu et 
al., 2018; Lee et al., 2004). The F3 subdomain has multiple binding partners including 
focal adhesion kinase (FAK) (Lawson et al., 2012), and Rap1-GTP-interacting adaptor 
molecule (RIAM), which is important for lifting talin autoinhibition (Yang et al., 2014a). 
Yet, the most important binding partner of the F3 subdomain is the cytosolic part of 
β-integrins (Calderwood et al., 1999).
The THD is coupled to the so-called talin rod via an unstructured linker that can be 
cleaved by the calcium-dependent protease calpain. Calpain-mediated cleavage of talin1 
is one way how FA disassembly can be initiated (Franco and Huttenlocher, 2005; Franco 
et al., 2004).
The talin rod consists of 62 α-helices which are organized into 4-/5-helix-bundles, each 
bundle forming one of the 13 rod (R1 – 13) domains (Gingras et al., 2008; Goult et 
al., 2013). The 62nd α-helix is the so-called dimerization domain (DD) which mediates 
homodimerization of two talin proteins, and so far there has been no report of talin 
heterodimers (Gingras et al., 2008). The talin rod domains bind to multiple proteins 
often in a mechanosensitive manner: Rod domains R11 - 12 can interact with integrins 
(integrin binding site (IBS) 2) which can be important for formation of NAs (Changede 
et al., 2015; Gingras et al., 2009). Moreover, two of the three actin binding sites (ABS2 
and 3) are located in the talin rod: ABS2: rod domains R4 - R8 (Atherton et al., 2015; 
Hemmings et al., 1996); and ABS3: rod domain R13 and DD (Gingras et al., 2008). 
ABS3 is thought to mediate the first contact with the actin cytoskeleton (Gingras et al., 
2008), which leads to initial force exposure and to unfolding of the mechanosensitive rod 
domain R3 that in turn allows vinculin binding to talin (Yao et al., 2014). On the other 
hand, ABS2 is thought to be the tension-bearing actin connection (Atherton et al., 2015; 
Kumar et al., 2016). Among the various binding partners of talins are also the Kidney 
ankyrin repeat-containing (KANK) family proteins. KANKs bind to the rod domain 
R7 of talin and thereby link the FA complex to the cortical microtubule stabilization 
complex that anchors and stabilizes MTs in close proximity to FAs (Bouchet et al., 2016; 
Sun et al., 2016). Furthermore, this interaction between KANK and talin R7 is force-
regulated (Yu et al., 2019).
In the cytosol, talins acquire an autoinhibited conformation by binding of the THD 
subdomain F3 to rod domain R9 (Goksoy et al., 2008; Goult et al., 2009). This 
autoinhibition can be lifted, for example, by RIAM binding to the F3 subdomain (Yang 
et al., 2014a), thereby activating talin for its function in integrin-mediated adhesions.
Overall, talins are important adaptor proteins, which provide an anchor point for various 
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FA proteins, and they can respond to mechanical force in a highly flexible manner.

The Kidney ankyrin repeat domain containing protein (KANK) family
A protein family that has recently been closely associated with FA complexes, in particular 
with the adaptor protein talin, and with the cortical microtubule stabilizing complex 
(CMSC) is the Kidney ankyrin repeat domain-containing protein (KANK) family. Sarkar 
et al. were the first to describe this novel protein family when studying cases of renal 
cell carcinoma (Sarkar et al., 2002). Blast and domain searches as well as phylogenetic 
analyses revealed that the KANK protein family is highly conserved among animals. 
Whereas there is only a single KANK ortholog in C. elegans, VAB-19 (Ding et al., 2003; 
Ihara et al., 2011), and in Drosophila, dKANK (Clohisey et al., 2014), there are four 
vertebrate homologs (KANK1 – 4), likely due to two whole genome duplication events 
around the origin of the vertebrates (Hensley et al., 2016; Zhu et al., 2008). In humans, 
there exist two isoforms of KANK1 due to alternative splicing of exon1: KANK1-S 
(short) and KANK1-L (long; note that from here on the term “KANK1” will always 
refer to the KANK1-L isoform). KANK1-L possesses an additional 158 amino acids at 
its N-terminus compared to KANK1-S (Wang et al., 2005). 
In humans, KANK1 is predominantly expressed in the heart, liver and kidney; KANK2 
shows high levels of expression in the cervix, colon, heart, kidney and lung; KANK3 is 
mainly expressed in the breast, liver, lung, skeletal muscle and kidney; whereas KANK4 
is predominantly expressed in the colon, kidney, liver, lung and skeletal muscle (Zhu et 
al., 2008).

Figure 3. Schematic overview of the four human KANK homologs including the short isoform of 
KANK1 (KANK1-S)
All four human KANK homologs possess a similar structure with three distinct domains. At the N-terminus, 
there is the KANK N-terminal (KN) domain (blue), except for KANK1-S which is missing the first 158 
amino acids of KANK1, including the KN domain. In the central region there are the coiled coil domains 
(black). There are four conserved CC domains (CC1 – 4) among the KANK family and their composition 
and number vary among the family members. At the C-terminus, there is the highly conserved ankyrin 
repeat domain, which consists of five ankyrin repeats (grey).
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Structure of the KANK family proteins
Characteristic for the KANK family proteins is their structure with three distinct domains 
(Figure 3). At the N-terminus, all KANK proteins possess a highly conserved so-called 
KANK N-terminal (KN) domain, an α-helix with a leucine-aspartic acid (LD) motif, 
which mediates binding of KANK1 and 2 to talin (Bouchet et al., 2016; Sun et al., 2016; 
Yu et al., 2019). For KANK3 and 4 binding to talin has not been shown yet; however, 
due to the high conservation of the KN domains among the KANK family it is expected 
that KANK3 and 4 can bind to talin as well. Moreover, all KANKs possess at least 
one coiled coil domain located in the central region of the protein. In total there exist 
four different conserved coiled coil domains (CC1 – 4) among the KANK family, the 
composition of the different coiled coils differs between the four KANK paralogs (Zhu 
et al., 2008). Van der Vaart et al. have found that KANK coiled coil domain 1 (CC1) 
mediates binding to liprin-β1, a member of the family of LAR transmembrane tyrosine 
phosphatase-interacting proteins, at the cell cortex in the vicinity of adhesion complexes 
(van der Vaart et al., 2013). At their C-terminus all KANK family members contain an 
ankyrin repeat domain which was shown to bind to the kinesin-4 motor protein KIF21A 
(Kakinuma and Kiyama, 2009; van der Vaart et al., 2013). Interestingly, the majority 
of studies reported that the KANK ankyrin repeat domain consists of five repeats of 
the ankyrin motif (Ankr1 – 5)  (Bouchet et al., 2016; Kakinuma and Kiyama, 2009; 
Sun et al., 2016; van der Vaart et al., 2013; Zhu et al., 2008) whereas other studies 
mentioned an additional sixth ankyrin repeat (Ankr0) prior to the other five repeats (Guo 
et al., 2018; Pan et al., 2018; Weng et al., 2018). Moreover, these studies demonstrated 
through extensive structural analyses that mere 21 amino acids of KIF21A are required 
for binding to KANK1 or 2; and that KIF21A is recognized by two distinct pockets of 
KANK1 and 2, which are formed by Ankr1 - 2 and Ankr3 - 4 respectively (Guo et al., 
2018; Pan et al., 2018; Weng et al., 2018). Since it seems that the Ankr0 repeat is not 
essential for binding to KIF21A and because this repeat is not mentioned in the UniProt 
database, the term “ankyrin repeat domain” will refer to the previously described five 
repeats (Ankr1 – 5) in the remainder of this chapter/thesis.
In addition to the three well described domains, there are two linker regions (L1 and 
L2) in KANKs: linker region L1 is located between the KN domain and the coiled 
coil domains; whereas linker region L2 sits between the coiled coil domains and the 
ankyrin repeat domain. Not much is known about the functions of these two regions. 	
Interestingly, Medves et al. described a unique example of a fusion gene generated by 
translocation between the KANK1 gene and the platelet-derived growth factor receptor β 
(PDGFRβ) gene (KANK1-PDGFRβ). They showed that either the KANK1-CC1 domain 
or the N-terminal part of the linker region L2 are required for oligomerization of the 
KANK1-PDGFRβ fusion protein thus referring to this part of the linker region as KANK 
oligomerization domain (KOD). Further, they also mentioned a coiled coil domain that 
is located C-terminally to the KOD region and is also part of the linker region L2. Yet, 
this new coiled coil domain seems not to be essential for oligomerization (Medves et al., 
2011). However, further studies looking deeper into the role of these linker regions are 
missing, hence the knowledge about their function and purpose is still limited.
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Interaction partners and functions of the KANK family proteins
KANK1 a novel binding partner of β-catenin and a nucleo-cytoplasmic shuttling protein
Besides the three well characterized domains and the two linker regions, Wang et al. 
found that KANK1 is a nucleo-cytoplasmic shuttling protein which contains two nuclear
location signals (NLS): NLS1 (aa65-68); NLS2 (aa979-992, a bipartite NLS), whereas 
KANK1-S only contains one NLS due to the  missing first 158 amino acids at its 
N-terminus (Wang et al., 2006). The export of KANK1 (both isoforms) is mediated by 
nuclear export signals (NES) via the classic chromosome maintenance region 1 (CRM1)/
exportin pathway. KANK1 possesses three NES sites: NES1 (aa43-52); NES2 (aa125-
134); NES 3 (aa613-622) whereas KANK1-S only has one NES site. Furthermore, Wang 
et al. showed via immunoprecipitation that KANK1 and β-catenin can bind to each other; 
however, they did not specify the exact domains required for this binding. Moreover, 
they showed that β-catenin translocates together with KANK1 into the nucleus. Thus 
it seems possible that KANK1 can influence β-catenin-mediated transcription (Wang et 
al., 2006).

KANK1 binds to several proteins via its coiled coil domains and this binding can be 
modified by phosphorylation of the coiled coil domains
Coiled coil domains often mediate protein-protein interactions (Wang et al., 2012; 
Watkins et al., 2015). Thus, it comes to no surprise that over the past two decades several 
proteins have been identified as binding partners of KANK family proteins by binding 
to the KANK coiled coil domains, such as: liprin-β1 (van der Vaart et al., 2013); insulin 
receptor substrate p53 (IRSp53) (Roy et al., 2009); the phosphor-peptide binding protein 
family 14-3-3 (Kakinuma et al., 2008), or the formin homology protein DAAM1 (Suzuki 
et al., 2017).
The interaction of KANKs (mainly KANK1) with liprin-β1 is required for their role in 
the CMSC. Binding to liprin-β1 anchors KANKs and determines their dynamics at the 
cortex, with KANKs that are lacking the CC1 domain, thus cannot bind to liprin-β1, 
show much faster exchange than KANKs that are bound to liprins (our unpublished data, 
see chapter 4).
Kakinuma et al. found that the coiled coild domain of KANK1-S is phosphorylated by Akt 
kinase. In turn this phosphorylation enhances binding of KANK1-S via its coiled coils 
to the 14-3-3 protein. Moreover, they reported that KANK1-S inhibits RhoA activation 
by binding to 14-3-3 and thereby sequestering it from the active 14-3-3 complex, which 
leads to reduced RhoA activity and ultimately to less stress fiber formation (Kakinuma 
et al., 2008). 
Recently, the same group discovered another interaction partner of KANK1-S, the 
Disheveled-associated activator of morphogenesis 1 (DAAM1), a formin homology 
protein which binds to the coiled coil domain of KANK1-S and interacts with RhoA 
thereby providing another way how KANK1-S can regulate RhoA activity (Suzuki et 
al., 2017).
Furthermore, Roy et al. found that KANK1-S regulates the activity of another Rho 
GTPase, Rac1 and thereby mitigates actin remodeling and protrusion formation (Roy et 
al., 2009). They identified insulin receptor substrate p53 (IRSp53) as a binding partner 
of KANK1-S, which interacts with the coiled coil domain of KANK1-S. As a result 
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Figure 4. Schematic overview of the CMSC in close proximity to a FA at the cortex
Plus ends of MTs are anchored at the plasma membrane by CLASPs (CLASP1 and CLASP2), ELKS, 
liprins (α1 and β1, dark violet), and LL5β-containing plaques of the CMSC. CLASP stabilizes MT plus 
ends. KIF21A inhibits MT growth and thereby prevents overgrowth of MTs at the plasma membrane. 
KANK family proteins link the CMSC to FAs by directly binding to the FA protein talin and by binding to 
CMSC components such as liprins. Moreover, KANKs recruit KIF21A to the CMSC.

IRSp53 is unable to bind to active Rac1, and this negatively affects actin remodeling and 
protrusion formation (Roy et al., 2009).

The interplay between talin and KANKs at FAs
More recently it has been shown that KANK1 binds via its KN domain to the Rod7 (R7) 
domain of the FA protein talin (Bouchet et al., 2016). Further, it has been demonstrated 
that by binding to talin KANK1 helps recruiting the CMSC to FAs (Figure 4). The 
CMSC, a macromolecular complex that contains CLASPs, ELKS, liprins, and LL5β, 
anchors and stabilizes MT plus-ends at the cortex (Lansbergen et al., 2006; Mimori-
Kiyosue et al., 2005; van der Vaart et al., 2013). The kinesin-4 motor protein KIF21A, 
another component of the CMSC and binding partner of KANK1 and KANK2 inhibits 
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MT polymerization and thus prevents MT overgrowth at the cortex (van der Vaart et 
al., 2013). Perturbation of the talin-KANK1 interaction leads to the dispersion of the 
CMSCs at the cortex and to MT overgrowth; yet, it does not significantly affect FA size 
or disassembly (Bouchet et al., 2016).
Around the same time, another study has demonstrated that KANK2 binds to talin  (via 
its KN motif) (Sun et al., 2016). Moreover, Sun et al. have reported that KANKs play a 
dual role at FAs: on the one hand, binding of KANKs to talin leads to talin activation and 
therefore stimulates binding of talin to β-integrins thereby promoting integrin activation. 
On the other hand, binding of KANKs to talin rod domain R7 also hampers binding of 
F-actin to the actin binding site (ABS2) of talin therefore weakening the connection 
between integrins and actomyosin. Ultimately, this leads to reduced force transmission 
via integrins, which in turn results in adhesion sliding and reduced cell migration speed 
(Sun et al., 2016). Recently, it has been demonstrated that the interaction between talin 
rod domain R7 and the KANK1 KN domain (R7/KN complex) is force-regulated (Yu et 
al., 2019). 
Furthermore, a study by Rafiq et al. reported that KANKs (KANK1 and 2) together with 
GEF-H1, a MT-associated GEF, were required for the MT-mediated regulation of FAs 
and podosomes and myosin II filaments (Rafiq et al., 2019). They showed that depletion 
of KANK1 and 2 uncoupled MTs form adhesion complexes which led to the release of 
GEF-H1 from MTs which has previously only been seen with MT disruption (Chang et 
al., 2008; Krendel et al., 2002). This in turn resulted in a higher amount of myosin IIA 
filaments (due to elevated RhoA activity), which led to an increase in FA size (Rafiq et 
al., 2019).

KANK orthologs in invertebrates
As mentioned previously, there is only a single KANK ortholog in most invertebrates 
such as flies (Drosophila) and nematodes (C. elegans). VAB-19 is the KANK ortholog 
in C. elegans. In contrast to the vertebrate KANKs, it contains only four ankyrin repeats 
at its C-terminus instead of five. Besides, it possesses two conserved domains at the 
N-terminus named motif A and motif B (these motifs do not resemble the KN nor the 
coiled coil domains of vertebrate KANKs). Further, it was shown that null mutations in 
the vab-19 gene are not viable (Ding et al., 2003). VAB-19 plays an important role in 
the development of the epidermis during C. elegans embryonic morphogenesis. Ding 
et al. have described that through its motifs A and B VAB-19 localizes at the dermis to 
so-called epidermal attachment complexes. These complexes link the contractile system 
(actomyosin) of the muscles to the cuticular exoskeleton of the worm (Gieseler et al., 
2017). Further, they have described that VAB-19 mutants show perturbed epidermal actin 
organization in hand with disturbed epidermal elongation and deficient muscle attachment 
to the dermis. Consequently, this results in paralysis of the embryos. Moreover, Ding et 
al. have been able to show that expression of human KANK (KANK1-S) in C. elegans 
could partially rescue the phenotype of VAB-19 mutants (Ding et al., 2003).
Later, the same group has demonstrated that VAB-19 binds via its ankyrin repeat domain 
to the signaling adaptor protein EPS-8 and is thereby likely to recruit it to the epidermal 
attachment complexes. EPS-8 is required for proper actin organization at the epidermis 
(Ding et al., 2008). The mammalian EPS-8 interacts with IRSp53, which has been linked 
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to KANK1 in mammals (Roy et al., 2009), and is important in actin regulation (Disanza 
et al., 2006).
Besides, VAB-19 is also involved in regulating the formation of basement membrane 
gaps during uterine-vulval attachment. It has been described that VAB-19 localizes to 
the sites of basement membrane gap boundaries in vulval cells. There, VAB-19 and the 
heterodimeric integrin INA-1/PAT-3 limit the expansion of basement membrane gaps 
(Ihara et al., 2011).
Further, it has also been reported that VAB-19 mutants show perturbed directionality 
of the UNC-40-mediated axon outgrowth of the hermaphrodite specific motor neuron 
(HSN) axon (Yang et al., 2014b).
The sole ortholog of the KANK family proteins in Drosophila, dKANK, also localizes 
to attachment sites of muscle to the dermis. Yet, unlike VAB-19 in C. elegans, defects 
in dKANK do not affect muscle function in Drosophila larvae; further, complete loss of 
dKANK does not affect Drosophila viability nor fertility (Clohisey et al., 2014). Clohisey 
et al. have reported that, like human KANK1, dKANK contains nuclear localization 
signals and nuclear export signals and that it can shuttle between the cytoplasm and 
the nucleus in a CRM1/exportin-dependent manner. Moreover, they have described that 
in cultured Drosophila cells, dKANK localizes to MT plus ends in an EB1-dependent 
manner. They also have been able to show that dKANK is a binding partner of EB1. 
Members of the conserved (microtubule) end binding (EB) family can autonomously 
recognize growing MT ends. Besides, EBs can bind and consequently recruit a plethora 
of different binding partners to the growing ends of MTs, such as CLASPs which 
suppress catastrophes at the MT tip, and consequently affect the dynamics of MT ends 
(Akhmanova and Steinmetz, 2015). Nonetheless, there have been no reports about a 
direct interaction between EBs and human KANK family proteins.

KANK family proteins in diseases
KANKs in cancer
As mentioned previously, Sarkar et al. were the first to report on KANK (family proteins) 
when they studied patients suffering from renal cell carcinoma (RCC). They found 
that expression of KANK (actually KANK1-S) was reduced in a significant portion of 
RCC patients. Moreover, Sarkar et al. were able to demonstrate that overexpression of 
KANK led to reduced cell growth and that tumor growth was perturbed in mice that 
were injected with KANK-overexpressing HEK cells. Hence, KANK was regarded as a 
potential tumor suppressor (Sarkar et al., 2002). Since this first report, almost 20 years 
ago, a potential tumor suppressor role of the KANK family proteins has been suggested 
in different studies describing various forms of cancer, such as lung cancer (Gu and 
Zhang, 2018; Kohno et al., 2010), brain glioma (Guo et al., 2014), gastric cancer (Chen 
et al., 2017), and oral squamous cell carcinoma (Fan et al., 2020),. Some of these studies 
reported that overexpression of KANK1 resulted in cell cycle arrest in G0/G1 phase 
(Guo et al., 2014) and stimulated apoptosis via the intrinsic pathway by changing the 
permeability of the mitochondrial membrane thereby causing cytochrome c to leak out 
of mitochondria, a process that initiates the apoptosis cascade (Chen et al., 2017; Fan et 
al., 2020; Gu and Zhang, 2018; Guo et al., 2014).
In another study, Kim et al. showed that the KANK family proteins were substrates 
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of hypoxia inducible factor 1 A inhibitor (HIF1AN), which hydroxylated specific 
asparagine residues in the ankyrin repeat domain of KANKs (Kim et al., 2018). HIF1AN 
functions as an oxygen sensor. Under normoxic conditions (normal levels of oxygen), it 
would hydroxylate hypoxia inducible factor 1 A (HIF1A), a subunit of the heterodimeric 
transcription factor HIF-1 (hypoxia inducible factor 1), and by that prevent the activation 
of HIF-1 (Kaelin and Ratcliffe, 2008). Moreover, Kim et al. found that especially KANK3 
was a target of HIF1AN and further, that depletion of KANK3 resulted in increased cell 
migration and invasion of Hep 3B and 2G cells (both hepatocellular carcinoma cell lines), 
whereas overexpression of KANK3 reversed these effects. Besides, they found that 
low levels of KANK3 expression correlated with lower survival rates in hepatocellular 
carcinoma patients (Kim et al., 2018).

KANKs in other diseases
Besides the reports of the potential role of KANK family proteins as tumor suppressors 
in cancer, there have been several studies that linked KANKs to other diseases as well. In 
2005, Lerer et al. documented a rare case of familial cerebral palsy, a group of permanent 
movement disorders, in which deletion of KANK1 seemed to be the cause for the disease 
since a group of 210 healthy control individuals did not show the same deletion (Lerer 
et al., 2005).
A homozygous missense mutation (Ala670Val) in the ankyrin repeat domain of KANK2 
was seen as cause for keratoderma, a hornlike skin condition, and woolly hair in affected 
individuals of two related families (Ramot et al., 2014). Ramot et al. showed that the 
missense mutation relieved the previously reported sequestering of steroid receptor 
coactivators (SRCs) in the cytoplasm (Zhang et al., 2007) by perturbing SRC binding 
to the KANK2 ankyrin repeat domain. Consequently, SRCs were able to translocate 
into the nucleus and stimulate the vitamin D receptor which is involved in epidermal 
differentiation (Ramot et al., 2014).
Recently, KANK family proteins have been suggested to play an evolutionary conserved 
role in podocyte function (Gee et al., 2015). Podocytes are cells that make up the epithelium 
of the Bowman’s capsule; their orderly function is required for proper ultrafiltration of 
the blood, whereas podocyte dysfunction is often associated with nephrotic syndrome 
(Wickelgren, 1999). Gee et al. have been able to demonstrate that KANK family proteins 
(mainly KANK2), are required for proper podocyte function where they control the 
activity of RhoA by interacting with Rho GDI. Further, they have seen that depletion 
of KANK2 leads to increased RhoA activity and that depletion of KANK2 in zebrafish 
and of dKANK in Drosophila perturbed the slit diaphragm filtration structures (Gee et 
al., 2015).

Concluding remarks
All in all, the KANK family proteins constitute a diverse group of proteins with numerous 
binding partners and various functions. Despite this diversity it seems that one function 
has been conserved among KANKs: to serve as a linker at the interface of (cortical) 
attachment complexes and the cytoskeleton. However, we still know comparatively 
little about the exact function of the KANKs, the networks through which they operate 
and about the differences between the four mammalian family members. Thus, further 
research has to be done to understand the full picture.
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Scope of the thesis

In this thesis, we characterized the KANK family proteins and their role as mediators of 
the cross-talk between the microtubule cytoskeleton and integrin-mediated cell-matrix 
adhesions. We tried to better understand how KANKs are recruited to FAs, how they 
interact with talin and what other factors contribute to their function and subcellular 
localization. 
In Chapter 2, we establish KANK family proteins as novel binding partners of the 
FA protein talin. Thereby KANKs form the link between FAs and the CMSC. Further, 
we could show that the talin-KANK interaction is required for proper formation of the 
CMSC at the cortex and that perturbation of this connection leads to MT overgrowth.
In Chapter 3, we describe the interaction between talin and KANK1 in more detail. We 
found that the interaction between talin rod domain R7 and the KANK1 KN domain is 
force-regulated and that it can withstand forces in the piconewton range under certain 
force geometry.
In Chapter 4, we focus on the subcellular localization of KANK1 and explain how the 
clustering of KANKs around FAs is mediated. We were able to demonstrate that this 
localization is not due to the coiled coil nor the ankyrin repeat domains but due to the 
linker region L2 of KANK1. 
In Chapter 5, we describe the differences between KANK1 and KANK2 with a particular 
focus on their different subcellular localizations and their role in cell migration. KANK1 
is predominantly localized at the cell periphery whereas KANK2 is more concentrated 
in the central region. We were able to show that the localization of KANK2 is mediated 
by its KN domain and binding to talin. Further, have seen that depletion of both KANK1 
and 2 does not affect cell migration of HeLa cells. On the other hand, loss of KANK2 
significantly hampered cell migration of SUM159PT breast cancer cells.
In Chapter 6, we discuss how KANK family proteins regulate the cross-talk between 
MTs and FAs. We combine our work on KANKs as linkers between FAs and CMSC 
(Chapter 2), the force-regulated interaction between talin and KANKs (Chapter 3), the 
role of KANK1’s linker region L2 in localizing KANK1 around FAs (Chapter 4), and the 
role of KANK family proteins in cell migration (Chapter 5) and put them into broader 
perspective. Further, we discuss some of the partially contradictory findings on KANK 
family proteins from us and others. We also present some preliminary data on KANK 
family proteins in endothelial cells and discuss an involvement of KANKs in ECM 
reorganization (fibronectin fibrillogenesis) and angiogenesis.
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Abstract
The cross-talk between dynamic microtubules and integrin-based adhesions to the 
extracellular matrix plays a crucial role in cell polarity and migration. Microtubules 
regulate the turnover of adhesion sites, and, in turn, focal adhesions promote the cortical 
microtubule capture and stabilization in their vicinity, but the underlying mechanism 
is unknown. Here, we show that cortical microtubule stabilization sites containing 
CLASPs, KIF21A, LL5β and liprins are recruited to focal adhesions by the adaptor 
protein KANK1, which directly interacts with the major adhesion component, talin. 
Structural studies showed that the conserved KN domain in KANK1 binds to the talin 
rod domain R7. Perturbation of this interaction, including a single point mutation in talin,
which disrupts KANK1 binding but not the talin function in adhesion, abrogates the 
association of microtubule-stabilizing complexes with focal adhesions. We propose 
that the talin-KANK1 interaction links the two macromolecular assemblies that control 
cortical attachment of actin fibers and microtubules.
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Introduction
Cell adhesions to the extracellular matrix support epithelial integrity and cell migration, 
and also provide signaling hubs that coordinate cell proliferation and survival (Hynes, 
1992). Integrin-based adhesions (focal adhesions, FAs) are large macromolecular 
assemblies, in which the cytoplasmic tails of integrins are connected to the actin 
cytoskeleton. One of the major components of FAs is talin, a ~2500 amino acid dimeric 
protein, which plays a key role in adhesion formation by activating integrins (Anthis et 
al., 2009), coupling them to cytoskeletal actin (Atherton et al., 2015), regulating adhesion 
dynamics and recruiting different structural and signaling molecules (Calderwood et al.,
2013; Gardel et al., 2010; Wehrle-Haller, 2012).
While the major cytoskeletal element associated with FAs is actin, microtubules also 
play an important role in adhesion by regulating the FA turnover (Akhmanova et al., 
2009; Byron et al., 2015; Kaverina et al., 1999, 1998; Krylyshkina et al., 2003; Small and 
Kaverina, 2003; Stehbens and Wittmann, 2012; Yue et al., 2014). The recent proteomics 
work showed that microtubule-FA cross-talk strongly depends on the activation state of 
the integrins (Byron et al., 2015). Microtubules can affect adhesions by serving as tracks 
for delivery of exocytotic carriers (Stehbens et al., 2014), by controlling endocytosis 
required for adhesion disassembly (Ezratty et al., 2005; Theisen et al., 2012) and by 
regulating the local activity of signaling molecules such as Rho GTPases (for review, see 
[Kaverina and Straube, 2011; Stehbens and Wittmann, 2012]).
In contrast to actin, which is directly coupled to FAs, microtubules interact with the 
plasma membrane sites that surround FAs. A number of proteins have been implicated 
in microtubule attachment and stabilization in the vicinity of FAs. Among them are 
the microtubule plus end tracking proteins (+TIPs) CLASP1/2 and the spectraplakin 
MACF1/ACF7, which are targeted to microtubule tips by EB1, and a homologue of EB1, 
EB2, which binds to mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4) 
(Drabek et al., 2006; Honnappa et al., 2009; Kodama et al., 2003; Mimori-Kiyosue et 
al., 2005). The interaction of CLASPs with the cell cortex depends on the phosphati-
dylinositol 3, 4, 5-trisphosphate (PIP3)-interacting protein LL5β, to which CLASPs bind 
directly, and is partly regulated by PI-3 kinase activity (Lansbergen et al., 2006). Other 
components of the same cortical assembly are the scaffolding proteins liprin-a1 and b1, a 
coiled-coil adaptor ELKS/ERC1, and the kinesin-4 KIF21A (Lansbergen et al., 2006; van 
der Vaart et al., 2013). Both liprins and ELKS are best known for their role in organizing 
presynaptic secretory sites (Hida and Ohtsuka, 2010; Spangler and Hoogenraad, 2007); 
in agreement with this function, ELKS is required for efficient constitutive exocytosis 
in HeLa cells (Grigoriev et al., 2007, 2011). LL5β, liprins and ELKS form micrometer-
sized cortical patch-like structures, which will be termed here cortical microtubule 
stabilization complexes, or CMSCs. The CMSCs are strongly enriched at the leading 
cell edges, where they localize in close proximity of FAs but do not overlap with them 
([Lansbergen et al., 2006; van der Vaart et al., 2013], reviewed in [Astro and de Curtis, 
2015]). They represent a subclass of the previously defined plasma membrane-associated 
platforms (PMAPs) (Astro and de Curtis, 2015), which have overlapping components 
such as liprins, but may not be necessarily involved in microtubule regulation, as is the 
case for liprin-ELKS complexes in neurons, where they are part of cytomatrix at the 
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active zone (Gundelfinger and Fejtova, 2012).
Several lines of evidence support the importance of the CMSC-FA cross-talk. In migrating 
keratinocytes, LL5β and CLASPs accumulate around FAs and promote their disassembly 
by targeting the exocytosis of matrix metalloproteases to FA vicinity (Stehbens et al., 
2014). Furthermore, liprin-a1, LL5α/β and ELKS localize to protrusions of human breast 
cancer cells and are required for efficient cell migration and FA turnover (Astro et al., 
2014). In polarized epithelial cells, LL5β and CLASPs are found in the proximity of the 
basal membrane, and this localization is controlled by the integrin activation state (Hotta 
et al., 2010). CLASP and LL5-mediated anchoring of MTs to the basal cortex also plays a 
role during chicken embryonic development, where it prevents the epithelial-mesenchy-
mal transition of epiblast cells (Nakaya et al., 2013). LL5β, CLASPs and ELKS were 
also shown to concentrate at podosomes, actin-rich structures, which can remodel the 
extracellular matrix (Proszynski and Sanes, 2013). Interestingly, LL5β-containing 
podosome-like structures are also formed at neuromuscular junctions (Kishi et al., 
2005; Proszynski et al., 2009; Proszynski and Sanes, 2013), and the complexes of LL5β 
and CLASPs were shown to capture microtubule plus ends and promote delivery of 
acetylcholine receptors (Basu et al., 2015, 2014; Schmidt et al., 2012).
While the roles of CMSCs in migrating cells and in tissues are becoming increasingly 
clear, the mechanism underlying their specific targeting to integrin adhesion sites remains 
elusive. Recently, we found that liprin-β1 interacts with KANK1 (van der Vaart et al., 
2013), one of the four members of the KANK family of proteins, which were proposed 
to act as tumor suppressors and regulators of cell polarity and migration through Rho 
GTPase signaling (Gee et al., 2015; Kakinuma et al., 2008, 2009; Li et al., 2011; Roy et 
al., 2009). KANK1 recruits the kinesin-4 KIF21A to CMSCs, which inhibits microtubule 
polymerization and prevents microtubule overgrowth at the cell edge (Kakinuma and 
Kiyama, 2009; van der Vaart et al., 2013). Furthermore, KANK1 participates in clustering 
of the other CMSC components (van der Vaart et al., 2013).
Here, we found that KANK1 is required for the association of the CMSCs with FAs. 
The association of KANK1 with FAs depends on the KN domain, a conserved 30 amino 
acid polypeptide sequence present in the N-termini of all KANK proteins. Biochemical 
and structural analysis showed that the KN domain interacts with the R7 region of the 
talin rod. Perturbation of this interaction both from the KANK1 and the talin1 side 
prevented the accumulation of CMSC complexes around focal adhesions and affected 
microtubule organization around FAs. We propose that KANK1 molecules, recruited by 
talin to the outer rims of FA, serve as ’seeds’ for organizing other CMSC components in 
the FA vicinity through multivalent interactions between these components. This leads 
to co-organization of two distinct cortical assemblies, FAs and CMSCs, responsible for 
the attachment of actin and microtubules, respectively, and ensures effective cross-talk 
between the two types of cytoskeletal elements.

Results
Identification of talin1 as a KANK1 binding partner
Our previous work showed that the endogenous KANK1 colocalizes with LL5β, liprins 
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and KIF21A in cortical patches that are closely apposed to, but do not overlap with 
FAs (van der Vaart et al., 2013). We confirmed these results both in HeLa cells and the 
HaCaT immortal keratinocyte cell line, in which CMSC components CLASPs and LL5β 
were previously shown to strongly cluster around FAs and regulate their turnover during 
cell migration (Stehbens et al., 2014) (Figure 1—figure supplement 1A,B). Inhibition 
of myosin-II with blebbistatin, which reduces tension on the actin fibers and affects the 
activation state of FA molecules, such as integrins and talin (Parsons et al., 2010), caused
not only FA disassembly but also a strong reduction in clustering of CMSC components at 
the cell periphery (Figure 1—figure supplement 2A,B), as described previously (Stehbens 
et al., 2014). To investigate this effect in more detail, we partially inhibited contractility 
using a Rho-associated protein kinase 1 (ROCK1) inhibitor, Y-27632 (Oakes et al., 
2012). In these conditions, the number of FAs was not affected although their size was 
reduced (Figure 1—figure supplement 2C–E). This treatment was sufficient to diminish 
CMSC clustering at the cell edge (Figure 1—figure supplement 2C,F). Interestingly, at 
the same time we observed a very significant increase in the overlap of KANK1 with 
FA adhesion markers (Figure 1—figure supplement 2C,G). Live imaging of KANK1 
together with the FA marker paxillin showed a gradual redistribution of KANK1 into 
the areas occupied by FAs upon ROCK1 inhibitor-induced attenuation of contractility 
(Figure 1—figure supplement 2H, Video 1). These data indicate that the organization 
of CMSCs at the cell cortex might be controlled by interactions with tension-sensitive 
components of FAs.
To identify the domains of KANK1 required for cortical localization, we performed 
deletion mapping. KANK1 comprises an N-terminal KANK family-specific domain of 
unknown function, the KN domain (residues 30–68) (Kakinuma et al., 2009), a coiled coil 
region, the N-terminal part of which interacts with liprin-b1, and a C-terminal ankyrin 
repeat domain, which binds to KIF21A (van der Vaart et al., 2013), while the rest of the 
protein is predicted to be unstructured (Figure 1A). Surprisingly, the KN domain alone 
strongly and specifically accumulated within FAs (Figure 1B). A similar localization 
was also seen with a somewhat larger N-terminal fragment of KANK1, Nter, as well as 
the Nter-CC1 deletion mutant, which contained the first, liprin-b1-binding coiled coil 
region of KANK1 (Figure 1A,B). However, an even larger N-terminal part of KANK1, 
encompassing the whole coiled coil domain (Nter-CC) showed a pronounced enrichment 
at the FA rim (Figure 1A,B). The KANK1 deletion mutant missing only the C-terminal 
ankyrin repeat domain (ΔANKR) was completely excluded from FAs but accumulated 
in their immediate vicinity, similar to the full-length KANK1 (Figure 1A,B). A tight 
ring-like localization at the outer rim of FAs was also observed with a KANK1 mutant, 
which completely missed the coiled coil region but contained the ankyrin repeat domain
(ΔCC), while the mutant which missed just the KN domain showed no accumulation 
around FAs (Figure 1A,B). To test whether the exclusion of larger KANK1 fragments 
from the FA core was simply due to the protein size, we fused GFP-tagged KN domain 
to the bacterial protein β-D-galactosidase (LacZ), but found that this fusion accumulated 
inside and not around FAs (Figure 1—figure supplement 3). Since GFP-KN-LacZ and 
GFP-KANK1-ΔANKRD have a similar size (1336 and 1400 amino acids, respectively), 
but one accumulates inside FAs, while the other is excluded to their periphery, this result 
suggests that features other than the mere protein size determine the specific localization 
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Figure 1. The KN motif of KANK1 interacts with the R7 domain of talin1
(A) Schematic representation of KANK1 and the deletion mutants used in this study, and the summary 
of their interactions and localization. N.d., not determined in this study. (B) TIRFM images of live HeLa 
cells transiently expressing the indicated GFP-tagged KANK1 deletion mutants together with the focal 
adhesion marker mCherry-paxillin. In these experiments, endogenous KANK1 and KANK2 were also 
expressed. (C) Identification of the binding partners of Bio-GFP-tagged KANK1 and its indicated deletion
Figure 1 continued on next page mutants by using streptavidin pull down assays from HEK293T cells 
combined with mass spectrometry. (D) Streptavidin pull down assays with the BioGFP-tagged KANK1 
or the indicated KANK1 mutants, co-expressed with GFP-talin1 in HEK293T cells, analyzed by Western 
blotting with the indicated antibodies. (E) Sequence alignment of KANK1 and KANK2 with the known 
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of KANK1 to the FA rim. We conclude that the KN domain of KANK1 has an affinity for 
FAs, but the presence of additional KANK1 sequences prevents the accumulation of the 
protein inside FAs and instead leads to the accumulation of KANK1 at the FA periphery. 
To identify the potential FA-associated partners of KANK1, we co-expressed either full-
length KANK1 or its N-terminal and C-terminal fragments fused to GFP and a biotinylation 
(Bio) tag together with biotin ligase BirA in HEK293T cells and performed streptavidin 
pull down assays combined with mass spectrometry. In addition to the already known 
binding partners of KANK1, such as KIF21A, liprins and LL5β, we identified talin1 
among the strongest hits (Figure 1C). Talin2 was also detected in a pull down with the 
KANK1 N-terminus though not with the full-length protein (Figure 1C). The interaction 
between KANK1 and talin1 was confirmed by Western blotting, and subsequent deletion 
mapping showed that the talin1-binding region of KANK1 encompasses the KN domain 
(Figure 1A,D), while liprin-β1 binds to the N-terminal part of the coiled coil domain, as 
shown previously (van der Vaart et al., 2013).
Sequence analysis of the KN domain showed that it is predicted to form a helix and 
contains a completely conserved leucine aspartic acid-motif (LD-motif) (Alam et al., 
2014; Zacharchenko et al., 2016). The LD-motifs in RIAM (Goult et al., 2013), DLC1 
and Paxillin (Zacharchenko et al., 2016) have recently been identified as talin-binding 
sites that all interact with talin via a helix addition mechanism. Alignment of the KN 
domain of KANK with the LD-motif of DLC1, RIAM and Paxillin (Zacharchenko et 
al., 2016) revealed that the hydrophobic residues that mediate interaction with talin are 
present in the KN domain (Figure 1E).
Using deletion analysis, we mapped the KANK1-binding site of talin1 to the central 
region of the talin rod, comprising the R7-R8 domains (Figure 1F). This R7-R8 region 
of talin is unique (Gingras et al., 2010), as the 4-helix bundle R8 is inserted into a loop of 
the 5-helix bundle R7, and thus protrudes from the linear chain of 5-helix bundles of the 
talin rod (Figures 1F, 2A). This R8 domain serves as a binding hub for numerous proteins 
including vinculin, synemin and actin (Calderwood et al., 2013). R8 also contains a 
prototypic recognition site for LD-motif proteins, including DLC1 (Figure 2B), Paxillin 
and RIAM (Zacharchenko et al., 2016). Based on the presence of the LD-binding site, 
we anticipated that KANK1 would also interact with R8. However, deletion mapping 
revealed that KANK1 in fact binds to the talin1 rod domain R7 (Figure 1F,G), suggesting
that KANK1 interacts with a novel binding site on talin1.

Structural characterization and mutational analysis of the KANK1-talin1 complex
To explore the interaction between talin1 and KANK1 in more detail, we used NMR 
chemical shift mapping using 15N-labeled talin1 R7-R8 (residues 1357–1653) and a 
synthetic KANK1 peptide of the KN domain, KANK1(30–60). The addition of the 
KANK1(30–60) peptide resulted in large spectral changes (Figure 2C), most of which 
were in the slow exchange regime on the NMR timescale indicative of a tight interaction. 

talin-binding sites of DLC1, RIAM and Paxillin. The LD-motif and the interacting hydrophobic residues 
are highlighted green and blue respectively. (F) Schematic representation of talin1 and the deletion mu-
tants used in this study, and their interaction with KANK1. (G) Streptavidin pull down assays with the 
BioGFP-tagged talin1 or the indicated talin1 mutants, co-expressed with HA-KANK1 in HEK293T cells, 
analyzed by Western blotting with the indicated antibodies.
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Figure 2. Biochemical and structural characterization of the Talin-KANK interaction
(A) Schematic representation of Talin1, with F-actin, β-integrin and vinculin binding sites highlighted. 
The KANK1 binding site on R7 is also shown. (B) The structure of the complex between talin1 R7-R8 
(white) and the LD-motif of DLC1 (yellow) bound on the R8 subdomain (PDB ID. 5FZT, [Zacharchenko et 
al., 2016]). Residues W1630 and Y1389 (blue) and S1641 (magenta) are highlighted. (C–D) The KANK 
KN domain binds to a novel site on talin R7. 1H,15N HSQC spectra of 150 mM 15N-labelled talin1 R7 
(residues 1357–1659 D1454–1586) in the absence (black) or presence of KANK1(30–68)C peptide (red) 
(top panel) or KANK1-4A (green) (bottom panel) at a ratio of 1:3. (D) Mapping of the KANK1 binding site 
on R7 as detected by NMR using weighted chemical shift differences (red) – mapped onto the R7-R8 
structure in (B). Residues W1630 and Y1389 (blue) and G1404 and S1641 (magenta) are highlighted. 
(E) Structural model of the talin1:KANK1 interface. Ribbon representation of the KANK1 binding site, 
comprised of the hydrophobic groove between helices 29 and 36 of R7. Two bulky conserved residues, 
W1630 and Y1389 (blue) hold these two helices apart forming the binding interface. A small glycine 
side chain (G1404) creates a pocket between the helices. S1641 (magenta) has been shown previously 
to be a phosphorylation site (Ratnikov et al., 2005). The KN peptide (green) docked onto the KANK 
binding surface. (F–G) Biochemical characterization of the talin:KANK interaction. (F) Binding of BODIPY-
labeled KANK1(30–60) C, KANK2(31–61)C and KANK1-4A peptides to Talin1 R7-R8 (1357–1659) was 
measured using a Fluorescence Polarization assay. (G) Binding of BODIPY-labeled KANK1(30–60)C to 
wild type R7-R8, R7-R8 S1641E, R7-R8 G1404L and R7-R8 W1630A. Dissociation constants ± SE (mM) 
for the interactions are indicated in the legend. All measurements were performed in triplicate. ND, not 
determined.
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In agreement with the pull down data, the signals that shifted in slow exchange upon 
the addition of KANK1(30–60) mapped largely onto the R7 domain with only small 
progressive shift changes evident on R8. To validate R7 as the major KANK1-binding site 
on talin, we repeated the NMR experiments using the individual domains, R8 (residues 
1461–1580) and R7 (residues 1359–1659 D1454–1586). Addition of KANK1(30–60) 
induced small chemical shift changes on the R8 domain indicative of a weak interaction 
(most likely due to the interaction of LD with the LD-recognition box on R8). However, 
the addition of a 0.5 molar ratio of KANK1(30–60) to R7 induced large spectral changes 
with many of the peaks displaying two locations, corresponding to the free peak position 
and the bound peak position. This is indicative of slow-exchange and confirms a high 
affinity interaction between R7 and KANK1. The KN peptide is the first identified ligand 
for the R7 domain.
NMR chemical shifts also provide information on the residues involved in the interaction, 
as the peaks in the 15N-HSQC spectrum pertain to individual residues in the protein. To 
map these chemical shift changes onto the structure of R7-R8, it was first necessary to 
complete the backbone chemical shift assignments of the R7 domain. This was achieved 
using conventional triple resonance experiments as described previously (Banno et al., 
2012), using 13C,15N labeled R7. The chemical shift changes mapped predominantly 
onto one face of R7, comprised of helices 2 and 5 of the 5-helix bundle (talin rod helices 
29 and 36), as shown in Figure 2D–E.
Our recent elucidation of the interaction between the LD-motif of DLC1 and talin R8 has 
generated insight into how LD-motifs are recognized by helical bundles (PDB ID. 5FZT,
[Zacharchenko et al., 2016]). In the DLC1:talin R8 complex the DLC1 peptide adopts 
a helical conformation that packs against two helices on the side of the helical bundle. 
It is becoming increasingly clear that other LD-motif proteins bind to talin through a 
similar interaction mode (Zacharchenko et al., 2016). The surface of α2 and α5 on R7 
forms a hydrophobic groove that the KANK1 helix docks into. A striking feature of this 
KANK1 binding surface is that the two helices are held apart by the conserved aromatic 
residues, W1630 at the end of α5 and Y1389 at the end of α2 (Figure 2B,E). W1630 and 
Y1389 thus essentially serve as molecular rulers, separating helices α2 and α5 by ~8A° 
(compared with ~5–6A° for the other bundles in R7-R8). The spacing between the two 
helices is enhanced further as the residues on the inner helical faces, S1400, G1404, 
S1411 on α2 and S1637 and S1641 on α5, have small side chains which have the effect of 
creating two conserved pockets midway along the hydrophobic groove of the KANK1-
binding site (Figure 2E).
The talin-binding site on KANK1 is unusual as it contains a double LD-motif, LDLD. 
The structure of R7 revealed a potential LD-recognition box with the positive charges, 
K1401 and R1652 positioned on either side to engage either one, or both, of the aspartic 
residues. Using the docking pro- gram HADDOCK (van Zundert et al., 2016), we 
sought to generate a structural model of the KANK1/R7 complex, using the chemical 
shift mapping on R7 and a model of KANK1(30–60) as a helix (created by threading 
the KANK1 sequence onto the DLC1 LD-motif helix). This analysis indi- cated that 
the KANK-LD helix can indeed pack against the sides of α2 and α5 (Figure 2E). 
Interestingly, all of the models, irrespective of which way the KANK1 helix ran along 
the surface, positioned the bulky aromatic residue, Y48 in KANK1, in the hydrophobic 
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pocket created by G1404. This raised the possibility that mutation of G1404 to a bulky 
hydrophobic residue might block KANK1 binding by preventing Y48 engagement. We 
also noticed that S1641, one of the small residues that create the pocket, has been shown 
to be phosphorylated in vivo (Ratnikov et al., 2005) and might have a regulatory function 
in the KANK1-talin1 interaction.
To test these hypotheses, we generated a series of point mutants in talin R7 and also 
in the KANK1 KN-domain, designed to disrupt the talinR7/KANK1 interaction. On 
the KANK1 side, we mutated the LDLD motif to AAAA, (the KANK1-4A mutant), 
while on the talin1 side, we generated a series of R7 mutants. These included G1404L, 
in which a bulky hydrophobic residue was introduced instead of glycine to occlude the 
hydrophobic pocket in R7, S1641E, a phosphomimetic mutant aimed to test the role of 
talin phosphorylation in regulating KANK1 binding, and W1630A, a substitution that 
would remove one of the molecular rulers holding α2 and α5 helices apart at a fixed 
distance. These mutants were introduced into talin1 R7-R8 and the structural integrity 
of the mutated proteins confirmed using NMR (Figure 2—figure supplement 1). The 
relative binding affinities were measured using an in vitro fluorescence polarization 
assay. In this assay, the KANK1(30–60) peptide is fluorescently labeled with BODIPY 
and titrated with an increasing concentration of talin R7-R8, and the binding between 
the two polypeptides results in an increase in the fluorescence polarization signal (Figure 
2F). The KANK1-4A mutant abolished binding to talin (Figure 2C,F). The S1641E 
mutant had only a small effect on binding (Figure 2G), suggesting that either talin1 
phosphorylation does not play a major role in modulating the interaction with KANK1 or 
that the S-E mutation is not a good phosphomimetic, possibly because phosphorylation 
might also affect helix formation integrity, an effect not mimicked by a single aspartate 
residue. However, strikingly, both the W1630A and the G1404L mutants abolished 
binding of KANK1 to talin R7 (Figure 2G), confirming the validity of our model. Finally, 
we also tested whether the KN-R7 interaction is conserved in talin2 and KANK2, and 
found that this was indeed the case (Figure 2—figure supplement 2). We conclude that 
the conserved KN domain of KANKs is a talin-binding site.

Talin1-KANK1 interaction controls cortical organization of CMSC components
Next, we set out to test the importance of the identified interactions in a cellular context 
by using the KANK1-4A and the talin G1404L mutants. We chose the G1404L talin 
mutant over W1630A for our cellular studies, because removing the bulky tryptophan 
from the hydrophobic core of the R7 might have the off target effect of perturbing the 
mechanical stability of R7, and our recent studies showed that the mechanostability of 
R7 is important for protecting R8 from force-induced talin extension (Yao et al., 2016). 
As could be expected based on the binding experiments with purified protein fragments, 
the 4A mutation reduced the interaction of the full-length KANK1 with talin1 in a pull-
down assay (Figure 3A). An even stronger reduction was observed when KANK-ΔCC 
or the KN alone were tested (Figure 3A). Furthermore, the introduction of the G1404L 
mutation abrogated the interaction of full-length talin1 or its R7 fragment with full-
length KANK1 (Figure 3B).
To investigate the localization of KANK1-4A, we used HeLa cells depleted of 
endogenous KANK1 and KANK2, the two KANK isoforms present in these cells based 
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Figure 3. KANK1-talin interaction is required for recruiting KANK1 to FAs
(A) Streptavidin pull-down assays with the BioGFP-tagged KANK1 or the indicated KANK1 mutants, co-
expressed with GFP-talin1 in HEK293T cells, analyzed by Western blotting with the indicated antibodies. 
(B) Streptavidin pull down assays with the BioGFP-tagged talin1 or the indicated talin1 mutants, co-
expressed with HA-KANK1 in HEK293T cells, analyzed by Western blotting with the indicated antibodies. 
(C) TIRFM images of live HeLa cells depleted of KANK1 and KANK2 and co-expressing the indicated 
siRNA- resistant GFP-KANK1 fusions and TagRFP-paxillin. (D) Fluorescence profile of GFP-tagged 
mutants and TagRFP-paxillin based on line scan measurement across the FA area in TIRFM images as 
in panel (C). (E) Widefield fluorescence images of HeLa cells depleted of endogenous talin1 and talin2, 
rescued by the expression of the wild type GFP-tagged mouse talin1 or its G1404L mutant and labeled 
for endogenous KANK1 by immunofluorescence staining. (F) Quantification of peripheral clustering of 
KANK1 in cells treated and analyzed as in (E) (n=12, 6 cells per condition). Error bar, SEM; ***p<0.001, 
Mann-Whitney U test.

on our proteomics studies (van der Vaart et al., 2013) (Figure 3—figure supplement 
1A), in order to exclude the potential oligomerization of the mutant KANK1 with the 
endogenous proteins. Rescue experiments were performed using GFP-KANK1, resistant 
for the used siRNAs due to several silent mutations (van der Vaart et al., 2013), or its 
4A mutant. We also included in this analysis a KANK1 mutant lacking the liprin-β1-
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binding coiled coil domain (the ΔCC deletion mutant, Figure 1A), and the 4A-version of 
the KANK1-ΔCC deletion mutant. Total Internal Reflection Fluorescence Microscopy 
(TIRFM)-based live imaging showed that, consistent with our previous results, the GFP-
tagged wild type KANK1 strongly accumulated in cortical patches that were tightly 
clustered around FAs (Figure 3C,D). The KANK1-ΔCC mutant, which lacked the 
liprin-β1-binding site but contained an intact KN motif, showed highly specific ring-
like accumulations at the rims of FAs (Figure 3C,D). In contrast, KANK1- 4A was not 
clustered anymore around FAs but was dispersed over the cell cortex (Figure 3C,D). The 
KANK1-ΔCC-4A mutant, lacking both the liprin-β1 and the talin-binding sites, and the 
KN-4A mutant were completely diffuse (Figure 3C,D).
To test the impact of the talin1-G1404L mutant, we depleted both talin1 and talin2, 
which are co- expressed in HeLa cells (Figure 3—figure supplement 1B), and rescued 
them by introducing mouse GFP-talin1, which was resistant to used siRNAs. The 
depletion of the two talin proteins resulted in a dramatic loss of FAs and cell detachment 
from coverslips (data not shown), in agreement with the well-established essential role 
of talin1 in FA formation (Calderwood et al., 2013; del Rio et al., 2009; Yan et al., 
2015; Yao et al., 2014). Therefore, in this experiment only cells expressing GFP- talin1 
displayed normal attachment and spreading (Figure 3—figure supplement 1C). The 
GFP- talin1-G1404L mutant could fully support cell attachment and spreading, although 
the cell area was slightly increased compared to cells rescued with the wild type GFP-
talin1 (Figure 3—figure supple- ment 1C–E). The number and size of focal adhesions 
were not significantly different between the cells rescued with the wild type talin1 or 
its G1404L mutant (Figure 3—figure supplement 1F,G), indicating that the mutant is 
functional in supporting FA formation. Strikingly, while in cells expressing the wild-
type talin1, KANK1 was prominently clustered around FAs, it was dispersed over the 
plasma membrane in cells expressing talin1-G1404L (Figure 3E,F, Figure 1—figure 
supplement 1). We conclude that perturbing the KANK1-talin interaction, including the 
use of a single point mutation in the ~2500 amino acid long talin1 protein, which does 
not interfere with the talin function in FA formation, abrogates KANK1 association with 
FAs.
We next tested whether mislocalization of KANK1 due to the perturbation of KANK1-
talin1 binding affected other CMSC components. The localization of GFP-KANK1 
and its mutants relative to FAs labeled with endogenous markers was very similar to 
that described above based on live imaging experiments (Figure 4A). Co-depletion of 
KANK1 and KANK2 abolished clustering of CMSC components, such as LL5β and 
KIF21A at the cell edge (Figure 4B,C). Wild type GFP-KANK1 could rescue cortical 
clustering of these proteins in KANK1 and KANK2-depleted cells (Figure 4B,C). How- 
ever, this was not the case for the KANK1-4A mutant, the KANK1-ΔCC mutant or 
the KANK1 version bearing both mutations (Figure 4B,C). Importantly, the dispersed 
puncta of the KANK1-4A mutant still colocalized with LL5β, as the binding to liprin-β1 
was intact in this mutant (Figure 3A, Figure 4B,C), while the FA-associated rings of 
KANK1-ΔCC, the mutant deficient in liprin-β1 binding, showed a mutually exclusive 
localization with LL5β (Figure 4B). In contrast, KIF21A, which binds to the ankyrin 
repeat domain of KANK1, could still colocalize with KANK1-ΔCC at FA rims (Figure 
4B). The overall accumulation of KIF21A at the cell periphery was, however, reduced, 
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Figure 4. KANK1-talin interaction is required for recruiting CMSCs to FAs.
(A) Widefield fluorescence images of HeLa cells depleted of KANK1 and KANK2 and expressing the 
indicated siRNA-resistant GFP-KANK1 fusions (rescue), stained for the FA marker phospho-tyrosine 
(pY). (B) Widefield fluorescence images of HeLa cells transfected with the control siRNA or siRNAs 
against KANK1 and KANK2, expressing GFP alone or the indicated siRNA-resistant GFP-KANK1 fusions 
and stained for LL5β or KIF21A. (C) Quantification of peripheral clustering of LL5β and KIF21A in cells 
treated as in panel (B) (n=12, 5–6 cells per condition). (D) TIRFM images of live HeLa cells depleted of 
KANK1 and KANK2 and co-expressing the indicated siRNA-resistant GFP-KANK1 fusions and mCherry-
CLASP2. (E) Quantification of peripheral clustering of mCherry-CLASP2 in cells treated as in panel (D) 
(n=20, 8 cells per condition). (F) Widefield fluorescence images of HeLa cells transfected with the indicated 
GFP-KANK1 fusions and stained for endogenous LL5β. (G) Quantification of peripheral clustering of LL5β 
in cells treated as in panel (F) (n=12, 6 cells per condition). (H) Widefield fluorescence images of HeLa 
cells transfected with GFP-tagged KANK1 or its CC1 mutant and stained for LL5β. (I) Quantification of 
peripheral clustering of LL5β cells treated as in panel (H) (n=12, 6 cells per condition). Error bars, SEM; 
ns, non-significant; **p<0.005; ***p<0.001, Mann-Whitney U test.
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in line with the strongly reduced KANK1 peripheral clusters observed with the KANK1-
ΔCC mutant. The diffuse localization of the KANK1-4A-ΔCC mutant led to the strongly 
dispersed distribution of the CMSC markers (Figure 4B,C). Furthermore, only the full-
length wild type KANK1, but neither the 4A nor ΔCC mutant could support efficient 
accumulation of CLASP2 at the peripheral cell cortex in KANK1 and KANK2-depleted 
cells (Figure 4D,E), in line with the fact that cortical recruitment of CLASPs depends on 
LL5β (Lansbergen et al., 2006).
Next, we investigated whether disrupting the KANK1-talin1 interaction from the talin1 
side would affect also CMSC localization and found that this was indeed the case: both 
LL5β and KIF21A were clustered around FAs in talin1 and talin2-depleted cells rescued 
with the wild type GFP-talin1, but not in the cells expressing the GFP-talin1-G1404L 
mutant, deficient in KANK1 binding (Figure 4F,G).
Our data showed that KANK1-ΔCC could not support proper clustering of CMSC 
components at the cell edge in spite of its tight accumulation at the FA rims. These data 
indicate that in addition to binding to talin1, the localization of CMSC clusters depends 
on the KANK1-liprin-β1 connection. This notion is supported by the observation that 
the overexpressed coiled coil region of KANK1 (CC1), which can compete for liprin-β1 
binding but cannot interact with talin1, acted as a very potent dominant negative, which 
suppressed accumulation of LL5β at the cell periphery (Figure 4H,I). We conclude that 
the core CMSC protein LL5β as well as the microtubule-binding CMSC components 
KIF21A and CLASP2 depend on the KANK1 interaction with both talin1 and liprin-β1 
for their efficient clustering in the vicinity of focal adhesions at the cell periphery.

Disruption of KANK1-talin1 binding perturbs microtubule plus end organization 
at the cell periphery
We next investigated the impact of the disruption of KANK1-talin1 interaction on 
microtubule organization. Due to their stereotypic round shape, HeLa cells represent 
a particularly convenient model for studying the impact of CMSCs on the distribution 
and dynamics of microtubule plus ends (Lansbergen et al., 2006; Mimori-Kiyosue et 
al., 2005; van der Vaart et al., 2013). In this cell line, microtubules grow rapidly in the 
central parts of the cell, while at the cell margin, where CMSCs cluster in the vicinity of 
peripheral FAs, microtubule plus ends are tethered to the cortex and display persistent 
but slow growth due to the combined action of several types of microtubule regulators, 
including CLASPs, spectraplakins and KIF21A (Drabek et al., 2006; Mimori-Kiyosue 
et al., 2005; van der Vaart et al., 2013). This type of regulation prevents microtubule 
overgrowth at the cell edge and results in an orderly arrangement of microtubule plus 
ends perpendicular to the cell margin (van der Vaart et al., 2013) (Figure 5A). In cells 
with perturbed CMSCs, microtubule plus ends at the cell periphery become disorganized: 
the velocity of their growth at the cell margin increases, and their orientation becomes 
parallel instead of being perpendicular to the cell edge (van der Vaart et al., 2013) (Figure 
5A).
Using live cell imaging of the microtubule plus end marker EB3-mRFP in KANK1/2 
depleted cells rescued with the wild-type GFP-KANK1, we could indeed show that 
microtubule plus end growth velocity was almost 2.5 times slower at the cell margin 
compared to the central part of the cell, and the majority of microtubules at the cell 

Thesis_20201116.indd   46Thesis_20201116.indd   46 16/11/2020   09:4016/11/2020   09:40



2

Talin-KANK1 interaction controls formation of cortical MT-stabilizing complexes

47

Figure 5. The role of talin-KANK1 interaction in regulating microtubule plus end dynamics around 
FAs
(A) Schematic representation of the pattern of microtubule growth in control HeLa cells and in cells 
with perturbed CMSCs, based on (van der Vaart et al., 2013). (B) TIRFM images of live HeLa cells 
depleted of KANK1 and KANK2 and co-expressing the indicated siRNA-resistant GFP-KANK1 fusions 
and EB3-mRFP. Images are maximum intensity projection of 241 images from time lapse recording of 
both fluorescence channels. (C) Distributions of microtubule growth rates at the 3 mm broad cell area 
adjacent to the cell edge, and in the central area of the ventral cortex for the cells treated as described 
in (B) (n=87–153, 7–8 cells). (D) Ratio of microtubule growth rate in the cell center and at the cell edge 
for the cells treated as described in B (n=7–8 cells). (E) Angles of microtubule growth relative to the cell 
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margin grew at a 60–80 ̊ angle to the cell edge (Figure 5B–E). In the KANK1/2 depleted 
cells expressing KANK1 mutants, the velocity of microtubule growth in central cell 
regions was not affected, but the growth rate at the cell periphery increased, and 
microtubules were growing at oblique angles to the cell margin (Figure 5B–E). The 
increase of the microtubule growth rate observed with the GFP-KANK1-ΔCC mutant 
was less strong than with the two 4A mutants (Figure 5B–E). This can be explained by 
the fact that GFP-KANK1-ΔCC was strongly clustered at FA rims (Figure 3C, Figure 
5B), and, through its ankyrin repeat domain, could still recruit some KIF21A, a potent 
microtubule polymerization inhibitor (van der Vaart et al., 2013).
The results with rescue of talin1 and talin2 co-depletion with GFP-talin1 or its G1404L 
mutant fully supported the conclusions obtained with the KANK1-4A mutant: while 
in GFP-talin1-expressing cells microtubule growth at the cell edge was three fold 
slower than in the cell center, only a 1.5 fold difference was observed in GFP-talin1-
G1404L expressing cells, and the proportion of microtubules growing parallel rather 
than perpendicular to the cell edge greatly increased (Figure 5F–I). We conclude that a 
single point mutation in talin1, which does not interfere with FA formation, is sufficient 
to perturb CMSC clustering and, as a consequence, induce microtubule disorganization 
in the vicinity of peripheral FAs.

Discussion
In this study, we have shown that the conserved KN motif of KANK1 represents an LD-
type ligand of talin, which allows this adaptor protein to accumulate in the vicinity of 
integrin-based adhesions. This function is likely to be conserved in the animal kingdom, 
as the KANK orthologue in C. elegans, Vab-19, in conjunction with integrins, plays 
important roles in a dynamic cell-extracellular matrix adhesion developmental process 
(Ihara et al., 2011). The exact impact of KANK1-talin binding likely depends on the 
specific system, as the loss of KANK proteins was shown to reduce motility of HeLa 
cells and podocytes (Gee et al., 2015; Li et al., 2011), but promote insulin-dependent cell 
migration in HEK293 cells (Kakinuma et al., 2008).
An important question is how KANK-talin1 binding mediates the localization of KANK1 
to the rim but not the core of FAs. One possibility, suggested by our deletion analysis of 
KANK1, is that while the KN peptide alone can penetrate into FAs, larger KN-containing 
protein fragments are sterically excluded from the dense actin-containing core of the 
FA. However, our experiment with the KN-LacZ fusion did not support this simple 

margin for the cells treated as described in B. Box plots indicate the 25th percentile (bottom boundary), 
median (middle line), mean (red dots), 75th percentile (top boundary), nearest observations within 1.5 
times the interquartile range (whiskers) and outliers (black dots) (n=93–114, 7– 8 cells). (F) TIRFM 
images of live HeLa cells depleted of talin1 and talin 2 and co-expressing the indicated GFP-talin1 fusions 
and EB3-mRFP. Images are maximum intensity projection of 241 images from time lapse recordings of 
both fluorescence channels. (G) Distributions of microtubule growth rates at the 3 mm broad cell area 
adjacent to the cell edge, and in the central area of the ventral cortex for the cells treated as described in 
F (n=88–154, 7 cells). (H) The ratio of microtubule growth rate in the cell center and at the cell edge for 
the cells treated as described in panel (F) (n=7 cells). (I) Angles of microtubule growth relative to the cell 
margin for the cells treated as described in F. Box plots as in (E) (n=155–166, 10 cells). In all plots: error 
bars, SEM; ns, non-significant; **p<0.01; **p<0.005; ***p<0.001, Mann-Whitney U test.
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idea, indicating that the underlying mechanism is likely to be more complex and might 
involve specific disordered or ordered domains and additional partners of KANK1, or 
other regulatory mechanisms. Interestingly, we found that reducing contractility with a 
ROCK1 inhibitor caused an increase in overlap of KANK1 with FA markers, suggesting 
that the interaction between KANK1 and talin might be mechanosensitive. An exciting 
possibility is that full length KANK1 can efficiently interact only with talin molecules 
at the periphery of focal adhesions because they are not fully incorporated into the focal 
adhesion structure and are thus less stretched. The KANK1 binding site on talin R7 
overlaps with the high affinity actin binding site in talin (which spans R4-R8) (Atherton 
et al., 2015) and it is possible that different conformational populations of talin exist 
within adhesions and link to different cytoskeletal components.
Another important question is how KANK1 binding to the rim of focal adhesions can 
promote CMSC accumulation around these structures, a spatial arrangement in which 
most of the CMSC mol- ecules cannot be in a direct contact with FAs. Previous work 
on CMSC complexes showed that they are formed through an intricate network of 
interactions. The ’core’ components of these complexes, which can be recruited to 
the plasma membrane independently of each other, are LL5β (and in some cells, its 
homologue LL5α), liprins and KANKs (of which KANK1 seems to predominate in HeLa 
cells) (Astro and de Curtis, 2015; Hotta et al., 2010; Lansbergen et al., 2006; van der Vaart 
et al., 2013) (Figure 6A). The clustering of CMSC components is mutually dependent 
and relies on homo- and heterodimerization of liprins α1 and β1, the association between 
KANK1 and liprin-β1, the scaffolding protein ELKS, which binds to both LL5β and 
liprin-α1, and possibly additional interactions (Astro and de Curtis, 2015; Lansbergen 
et al., 2006; van der Vaart et al., 2013), while the microtubule-binding proteins, such 
as CLASPs and KIF21A, seem to associate as a second ’layer’ with the membrane-
bound CMSC-assemblies (Figure 6A). The CMSC ’patches’ can remain relatively stable 
for tens of minutes, while their individual components are dynamic and exchange with 
different, characteristic turnover rates (van der Vaart et al., 2013).
The dynamic assemblies of CMSC components, which are spatially separate from other 
plasma membrane domains and which rely on multivalent protein-protein interactions, 
are reminiscent of cytoplasmic and nucleoplasmic membrane-unbounded organelles 
such as P granules and stress granules, the assembly of which has been proposed to 
be driven by phase transitions (Astro and de Curtis, 2015; Brangwynne, 2013; Hyman 
and Simons, 2012). The formation of such structures, which can be compared to liquid 
droplets, can be triggered by local concentration of CMSC components. It is tempting 
to speculate that by concentrating KANK1 at the FA rims, talin1 helps to ’nucleate’ 
CMSC assembly, which can then propagate to form large structures surrounding FAs 
(Figure 6B). Additional membrane-bound cues, such as the presence of PIP3, to which 
LL5β can bind (Paranavitane et al., 2003), can further promote CMSC coalescence by 
increasing concentration of CMSC players in specific areas of the plasma membrane. 
This model helps to explain why the CMSC accumulation at the cell periphery is reduced 
but not abolished when PI3 kinase is inhibited (Lansbergen et al., 2006), and why the 
clustering of all CMSC components is mutually dependent. Most importantly, this model 
accounts for the mysterious ability of the two large and spatially distinct macromolecular 
assemblies, FAs and CMSCs, to form in close proximity of each other.
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To conclude, our study revealed that a mechanosensitive integrin-associated adaptor 
talin not only participates in organizing the actin cytoskeleton but also directly triggers 
formation of a cortical microtubule-stabilizing macromolecular assembly, which 
surrounds adhesion sites and controls their formation and dynamics by regulating 
microtubule-dependent signaling and traffi cking.

Figure 6. Model of talin-directed assembly of cortical microtubule stabilizing complex
(A) Three-step CMSC clustering around focal adhesion: 1) KANK1 binds talin rod domain R7 via the 
KN motif, 2) KANK1 initiates a cortical platform assembly by binding liprin-β1 via its CC1 domain, 3) 
completion of CMSC assembly by further clustering of liprins, ELKS, LL5β, CLASP and KIF21A around 
FA. (B) KANK1 binding to nascent talin clusters acts as a ’seed’ for macromolecular complex assembly 
and organization around a FA.
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Experimental procedures
Cell culture and transfection
HeLa Kyoto cell line was described previously (Lansbergen et al., 2006; Mimori-Kiyosue 
et al., 2005). HEK293T cells were purchased from ATCC; culture and transfection of DNA 
and siRNA into these cell lines was performed as previously described (van der Vaart et 
al., 2013). HaCaT cells were purchased at Cell Line Service (Eppelheim, Germany) and 
cultured according to manufacturer’s instructions. The cell lines were routinely checked 
for mycoplasma contamination using LT07-518 Mycoalert assay (Lonza, Switzerland).
The identity of the cell lines was monitored by immunofluorescence-staining-based 
analysis with multiple markers. Blebbistatin was purchased from Enzo Life Sciences and 
used at 50 mM. Serum starvation in HeLa cells was done for 48 hr and focal adhesion 
assembly was stimulated by incubation with fetal calf serum-containing medium with 
or without blebbistatin for 2 hr. ROCK1 inhibitor Y-27632 was purchased at Sigma-
Aldrich and used at 1 or 10 mM. Double stable HeLa cell line expressing GFP-KANK1 
and TagRFP-paxillin was made by viral infection. We used a pLVIN-TagRFP-paxillin-
based lentivirus and a pQC-GFP-KANK1-based retrovirus packaged in HEK293T 
cells using respectively Lenti-X HTX packaging and pCL-Ampho vectors. Antibiotic 
selection was applied to cells 48 hr after infection using 500 mg/ml G418 (Geneticin, 
Life Technologies) and 1 mg/ml puromycin (InvivoGen).

DNA constructs and siRNAs
BioGFP-tagged KANK1 mutants were constructed using PCR and pBioGFP-C1 vector 
as previously described (van der Vaart et al., 2013). Rescue constructs for BioGFP-
tagged KANK1 were either based on the version previously described (van der 
Vaart et al., 2013) or a version obtained by PCR-based mutagenesis of the sequence 
AGTCAGCGTCTGCGAA to GGTGAGTGTGTGTGAG. mCherry-tagged paxillin 
construct was made by replacing GFP from pQC-GPXN (Bouchet et al., 2011) by mCherry 
(pmCherry-C1, Clontech). TagRFP-tagged paxillin construct was made by PCR-based 
amplification and cloning in pTagRFP-T-C1 (kind gift from Y. Mimori-Kiyosue, Riken 
Institute, Japan). HA-tagged KANK1 construct was generated by cloning KANK1 
coding sequence into pMT2- SM-HA (gift of C. Hoogenraad, Utrecht University, The 
Netherlands). pLVX-IRES-Neo (pLVIN) vectors was constructed by cloning the IRES-
neomycin resistance cassette from the pQCXIN plasmid (Clontech) into the pLVX-
IRES-Puro plasmid (Clontech). The lentiviral Lenti-X HTX Packaging vector mix was 
purchased from Clontech. The retroviral packaging vector pCL-Ampho was kindly 
provided by E. Bindels, Erasmus MC, The Netherlands. The retroviral pQC-GFP-KANK1 
vector was constructed by cloning GFP-KANK1 in pQCXIN and the lentiviral pLVIN-
TagRFP-paxillin vector was constructed by cloning TagRFP-paxillin in pLVIN. BirA 
coding vector was described before (van der Vaart et al., 2013). GFP-tagged mouse talin 
1 construct was a kind gift from Dr. A Huttenlocher (Addgene plasmid # 26724) (Franco 
et al., 2004). GFP-tagged KN-LacZ fusion was made using PCR-based amplification 
of KN and LacZ (kind gift, C. Hoogenraad, Utrecht University, The Netherlands), 
pBioGFP-C1 vector and Gibson Assembly mix (New England Biolabs). Site directed 
mutagenesis of KANK1 and talin1 constructs was realized by overlapping PCR-based 
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strategy and validated by sequencing. mCherry-tagged CLASP2 construct was a gift 
from A. Aher (Utrecht University, The Netherlands). Single siRNAs were ordered from 
Sigma-Aldrich or Ambion, used at 5–15 nM, validated by Western blot analysis and/
or immunofluorescence, and target sequences were the following: human KANK1 #1, 
CAGAGAAGGACATGCGGAT; human KANK1#2, GAAGTCAGCGTCTGCGAAA, 
human KANK2#1, ATGTCAACGTGCAAGATGA; human KANK2 #2, 
TCGAGAATCTCAGCACATA; human talin 1 #1, TCTGTACTGAGTAATAGCCAT; 
human talin 1 #2, TGAATGTCCTGTCAACTGCTG; human talin 2 #1, 
TTTCGTTTTCATCTACTCCTT; human talin 2 #2, TTCGTGTTTGGATTCGTCGAC. 
The combination of siRNAs talin1 #2 and talin2#1 was the most efficient and was used 
for the experiments shown in the paper.

Pull down assays and mass spectrometry
Streptavidin-based pull down assays of biotinylated proteins expressed using pBioGFP-C1 
constructs transfected in HEK293T cells was performed and analyzed as previously 
described (van der Vaart et al., 2013). For mass spectrometry sample preparation, 
streptavidin beads resulting from pull-downs assays were ran on a 12% Bis-Tris 1D 
SDS-PAGE gel (Biorad) for 1 cm and stained with colloidal coomassie dye G-250 (Gel 
Code Blue Stain Reagent, Thermo Scientific). The lane was cut and treated with 6.5 
mM dithiothreitol (DTT) for 1 hr at 60 ̊C for reduction and 54 mM iodoacetamide for 
30 min for alkylation. The proteins were digested overnight with trypsin (Promega) at 
37 ̊C. The peptides were extracted with 100% acetonitrile (ACN) and dried in a vacuum 
concentrator. For RP- nanoLC-MS/MS, samples were resuspended in 10% formic acid 
(FA) / 5% DMSO and was analyzed using a Proxeon Easy-nLC100 (Thermo Scientific) 
connected to an Orbitrap Q-Exactive mass spectrometer. Samples were first trapped (Dr 
Maisch Reprosil C18, 3 mm, 2 cm × 100 mm) before being separated on an analytical 
column (Agilent Zorbax 1.8 mm SB-C18, 40 cm × 50 mm), using a gradient of 180 min 
at a column flow of 150 nl min-1. Trapping was performed at 8 mL/min for 10 min in 
sol- vent A (0.1 M acetic acid in water) and the gradient was as follows 15- 40% solvent 
B (0.1 M acetic acid in acetonitrile) in 151 min, 40–100% in 3 min, 100% solvent B for 
2 min, and 100% solvent A for 13 min. Nanospray was performed at 1.7 kV using a fused 
silica capillary that was pulled in-house and coated with gold (o.d. 360 mm; i.d. 20 mm; 
tip i.d. 10 mm). The mass spectrometers were used in a data-dependent mode, which 
automatically switched between MS and MS/MS. Full scan MS spec- tra from m/z 350 – 
1500 were acquired at a resolution of 35.000 at m/z 400 after the accumulation to a target 
value of 3E6. Up to 20 most intense precursor ions were selected for fragmentation. 
HCD fragmentation was performed at normalized collision energy of 25% after the 
accumulation to a target value of 5E4. MS2 was acquired at a resolution of 17,500 
and dynamic exclusion was enabled. For data analysis, raw files were processed using 
Proteome Discoverer 1.4 (version 1.4.1.14, Thermo Scientific, Bremen, Germany). 
Database search was performed using the swiss-prot human database (version 29th of 
January 2015) and Mascot (version 2.5.1, Matrix Science, UK) as the search engine. 
Carbamidomethylation of cysteines was set as a fixed modification and oxidation of 
methionine was set as a variable modification. Trypsin was specified as enzyme and up 
to two miss cleavages were allowed. Data filtering was performed using a percolator 
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(Ka ̈ll et al., 2007), resulting in 1% false discovery rate (FDR). Additional filter was ion 
score >20.

Antibodies and immunofluorescence cell staining
Antibodies against HA and GFP tags, and liprin β1 used for Western blot analysis were 
previously described (van der Vaart et al., 2013). Rabbit antibodies against KANK1 
(HPA005539) and KANK2 (HPA015643) were purchased at Sigma-Aldrich. Western 
blot analysis of KANK1 was performed using rabbit polyclonal KANK1 antibody 
(A301-882A) purchased at Bethyl Laboratories. Talin immunofluorescence staining 
was performed using mouse monoclonal 8d4 antibody (Sigma-Aldrich). Western blot 
analysis of talin 1 and 2 expression was performed using respectively the isotype specific 
mouse monoclonal 97H6 (Sigma-Aldrich) and 68E7 (Abcam) antibodies. Ku80 (7/u80) 
antibody was purchased from BD Biosciences. Immunofluorescence staining of KANK1, 
LL5β, liprin-β1, KIF21A and CLASP2 in HeLa and HaCaT cells was performed using 
the antibodies and procedures previously described (Lansbergen et al., 2006; van der 
Vaart et al., 2013). F-actin was stained using Alexa Fluor 594-conjugated phalloidin 
(Life Technologies). Phospho-tyrosine mouse antibody (PT-66) was purchased from 
Sigma-Aldrich and rabbit FAK phospho-tyrosine 397 was purchased from Biosource.

Microscopy and analysis
Fixed samples and corresponding immunofluorescence images were acquired using 
widefield fluorescence illumination on a Nikon Eclipse 80i or Ni upright microscope 
equipped with a CoolSNAP HQ2 CCD camera (Photometrics) or a DS-Qi2 camera 
(Nikon) an Intensilight C-HGFI precentered fiber illuminator (Nikon), ET-DAPI, ET-
EGFP and ET-mCherry filters (Chroma), Nikon NIS Br software, Plan Apo VC 100x NA 
1.4 oil, Plan Apo Lambda 100X oil NA 1.45 and Plan Apo VC 60x NA 1.4 oil (Nikon) 
objectives. TIRFM-based live cell imaging was performed using the setup described 
before (van der Vaart et al., 2013) or a similar Nikon Ti microscope-based Ilas2 system 
(Roper Scientific, Evry, FRANCE) equipped with dual laser illuminator for azimuthal 
spinning TIRF (or Hilo) illumination, 150 mW 488 nm laser and 100 mW 561 nm laser, 
49,002 and 49,008 Chroma filter sets, EMCCD Evolve mono FW DELTA 512x512 
camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount adapter 
2.5X), CCD camera CoolSNAP MYO M-USB-14-AC (Roper Scientific) and controlled 
with MetaMorph 7.8.8 software (Molecular Devices). Simultaneous imaging of green 
TIRFM imaging was performed as described before (van der Vaart et al., 2013) or using 
the Optosplit III image splitter device (Andor) on the Ilas2 system.
For presentation, images were adjusted for brightness and processed by Gaussian 
blur and Unsharp mask filter using ImageJ 1.47v (NIH). Fluorescence profiles are 
values measured by line scan analysis in ImageJ, normalized by background average 
fluorescence, expressed as a factor of the baseline value obtained for individual channel 
and plotted as a function of maximum length factor of the selection line (distance ratio). 
Protein clustering at the cell edge is the ratio of the total fluorescence in the first 5 μm 
from the cell edge to the next 5 μm measured by line scan analysis in ImageJ after 
thresholding for cell outline marking and out-of-cell region value assigned to zero. 
The results were plotted as percentage of control condition average value. FA counting 
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and area measurement was performed using Analyze Particles under ImageJ on focal 
adhesion binary mask obtained after Gaussian blur/threshold-based cell outline marking 
and background subtraction (rolling ball radius, 10 pixels). KANK1/talin colocalization 
was analyzed using Pearson R value provided by Colocalization Analysis plugin under 
FiJi-ImageJ and a 3 μm diameter circular ROI centered on talin clusters detected by 
immunofluorescent staining.
nEB3-mRFP dynamics was recorded by 0.5 s interval time lapse TIRF imaging. 
Microtubule growth was measured using kymographs obtained from EB3-mRFP time 
lapse image series, plotted and presented as previously described (van der Vaart et al., 
2013). Ratio of microtubule growth in cell center to periphery was obtained as values 
for individual cells. Microtubule growth trajectory angle to the cell edge was manually 
measured in ImageJ using tracks obtained by maximum intensity pro- jection of EB3-
mRFP image series.

Expression of recombinant talin polypeptides
The cDNAs encoding murine talin1 residues 1357–1653 (R7-R8), 1357–1653 D1454–
1586 (R7) and 1461–1580 (R8) were synthesized by PCR using a mouse talin1 cDNA as 
template and cloned into the expression vector pet151-TOPO (Invitrogen) (Gingras et al., 
2010). Talin mutants were synthe- sized by GeneArt. Talin polypeptides were expressed in 
E. coli BL21(DE3) cultured either in LB for unlabeled protein, or in M9 minimal medium 
for the preparation of isotopically labeled samples for NMR. Recombinant His-tagged 
talin polypeptides were purified by nickel-affinity chromatography following standard 
procedures. The His-tag was removed by cleavage with AcTEV protease (Invitro- gen), 
and the proteins were further purified by anion-exchange. Protein concentrations were 
deter- mined using their respective extinction coefficient at 280 nm.

Fluorescence polarization assays
KANK peptides with a C-terminal cysteine residue were synthesized by Biomatik (USA):

KANK1(30–60)C	 PYFVETPYGFQLDLDFVKYVDDIQKGNTIKKC
KANK1(30–68)C	 PYFVETPYGFQLDLDFVKYVDDIQKGNTIKKLNIQKRRKC 
KANK1-4A		  PYFVETPYGFQAAAAFVKYVDDIQKGNTIKKLNIQKRRKC 
KANK2(31–61)C	 PYSVETPYGYRLDLDFLKYVDDIEKGHTLRRC

Fluorescence Polarization was carried out on KANK peptides with a carboxy terminal 
cysteine.
Peptide stock solutions were made in PBS (137 mM NaCl, 27 mM KCl, 100 mM 
Na2HPO4, 18 mM KH2PO4), 100 mg/ml TCEP and 0.05% Triton X-100, and coupled 
via the carboxy terminal cysteine to the Thiol reactive BIODIPY TMR dye (Invitrogen). 
Uncoupled dye was removed by gel filtration using a PD-10 column (GE Healthcare). 
The labeled peptide was concentrated to a final concentra- tion of 1 mM using a centricon 
with 3K molecular weight cut off (Millipore).
The Fluorescence Polarization assay was carried out on a black 96well plate (Nunc). 
Titrations were performed in triplicate using a fixed 0.5 μM concentration of peptide 
and an increasing concentration of Talin R7-R8 protein within a final volume of 100 
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μl of assay buffer (PBS). Fluorescence Polarization measurements were recorded on 
a BMGLabTech CLARIOstar plate reader at room tem- perature and analyzed using 
GraphPad Prism (version 6.07). Kd values were calculated with a nonlinear curve fitting 
using a one site total and non-specific binding model.

NMR spectroscopy
NMR experiments for the resonance assignment of talin1 R7, residues 1357–1653 
D1454–1586 were carried out with 1 mM protein in 20 mM sodium phosphate, pH 6.5, 
50 mM NaCl, 2 mM dithiothreitol, 10% (v/v) 2H2O. NMR spectra were obtained at 298 
K using a Bruker AVANCE III spectrometer equipped with CryoProbe. Proton chemical 
shifts were referenced to external 2,2-dimethyl-2-sila-pentane-5-sulfonic acid, and 15N 
and 13C chemical shifts were referenced indirectly using recommended gyromagnetic 
ratios (Wishart et al., 1995). The spectra were processed using Topspin and analyzed 
using CCPN Analysis (Skinner et al., 2015). Three-dimensional HNCO, HN(CA)CO, 
HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH experiments were used for the 
sequential assignment of the backbone NH, N, CO, CA, and CB resonances.
The backbone resonance assignments of mouse talin1 R7 (1357–1653 D1454–1586) 
have been deposited in the BioMagResBank with the accession number 19139.
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Figure 1—figure supplement 1. KANK1 colocalizes with CMSC components around FAs
(A) Widefield fluorescence images of HeLa cells stained for endogenous proteins as indicated. In the two 
bottom panels, cells were transfected with GFP-KANK1. pY, phospho-tyrosine, a FA marker. (B) Widefield 
fluorescence images of HaCaT cells stained for endogenous proteins as indicated.

Supplementary figures
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Figure 1—figure supplement 2. Role of myosin II activity in KANK1 localization to FA
(A) Widefield fluorescence images of serum-starved HeLa cells stimulated with fetal calf serum with or 
without blebbistatin and stained as indicated. (B) Quantification of peripheral clustering of LL5b in cells 
treated as in panel (A) (n=25–30, 6 cells per condition). (C) Widefield fluorescence images of HeLa 
treated for 45 min with the ROCK1 inhibitor Y-27632 at indicated concentrations and stained as indicated. 
(D–E) Average FA number (D) and individual area (E) in cells treated as in (C) (373–642 FAs/condition 
averaged per cell; n=7). (F) Quantification of peripheral clustering of KANK1 in cells treated as in panel 
(C) (n=12, 5 cells per condition). (G) Quantification of KANK1 and talin colocalization. Pearson R value, 
n=30 in 10–12 cells per conditions. (H) Dual fluorescence time-lapse images acquired using TIRFM in 
HeLa cells stably expressing TagRFP-paxillin and GFP-KANK1 and treated as indicated. Red line, FA rim 
obtained by using a threshold- based mask. In all plots: error bar, SEM; ns, non-significant, ***p<0.001, 
Mann- Whitney U test.
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Figure 1—figure supplement 3. FA localization of KN-bearing proteins
GFP-KN-LacZ fusion localizes to the inner part of FAs. TIRFM images of live HeLa cells transfected with 
TagRFP-paxillin and GFP-tagged KN peptide, ΔANKR KANK1 mutant or KN-LacZ.
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Figure 2—figure supplement 1. NMR validation of the Talin1 R7-R8 mutants
1H,15N HSQC spectra of; (A) Talin1 R7-R8 domain, (B) G1404L Talin1 R7-R8 mutant, and (C) W1630A 
Talin1 R7-R8 Mutant. The mutant spectra show good peak distribution with uniform intensity similar to the 
wildtype suggesting that they are correctly folded.
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Figure 2—fi gure supplement 2. Biochemical characterization of the Talin2:KANK interaction
Binding of BODIPY-labeled KANK1(30–60)C, KANK2(31–61)C and KANK1-4A peptides to Talin2 R7-R8 
measured using a Fluorescence Polarization assay. Dissociation constants ± SE (mM) for the interactions 
are indicated in the legend. ND, not determined.
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Figure 3—figure supplement 1. Validation of KANK1/2 and talin1/2 knockdown and effect of 
disrupted KANK/talin 1 binding in cell spreading and FA formation in HeLa cells
(A–B) Western blot analysis of KANK1/KANK2 (A), and talin1/talin2 (B) co-depletion by independent 
siRNAs (KANK1#1, K1 #1, KANK1#2, K1 #2 and KANK2#1, K2 #1; talin1 #2, t1 #2 and talin2#1, t2 
#1) compared to control siRNA (CT). Ku80, loading control. (C) HeLa cells co-depleted of talin1 and 
talin2 were transfected with the indicated talin1 fusions and stained for the endogenous KANK1. (D) 
Fluorescent F-actin staining in cells treated as in (C). (E–G) Cell area (E), FA count (F) and FA area (G) in 
cells treated as in (C) (n=12 cells, 577–664 FAs analyzed). In all plots: error bar, SEM; ns, non-significant, 
*p<0.05, Mann- Whitney U test.
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Abstract
KANK proteins mediate cross-talk between dynamic microtubules and integrin-based 
adhesions to the extracellular matrix. KANKs interact with the integrin/actin-binding 
protein talin and with several components of microtubule-stabilizing cortical complexes. 
Due to actomyosin contractility, the talin-KANK complex is likely under mechanical 
force, and its mechanical stability is expected to be a critical determinant of KANK 
recruitment to focal adhesions. Here, we quantified the lifetime of the complex of the 
talin rod domain R7 and the KN domain of KANK1 under shear-force geometry and 
found that it can withstand forces for seconds to minutes over a physiological force range 
up to 10 pN. Complex stability measurements combined with cell biological experiments 
suggest that shear-force stretching promotes KANK1 localization to the periphery of 
focal adhesions. These results indicate that the talin-KANK1 complex is mechanically 
strong, enabling it to support the cross-talk between microtubule and actin cytoskeleton 
at focal adhesions. 
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Introduction
Integrin-based adhesions (focal adhesions, FAs) are large macromolecular assemblies, 
which are crucial for cell migration, growth, and proliferation, as well as tissue formation 
and maintenance, because they transmit mechanical force and regulatory signals between 
cells and the extracellular matrix (ECM).1,2 The molecular architecture of FAs is built 
up by a set of proteins including talin, paxillin, vinculin, and filamentous actin.3 FAs 
are dynamic assemblies of these proteins that assemble on the cytoplasmic face of the 
integrin, and their life cycle is regulated by the coordinated actions of both actomyosin 
and the microtubule (MT) cytoskeleton.4 MTs interact with FAs through a network of 
scaffolding proteins, among which the evolutionarily conserved KANK family proteins 
play a crucial role.5

The KANK family of proteins (KANK1−KANK4) are characterized by their unique 
structure, with the family specific KN motif at the N-terminus, followed by coiled-coil 
domains and ankyrin-repeats (Ank domain) in the C-terminal region6 (see Figure 1a, 
left panel). The KN motif consists of 22−23 residues and is highly conserved across the 
KANK family.7 KANK proteins interact with the cortical MT stabilization complexes 
(CMSCs) by binding to liprin-β1 through their coiled-coil domain. Moreover, KANK1 
recruits KIF21A to CMSCs through the Ank domain.8,9 By interacting with talin through 
the KN domain, KANK1 and KANK2 recruit to the peripheral zone of FA (“FA belt”) the 
scaffolding protein liprin-β1, which tethers additional CMSC components and connect 
the MT targeting machinery to integrins.7,10 Through these interactions, KANK proteins 
mediate a cross-talk between actin cytoskeleton and microtubule cytoskeleton networks 
at FAs.5,7,10,11

Talin is a mechanosensitive protein that links the integrin- mediated cell-matrix contacts 
to the actin cytoskeleton. Talin comprises an N-terminal FERM domain that binds to 
the cytoplasmic tails of integrins and a C-terminal rod domain containing 13 α-helical 
bundles (R1−R13) terminating with a single α-helix that mediates talin dimerization.12 
It also contains three actin binding sites located at the C-terminal end (ABS3),13 four 
consecutive α-helical bundles in the rod (R4-R8, ABS2),12,14,15 and an additional binding 
site located at the N-terminus (ABS1).16 Both talin isoforms, talin1 and talin2, were 
shown to interact with KANK1 and KANK2 through the KN-domain, which is an 
α-helix containing a leucine-aspartic acid (LD) motif.17 The KN-domain interacts with 
the talin R7 domain via the “helix-addition” binding mode, whereby the KANK KN-
domain packs against the side of the 5-helix R7 bundle (see Figure 1a, right panel).7,10,18 

KANK1/2 binding to talin R7 can interfere with the actin binding to ABS2.10

The talin-R7/KANK-KN (R7/KN) complex is likely subject to mechanical force due to 
actomyosin contractility that generates a pulling force on talin.15,19 The F-actin binding 
through ABS3 subjects all the domains in the talin rod to mechanical stretching.20 As talin 
is tethered to the integrin at the plasma membrane, the mechanical deformation of talin 
under tensile force is expected to increase the distance between R7 and the membrane, 
which, in turn, would result in mechanical stretching of the region of KANK1/2 between 
the cortex-associated coiled coil domain and the talin R7- associated KN domain (Figure 
1a).
The crucial role of KANK1/2−talin interaction in KANK’s functions implies that the 
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R7/KN complex should be able to withstand physiological levels of forces. It has been 
shown that the forces in talin-mediated force transmission pathways are typically on the 
order of a few piconewtons (pN).21−24 The lifetime of talin in FAs was estimated using 
fluorescence recovery after photobleaching (FRAP) assay in the order of a few tens 
of seconds.25,26 Based on this information, we hypothesized that the R7/KN complex 
can withstand forces of a few piconewtons over a time scale on the order of seconds to 
minutes.
In cells, the force applied to the R7/KN complex is through the C-termini of R7 and KN 
(Figure 1a). Depending on the distance between the talin−FERM associated with integrin 
at the membrane and the KANK-coiled coil domain associated with the CMSC complex 
on membrane, and the angle of the talin rod relative to the two, the force on talin R7 and 
that on KANK-KN can have an angle in the range of 90° ≤ θ ≤ 180° (Figure 1a). The two 
extremes correspond to shear-force geometry (θ = 180°) and unzip-force geometry (θ = 
90°), which are known to correspond to the strongest and weakest mechanical stabilities 
of a molecular complex, respec- tively.27−29 We reasoned that the more mechanically 
stable R7/KN complex under shear force predominates the talin− KANK linkage. In 
this work, we used magnetic tweezers30,31 to investigate the mechanical stability of R7/
KN complex under the shear-force geometry (see Figure 1a, right (top panel) and Figure 
1b). Furthermore, we performed cell biological experiments to test whether shear-force 
stretching geometry can promote KANK1 localization to the periphery of FAs. Our 
results suggest that the talin−KANK1 complex is mechanically strong, enabling it to 
support the cross-talk between microtubule and actin cytoskeleton at FAs, and shear-
force stretching can promote KANK1 localization to the FA belt.

Results
R7/KN Complex Can Resist Piconewton-Range Shear Force 
Measuring biomolecular interactions under mechanical force with magnetic tweezers is 
complicated by the presence of two molecules. One strategy to study such interactions 
is to tether the superparamagnetic bead on one molecule (e.g., the KN domain), which 
would bind to the other molecule (e.g., talin R7) tethered to the surface. In this scenario, 
force exerted on the bead is transmitted to the interaction interface. However, after a 
single force extension cycle, the tether would be lost due to dissociation of the complex. 
A meaningful experiment would thus require stretching of many independent tethers, 
which makes it difficult to perform experiments with high throughput.
To enable precise direct quantification of molecular complexes under the shear-force 
geometry (Figure 1a, right (top panel)), we performed the experiments using a novel 
single-molecule detector. The detector was comprised of an R7 domain of talin1 and a 
KN domain of KANK1, connected by a long flexible linker (222 a.a.), mainly derived 
from the FH1 domain of Diaph1, which we have characterized previously32 (see Figure 
1b). We also included two well-characterized titin I27 domains in the detector, which 
serve as a molecular spacer between the target R7/KN complex and the surface (Figure 
1b). An avi-tag is inserted near the C-terminus of the R7 domain, and a spy-tag is attached 
at the C-terminus of the second I27 domain (Figure 1b). In addition, each domain is 
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surrounded by short flexible linkers of several residues to ensure the flexibility of the 
detector. The detector was tethered between a coverslip and a 572-bp DNA handle linked 
2.8-μm-diameter superparamagnetic bead (the DNA handle serves as a molecular spacer 

Figure 1. Mechanical stability of the R7/KN complex.
(a) Illustration of the talin and KANK interaction at FAs. Left panel: the FA core of integrin coupled to the 
actin cytoskeleton via talin. KANK (blue) mediates the linkage between talin and the CMSC (indicated 
liprin-β1, a component of CMSC), which binds to MTs. Inset: the geometry of the forces acting on the 
talin-R7:KANK-KN interaction. Right panel: structural model of the R7/KN complex under shear-force 
geometry at low force (top) and high force (bottom). (b). Top panel: single-molecule detector construct of 
R7/KN complex (N-to-C terminus): R7 domain, avi-tag, FH1 linker, KANK1-KN domain, two I27 domains, 
and spy-tag. Bottom panel: Force is applied through the C-termini of KANK1-KN and Talin1-R7. The R7/
KN complex formed at low forces can be unlooped at increased force, R7/KN complex partially unfolding 
can occur before unlooping. The difference in bead height between the paired-looped state, and partially 
unfolded state is indicated by Δz11, and that between partially unfolded state and the unpaired-unlooped 
state is indicated by Δz2. (c) Four representative color-indicated force-extension curves of the single-
molecule detector at force loading rates of 0.70 ± 0.07 pN s-1 (force increase) and -0.1 ± 0.01 pN s-1 
(force decrease). The large extension jumps (red arrow) at ~9 pN corresponds to unlooping of the R7/
KN complex; The smaller extension jumps (blue arrow) at 6-7 pN corresponds to partial unfolding of the 
R7 domain in the R7/KN complex. (d) The force-step size graph of the two extension jumps of R7/KN 
complex during force increase (~0.7 pN s-1), which reveals three distinct groups indicated by red, blue and 
black colors. The red data points represent R7/KN complex unlooping, with force of 9.4 ± 0.1 pN (mean 
± s.e.) and step size of 39.8 ± 0.8 nm. The black and blue data points represent the partial unfolding of 
talin1-R7 domain in the R7/KN complex with force of 6.5 ± 0.1 pN and step size of 15.6 ± 0.4 nm (black) 
and of 9.4 ± 0.1 pN and of 18.2 ± 0.7 nm (blue), respectively. Data obtained for single R7 domain unfolding 
during force increase (grey data points, ~0.5 pN s-1) are provided for comparison, with force of 6.5 ± 0.1 
pN and step size of 28.5 ± 0.3 nm. Over 100 data points were obtained from at least five independent 
tethers for R7 partial unfolding, R7/KN complex unlooping, and single R7 domain unfolding. The error 
bars in the graph indicate the mean value and standard deviation of the data in each group.

Thesis_20201116.indd   73Thesis_20201116.indd   73 16/11/2020   09:4016/11/2020   09:40



3

Chapter 3

74

between the complex and the bead), and was stretched by forces applied using magnetic 
tweezers that were made in-house.30,31,33 In this design, after the R7/KN complex 
dissociates, the tether promotes complex reformation after force is released. Thus, one 
tether can be reused multiple times, which increases the throughput of the experiments. 
The detector has two conformational states: a looped state, where R7 and KN form a 
complex, and an unlooped state, where the R7 and KN are separated. Because of the 
long flexible linker, when subjected to force, the two states have significant differences 
in extension. The height of the bead in the longer unlooped state is higher than that in 
the shorter looped state, and this difference can be detected by the setup in real time at a 
nanometer spatial resolution for the bead height.30

Using this experimental setup, we obtained the force-dependent time traces of the 
bead height change. Figure 1c shows representative force-bead height curves during 
four consecutive cycles of force-increase (loading rate of 0.7 ± 0.07 pN s−1) and force-
decrease (loading rate of −0.1 ± 0.01 pN s−1) scans (indicated by different colors) of a 
single tether. Two stepwise extension increases were observed during the force-increase 
scan: one at ~6.5 pN, with a step size of ~15 nm (blue arrow), and the other at ~9.5 pN, 
with a step size of ~40 nm (red arrow). Since the KN domain is an unstructured peptide 
and R7 is not under force if the R7/KN complex is disengaged (Figure 1b), it is unlikely 
to have unlooping in the first step and unfolding in the second step. Therefore, we can 
assign the first stepwise extension increase to be partial unfolding of the R7/KN complex 
and the second step can be assigned to be complete rupture of the complex, which results 
in unlooping of the detector. The complex could also be ruptured in a one-step process 
with a larger step size (see Figure S1 in the Supporting Information), which can be 
explained by concurrent partial unfolding and unlooping, or direct unlooping without 
partial unfolding of the complex.
Figure 1d shows the force-step size graph of the transition events obtained. The data 
suggest that the partial unfolding in the two-step process could occur at two distinct 
mechanical stability groups (black and blue), indicated by the well- separated unfolding 
forces at 6.5 ± 0.5 pN (mean ± standard deviation) and at 9.4 ± 0.5 pN, respectively. For 
comparison, unfolding of R7 alone occurs at forces of ~6.5 ± 1.1 pN with a step size 
of 28.5 ± 3.9 nm (Figure 1d, gray). The presence of two mechanically stable groups 
of partial unfolding of talin R7 in the R7/KN complex likely indicates the presence of 
two transition pathways with different force-dependent kinetics. Despite the different 
transition forces, the two groups of partial unfolding have very similar transition step 
sizes of 15.6 ± 3.6 nm and 18.2 ± 5.0 nm. Such step sizes are much shorter than the 
extension change expected from dissociation of the R7/KN complex, which is consistent 
with the explanation that they correspond to partial unfolding of the R7/KN complex. 
Fitting the partial-unfolding force distributions for the black and blue groups with Bell’s 
model34,35 reveals large transition distances of 6−8 nm associated with partial unfolding 
of the R7/KN complex (see Figures S2 and S3 in the Supporting Information), suggesting 
large conformational changes of the R7/KN complex preceding the partial unfolding 
transitions.
The red group, which is characterized with a large step size of 39.8 ± 9.7 nm and a 
transition force of 9.4 ± 0.7 pN, represents the complete rupture of the R7/KN complex. 
Data in this group include the second stepwise extension increases in the two-step process 
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and the stepwise extension increases in the single-step process. Direct unlooping without 
partial unfolding is expected to be associated with a step size of ~55 nm at ~10 pN, 
because of the presence of the long flexible linker and based on worm-like-chain (WLC) 
model estimation (see Supplementary Text S2 in the Supporting Information).32,36,37 In 
contrast, if partial unfolding precedes the final rupturing of the complex, the extension 
of the linker is pre-extended (Figure 1b). As a result, the step size associated with the 
final rupturing of the complex can be significantly less. This explains why the step sizes 
of the unlooping spread over a range from 15 nm to 55 nm (Figure 1d, red). Similar to 
the partial unfolding transition, a large transition distance of ~8 nm was estimated for 
the unlooping transition based on Bell’s model fitting, suggesting a large conformational 
change of the R7/KN complex preceding the final rupture of the complex (see Figure S2 
in the Supporting Information).

R7/KN Complex Exhibits Catch-to-Slip Bond Switching Behavior
In order to quantify the mechanical stability of the R7/KN complex, we measured the 
lifetime of the R7/KN complex at different forces using a force-jump-cycle procedure 
by holding the R7/KN complex at different forces and recording the dwell time until the 
unlooping transition occurred. Briefly, in each force-jump cycle, the molecule was first 
held at a low force of ~2 pN for ~10 s (blue data in Figure 2a) to allow the formation 
of the R7/KN complex, and then jumped to ~4 pN for 1 s to check whether the R7/KN 
complex was formed or not, since there is a distinct bead height difference between the 
paired and unpaired states of the molecule at ~4 pN (magenta data in Figure 2a). The 
force then jumped to the target force (e.g., ~7.2 pN, red data in Figure 2a) and kept at 
that force for sufficiently long time until the complete rupture of the R7/KN complex 
was observed. Figure 2a shows a representing time trace of the bead height recorded at 
~7.2 pN (four further time traces are shown in Figure S4 in the Supporting Information), 
where the looped state of the detector lasted for ~25 s until unlooping (indicated by the 
red arrow) after the force jumped to ~7.2 pN. During the ~25 s before the unlooping 
transition, reversible stepwise bead height changes of step sizes of ~15 nm (indicated by 
blue arrows) resulted from partial unfolding/refolding of the R7/ KN complex.
Figure 2b shows the resulting force-dependent lifetime of the R7/KN complex (gray data 
points). At each force, 50−200 data points were obtained from at least five independent 
tethers. The data can be fitted with exponentially decaying function (see Figure S5), which 
determines the time constant (i.e., the average lifetime) at different forces (red circles). 
The data reveal that the R7/KN complex can last for seconds to minutes over a force 
range up to 10 pN, with the maximum lifetime occurring at ~6 pN. The nonmonotonic 
force- dependence of the mechanical lifetime of the R7/KN complex indicates a switch 
from a catch-bond behavior (lifetime increases as force increases) to a slip-bond behavior 
(lifetime decreases as force increases) at forces of ~6 pN. The possible causes of this 
catch-to-slip switch behavior are discussed in the Discussion section.

Membrane Tethering Promotes Force-Dependent KN Localization to FA Periphery
The mechanical stability of the R7/KN complex is expected to have a strong dependence 
on the pulling geometry. We reasoned that KANK proteins may enrich at locations of 
FAs where the mechanical stability of the talin−KANK association is maximized. To test 
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Figure 2. Mechanical lifetime of the R7/KN complex.
(a) Representative time trace of extension change during force-jumping assay to quantify the mechanical 
lifetime of the R7/KN complex at various forces. In such an assay, after jumping from 1.8 pN to a higher 
force, the average lifetime of the complex at the higher force is measured in multiple cycles. In this 
example, the lifetime (~25 s, indicated by dashed red arrow) of the complex at 7.2 pN in one force jump 
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whether shear-force geometry leading to stronger mechanical stability could be a potential 
mechanism contributing to the peripheral localization of KANK proteins at FAs,7,10 we 
examined whether the KN domain, which, by itself, localizes throughout the FA,7,10 would 
display a different localization if tethered to the plasma membrane imposing a pulling 
geometry on the interaction with talin. To achieve this, we fused a membrane anchoring 
CAAX-motif of Ras GTPase to the C-terminus of the KN domain (Figure 3a). To exclude 
the potential effects of endogenous KANKs on the localization of KANK fragments, we 
used HeLa cells that were knocked out for KANK2 and depleted of KANK1, the two 
predominant KANK isoforms in these cells8 (see Figures S6a and S6b in the Supporting 
Information). Interestingly, the KN domain, either alone or with the adjacent “L1” linker 
region C-terminal of the KN domain (Figure 3a), localized throughout the FA, whereas 
the CAAX-fused version of KN-L1 was enriched at the periphery of FAs in a pattern that 
was reminiscent of the localization of the full-length KANK1 (see Figures 3b−d, as well 
as Figure S7 in the Supporting Information) in low expressing cells. In contrast, the L1-
CAAX fusion without the KN domain was distributed evenly at the plasma membrane 
and showed no enrichment at FAs (see Figures 3c and 3d). The observed differences 
in the localization of KN-L1 and KN-L1-CAAX were unlikely to be due to the effects 
of these constructs on the FAs, as these constructs had no significant impact on the FA 
number and the size (see Figure S6c). FRAP-based analysis of the turnover of different 
KN constructs showed that their localization reflected the part of the FA where they 
are preferentially recruited (throughout FA for KN or KN-L1, peripherally for KN-L1-
CAAX) rather than some complex redistribution of the construct within FA after the 
binding (Figures 3e and 3f). These results are consistent with the hypothesis that plasma 
membrane tethering, which is expected to lead to a shear-force geometry of the talin−
KANK1 interaction, can promote KANK1 enrichment at the FA periphery, possibly 
because the mechanical stability of KANK/ talin association is maximized at these sites.
To investigate whether the peripheral distribution of KN-L1- CAAX is dependent on the 
pulling forces exerted on FAs, we attenuated these forces using the ROCK1 inhibitor 
Y27632, which induces gradual FA disassembly (see Figures S8a−S8d in the Supporting 
Information). Although the KN and KN-L1 fragments strongly colocalized with the 
FA marker paxillin at all time points, the KN-L1+CAAX fusion was located at the FA 
periphery but moved into the core of FA after the ROCK inhibitor treatment (Figure 
S8a). This was reflected by an increase in the correlation coefficient between the two 
signals (Figure S8b) and was also observed in live cells (Figure S8e). These data were 
similar to those obtained for full-length KANK1 in ROCK inhibitor-treated cells (Figure 

is shown. Blue arrows indicate stepwise extension changes associated with partial unfolding/refolding 
prior to unlooping. The red arrow indicates stepwise extension change associated with unlooping. The 
grey arrows indicate force change-induced bead height changes during force jumps. The insets show 
the sketches of the detector in the looped state at ~1.8 pN and the unlooped state at ~7.2 pN. Additional 
examples of time trace extension change during force-jumping assay are shown in Supplementary Figure 
S4. (b) Force-dependent lifetime of the R7/KN complex. The hollow grey circles represent each individual 
lifetime measured. The red solid circles represent the characteristic lifetime obtained from exponential 
decay fitting of the raw data at each force. Inset shows a representative exponential fitting for data 
obtained at 6 pN, the exponential decay fitting of the lifetime distributions at all forces are shown in 
Supplementary Figure S5. The lateral-error bar indicates 10% force calibration error of the magnetic 
tweezers system. The vertical-error bar indicates s.e. of the mean value of the lifetime. 50-200 data points 
were obtained from at least five independent tethers at each force.
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Figure 3. Localization of KANK1 and its KN-containing fragments at FAs.
(a) Schematic representation of full-length KANK1 and the different KANK1 fragments. CAAX, contains 
the membrane anchoring motif from K-Ras4b. (b) Quantification of KANK1 clustering at FAs. The 
left panel illustrates how the clustering of the different KANK1 constructs was analyzed: A ratio of the 
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S8a−S8f), although full-length KANK1 never showed such a complete overlap with FA 
markers as the different KN fusions, because it also partly colocalized with the liprin-
containing cortical sites (Figures S8a−S8f). Our data support the idea that forces exerted 
on talin play an important role in the localization of plasma membrane-tethered KN 
domain to the periphery of FAs.

Discussion
Using a novel single-molecule detector to study protein− protein interactions with 
magnetic tweezers, we have quantified the mechanical stability of the talin−KANK 
complex. We find that, under shear-force geometry, this complex can withstand forces of 
several piconewtons for seconds to minutes. This force range lies within the physiological 
force level in the talin-mediated force-trans- mission pathway measured using a single-
molecule force sensor.15,21,23,38,39 The survival time scale over this force range is similar 
to the talin lifetime in FAs in living cells (tens of seconds), based on talin turnover rate 
measurements.25,26,40 Therefore, the R7/KN complex is able to support a mechanically 
stable connection between talin and KANK1.
Because of the highly conserved sequences of KN motifs among all four KANK family 
proteins, similar mechanical stability can be expected for the complexes formed between 
R7 and KN from different KANK proteins. Together, these results suggest that the R7-
KN interaction is capable of mediating a robust cross-talk between the actomyosin 
network and MTs at FAs. The functional implications of this cross-talk deserve further 
exploration. For example, a recent paper reported that depletion of either KANK1 or 
KANK2 or overexpression of the KN domain led to FA enlargement,11 whereas we and 
others have observed no strong effects of KANK loss or KN expression on FA size or 
disassembly.7,10 Whether this reflects the distinct cell types used or other experimental 

KANK1 signal at the FA rim, which extends 0.2 μm beyond the FA outline and 0.2 μm into the FA to the 
KANK1 signal at the FA central part, was measured. The right panel shows the bar plot with the ratios 
expressed as mean ± SD. For each condition, 143 – 225 FAs were analyzed in at least two independent 
experiments (FL n=145 [2 experiments]; KN n=171 [3 experiments]; KN-L1 n=143 [2 experiments], KN-
L1+CAAX n=225 [2 experiments]). For statistical analysis a one-way ANOVA test was performed using 
GraphPad Prism software (****, p < 0.0001). (c,d) Localization of the indicated KANK1 constructs in 
HeLa cells. HeLa cells knockout for KANK2 and depleted of KANK1 using siRNA transfection were 
transiently transfected with GFP-tagged and siRNA-resistant KANK1 constructs (green). Cells were fixed 
and stained for the endogenous FA protein paxillin (magenta). Full-length KANK1 localizes exclusively 
to the FA rim (enlargement 1 line scan in Fig. 3c,d-A) and is absent from the central area of FAs (see 
line scan Fig. 3d-A). The KANK1-KN and the KANK1-KN-L1 constructs overlap with FAs and show high 
abundance in the central area of FAs (enlargement 2 and 3 and line scans in Fig. 3c,d-B and C). The 
addition of the membrane anchoring CAAX motif to the KANK1-KN-L1 construct (KANK1-KN-L1+CAAX) 
leads to the enrichment in FA rim area (enlargement 4 and line scan in Fig. 3c,d-D). The membrane 
anchoring CAAX motif without the talin binding KN domain (KANK1-L1+CAAX) shows even distribution at 
the plasma membrane and no enrichment at FAs (enlargement 5 and line scan in Fig 3d-E). The arrows 
(A-E) represent the direction of the line scans shown in Fig. 3d. Three more line scans were performed for 
each of the 5 original line scans, results are shown in Figure S7. (e) Single frames of FRAP experiments 
in HeLa cells prepared as described above. A pre-FRAP image, the first frame after photobleaching (t = 
0 sec) and the indicated time points after FRAP of a 2.3-μm-diameter circle region in the KANK1 patch 
are shown.  (f) Quantification of fluorescence recovery. The graph shows mean curves (bold lines) ± SD 
(light dotted lines) over time. For each condition, in total 18 – 40 KANK1 patches were analyzed in two 
independent experiments (FL n=26; KN n=18; KN-L1 n=31; KN-L1+CAAX n=40).
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differences requires further investigation.
An important finding is that the R7/KN complex has a maximum lifetime at forces of ~6 
pN, indicating a catch-bond kinetics at forces below 6 pN. The catch-bond kinetics refers 
to an anti-intuitive phenomenon where the molecular lifetime increases as the force 
applied to the interacting molecules increases, which is often observed at a physiological 
level of forces41−43 under shear-force geometry.27,28,44 At forces above 6 pN, the R7/KN 
complex follows a slip-bond kinetics, which refers to quicker molecular dissociation 
at increased forces. Together, the R7/KN complex exhibits catch-to-slip switching 
behavior, which has an apparent advantage to define an optimal force range for stable 
talin/KANK connection.
As suggested in previous theoretical studies, such catch-to- slip switch behavior can 
be explained by multidimension models such as single-state multipathway models 
where the transitions starting from the same native state can follow different pathways, 
and multistate models where the transitions can start from different force-dependent 
competitive “native” states, each following a single pathway leading to unfolding/ 
rupturing,45−49 or by differential entropic elastic extension fluctuation of the molecule in 
the native and the transition states at low forces (typically a few piconewtons), where 
the entropic elastic extension fluctuation cannot be ignored.27,28,50 Since the unlooping 
transition of the R7/KN detector could occur in two steps or one step at forces on the 
level of a few piconewtons, all these mechanisms are eligible candidates for the observed 
catch-to-slip switch behavior in our experiments.
Interestingly, we observed that the R7/KN complex can undergo partial unfolding 
before complete dissociation. Since KN is a single peptide in the R7/KN complex, the 
intrinsically disordered FH1 cannot contribute to unfolding signals,32 and the two I27 
domains have an ultraslow unfolding rate at forces below 20 pN (<0.001/s per domain),27 
this partial unfolding should occur via the unraveling of a few α-helices in R7. The R7 
domain contains five α-helices (H1−H5) and, based on the step size (~15 nm) of the 
partial unfolding and the corresponding unfolding force, we estimated that, under these 
conditions, approximately three α-helices should be unraveled from R7 and released 
under force. A previous molecular docking study suggested that the KN peptide mainly 
interacts with helices H2 and H5 in R7 (Figure 1a).7 Since the force is applied to the 
C-termini of KN and H5 of R7, according to the structure predicted based on molecular 
docking, one must assume that H5 needs to dissociate from KN. The step size of 15 nm 
observed for the partial unfolding suggests that H4 and H3 are likely also unraveled 
from R7. Based on this model, in the partially unfolded R7/KN complex, the KN peptide 
could remain bound to the H1/H2 coiled coil through the predicted interaction with H2 
and potential interacting sites on the exposed H1 (Figure 1a, right (bottom panel)).
The mechanical stability of the R7/KN complex is expected to have a strong dependence 
on the pulling geometry. In this work, we quantified the mechanical stability of the R7/
KN under the shear-force geometry, which provides the highest mechanical stability. 
We reason that this pulling geometry may play the most important role in mediating the 
stable connection between actomyosin network and CMSCs, since the R7/KN complexes 
formed under a less-stable pulling geometry may dissociate quickly. One could imagine 
that KANK proteins are likely enriched at locations under optimal pulling geometry 
(shear-force geometry) and optimal force range (~6 pN).
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Interestingly, KANK proteins are enriched at the periphery of FAs.7,10 It remains unclear 
whether this localization can be explained by the mechanical stability of the talin−KANK 
complex, or whether it requires interactions between KANKs, talin, and other proteins. It 
is thought that competition between the KN domain and actin is a factor that contributes to 
the exclusion of KANKs from the FA cores.5,7 However, this mechanism is not sufficient 
to explain the peripheral enrichment of KANK at FAs, because the KN domain alone 
binds to talin throughout a focal adhesion (see, e.g., Figure 3). Experiments in cells have 
revealed that KANK1-KN-L1-CAAX preferentially localized to the periphery of FAs in 
low- expressing cells, while KANK1-KN and KANK1-KN-L1 without the CAAX motif 
were distributed more evenly throughout FAs, and the KANK1-L1-CAAX without the 
KN domain resulted in complete loss of the FA localization. Since the KANK1-KN-
L1-CAAX construct lacks the domains interacting with any known KANK1 partners 
except talin, these results are consistent with the idea that the KN domain directs the FA 
localization of KANK and that the membrane tethering creates a shear-force geometry, 
which promotes KANK enrichment at FA periphery by increasing the mechanical 
stability of the talin−KANK linkage. Further support for the importance of forces exerted 
on the talin−KANK linkage for KANK localization is provided by the experiments on 
ROCK inhibition, which show that both full-length KANK1 and the membrane-tethered 
KN domain redistribute into the FA core when actomyosin contractility is attenuated. It 
will be interesting to measure the forces in talin molecules at different locations in FAs, 
which may provide additional insights into whether the optimal mechanical stability is a 
mechanism underlying the distribution of KANK proteins at FAs.
The single-molecule detector approach described in this study provides a highly effective 
way to directly quantify the mechanical stability of binary molecular complexes formed 
by two proteins or between two domains within one protein. In the future, applications 
of this approach will allow quantification of the mechanical stability of several crucial 
connections involved in various mechanotransduction pathways at different types of 
cell−ECM and cell−cell adhesions.
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Experimental procedures
Single-Protein Manipulation and Analysis. 
All in vitro single-protein stretching experiments were performed using a vertical 
magnetic tweezers setup.30,31 The channel is combined with a disturbance-free, rapid 
solution-exchange method51 to avoid flow-drag during sample preparation. Experiments 
were performed in solution containing 1X PBS, 1% BSA, 2 mM DTT, and 10 mM 
sodium L-ascorbate at 21 ± 1 °C. In typical magnetic tweezers experiments, the height 
of the superparamagnetic bead from the bottom coverslip surface is recorded. The bead-
height change is the extension change of the molecule when the force applied to the bead 
remains constant. When the force applied to the bead changes, the bead-height change 
is a combined effect of the forcedependent elastic extension change of the molecule and
bead-rotation due to force-change-induced torque rebalance.33,52 Therefore, a concurrent 
stepwise bead-height change is usually observed during force jump (which takes ≤0.25 
s in our setup). On the other hand, during the linear force-increase/force-decrease scans 
with a loading rate of ~0.5−1 pN s−1 used in our study, the stepwise bead-height change 
is the same as the stepwise extension change of the molecule. This is because the force 
change over the time window of the stepwise transition (≤0.01 s, the temporal resolution 
of our setup) is negligible (≤0.01 pN). More details of plasmid constructs, protein 
expression, and data analysis can be found in Supplementary Text S1 and S2 in the 
Supporting Information.

Cell culture and transfection
HeLa cells knocked out for KANK2 were cultured in a DMEM medium with 10% (v/v) 
fetal calf serum and with 1% (v/v) penicillin/streptomycin. The cell line was routinely 
checked for mycoplasma contamination using Mycoalert assay (LT07−318, Lonza), 
following the supplier’s instructions. Transfection of DNA and siRNA into these cells 
was performed as previously described in the work reported by van der Vaart et al.8 

siRNAs were transfected using HiPerFect (Qiagen) at a concentration of 20 nM and 
cells were analyzed 72 h after transfection. DNA constructs were transfected using 
FuGene6 (Promega). More details of antibodies and immunofluorescence staining, 
DNA constructs and siRNAs, transfection procedures, generation of HeLa KANK2 
knockout cell line, fluorescence microscopy and analysis, and fluorescence recovery 
after photobleaching and data analysis can be found in Supplementary Text S3−S9 in the 
Supporting Information.

Data availability
The authors declare that all data supporting the findings of this study are available within 
the article and its Supplementary Information or from the corresponding author upon 
reasonable request.
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Supplementary Figures

Supplementary Figure S1.
Three representative single-step unlooping (red arrows) of the R7/KN complex during force-increase scan 
with a loading rate of ~0.7 pN s-1. Here we note that, the increase/decrease steps of the green line at 
forces <2 pN were caused by environmental noise during the experiments.

Supplementary Figure S2. The partial unfolding and unlooping force distribution of the R7/KN 
complex
(a). Normalized histograms of R7/KN complex partial unfolding forces. The black and blue groups in the 
panel correspond to the two groups indicated in Fig.1d. The black and blue curves are the Bell’s model 
fitting of partial unfolding force distributions for the black and blue groups, respectively. (b). Normalized 
histograms of R7/KN complex unlooping (complete rupture) forces. The red line is the Bell’s model fitting 
of unlooping force distribution. The resulting fitting parameters (transition distance Δx and extrapolated 
zero-force unfolding/unlooping rate ku

0) are indicated in the figure panels correspondingly.
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Supplementary Figure S3. Force response of talin R7 domain
(a) Typical force-bead height curves of the R7 domain at a force loading rate of 0.5 pN s-1. Three 
representative consecutive force-scans are shown, indicated by different colors. (b) Normalized 
histograms of R7 unfolding force distributions at three different force loading rates (0.5 pN s-1, 2 pN s-1 
and 5 pN s-1), indicated by different colors. Colored lines indicate the Bell’s model fitting of the unfolding
force distributions. The resulting fitting parameters (transition distance Δx and extrapolated zero-force 
unfolding rate ku

0) are indicated in the figure panels correspondingly.

Supplementary Figure S4. Representative time-bead height traces of the R7/KN complex at 7.2 pN
Four representative time-bead height traces of complete rupture of R7/KN complex at ~ 7.2 pN. The 
complete rupture transition of the complex is indicated by red up arrow in each trace. The lifetime of the 
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complex in each trace is indicated by the red dashed arrow.

Supplementary Figure S5. The force-dependent lifetime distributions of R7/KN complex
R7/KN complex lifetime distribution and the corresponding exponential decay fitting (red lines) at 
different forces (panels a-f) in the range of 5-8 pN. The resulting time constant, τ of the lifetime and the 
corresponding fitting error at each force are indicated in the corresponding panel.
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Supplementary Figure S6. FA size and number in cells transfected with different KANK1 constructs
(a) Western blot analysis of KANK2 knockout cells (right panel) and the knockdown efficiency of KANK1 
(left panel) in HeLa cells knockout for KANK2. The nonspecific protein band running slightly above 
the band corresponding to endogenous KANK2 (~ 120 kDa) is indicated by an arrow. Ku80 was used 
as a loading control. (b) Localization of endogenous KANK1 and KANK2 in control HeLa cells (HeLa 
control), HeLa cells that are knockout for KANK2 (HeLa-K2-KO) and that are either depleted (+siK1) or 
not depleted (+siLuc) of KANK1. Cells were fixed and stained for endogenous KANK1 or KANK2 (green) 
and the endogenous FA protein talin (magenta). In control HeLa cells, both endogenous KANK1 and 
KANK2 localize to the FA rim. (c) Analysis of FA size (left) and number (right) in HeLa cells knockout 
for KANK2 that are either depleted (siK1) or not depleted (siLuc) of endogenous KANK1 and that were 
transfected with the five KANK1 constructs that we use in our experiments (FL, KN, KN-L1, L1+CAAX and 
KN-L1+CAAX). For each condition, 14 – 24 cells and 414 – 899 FAs were analyzed in two independent 
experiments (FL (siLuc) n=899 FAs [23 cells]; FL (siK1) n=766 FAs [21 cells]; KN (siLuc) n=804 FAs 
[24 cells]; KN (siK1) n=796 FAs [20 cells]; KN-L1 (siLuc) n=880 FAs [21 cells]; KN-L1 (siK1) n=838 FAs 
[21 cells]; L1+CAAX (siLuc) n=529 FAs [18 cells]; L1+CAAX (siK1) n=414 FAs [14 cells]; KN-L1+CAAX 
(siLuc) n=639 FAs [17 cells]; KN-L1+CAAX (siK1) n=698 FAs [19 cells]).
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Supplementary Figure S7. Localization of KANK1 and its KN-containing fragments at FAs with 
three additional line scans.
Three more line scans performed for each of the 5 original line scans (corresponding to Figure 3c,d). The 
lines were drawn through the center of the adhesion trying to cover an array of different angles for the line 
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scan. The labeled arrows (e.g. a1-a4) correspond to the plot profiles with the same label on the left. (a) 
Full-length KANK1 localizes exclusively to the FA rim and is absent from the central area of FAs. (b,c) The 
KANK1-KN and the KANK1-KN-L1 constructs overlap with FAs and show high abundance in the central 
area of FAs. (d) The addition of the membrane anchoring CAAX motif to the KANK1-KN-L1 construct 
(KANK1- KN-L1+CAAX) leads to the enrichment in FA rim area. (e) The membrane anchoring CAAX motif 
without the talin binding KN domain (KANK1-L1+CAAX) shows even distribution at the plasma membrane 
and no enrichment at FAs.
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Supplementary Figure S8. Effect of ROCK1 inhibition on the localization of KANK at the focal 
adhesion rim.
(a) Localization of KANK1 and its KN-containing constructs in HeLa cells after treatment with the Rho-
associated coiled coil-containing protein kinase 1 (ROCK1) inhibitor Y27632. HeLa cells knockout for 
KANK2 were depleted of endogenous KANK1 and afterwards transiently transfected with the different 
GFP-labeled and siRNA-resistant KANK1 constructs (green). Before fixation, the medium was exchanged 
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for medium containing 10 μM of the ROCK inhibitor Y27632 and the cells were incubated for 20, 40, or 
60 minutes respectively (the untreated control cells received normal medium without Y27632). After the 
incubation, the cells were fixed with PFA and stained for the endogenous focal adhesion protein paxillin 
(magenta). In the untreated cells, full-length KANK1 and the KANK1-KN-L1+CAAX localize outside 
around FAs or tightly at the FA rim respectively, whereas the KANK1-KN and KANK1-KN-L1 show high 
abundance in the central area of FAs (see also Fig. 3c and 3d). Already after 20 minutes of treatment 
with the ROCK inhibitor, full-length KANK1 begins to partially overlap with the focal adhesion protein 
paxillin. Moreover, the KANK1- KN-L1+CAAX construct shows strong overlap with the central area of 
focal adhesions similar to the two other KN-containing constructs (KANK1-KN and KANK1-KN-L1) in the 
untreated control cells. (b) Quantification of the colocalization of KANK and paxillin in cells treated with 
the ROCK1 inhibitor Y27632 as in (a). Pearson’s correlation coefficient, n = 50 in 10 cells per condition. 
Results are presented as Box-Whisker-Plots, whiskers ranging from minimum to maximum. (c&d) Average 
focal adhesion number (c) and average size (area) of individual focal adhesions (d) in cells treated with 
the ROCK1 inhibitor Y27632 as in (a). (304 - 430 FAs/condition in 10 cells per condition (FL (untreated) 
n=401 FAs; KN (untreated) n=430 FAs; KN-L1 (untreated) n=375 FAs; KN-L1+CAAX (untreated) n=378 
FAs; FL (20min Y27632) n=304 FAs; KN (20min Y27632) n=339 FAs; KN-L1 (20min Y27632) n=347 
FAs; KN-L1+CAAX (20min Y27632) n=391 FAs; FL (40min Y27632) n=328 FAs; KN (40min Y27632) 
n=364 FAs; KN-L1 (40min Y27632) n=310 FAs; KN-L1+CAAX (40min Y27632) n=348 FAs; FL (60min 
Y27632) n=336 FAs; KN (60min Y27632) n=317 FAs; KN-L1 (60min Y27632) n=308 FAs; KN-L1+CAAX 
(60min Y27632) n=381 FAs)). (e&f) Single frames of dual fluorescence time-lapse images acquired by 
TIRF microscopy. HeLa cells knockout for KANK2 were depleted of endogenous KANK1 and afterwards 
transiently transfected with GFP-tagged si-RNA-resistant full-length KANK1 (e) or KANK1-KN-L1+CAAX 
(f) (both green) and TagRFP-paxillin (magenta). The cells were treated on-stage with the ROCK1 inhibitor 
Y27632 (10 μM). Orange line, FA outline obtained by using a threshold-based mask to indicate how over 
time KANK overlaps with the FA area.
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Supplemental experimental procedures
Supplementary Text S1. DNA constructs and protein expression
The DNA fragments encoding talin1-R7 (residues 1354-1453 and 1587-1658 of 
TLN1_MOUSE) and KANK1-KN (residues 30-68 of KANK1_HUMAN) were 
amplified by PCR using the template plasmids.1 The DNA fragments encoding avi-tag 
(GLNDIFEAQKIEWHE) and FH1 domain (residues 582-764 of DIAP1_HUMAN) were 
synthesized by GeneArt. The DNA fragments where then assembled into the pET151 
vector by HiFi DNA Assembly (NEBuilder®). The plasmid was co-transformed with a 
BirA plasmid and expressed in Escherichia coli BL21 (DE3) cultured in LB-media with 
D-Biotin (Sigma Aldrich), and affinity purified through 6His-tag.

Supplementary Text S2. Theoretical models of force responses of the folded/
unfolded protein domain/complex
The force-extension curves of a looped R7/KN complex and the folded R7 domain is 
determined by the rigid rotation fluctuation of a characteristic rigid body with a length 
b ~ 4.5 nm, which is the distance between the two forceattaching points (i.e., the N- 
to C- terminal distance in our experiment), estimated from the PDB files of the R7/
KN complex or folded R7 domain,1 respectively. These force-extension curves can be 
described by the freelyjointedchain polymer model with a single segment:
 

The unlooped R7-KN detector or the unfolded state of a R7 domain can be a flexible 
peptide chain, and this force-extension curve can be described by the worm-like chain 
(WLC) polymer model2 through the Marko–Siggia formula with a bending persistence 
length of A ~ 0.8 nm:

where l = n * l0 is the contour length of the unlooped linker or the unfolded domain, n 
is the number of residues of the linker or the domain, l0 = 0.38 nm is the contour length 
of per residue. Hence the looping/unlooping or the unfolding/refolding step size is the 
extension differences before and after unlooping or unfolding at the transition force, i.e.,

Supplementary Text S3. Antibodies and Immunofluorescence staining
Cells seeded on 12 mm glass coverslips for immunofluorescence staining were allowed 
to attach at least overnight. The following day, the cells were either fixed with 4 % 
PFA in PBS for 15 minutes at room temperature (staining for paxillin) or with ice-cold 
methanol for 7 minutes at -20 oC (staining for KANK1+2 and talin). After 1x washing 
with PBS, the cells were permeabilized for 4 minutes at room temperature (RT) using 
permeabilization buffer (0.2 % TritonX- 100 (Sigma) in PBS). Thereafter, the cells were 
blocked in blocking buffer (0.05 % Tween-20 (Sigma) and 2 % BSA (Carl Roth) in PBS) 
for 1 hour at RT. After blocking, the cells were incubated with primary antibodies diluted 
in blocking buffer for 1 hour at RT. After incubation, the cells were washed 5 times for 
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2 minutes with wash buffer (0.05 % Tween-20 in PBS); followed by 1 hour incubation 
with the fluorescently labeled secondary antibodies diluted in blocking buffer. The cells 
were washed 5 times for 2 minutes with wash buffer and afterwards, dehydrated using 
first 70 % and then 100 % ethanol. Finally, the cells/coverslips were mounted on glass 
slides using Vectashield mounting medium (H-1000, Vector laboratories). Commercially 
available antibodies against KANK1 (Atlas antibodies, HPA005539), KANK2 (Atlas 
antibodies, HPA015643), paxillin (BD Biosciences, 610620), and talin (clone 8d4, 
Sigma, SAB4200694) were used. Alexa-488 and Alexa-594 conjugated goat antibodies 
against rabbit and mouse IgG were purchased from Invitrogen.
For the localization of KANK1 and its KN-containing fragments at FAs as well as for 
the experiments using the ROCK1 inhibitor Y27632, we used GFP- labeled KANK1 
constructs and stained for the endogenous FA protein paxillin using the primary antibody 
described above and the Alexa-594 conjugated goat antibody against mouse IgG.
For the characterization of the HeLa cells knockout for KANK2 and the knockdown 
efficiency of KANK1, we used antibodies against KANK1 and KANK2 (both rabbit 
and described above) as well as antibodies against the FA proteins talin and paxillin 
(both mouse and described above). As the secondary antibodies we used the Alexa-488 
conjugated goat antibody against rabbit and the Alexa-594 conjugated goat antibody 
against mouse.

Supplementary Text S4. DNA constructs and siRNAs
KANK1 siRNAs and the BioGFP-tagged KANK1 full-length and KANK1-KN 
constructs were described previously1. The BioGFP-tagged KANK1-KN-L1, KANK1-
L1+CAAX and KANK1-KN-L1+CAAX fusion constructs were made using PCR-based 
amplification of KN, the linker region 1 (and CAAX), pBioGFP-C1 vector and Gibson 
Assembly mix (New England Biolabs) as previously described.1

Cell culture. HeLa cells were cultured in DMEM medium with 10 % fetal calf serum and 
with 1 % penicillin/streptomycin. The cell lines were routinely checked for mycoplasma 
contamination using the Mycoalert assay (LT-07-318, Lonza) following the supplier’s 
instructions. For all cell imaging experiments in this study, we used HeLa cells knockout 
for KANK2 (see Generation of KANK2 knockout cell line for more details).
siRNA and DNA transfections. Transfection of DNA and siRNA into HeLa (KANK2 
knockout) cells was performed as previously described.3 In brief, for siRNA transfections, 
cells were trypsinized and ~100,000 cells per well were seeded in 6-well cell culture plates 
and transfected using 20 nM of siRNA per well using HiPerFect transfection reagent 
(Qiagen) by adding the siRNA/HiPerFect mixture to the cell suspension (siKANK1: 
CAGAGAAGGACAUGCGGAU). The cells were allowed to attach overnight. The 
following day, the cells were trypsinized and seeded on 12 mm glass coverslips (10,000 
- 15,000 cells per well for immunofluorescence staining) or on 4-well chambered 
coverglasses (40,000 cells per well for live-cell experiments). Again, the cells were 
allowed to attach overnight. The following day, the medium was refreshed and the cells 
were transfected with DNA (0.5 μg DNA/well) using FuGene6 (Promega) transfection 
reagent. The cells were incubated with the DNA/FuGene6 mixture overnight. The 
following day, ~72 hours after the siRNA transfection and ~24 hours after the DNA 
transfection, the cells were either fixed for immunofluorescence staining or used for live-
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cell experiments. For the DNA transfection with the CRISPR/Cas9 vector, HeLa cells 
were seeded in 6-well cell culture plates (100,000 cells per well) and allowed to attach 
overnight. The following day, they were transfected using FuGene6 transfection reagent 
(2 μg DNA/well).
	 Generation of HeLa KANK2-knockout cell line. To generate a KANK2 knockout 
cell line we followed the protocol for CRISPR/Cas9 mediated knockout as described by 
Ran et al.4 In brief, guide RNA for human KANK2 was designed using the online CRISPR 
design tool provided by the Broad Institute (http://crispr.mit.edu) and cloned into the 
pSpCas0(BB)-2A-Puro (PX459) expression vector (GACCCCCTATGGCTACCGCC). 
HeLa cells were transfected with the vectors using FuGene6 transfection reagent. The 
following day, the cells were washed with PBS and subsequently cultured in the selection 
medium (DMEM medium with 10 % fetal calf serum, 1 % penicillin/streptomycin, 
supplemented with 2 μg/mL puromycin) for at least 48 hours; the selection medium 
was refreshed every 24 hours. After selection, the cells were cultured in normal medium 
(DMEM medium with 10 % fetal calf serum and 1 % penicillin/streptomycin) and 
allowed to recover for 2 – 3 days. Afterwards, a first check of the knockout efficiency 
was done by immunofluorescence staining followed by isolation of individual clones, 
which were further characterized by immunofluorescence staining and Western blotting.
	 Western blot analysis of KANK1 and KANK2 and antibodies. To obtain whole 
cell lysates for Western blot analysis, cells were lysed in a non-ionic detergent- based 
buffer (50 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, protease inhibitor cocktail 
(Roche), 1 % Triton-X100) for 10 minutes on ice. Afterwards, the suspension was 
centrifuged at 13,200 rpm at 4 °C for 15 minutes. The protein concentration of the 
supernatant was measured using the colorimetric bicinchoninic acid (BCA) assay, using 
a BCA kit (#23225 ThermoFisher) following the supplier’s instructions. The following 
SDS-PAGE and Western blot analysis were performed according to standard procedures. 
The same commercially available antibodies against KANK1 and 2 were used as for 
immunofluorescence staining (see Antibodies and Immunofluorescence staining); 
furthermore, an antibody against Ku80 (BD Biosciences, 611360) was used. For the 
detection, near infrared (NIR) fluorescence technology was used (Li-Cor Biosciences, 
Odyssey system), using infrared dye conjugated goat antibodies against mouse and 
rabbit (Li-Cor Biosciences).

Supplementary Text S5. Fluorescence microscopy and analysis
Live-cell fluorescence TIRF imaging of cells expressing GFP-labeled KANK1 
constructs and Fluorescence Recovery After Photobleaching (FRAP) experiments, as 
well as live-cell dual fluorescence time-lapse TIRF imaging of cells co-expressing GFP-
labeled KANK1 constructs and TagRFP-paxillin were performed on an inverted research 
microscope Nikon Eclipse Ti-E (Nikon) with the perfect focus system (Nikon), equipped 
with Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon) and iLas2 system (Dual 
Laser illuminator for azimuthal spinning TIRF (or Hilo) illumination and Simultaneous 
Targeted Laser Action) from Roper Scientific (Evry, FRANCE). The system was also 
equipped with ASI motorized stage MS-2000-XY (ASI), CoolSNAP MYO CCD 
camera (Photometrics) and controlled by the MetaMorph 7.8 software (Molecular 
Devices). For imaging of green fluorescence and FRAP experiments a Stradus 488 nm 
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(150 mW) (Vortran) laser was used as light source and the filter set ET-GFP (49002) 
(Chroma) was used. For dual fluorescence time-lapse TIRF imaging of green and red 
fluorescence a Stradus 488 nm (150 mW) (Vortran) laser and an OBIS 561-100LS (561 
nm, 100mW) (Coherent) laser were used as light sources respectively, and the filter set 
ET-GFPmCherry (59022) (Chroma) was used. To keep the cells at 37 °C, a stage top 
incubator model INUBG2E-ZILCS (Tokai Hit) was used. Images were acquired at 15.4 
pixels/μm with exposure time 100 milliseconds at various frames per second (for FRAP, 
see the text below). Cells were plated on 4-well chambered coverglass (LabTek, 155383) 
and maintained at 37 °C and 5 % CO2.
Images of fixed cells were collected with a Nikon Eclipse Ni upright wide field 
fluorescence microscope and a Nikon DS-Qi2 CMOS camera (Nikon), using Plan Apo 
Lambda 100x N.A. 1.45 oil objective (Nikon) and Nikon NIS (Br) software (Nikon). 
Nikon Intensilight C-HGFI was used as a light source. For imaging of green and red 
fluorescence the filter sets ET-GFP (49002) ET- mCherry (49008) (both Chroma) were 
used respectively.
For presentation and analysis, images were subtracted for background (rolling ball radius 
10 pixels) and adjusted for brightness and contrast using ImageJ 1.50b (NIH).
KANK1 localization at FAs was quantified as the ratio of the integrated density of the 
KANK1 signal in the FA rim area (0.2 μm beyond the FA outline and 0.2 μm inside of 
the FA) to the FA central area (FA area without the outmost 0.2 μm). FA outlines were 
obtained by thresholding and using Analyze Particles under ImageJ (only FAs with the 
size of at least 1.0 μm2 were analyzed). For statistical analysis, a one-way ANOVA was 
performed using Prism 7 software (GraphPad).
For analysis of FA size and number, the FA outlines were obtained as described above 
and the area was measured by using Analyze Particles in ImageJ (only FAs bigger than 
0.25 μm2 were included in the analysis).
Fluorescence profiles of GFP-labeled KANK1 and paxillin were obtained by line 
scan analysis in ImageJ normalized by the maximum fluorescence intensity of the 
corresponding channel.

Supplementary Text S6. FRAP experiments and analysis
FRAP experiments were performed using the TIRF microscope setup described above. 
FRAP measurements were performed by bleaching 2.3-μm-diameter circle in GFP-
KANK1 patches at FAs followed by 15 seconds imaging with a frame interval of 
0.25 seconds per frame and 5 minutes imaging with a frame interval of 5 seconds (for 
KANK1-KN, KN-L1 and KN-L1+CAAX). For the slower recovering KANK1-FL, after 
photobleaching followed 30 seconds imaging with a frame interval of 0.5 seconds and 5 
minutes imaging with a frame interval of 5 seconds. Per cell, 4 - 5 KANK1 patches were 
bleached simultaneously. Mean fluorescence intensities were measured from a 2.3-μm-
diameter circle region within the original photobleached region. The mean intensity of 
this region was double corrected for background fluorescence and photobleaching as 
previously described.5

Supplementary Text S7.  ROCK1 inhibition and immunofluorescence stainings
HeLa cells knockout for KANK2 were depleted of endogenous KANK1 via siRNA-

Thesis_20201116.indd   99Thesis_20201116.indd   99 16/11/2020   09:4016/11/2020   09:40



3

Chapter 3

100

mediated knockdown, they were plated on 12 mm glass coverslips (15,000 cells per 
coverslip) and transiently transfected with GFP-tagged siRNAresistant KANK constructs 
as described above. On the day of the immunofluorescence staining, 72 hours after the 
siRNA transfection, the medium was exchange and the cells were incubated in medium 
supplemented with 10 μM ROCK1 inhibitor Y27632 (Sigma, 688000) for 20, 40, or 
60 minutes respectively. The untreated control cells received normal medium and were 
fixed together with the treated cells after 60 minutes. After the incubation the cells were 
fixed and stained for endogenous paxillin as described above.

Supplementary text S8. KANK and paxillin colocalization analysis after ROCK1 
inhibition
For presentation and analysis, images were processed as described above. Due to the 
diminishing effect of the ROCK1 inhibitor on focal adhesion size, it was not possible 
to analyze the clustering/colocalization of KANK at the focal adhesions as described 
above. As an alternative, to analyze the colocalization of KANK and paxillin, we used 
the Pearson correlation coefficient provided by the Colocalization Analysis plugin under 
Fiji-ImageJ and a 1-μm-diameter circular ROI (region of interest) centered on paxillin 
clusters detected by immunofluorescence staining as described previously.1

Supplementary text S9. Dual fluorescence time-lapse TIRF microscopy of HeLa 
cells treated with the ROCK1 inhibitor Y27632
The dual fluorescence time-lapse experiments of HeLa cells treated with Y27632 were 
performed with the same TIRF microscopy setup as described above. In brief, HeLa cells
knockout for KANK2 were depleted of endogenous KANK1 and afterwards plated 
on 4-well chambered coverglass (LabTek, 155383). The following day, the cells were 
transfected with GFP-tagged and siRNA-resistant KANK constructs and TagRFP-
paxillin which was described previously1. On the day of the experiment, the cells 
received fresh medium and were placed on the microscope one hour before the start 
of the actual experiment to acclimate to the new condition. The cells were imaged at a 
frame rate of 1 – 2 minutes per frame. 5 – 10 minutes after the start of the experiment, 
medium supplemented with the ROCK1 inhibitor Y27632 was added on stage to the 
cells (to reach a final concentration of 10 μM).
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Abstract
Microtubules and their regulatory effect on integrin-mediated cell-matrix adhesions play 
an essential role in cell polarity and motility. The plus ends of microtubules are anchored 
and stabilized by the cortical microtubule stabilizing complex (CMSC) at the cell cortex 
close to cell-matrix adhesions. KANK1 can bind to the major adhesion protein talin as 
well as to several components of the CMSC and thereby directly link the two multi-
protein complexes to each other. However, the exact mechanism confining the CMSC 
and especially KANK1 to the focal adhesion rim is unknown. Here, we show that the 
previously poorly characterized linker region L2 of KANK1 is able to prevent the protein 
from penetrating into adhesions. Moreover, biochemical assays indicate that KANK1 is 
able to self-associate. These results suggest that self-association of KANK1 could lead 
to the formation of protein clusters and that clustering would prevent it from interacting 
with talin within the inner part of focal adhesions. This in turn would lead to spatial 
separation of CMSC and talin at the cell cortex.
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Introduction
Cell-matrix adhesions are essential for multicellular organisms as they mediate the 
connection of the cells to the extracellular matrix (ECM). In this way, they contribute 
to tissue integrity as they keep the cells in place (Parsons et al., 2010). On the other 
hand, cell-matrix adhesions are also important for cell motility since they can transduce 
mechanical forces to the ECM and vice versa and thereby promote the translocation of 
the cell body (Vicente-Manzanares and Horwitz, 2011). Usually cell-matrix adhesions 
are formed by heterodimeric α/β-integrin transmembrane receptors (integrins). Integrins 
span through the plasma membrane (PM) and bind to ECM proteins, such as fibronectin 
or collagen (Bachir et al., 2014; Winograd-Katz et al., 2014). Cell-matrix adhesions 
develop from small nascent adhesion complexes into mature focal adhesions (FAs) in 
a force-dependent (actomyosin-dependent) manner (Vicente-Manzanares et al., 2007; 
Wolfenson et al., 2009). FAs are highly organized dense macromolecular assemblies 
(Geiger and Yamada, 2011; Kanchanawong et al., 2010; Winograd-Katz et al., 2014). 
The FA adaptor protein talin connects the integrins to the actomyosin cables and thereby 
functions as a “molecular clutch” (Case and Waterman, 2015; Klapholz and Brown, 
2017). It has been shown that microtubules (MTs) play a critical role in the life cycle 
of FAs since they regulate their dynamics (Seetharaman and Etienne-Manneville, 2019) 
and also function as tracks for the transport of signaling molecules and FA components 
(Stehbens and Wittmann, 2012). The plus ends of MTs are attached and stabilized in the 
vicinity of FAs by cortical MT stabilizing complexes (CMSC), which contain CLASPs 
(CLASP1 and 2), ELKS, liprins (α1 and β1) and LL5β (Lansbergen et al., 2006; Mimori-
Kiyosue et al., 2005; van der Vaart et al., 2013). It has been shown that the kidney ankyrin 
repeat domain-containing protein1 (KANK1) can bind to talin and thereby connect the 
CMSC to FAs. Moreover, it has been demonstrated that the talin-KANK1 interaction is 
required for the correct assembly of the CMSC (Bouchet et al., 2016). In mammals, there 
exist four KANK homologs (KANK1 – 4). All four human KANK proteins show similar 
structure with three domains. At their N-terminus, they possess the KANK N-terminal 
(KN) domain. It is connected via a linker region L1 to the coiled coil (CC) domains. In 
total, there are four conserved CC domains (CC1 – 4) in KANK proteins of which the 
number and composition vary among the different family members. It has been shown 
that the CC1 domain binds to liprins which in turn anchors KANKs to cortex (van der 
Vaart et al., 2013). Via a long linker region L2, the CC domains are connected to the 
highly conserved C-terminal ankyrin repeat (Ankr) domain (Kakinuma et al., 2009; Zhu 
et al., 2008).
In the present study, we further characterize KANK family proteins and gain deeper 
insights into the factors that determine their subcellular localization at FAs. We show 
that the poorly characterized linker region L2 of KANK1 is able to prevent the KN 
domain from penetrating into FAs. We find that the L2 region mediates binding to a 
novel KANK1 interaction partner: the hub protein dynein light chain LC8. Moreover, in 
an initial pulldown assay, we observe that the L2 region can bind full length KANK1 and 
thus is likely to promote KANK1 self-association/clustering. This in turn could keep the 
KN domain out of FAs, suggesting that KANK1 oligomerization might be an important 
factor in its self-association.
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	Results
KANK1 fragments show three distinct localization patterns at FAs
From previous studies it is known that full-length KANK1 and KANK2 can both interact 
with the FA protein talin at the cell cortex and that both encircle FAs and form distinct 
cortical patches distributed around FAs. Yet, the KN domain alone, which mediates 
binding to talin, strongly overlaps with the FA signal (Bouchet et al., 2016; Sun et al., 
2016). Besides, in a more recent study, it was shown by us that the interaction between 
talin and KANK1 is likely subjected to mechanical forces when KANK1 is anchored to the 
PM. Moreover, we could demonstrate that this likely promoted sequestration of KANK1 
at the FA rim (Yu et al., 2019). Nonetheless, to gain more insight how the localization 
of KANK1 at FAs is regulated and which other factors besides mechanical forces might 
contribute to this process, we generated several truncated KANK1 constructs (see Figure 
1A). These GFP-tagged constructs were expressed in HeLa cells, in which endogenous 
KANK1 and 2, the two KANK proteins present in HeLa cells, were knocked out by 
CRISPR/Cas9-mediated technology (Supplementary Figure S1). Subsequently, the cells 
were fixed and stained for the endogenous FA protein paxillin. Thereafter, we analyzed 
the localization of the KANK1 constructs around FAs by comparing the KANK1 signal 
at the FA rim to the KANK1 signal at the FA center (Figure 1G). Full-length KANK1 
(K1-FL-wt) localized to FA rim and formed patches around FAs but was absent from their 
central parts (Figure 1B), whereas the KN domain alone strongly overlapped with FAs 
(Figure 1C). When all three coiled coil domains were removed (K1-ΔCC), the patchy 
accumulation outside FAs was abrogated and the construct was strongly enriched at the 
FA rim (Figure 1D). The removal of the Ankr domain (K1-ΔAnkr) had no significant 
effect on the localization compared to K1-FL-wt (Figure 1E). When both the CC and 
Ankr domains were deleted simultaneously (KANK1-ΔCC+ΔAnkr), the construct 
again showed strong enrichment at the FA rim (Figure 1F), similar to the KANK1-ΔCC 
construct. This was unexpected as we had hypothesized that either the CC or the Ankr 
domain would be required to keep KANK1 out of FAs by mediating interactions with 
other proteins, thereby attaching KANK1 to the PM so that the talin-KANK1 complex 
would be subjected to mechanical forces which would promote KANK1 recruitment to 
the FA rim. Nonetheless, it seemed that the CC and Ankr domain were not essential for 
keeping KANK1 out of FA center. On the other hand, the CC domain was responsible for 

Figure 1. KANK1 constructs show three distinct localization patterns at FAs
(A) Schematic overview of the KANK1 constructs lacking different domains. (B-F) Subcellular localization 
of the GFP-tagged constructs (green) from (A) in HeLa KANK1-& KANK2-KO cells. Cells were fixed and 
stained for the endogenous FA protein paxillin (magenta) ~24 hours after DNA transfection. The right pan-
el shows the plotted fluorescence intensities of the GFP-KANK (green) and paxillin (magenta) along the 
line indicated by the dashed red arrow in the inset. The fluorescence intensities were normalized to the 
maximum intensity of the corresponding channel. (G) Quantification of the localization of KANK1 around 
FAs. The right panel shows how the FA rim, which is in total 0.5 μm wide, was defined. It extends 0.25 μm 
beyond the FA border and reaches 0.25 μm into the FA. Fluorescence intensity of the KANK1 signal at the 
FA rim has been divided by the fluorescence intensity of the KANK1 signal at the FA center. Both signal 
intensities have first been divided by the corresponding area. Subsequently the FA rim/FA center ratios 
were normalized to the average FA rim/FA center ratio of full-length KANK1 (see Methods for details). 
The values are shown as mean ± SD; **** p < 0.0001 (Ordinary One-Way ANOVA (Dunnett’s Multiple 
Comparison Test)) (34 – 60 cells have been analyzed per condition in 2 – 3 independent experiments).
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the patchy cortical localization around FAs since all constructs lacking the CC domain 
showed strong accumulation at the FA rim. It was shown that the CC1 domain mediated 
binding to liprins (van der Vaart et al., 2013). Indeed, KANK1 construct lacking only the 
CC1 domain (KANK1-ΔCC1) was strongly enriched at the FA rim just like the KANK1-
ΔCC construct, which is missing all three single CC domains. On the other hand, a 
KANK1 construct missing two other CC domains (KANK1-ΔCC2+3) showed broad 
cortical accumulation around FAs comparable to K1-FL-wt (Supplementary Figure S2).
	 Taken together, the localization of different KANK1 constructs at FAs can be 
categorized into three distinct groups. The first group is represented by the constructs that 
localize to FA rim and cortical patches in the vicinity of FAs, like full-length KANK1 
and K1-ΔAnkr. It appears that the CC1 domain, and thus likely the interaction with 
liprins that is mediated by CC1, is responsible for this broad distribution around FAs. 
The second group includes the constructs that miss the CC1 domain and cannot bind 
to liprins and are tightly clustered at the FA rim. The third group are the constructs that 
completely overlap with FAs, like the KN domain.
Interestingly, the KANK1-ΔCC+ΔAnkr construct which only consists of the KN domain 
and the two linker regions L1 and L2 did not accumulate inside FAs but was clustered 
tightly at the FA rim like the KANK1-ΔCC. Thus, it seems likely that the linker regions 
are contributing to sequestering KANK1 at the FA rim.

The linker region L2 of KANK1 prevents the KN domain from penetrating into the 
central part of FAs
From our experiments it seemed likely that the linker regions L1 and L2 of KANK1 
could be responsible for keeping KANK1 at the FA rim. However, in a previous study 
we have shown that the smaller linker region L1 fused to the KN domain (KN-L1 
construct) was insufficient to recruit the KN domain to the FA rim (Yu et al., 2019) 
(see also Supplementary Figure S2). Thus, the localization of the KANK1-ΔCC+ΔAnkr 
construct to the FA rim was probably due to the long linker region L2. Therefore, we 
generated a fusion construct by attaching the L2 region of KANK1 directly to the KN 
domain of KANK1 (KN+L2). Besides, to test the effect of the L2 region from another 
KANK homolog, we also made a chimeric construct fusing KANK1 KN domain to 
the linker region L2 of KANK2 which is considerably shorter than the L2 region of 
KANK1 (353 compared to 659 amino acids; Figure 2A). When the KN+L2 construct 
was expressed in HeLa K1+K2-KO cells, it tightly accumulated at the FA rim (Figure 
2B). In contrast, the linker region L2 of KANK2 was not able to recruit the KN domain 
to the FA rim, as the KN+K2-L2 construct overlapped with the FA signal (Figure 2C). A 
sequence alignment of the two L2 linker regions of KANK1 and KANK2 showed that 
the C-terminal parts of the L2 regions shared homology (~40% similarity), whereas, 
the N-terminal parts were specific for each of the two proteins. Thus, we generated two 
additional fusion constructs splitting the linker region L2 of KANK1 into an N-terminal 
and C-terminal part and attaching them to the KN domain (KN+501-916 and KN+918-
1160 respectively). When these constructs were expressed in HeLa K1+K2-KO cells, 
the KANK1-specific N-terminal part of the L2 region was sufficient to sequester the 
KN domain at the FA rim (Figure 2D). On the other hand, the C-terminal part of the 
L2 region that shares homology with the L2 region of KANK2 could not keep the KN 
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domain out of FAs (Figure 2E). Fusing the KANK2 L2 region to the KN+501-916 
construct (KN+501-916+K2-L2) did not have any additional effects on the enrichment 
at the FA rim (Figure 2F).
We also tested whether the KN domain could make a difference. Therefore, we made two 
more constructs fusing the KANK2 KN domain directly to the L2 regions of KANK1 
or KANK2 respectively (K2-KN+K1-L2 and K2-KN+K2-L2). We found the KN of the 
two KANKs were similar in these assays: K2-KN+K1-L2 construct was enriched at 
the FA rim whereas the K2-KN+K2-L2 construct overlapped with FAs (Supplementary 
Figure S2).These data suggest that the KANK1 linker region L2, and, more specifically, 
the N-terminal part of that region (501-916), can recruit the KN domain to the FA 
rim. Moreover, this property appears to be KANK1-specific as the linker region L2 of 
KANK2, which shares homology with the C-terminal part of KANK1 L2 region, cannot 
prevent the KN domain from entering the central part of FAs.

The different KANK constructs show three discrete types of dynamics corresponding 
to the three distinct localizations at FAs
To better understand the different localizations of KANK deletion mutants at FAs, we 
analyzed their dynamics (Figure 3A) using fluorescence recovery after photobleaching 
(FRAP). Different GFP-tagged KANK constructs were expressed in KANK1-& KANK2-
depleted HeLa cells, KANK patches at FAs were photobleached and we measured 
the fluorescence recovery over time. Full-length KANK1 showed slow recovery after 
photobleaching and a large immobile fraction (~60%) (Figure 3B-C). In contrast, the 
KN domain alone showed a rapid and almost complete recovery after photobleaching 
within a few seconds with hardly any immobile fraction (~10%). This implied that the 
interactions of the KN domain alone at FAs are very short-lived (Figure 3B-C). The K1-
ΔCC construct showed moderate recovery and a smaller immobile fraction (30-40%) 
compared to K1-FL-wt (Figure 3B-C). The difference between full length KANK1 and 
K1-ΔCC was due to the CC1 domain which mediates liprin binding: the recovery of K1-
ΔCC1 was similar to that of K1-ΔCC, whereas the recovery of K1-ΔCC2+3 was similar 
to that of intact KANK1 (Supplementary Figure S3). 
The KN+L2 construct showed similar dynamics at FAs as the K1-ΔCC: Its recovery rate 
and immobile fraction were comparable (Figure 3B & D). Yet, when the KANK1 linker 
region L2 was substituted with that of KANK2 (KN+K2-L2 construct), the construct 
showed much faster recovery than the KN+L2 construct and a much smaller immobile 
fraction that was comparable to that of the KN domain alone (Figure 3B & E).
These data suggest that the dynamics of KANK1/KANK2 constructs correlates with their 
localization at FAs: the constructs accumulating at the FA rim and surrounding patches, 
such as full length KANK1, tightly associate with the cell cortex, which is likely at 
least partly due to their interaction with liprins, while the KN domain exchanges rapidly 
within FAs. The addition of the L2 linker region, which is sufficient for KN sequestration 
to the FA rim, slows down its exchange and increases its immobile fraction.

Dynein light chain LC8 can bind to the linker region L2 of KANK1 but it is not 
responsible for its localization to FA rim
How does the KANK1 linker region L2 sequester the KN domain at the FA rim? One 
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Figure 2. The KANK1 linker region L2 sequesters the KN domain to FA rim
(A) Schematic overview of the different KN domain fusion constructs. (B-F) Subcellular localization 
of the GFP-tagged constructs (green) from (A) in HeLa K1+K2-KO cells. Around 24 hours after DNA 
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transfection the cells were fixed and stained for the endogenous FA protein paxillin (magenta). The right 
panel shows the plotted fluorescence intensities of the GFP-KANK (green) and paxillin (magenta) along 
the line indicated by the dashed red arrow in the inset. The fluorescence intensities were normalized to 
the maximum intensity of the corresponding channel. (G) Quantification of the localization of KANK1 
around FAs, performed as in Figure 1G. The FA rim/FA center ratios were normalized to the average FA 
rim/FA center ratio of full-length KANK1. The values are shown as mean ± SD; ns not significant, **** p 
< 0.0001 (Ordinary One-Way ANOVA (Dunnett’s Multiple Comparison Test)) (33 – 59 cells have been 
analyzed per condition in 2 – 3 independent experiments).
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possible explanation is that the L2 region might function as a binding site for a hitherto 
unknown partner of KANK1, which in turn would promote the enrichment of KANK1 at 
the FA rim. One potentially interesting candidate is the dynein light chain LC8 (hereafter 
simply LC8) which was also present in the pulldown mass spectrometry analysis of full-
length KANK1 (Bouchet, unpublished data; Supplementary Figure S4). LC8 is a small 
protein of around 8 kDa, which was initially described as a subunit of the dynein motor 
complex (Rapali et al., 2011). Later, it was found that the function of LC8 goes beyond 
being part of the dynein motor complex. It has been shown that LC8, which forms dimers, 
functions as a dynamic hub that can promote dimerization of its binding partners (Barbar, 
2008). LC8 interacts with a 8-amino acid recognition motif, which is composed of a 
central 3-amino acid anchor (usually threonine (T), glutamine (Q), threonine (T)) which 
is flanked by 2 – 3 amino acids, within an intrinsically disordered region (IDR) of its 
binding partner (Liang et al., 1999). Thereby, LC8 shows great flexibility in recognizing 
different 8-amino acid recognition motifs (Clark et al., 2016). Recently, Jespersen et 
al. have introduced a new prediction algorithm (LC8Pred) to screen for possible LC8 
recognition motifs and thereby identify potential new LC8 binding partners (Jespersen 
et al., 2019). LC8Pred algorithm predicted several possible recognition motifs within 
KANK1. Furthermore, it was shown that LC8 forms cortical patch-like structures in 
close proximity to FAs (Jespersen et al., 2019). Thus, LC8 seemed to be a promising 
candidate as new interaction partner of KANK1.
When staining for the endogenous FA protein paxillin and endogenous KANK1 or 
KANK2 in HeLa cells stably expressing endogenous levels of a C-terminally tagged 
LC8-GFP fusion generated by BAC TransgeneOmics (Poser et al., 2008), the LC8 
signal strongly overlapped with KANK1 patches around FAs (Figure 4A). On the other 
hand, LC8 showed little co-localization with KANK2 patches (Figure 4A). Removal of 
endogenous KANK1 from these HeLa cells, via siRNA-mediated knockdown, led to the 
loss of LC8 around FAs, whereas the removal of endogenous KANK2 did not affect the 
localization of LC8 (Figure 4A).
The LC8Pred algorithm predicted a total of 67 possible LC8 recognition motifs throughout 
KANK1(Supplementary Table 1), with 36 motifs located in the L2 region (Figure 2B). 
To narrow down the number of potential LC8 binding sites, several truncated KANK1 
constructs were generated (Figure 4B). The bioGFP-tagged constructs were used in 
streptavidin-based pulldown assays, using a C-terminally tagged LC8-mCherry fusion 
as prey protein. The constructs that contained the linker region L2 were able to pull 
down LC8, whereas the KN domain (1 motif) and the ankyrin repeats (15 motifs) did 
not bind LC8, very likely because they are folded, whereas the LC8Pred algorithm does 
not account for the secondary structure of analyzed sequences. Interestingly, it seemed 
that the coiled coil domains (10 predicted motifs) were also able to bind to LC8, yet, 
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Figure 3. Analysis of the dynamics of different KANK1 deletion mutants using FRAP
(A) Schematic overview of the different KANK1/KANK2 constructs used in FRAP experiments. (B) Sin-
gle frames of FRAP experiments with HeLa K1+K2-KO cells overexpressing the different GFP-labeled 
KANK1 constructs from (A). The stills show a baseline (pre-FRAP), the first frame after photobleaching (t 
= 0 sec) and the indicated time points after FRAP of a 2.5 µm-diameter circle region in the KANK1 patch. 
(D-E) Quantification of fluorescence recovery. The graph shows mean curves (bold lines) ± SD (light dot-
ted lines) over time. For each condition, in total 16 – 31 KANK patches were analyzed in two independent 
experiments.

much less effectively than the L2 region (Figure 4C). Co-expressing these bioGFP-
tagged KANK1 constructs with LC8-mCherry in HeLa KANK1+2-KO cells confirmed 
the findings of the pulldown assays (Supplementary Figure S4). As the binding of LC8 
via the CC domain seemed very weak, we decided to focus on the linker region L2. To 
further narrow down the binding region within L2, we generated several truncations of 
the L2 region, which were fused to the KN domain (Figure 4D). The streptavidin-based 
pulldown assay revealed that LC8 binds to the N-terminal 300 amino acid fragment of 
the linker region L2 (amino acids 501-800), which contained 19 possible LC8 binding 
motifs (Figure 4E). 
Next, we wanted to test what happens to KANK1 localization at FAs when the binding 
to LC8 was abolished. Therefore, we mutated all 19 possible LC8 binding motifs within 
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Figure 4. Dynein light chain LC8 is a binding partner of KANK1 that associates with KANK1 linker 
region L2
(A) HeLa cells stably expressing LC8-GFP (green) were transfected with siRNAs against Luciferase (con-
trol, siLuciferase), KANK1 (siKANK1) or KANK2 (siKANK2). Cells were fixed and stained for endogenous 
KANK1, KANK2 (magenta) and the FA protein paxillin (blue) ~48 – 72 hours after siRNA transfection. (B) 
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the L2 region (501-800). The triplet anchor motifs were substituted for triple alanine. 
Thereafter, we substituted the corresponding region within the linker L2 with this mutated 
fragment in full-length KANK1 (K1-FL-LC8-mutant) and in the KN+L2 construct 
(KN+L2-LC8-mutant). When performing pulldown assays with these new constructs, 
we observed that the K1-FL-LC8-mutant construct could still associate with LC8, and 
this was likely due to LC8-binding sites in the CC domain. However, the KN+L2-LC8-
mutant construct could not bind to LC8 anymore (Supplementary Figure S4). When 
we co-expressed these constructs together with LC8-mCherry in HeLa KANK1+2-KO 
cells, we saw that the K1-FL-LC8-mutant construct clustered around FAs, comparable to 
K1-FL-wt. Moreover, the construct co-localized with LC8 around FAs, which was likely 
due to the CC domain. On the other hand, the KN+L2-LC8-mutant construct was not 
able to bind to LC8. Consequently, there was no LC8 present at the cortex around FAs. 
Yet, despite not being able to bind to LC8 anymore, the KN+L2-LC8-mutant construct 
did not overlap with FAs but was enriched at the FA rim like the KN+L2 construct 
(Figure 4F-G).
We conclude that the linker region L2 of KANK1 mediates binding to a hitherto 
unknown interaction partner of KANK1, the dynamic hub protein LC8. Yet, we saw 
that this interaction is not required to sequester KANK1 at the FA rim. On the contrary, 
it appears that KANK1 is crucial to recruit LC8 to the cell cortex to the vicinity of FAs. 
The function of this KANK1-LC8 interaction needs to be studied further.

KANK1 linker region L2 participates in oligomerization of KANK1
Even though previous experiments have shown that the recruitment of the KN domain to 
the FA rim by the linker region L2 was LC8-independent, they led us to our next steps. 
It is known that LC8 usually interacts with a recognition motif within an intrinsically 
disordered region (IDR) of its partner (Liang et al., 1999). Moreover, IDRs have been 
shown to participate in phase separation of many proteins, such as the RNA binding 
protein Fused in Sarcoma (FUS) (Qamar et al., 2018) or the DDX3 RNA helicase LAF-1 
in C. elegans. Therefore, we were interested whether an IDR of another protein fused to 
the KANK1 KN domain could sequester the KN domain at the FA rim. To test this, we 
generated a new construct by fusing the KANK1 KN domain to the IDR of SLAIN2. To 

Schematic overview of the different KANK1 fragments to narrow down the binding sites for LC8. (C) Pull-
down using bioGFP-tagged constructs from (B) and using LC8-mCherry as prey protein (LC8 is shown in 
the red box below the bioGFP-KANK1 constructs). (D) Schematic overview of different truncated version 
of KN+L2 to further map the LC8 binding site in the linker region L2. Potential LC8 recognition motifs and 
their localization are indicated as red asterisks. (E) Pulldown using bioGFP-tagged constructs from (D) 
and LC8-mCherry as prey protein (LC8 is shown in the red box below the bioGFP-KANK constructs). (F) 
Subcellular localization of KANK1 constructs of which the LC8 recognition motifs within the linker region 
L2 have been mutated. HeLa K1+K2-KO cells were co-transfected with the GFP-tagged KANK1 (green) 
constructs and LC8-mCherry (magenta). Around 24 hours after DNA transfection, the cells were fixed and 
stained for endogenous paxillin (blue). The right panel shows the plotted fluorescence intensities of the 
GFP-KANK (green), LC8-mCherry (magenta) and paxillin (blue) along the line indicated by the dashed 
red arrow in the inset. The fluorescence intensities were normalized to the maximum intensity of the 
corresponding channel. (G) Quantification of the localization of the different KANK1 constructs around 
FAs, performed as in Figure 1G. The FA rim/FA center ratios were normalized to the average FA rim/FA 
center ratio of full-length KANK1. The values are shown as mean ± SD, ns not significant, **** p < 0.0001 
(Ordinary One-Way ANOVA (Dunnett’s Multiple Comparison Test)) (31 – 59 cells have been analyzed per 
condition in 2 – 3 independent experiments).
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account for the size difference between a single SLAIN2 IDR (369 aa) and the KANK1 
L2 region (659 aa) we used a tandem repeat of the SLAIN2 IDR (KN+2xSLN2-IDR) 
(Figure 5A). SLAIN2 is a so-called MT plus end-tracking protein (+TIP) which associates 
with CLASPs and which is required for persistent MT growth (van der Vaart et al., 2011); 
it does not bind to FAs. The GFP-tagged KN+2xSNL2-IDR construct was expressed in 
HeLa K1+K2-KO cells. After fixation, the cells were stained for endogenous paxillin to 
analyze the localization of the new construct at FAs. The tandem repeat of the SLAIN2 
IDR was indeed capable of sequestering the KN domain at the FA rim (Figure 5 B&E). 
Thus, this result suggested that phase separation could contribute to preventing the KN 
domain from entering the FA core.
Consequently, we wanted to know whether KANK1 linker region L2 is an IDR prone 
to phase separation. To test this, we wanted to see whether the KANK1 L2 region forms 
condensates when highly overexpressed in cells. Therefore, the GFP-tagged single L2 
regions of KANK1 and KANK2 as well as the KN+L2 and the KN+K2-L2 constructs 
were cloned into high expression vector pTT5 and overexpressed in HeLa K1+K2-KO 
cells. As control we overexpressed the KN+2XSLN2-IDR constructs (cloned into a pTT5 
vector) in HeLa K1+K2-KO cells as it is known that SLAIN2 can form condensates upon 
overexpression (van der Vaart et al., 2011). The KN+2xSLN2-IDR construct formed 
condensates that were dispersed throughout the whole cell. Overexpression of the 
KANK1 linker region L2 alone led to the formation of small condensate-like structures in 
some cells. Yet, in most cells, L2 was strongly accumulated in big clusters/aggregates in 
the perinuclear region (Figure 5C). For the KN+L2 construct condensate-like structures 
could be observed as well. However, like the KANK1 L2 region alone, it also showed 
strong accumulation in big clusters/aggregates in the perinuclear region (Figure 5C). 
Interestingly, the KANK2 L2 region alone as well as the KN+K2-L2 construct also 
formed big clusters around the nucleus, and these clusters were even bigger than the 
KANK1 L2 clusters (Figure 5C). Based on these results, the formation of condensates/
clusters after overexpression did not seem to be KANK1-specific as the KANK2 linker 
region L2 also formed clusters.
Nonetheless, we took this line of research one step further. It has been shown that IDRs can 
self-associate via cation-π interactions between aromatic amino acids, such as tyrosine, 
and basic residues, such as arginine, and thereby they can promote phase separation. 
Moreover, it has been demonstrated that by perturbing the cation-π interactions between 
IDRs one can abolish phase separation (Wang et al., 2018). To assess whether KANK1 L2 
region mediates sequestration of the KN domain at the FA rim via cation-π interactions 
with other IDRs, we had all 23 arginine (R) residues within the L2 region mutated 
to glycine (G). Subsequently, the L2 regions of full-length KANK1 and the KN+L2 
construct were substituted with the mutated linker region L2 (K1-FL-R-G-mutant and 
KN+L2-R-G-mutant respectively) (Figure 5A). The GFP-tagged constructs (in EGFP-C1 
vectors not high expressing pTT5 vectors) were expressed in HeLa K1+K2-KO cells to 
analyze their localization at FAs. However, mutating the L2 regions of two constructs did 
not cause them to localize into the FA core. The K1-FL-R-G-mutant construct showed 
patchy localization around FAs comparable to K1-FL-wt. The KN+L2-R-G-mutant was 
enriched at the FA rim like the KN+L2 construct (Figure 5D-E). Thus, these experiments 
showed that it is unlikely that KANK1 L2 region promotes the sequestration of the KN 
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Figure 5. Analysis of KANK1 self-association 
(A) Schematic overview of different KANK1 constructs including KN fusion constructs that were fused to 
a tandem repeat of the IDR of SLAIN2. (B) Subcellular localization of GFP-tagged KN+2xSLN2-IDR con-
struct (green) in HeLa K1+K2-KO cells that were fixed and stained for paxillin (magenta). The right panel 
shows the plotted fluorescence intensities of the GFP-KANK (green), LC8-mCherry (magenta) and paxil-
lin (blue) along the line indicated by the dashed red arrow in the inset. The fluorescence intensities were 
normalized to the maximum intensity of the corresponding channel. (C - D) Overexpression of different 
GFP-tagged KANK fusion constructs in HeLa K1+K2-KO cells that were fixed and stained for paxillin (ma-
genta) to analyze formation of biomolecular condensates. (E) Quantification of the localization of KN+2x-
SLN2-IDR, K1-FL-R-G-mutant and KN+L2-R-G-mutant at FAs performed as in Figure 1G (the three new 
constructs are indicated in bold). The other constructs are shown for comparison. The FA rim/FA center 
ratios were normalized to the average FA rim/FA center ratio of full-length KANK1. The values are shown 
as mean ± SD; ns not significant, ** p < 0.01, **** p < 0.0001 (Ordinary One-Way ANOVA (Dunnett’s Multi-
ple Comparison Test)) (29 – 59 cells have been analyzed per condition in 2 – 3 independent experiments). 
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domain at the FA rim via cation-π interactions with other proteins.
	 Yet, we wanted to assess the ability of different KANK1 constructs, including the 
KN+L2 constructs with mutated L2 regions, to self-associate. Therefore, we performed 
an initial streptavidin-based pulldown experiment with the bioGFP-tagged KANK1 
constructs (Figure 5F) and analyzed their binding to HA-tagged full-length KANK1. 
Interestingly, all of the tested constructs, except for the three coiled coil domains 
alone (CC construct) and the negative bioGFP control, were able to bind to HA-K1-
FL-wt (Figure 5G). Thus, it seems likely that several domain/regions of KANK1 could 
contribute to KANK1 self-association/oligomerization including the L2 region. Despite 
the mutations in the L2 region, the two KN+L2 mutant constructs could still bind to HA-
KANK1-FL. These data suggest that sequestration of KN domain at FA rim via KANK1 
L2 region could be mediated via self-association which seems to be independent of LC8 
and cation-π interactions. Nonetheless, more thorough research is necessary to confirm 
these results and to gain more insight into how KANK1 proteins exactly mediate self-
association/oligomerization.

Discussion
In this study we have tried to gain further insight into the localization of KANK1 to 
FA rim and the role of the different KANK1 domains in this process. We found that 
based on the localization at FAs, KANK1 deletion mutants can be categorized into three 
distinct groups. The first group includes the constructs that localize to FA rim and patches 
around FAs, like full-length KANK1. The second group of constructs, like KANK1-
ΔCC, localize exclusively to the FA rim. The third group, such as the KN domain alone, 
completely overlaps with FAs. The CC domain, more precisely the CC1 domain which 
mediates binding to liprins, is responsible for the patchy localization around FAs. Yet, it 
seems that neither the CC nor the Ankr domains are essential to exclude KANK1 (or the 
KN domain) from the FA center and to recruit it to the FA rim as a KANK1-ΔCC+ΔAnkr 
construct still localizes exclusively to the FA rim. This property is mediated by the linker 
region L2 of KANK1. Furthermore, it seems that the potential to exclude the KN domain 
from the FA center lies within the N-terminal portion of the L2 region (amino acids 501-
916), which is specific for KANK1. When fused to KANK1 KN domain, the shorter 
L2 region of KANK2, which shares homology (~40% similarity) with the C-terminal 
part of the KANK1 L2 region, is not able to prevent the KN domain from penetrating 
into FAs. Remarkably, full-length KANK2 does not overlap with peripheral FAs but 
shows localization to the FA rim and patches around FAs (Supplementary Figure S2). 
The L2 region of KANK1 is one of the factors, but not the only factor that promotes the 
enrichment of KN domain at the FA rim.
Interestingly, we found that the dynamic behavior of the KANK1/KANK2 constructs 
correlated with these three distinct localization patterns. Full-length-KANK1-like 
constructs show slow recovery after photobleaching and a large immobile fraction (~60%). 
KANK1-ΔCC-like constructs recover faster and have a smaller immobile fraction than 

(F) Schematic overview of different KANK1 constructs used to analyze the ability of the KANK1 L2 region 
to oligomerize. (G) Pulldown using bioGFP-tagged constructs from (F) and using HA-tagged full-length 
KANK1 as prey protein (HA-K1-FL-wt is shown in the red boxes below the bioGFP-KANK1 constructs).
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Figure 6. Model of different KANK1 subpopulations at FAs 
(A) KANK1 proteins can interact with talin at FAs. (B - C) KANK1 proteins that are bound to both talin and 
liprins are likely subjected to mechanical forces which have a certain stabilizing effect on the talin-KANK1 
interaction. Consequently, these KANK1 proteins can dwell at FAs longer. Thereby, they can promote the 
recruitment and assembly of the CMSC. Moreover, some KANK1 proteins that are located more broadly 
around FAs where they interact with other CMSC proteins such as liprins without interacting with talin may 
not be subjected to mechanical forces. These 2nd layer KANK1 proteins likely function as a scaffold to re-
cruit further proteins to the cell cortex. (D) Model explaining how the KANK1 linker region L2 could prevent 
the KN domain from penetrating into the FA center. Due to its small size and the absence of long-lasting 
interactions, the KN domain alone (purple) can easily access the tightly packed FA core and bind to talin 
proteins located at the FA center. On the other hand, when the KN domain is fused to the linker region L2 
(magenta), it is possible that the L2 region promotes the association and clustering with other L2 regions 
of other KANK1 proteins. Consequently, the KANK1 proteins or their KN+L2 deletion mutants form clus-
ters which in turn could be too bulky (steric hinderance) and thereby sequester the KN domain at the FA 
rim. It is possible that the hub protein LC8 (green circles) helps to stabilize the KN+L2 self-association.

full-length KANK1-like constructs (30-40%). Finally, the KN-like constructs recover 
very rapidly and display only a very small immobile fraction (~10%). The liprin-binding 
CC1 domain is responsible for the difference between the full-length KANK1-like and 
the KANK1-ΔCC-like constructs. Interestingly, the KN fusion constructs containing 
linker regions of KANK1 and KANK2 showed dynamics that correlated with their 
localization. The KN+L2 construct with KANK1 linker, which is enriched at the FA 
rim, showed similar recovery and immobile fraction after photobleaching as KANK1-
ΔCC. In contrast, the behavior of the KN+K2-L2 construct, which completely overlaps 
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with FAs, was more similar to the behavior of the KN domain alone: It recovered more 
rapidly than KANK1-ΔCC or KN+L2 and its immobile fraction was comparable to that 
of the KN domain alone. The sequestration of KANK1 deletion mutants at the FA rim 
thus appears to be associated with their tighter binding to FAs, association with other 
cortical proteins or with each other.
Our initial hypothesis was that the L2 region might function as a binding site for a 
previously unknown interaction partner of KANK1, which in turn mediates the exclusion 
of the KN domain from the FA center. Indeed, we found a new interaction partner of 
KANK1, the hub protein LC8 and showed that it interacts with the L2 region. Yet, the 
recruitment of the KN domain to the FA rim was LC8-independent as the KN+L2-
LC8-mutant construct, which cannot bind LC8 anymore, was still enriched at the FA 
rim. Actually, it appeared that the cortical localization of LC8 was KANK1-dependent. 
However, the function of this KANK1-LC8 interaction remains unclear. We cannot 
exclude that other proteins bind to the L2 region of KANK1, but our mass spectrometry-
based analysis (Bouchet, unpublished data) yielded no obvious candidates.
Next, we considered whether KANK1 sequestration at FA rim represents a case of liquid-
liquid phase separation. Over the past decade, the concept of phase separation has emerged 
as the explanation for different processes of membrane-less compartmentalization 
within cells (Banani et al., 2017; Sear, 2007; Stradner et al., 2004). Thereby, multivalent 
proteins undergo self-assembly to locally increase their concentration, which in turn 
leads to the formation of biomolecular condensates (Banani et al., 2017; Wheeler and 
Hyman, 2018). Besides, it has been shown that many scaffold proteins, which bind and 
thereby concentrate their interaction partners, contain IDRs or are completely disordered 
proteins (Posey et al., 2018). In support of this idea, a tandem-repeat of the IDR of the 
+TIP SLAIN2 was able to keep the KN domain out of FAs as the KN+2xSLN2-IDR 
construct also clustered tightly at the rim of FAs. Nonetheless, from our experiments 
and sequence analyses of the L2 region we could not obtain a clear proof that phase 
separation is the driving force behind the L2-mediated sequestering of the KN domain at 
the FA rim. An interesting experiment would be to treat cells with 1,6-hexanediol which 
rapidly dissolves biomolecular condensates (Itakura et al., 2018; Shin and Brangwynne, 
2017) and to see how this treatment affects the localization of the KN+L2 construct at 
the FA rim.
In order to contribute to phase separation, L2 would need to self-associate one way 
or another. Sequence analyses of the KANK1 linker region L2 predicted a potential 
coiled coil domain between amino acids 819-883, thus within the N-terminal part of 
L2 which keeps the KN out of FAs. This predicted coiled coil was mentioned in a 
previous study describing a fusion gene of KANK1 and platelet-derived growth factor 
receptor β (PDGFRβ). It was shown that KANK1 mediated oligomerization of the 
KANK1:PDGFRβ gene product via the N-terminal region of the linker region L2 which 
is N-terminal of the predicted CC domain. Yet, from these experiments it did not seem 
that the predicted CC was involved in KANK1 oligomerization (Medves et al., 2011). 
One of the goals of our ongoing research to analyze the role of the predicted CC domain 
in KANK1 self-association and KN separation at the FA rim.
To test the oligomerization potential of different KANK1 constructs, we performed 
pulldown assays by determining their ability to bind full-length KANK1. Our preliminary 
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assays revealed that among other domains of KANK1, such as the ankyrin repeats, 
the L2 region is likely able to bind to full-length KANK1 even when highly mutated. 
However, further research needs to be done to confirm these findings. An extended series 
of pulldown assays would be required. Thereby, one could first use smaller fragments 
of KANK1, for example those employed to map the LC8 bindings sites. Moreover, it 
would be important to use different fragments of KANK1, such as the L2 region alone, 
as prey to get a better understanding of intramolecular interactions within KANK1. 
Another interesting experiment would be to co-express the linker region L2 together 
with K1-FL-wt or the KN+L2 construct in HeLa K1+K2-KO cells to see whether the L2 
can be recruited to FAs by other KANK1, as by itself, the L2 region alone is diffusely 
distributed throughout the cytoplasm (Supplementary Figure S4).
The new insights about the role of the linker region L2 in the subcellular localization 
of KANK1 do not contradict our previous findings showing that mechanical forces 
contribute to the subcellular localization of KANK1 at FAs (Yu et al., 2019). We assume 
that it is possible that the localization of KANK1 at FA is regulated/affected by different 
factors. One could think of a model in which several subpopulations of KANK1 proteins 
exist at FAs (Figure 6A-C). There could be KANK1 proteins that are bound to both talin 
and liprins, and such molecules could be expected to be subjected to mechanical forces 
(Figure 6B). As it was shown by us previously, mechanical forces can strengthen the 
talin-KANK1 interaction to a certain degree (Yu et al., 2019). Consequently, one could 
imagine that these force-regulated KANK1 proteins dwell longer at FAs and can thereby 
form the basis for the recruitment of the other components of the CMSC to FAs and finally 
to the assembly of the CMSC (Figure 6C). Moreover, there could be KANK1 proteins 
that are only bound to liprins around FAs in a “second layer”, where they function as a 
scaffold to recruit even more (CMSC) proteins to FAs (Figure 6C). Besides, there could 
be KANK1 proteins that are neither bound to talin nor liprins but bound to other KANK1 
proteins at the cortex (Figure 6C). One could imagine that the dynamic hub protein LC8 
might contribute to this process as it is known that LC8 promotes dimerization of its 
interaction partners and stabilizes them (Barbar, 2008).
With regard to the question how the KN domain is prevented from entering the FA center 
by the linker region L2 one could imagine a model in which L2 leads to the formation of 
bulky clusters that are excluded from densely packed FA areas where talin is attached to 
actin cables and other adaptors (Burridge, 2017; Kanchanawong et al., 2010; Wolfenson 
et al., 2009). Thus, one could imagine that the small KN domain alone could easily access 
the core of the highly organized FAs and thereby completely overlap with the FA (Figure 
6D). On the other hand, when fused to the linker region L2, the L2 region could promote 
self-association of the KN+L2 constructs which in turn could result in clusters that are 
too bulky to penetrate into the FA core. Consequently, the KN+L2 construct is enriched 
at the FA rim. In a previous study, we tried to address this issue and fused the KN domain 
to β-galactosidase from E. coli (KN+lacZ construct). We chose β-galactosidase from E. 
coli since we wanted to prevent any interferences due to possible interactions with other 
proteins. Yet, this absence of interactions with other proteins could have been the reason 
why the KN+lacZ construct was able to penetrate into FAs like the KN domain alone 
(Bouchet et al., 2016).
Last but not least, the role of talin in regulation of the KANK1 localization at FAs 
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would also be interesting to analyze more thoroughly. Talin is the major adaptor protein 
of FAs (Klapholz and Brown, 2017). It binds with its N-terminal talin head domain 
(THD) to the cytosolic tails of β-integrins whereas the talin rod binds to actomyosin 
(Case and Waterman, 2015). The talin rod consists of 13 rod domains (R1 – R13) and a 
dimerization domain (DD) (Goult et al., 2013). Besides, two of the three actin binding 
sites (ABS) are located within the talin rod: ABS2 within rod domains R4 – R8 and 
ABS3 within R13 and DD (Atherton et al., 2015; Gingras et al., 2008; Hemmings et al., 
1996). It would be interesting to gain more insights into whether there are differences in 
the activation/conformational state of talin molecules at the FA rim compared to the FA 
core and how these could affect interaction with KANK1. It has been shown that tensile 
forces exerted on FAs are usually highest at the FA center (Plotnikov et al., 2012). More 
recently, it has been shown that FA regions under high tension correlate with highly 
organized parallel aligned actin bundles (Kumar et al., 2018). Thus, one could imagine 
that the FA core is densely packed with proteins that are recruited to talin under high 
tension, such as vinculin (Atherton et al., 2015; Goult et al., 2013), and thereby the FA 
core becomes less accessible for bulky protein clusters. This would fit with our proposed 
model from above. Nonetheless, it would also be important to learn more about the talin-
actin interaction and how it might affect binding to KANK as the ABS2 ranges from R4 
to R8 and thereby it includes the R7 domain to which the KN domain binds (Bouchet et 
al., 2016; Sun et al., 2016). Moreover, studies are now indicating that not ABS3 at the 
very C-terminus of talin but the more central ABS2 could be the major tension-bearing 
ABS in talin (Atherton et al., 2015; Kumar et al., 2016). Therefore, one could think 
that KANK and actin might compete for binding to talin. This notion is supported by 
a study about KANK2 in mouse fibroblasts where KANK2 seems to weaken the talin-
actomyosin linkage (Sun et al., 2016). Thus, one could imagine that talin molecules at the 
FA rim might be predominantly connected to actin via the ABS3 whereas at the FA core 
they could be mainly connected to actin via ABS2. Thereby, talin-KANK interactions at 
the FA rim would be competing less with actin for talin binding.
Taken together, in our study we have shown that the previously poorly characterized 
linker region L2 of KANK1 is capable of excluding the KN domain from the FA center. 
Moreover, we have seen that KANK1 proteins can self-associate and that the L2 region 
participates in the KANK1 oligomerization. However, the exact mechanism how 
KANK1 oligomerizes remains to be determined and will be subject of future research.
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Experimental Procedures
Cell culture and DNA/siRNA transfections
HeLa (Kyoto) cells stably expressing LC8-GFP were a kind gift from I. Poser and 
A. Hyman (Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, 
Germany) (Poser et al., 2008). The HeLa (Kyoto) KANK1+KANK2-KO cell line was 
generated by CRISPR/Cas9-mediated knockout as described below. The HeLa cell 
lines were cultured in DMEM medium. HEK293T cells were cultured in DMEM:F10 
medium (1:1, v/v). All media were supplemented with 10 % (v/v) fetal calf serum and 
with Penicillin/Streptomycin (100 units/mL penicillin and 100 μg/mL streptomycin). 
All cells were grown at 37 °C in humidified incubators at 5% CO2 atmosphere. The 
cells were routinely checked for mycoplasma contamination using the Mycoalert assay 
(Lonza, LT07-518).
Transfection of DNA and siRNA into HeLa cells and of DNA into HEK293T cells was 
performed as previously described (van der Vaart et al., 2013). In brief, HeLa cells 
were transfected with siRNAs using HiPerFect (Qiagen). The siRNA-transfected cells 
were analyzed 48 – 72 hours after transfection. HeLa cells were transfected with DNA 
constructs using FuGene6 (Promega). The cells were analyzed 24 hours after DNA 
transfection. HEK293T cells were transfected with DNA using polyethyleneimine (PEI). 
The cells were harvested for pulldown assays around 24 hours after transfection.

DNA constructs and siRNAs
The BioGFP-tagged KANK1 and KANK2 fusion constructs were made using PCR-
based amplification of different KANK1 or KANK2 fragments. These fragments were 
cloned into pBioGFP-C1 vector using Gibson Assembly mix (New England Biolabs) 
as described previously (Bouchet et al., 2016). The KANK1 linker region L2 fragments 
carrying mutations of the LC8 recognition motifs (L2-LC8-mutant) or in which the 
arginine residues have been substituted with glycine residues (L2-R-G-mutant) were 
synthesized by Integrated DNA Technologies (IDT, USA). Subsequently these fragments 
were cloned into the corresponding KANK constructs. For analysis of condensate 
formation, the corresponding KANK constructs were cloned into the high expression 
vector pTT5-GFP-C1. The LC8-mCherry fusion construct was made by PCR-based 
amplification of LC8 and cloning it into the pmCherry-N1 vector.
The same siRNAs against KANK1 and KANK2 were used as described previously 
(Bouchet et al., 2016) to deplete HeLa LC8-GFP cells of KANK1 and KANK2: 
control siRNA (siLuciferase) GTGCGTTGCTAGTACCAAC; siKANK1 
CAGAGAAGGACATGCGGAT; siKANK2 ATGTCAACGTGCAAGATGA.

Generation of HeLa KANK1+KANK2-KO cell line
The HeLa KANK1+KANK2-KO cell line was generated by using the previously described 
HeLa KANK2-KO cell line (Yu et al., 2019) and following the protocol for CRISPR/Cas9 
mediated knockout as described in the literature (Ran et al., 2013). In brief, guide RNA 
against human KANK1 was designed using the online CRISPR design tool provided 
by the Broad Institute (http://crispr.mit.edu) and cloned into the pSpCas0(BB)-2A-Puro 
(PX459) expression vector (KANK1-guideRNA: GTTTAGTCATCTCCCGGTCA). 
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HeLa KANK2-KO cells were transfected with the vector using FuGene6 transfection 
reagent. The following day, the cells were washed with PBS and subsequently cultured 
in the selection medium (DMEM medium with 10 % fetal calf serum, 1 % penicillin/
streptomycin, supplemented with 2 µg/mL puromycin) for at least 48 hours; the selection 
medium was refreshed every 24 hours. After selection, the cells were cultured in normal 
medium (DMEM medium with 10 % fetal calf serum and 1 % penicillin/streptomycin) 
and allowed to recover for 2 – 3 days. Afterwards, a first check of the knockout efficiency 
was done by immunofluorescence staining followed by isolation of individual clones, 
which were further characterized by immunofluorescence staining and Western blotting. 

Western blot analysis of HeLa KANK1+KANK2-KO cells
To obtain whole cell lysates for Western blot analysis, cells were lysed in a non-ionic 
detergent-based buffer (50 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, protease inhibitor 
cocktail (Roche), 1 % Triton-X100) for 10 minutes on ice. Afterwards, the suspension 
was centrifuged at 13,200 rpm at 4 °C for 15 minutes. The protein concentration of the 
supernatant was measured using the colorimetric bicinchoninic acid (BCA) assay, using 
a BCA kit (ThermoFisher, #23225) following the supplier’s instructions. The following 
SDS-PAGE and Western blot analysis were performed according to standard procedures. 
The same commercially available antibodies against KANK1 and 2 were used as for 
immunofluorescence staining (see Antibodies and Immunofluorescence staining); 
furthermore, an antibody against Ku80 (BD Biosciences, 611360) was used. For the 
detection, near infrared (NIR) fluorescence technology was used (Li-Cor Biosciences, 
Odyssey system), using infrared dye conjugated goat antibodies against mouse and 
rabbit (Li-Cor Biosciences).

Streptavidin-based pulldown assays
Streptavidin-based pulldown assays of biotinylated KANK constructs expressed using 
BioGFP-tagged-KANK constructs in HEK293T cells were performed as previously 
described (van der Vaart et al., 2013). In brief, HEK293T cells were seeded in 10 cm 
plastic culture dishes to ~80 % confluence, the cells were allowed to attach overnight. 
The following day, the cells were transfected with the BioGFP-tagged KANK constructs 
together with biotin-ligase BirA (5μg DNA per construct) using PEI. In parallel, 1 – 2 10 
cm plastic culture dishes were transfected with the prey protein only (LC8-mCherry, or 
HA-KANK1-FL, 10μg DNA) using PEI. The DNA/PEI suspensions were added to the 
cells dropwise. Thereafter, the cells were incubated for 24 hours at 37 °C in 5 % CO2 
atmosphere in humidified incubators. After incubation, the cells were harvested on ice 
using ice-cold PBS and a spatula to scrape them from the dishes. The harvested cells 
were pelleted and subsequently lysed using a non-ionic detergent-based lysis buffer (50 
mM HEPES pH 7.4, 150 mM NaCl, 1 mM EDTA, protease inhibitor cocktail (Roche), 
1 % Triton-X100) for 10 minutes on ice. Afterwards, the suspension was centrifuged at 
13,200 rpm at 4 °C for 15 minutes. In the meantime, the magnetic streptavidin beads 
(ThermoFisher, 11206D) were blocked in lysis buffer supplemented with 5% chicken 
egg white (Sigma) for 30 minutes at RT. Thereafter, the lysate of the prey protein was 
equally distributed among the biotinylated GFP-tagged KANK constructs. Thereafter, 
the lysate mixes were incubated with the streptavidin beads for 2 hours at 4 °C, except 
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for 7 % of each lysate mix which was kept as “input” control. DTT-containing SDS-
PAGE protein sample buffer was added to the input control. After incubation of the 
lysates with the streptavidin beads, the beads were washed 5 times using the lysis buffer 
and a magnetic “DynaMag” rack (ThermoFisher, 12321D). Thereafter, DTT-containing 
SDS-PAGE protein sample buffer was added to the beads.
The following SDS-PAGE and Western blot analysis were performed according to 
standard procedures. Commercially available antibodies against GFP (Abcam, ab6556), 
mCherry (clone 1C51, Abcam, ab125096) and HA (clone 16B12, BioLegend/Covance, 
MMS-101P) were used. For the detection, near infrared fluorescence technology 
was used (Li-Cor Biosciences, Odyssey system), using infrared dye conjugated goat 
antibodies against mouse and rabbit (Li-Cor Biosciences).

FRAP experiments using GFP-KANK constructs in HeLa KANK1+KANK2-KO 
cells
HeLa KANK1+KANK2-KO cells were seeded in 4-well chambered cover glasses 
(LabTek, 155383) (20,000 – 30,000 cells/well) and allowed to attach overnight. The 
following day, the medium was refreshed, and the cells were transfected with DNA (0.5 
µg DNA/well) using FuGene6 (Promega) transfection reagent. The cells were incubated 
with the DNA/FuGene6 mixture overnight. The following day (~24 hours after the DNA 
transfection), the cells were used for live-cell imaging FRAP experiments.

KANK rescue experiments using HeLa KANK1+KANK2-KO cells
HeLa KANK1+KANK2-KO cells were seeded on 12 mm glass coverslips (10,000 
– 15,000 cells per coverslip) and allowed to attach overnight. The following day, the 
medium was refreshed, and the cells were transfected with DNA (0.5 µg DNA/well) 
using FuGene6 (Promega) transfection reagent. The cells were incubated with the DNA/
FuGene6 mixture overnight. The following day (~24 hours after the DNA transfection), 
the cells were fixed for immunofluorescence staining.

siRNA-mediated knockdown of KANK1 and KANK2 in HeLa LC8-GFP cells
HeLa LC8-GFP cells were seeded were seeded in 6-well culture plates and transfected 
using 20nM per siRNA per well using HiPerFect (Qiagen) and adding the siRNA/
transfection reagent mix to the cell suspension. The cells were allowed to attach and to 
incubate in the siRNA/transfection reagent-containing medium overnight. The following 
day, the cells were washed 2-times with PBS and incubated for another 24 hours. The 
following day (~48 hours after siRNA transfection), the cells were trypsinized and 
seeded on 12mm glass coverslips (10,000 – 15, 000 cells per coverslip) and allowed to 
attach overnight. The following day (~72 hours after siRNA transfection), the cells were 
washed with PBS and fixed for immunofluorescence staining.

Antibodies and Immunofluorescence staining
Cell fixation and staining were performed as previously described (van der Vaart et 
al., 2013). In brief, the cells were either fixed with 4 % PFA in PBS for 15 minutes at 
room temperature (staining GFP-KANK constructs, LC8-GFP/mCherry and paxillin) 
or with ice-cold methanol for 7 minutes at -20 ºC (staining of endogenous KANK1, 
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KANK2 and talin). After one-time washing with PBS, the cells were permeabilized for 
4 minutes at room temperature (RT) using permeabilization buffer (0.2 % TritonX-100 
(Sigma) in PBS). Thereafter, the cells were blocked in blocking buffer (0.05 % Tween-20 
(Sigma) and 2 % BSA (Carl Roth) in PBS) for 1 hour at RT. After blocking, the cells 
were incubated with primary antibodies diluted in blocking buffer for 1 hour at RT. 
After incubation, the cells were washed 5 times for 2 minutes with wash buffer (0.05 
% Tween-20 in PBS); followed by 1 hour incubation with the fluorescently labeled 
secondary antibodies diluted in blocking buffer. The cells were washed 5 times for 2 
minutes with wash buffer and afterwards, dehydrated using first 70 % and then 100 % 
ethanol. Finally, the coverslips were mounted on glass slides using Vectashield mounting 
medium (Vector laboratories, H-1000).
Commercially available antibodies against KANK1 (Atlas antibodies, HPA005539), 
KANK2 (Atlas antibodies, HPA015643), talin (clone 8d4, Sigma, SAB4200694); and 
paxillin (clone 165, BD Biosciences, 610620) were used. Alexa-405, Alexa-488 and 
Alexa-594 conjugated goat antibodies against rabbit and mouse IgG were purchased 
from Invitrogen.

Microscopy and image analysis
Live-cell fluorescence TIRF imaging of cells expressing GFP-labeled KANK1 constructs 
and Fluorescence Recovery After Photobleaching (FRAP) experiments were performed 
on an inverted research microscope Nikon Eclipse Ti-E (Nikon) with the perfect focus 
system (Nikon), equipped with Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon) and 
iLas2 system (Dual Laser illuminator for azimuthal spinning TIRF (or Hilo) illumination 
and Simultaneous Targeted Laser Action) from Roper Scientific (Evry, FRANCE). The 
system was also equipped with ASI motorized stage MS-2000-XY (ASI), CoolSNAP 
MYO CCD camera (Photometrics) and controlled by the MetaMorph 7.8 software 
(Molecular Devices). For imaging of green fluorescence and FRAP experiments a 
Stradus 488 nm (150 mW) (Vortran) laser was used as light source and the filter set ET-
GFP (49002) (Chroma) was used. To keep the cells at 37 °C, a stage top incubator model 
INUBG2E-ZILCS (Tokai Hit) was used. Images were acquired at 15.4 pixels/μm with 
exposure time 100 milliseconds at various frames per second (for FRAP, see the text 
below). Cells were maintained at 37 °C and 5 % CO2.
Images of fixed cells were collected with a Nikon Eclipse Ni upright wide field 
fluorescence microscope and a Nikon DS-Qi2 CMOS camera (Nikon), using Plan Apo 
Lambda 100x N.A. 1.45 oil objective (Nikon) and Nikon NIS (Br) software (Nikon). 
Nikon Intensilight C-HGFI was used as a light source. For imaging of blue, green and 
red fluorescence the filter sets ET-BFP2 (49021), ET-GFP (49002), and ET-mCherry 
(49008) (all Chroma) were used respectively.
For presentation, images were adjusted for brightness and contrast using ImageJ 1.50b 
(NIH).
For analysis of KANK localization at FAs, the outlines of FAs were obtained first. 
Background subtraction (rolling ball radius, 20 pixels) was applied to the FA channel. 
Subsequently, the image was thresholded (Default setting) and the FA outlines were 
acquired using the Analyze particles function in ImageJ (only FA particles bigger than 1 
μm2 were included). Thereafter, background subtraction (rolling ball radius, 20 pixels) 
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was applied to the GFP-KANK channel. The previously obtained FA outlines were first 
expanded by 0.25 μm. Then, the integrated density and area of the expanded FA outlines 
in the GFP-KANK1 channel were measured. Thereafter, the expanded FA outlines were 
shrunk by 0.5 μm and the integrated density and area of the shrunk FA outlines in the 
GFP-KANK channel were measured again. The intensity at the FA rim was calculated by 
subtraction of the second measurement (FA center) from the first measurement (outer). 
Both intensities were divided by the area of the corresponding region. Finally, the FA 
rim/FA center ratio was normalized to the average FA rim/FA center ratio of K1-FL-wt.

 

Statistical analyses were performed using Prism 7 (GraphPad).
For FRAP experiments, the TIRF setup described above was used. FRAP measurements 
were performed by bleaching a 2.5-µm-diameter circle in GFP-KANK patches at FAs 
followed by 15 seconds imaging with a frame interval of 0.25 seconds per frame and 5 
minutes imaging with a frame interval of 5 seconds (for KN, KN+L2, KN+K2-L2). For 
the slower recovering KANK constructs (K1-FL-wt, K1-ΔCC, K1-ΔCC1, K1-ΔCC2+3), 
after photobleaching followed 30 seconds imaging with a frame interval of 0.5 seconds 
and 5 minutes imaging with a frame interval of 5 seconds. Per cell, 3 – 5 KANK1 patches 
were photobleached simultaneously. Mean fluorescence intensities were measured 
from a 2.5 µm-diameter circular region within the original photobleached region. The 
mean intensity of this region was double corrected for background fluorescence and 
photobleaching as previously described (Phair et al., 2004).
For line scans of GFP-labeled KANK constructs, LC8-mCherry and paxillin fluorescence 
profiles were obtained by line scan analysis in ImageJ. The fluorescence profiles were 
normalized by the maximum fluorescence intensity of the corresponding channel.
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Supplementary Material

Supplementary Figure S1. Characterization of HeLa cells knockout for endogenous KANK1 and 
KANK2
(A) Control HeLa cells and HeLa cells knockout for KANK1 and KANK2 were stained for endogenous 
KANK1, KANK2 (green) together with talin (magenta). No KANK1 or KANK2 structures can be found in 
the HeLa K1+K2-KO cells. (B) Western blot analysis of HeLa K1+K2-KO cells. The nonspecific protein 
band running slightly above the band corresponding to endogenous KANK2 (~ 120 kDa) is indicated by 
a dashed arrow. The bands for KANK1 and KANK2 are indicated by arrows. Ku80 was used as a loading 
control.
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Supplementary Figure S2, related to Figure 1 and 2. Localization of different KANK constructs at 
FAs
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(A) Schematic overview of different KANK1 and KANK2 constructs. (B) GFP-tagged KANK constructs 
(green) from (A) were overexpressed in HeLa K1+K2-KO cells. The cells were fixed and stained for 
endogenous paxillin (magenta). The KANK1-ΔCC1 is enriched at the FA rim whereas the KANK1-
ΔCC2+3 localizes more broadly around FAs. The short linker region L1 cannot prevent the KN domain 
from accumulating in the central part of FAs. Full-length KANK2 localizes to the FA rim as well as to 
patches around FAs. The right panel shows the plotted fluorescence intensities of the GFP-KANK (green) 
and paxillin (magenta) along the line indicated by the dashed red arrow in the inset. The fluorescence 
intensities were normalized to the maximum intensity of the corresponding channel.

Supplementary Figure S3, related to Figure 3. Analysis of the dynamics of different KANK1 
deletion mutants using FRAP
(A) Schematic overview of the different KANK1 constructs used in FRAP experiments. (B) Single frames 
of FRAP experiments with HeLa K1+K2-KO cells expressing the different GFP-labeled KANK1 constructs 
from (A). The stills show a baseline (pre-FRAP), the first frame after photobleaching (t = 0 sec) and 
the indicated time points after FRAP of a 2.5-µm-diameter circle region in the KANK1 patch. (C-D) 
Quantification of fluorescence recovery. The graph shows mean curves (bold lines) ± SD (light dotted 
lines) over time. For each condition, in total 24 – 28 KANK patches were analyzed in two independent 
experiments.
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Supplementary Figure S4, related to Figure 4. Characterization of the interaction between KANK1 
and LC8 
(A) Schematic overview of the different KANK1 fragments used to identify the binding region of LC8. (B) 
The GFP-tagged KANK1 fragments (green) from (A) were co-expressed with LC8-mCherry (magenta) 
in HeLa K1+K2-KO cells. The cells were fixed and stained for the endogenous paxillin (blue). The right 
panel shows the plotted fluorescence intensities of the GFP-KANK (green), LC8-mCherry (magenta) and 

Thesis_20201116.indd   133Thesis_20201116.indd   133 16/11/2020   09:4016/11/2020   09:40



4

Chapter 4

134

paxillin (blue) along the line indicated by the dashed red arrow in the inset. The fluorescence intensities 
were normalized to the maximum intensity of the corresponding channel. (C) Schematic overview of the 
different KANK1 constructs carrying mutated linker region L2 used in the pulldown assay. (D) Pulldown 
using bioGFP-tagged constructs from (C) and using LC8-mCherry as prey protein (LC8 is shown in the 
red box below the bioGFP-KANK1 constructs). The full-length KANK1 constructs with the mutation in the 
L2 region can still bind to LC8 whereas the corresponding KN+L2 constructs cannot bind to LC8 anymore. 
(E) Identification of the binding partners of bioGFP-tagged full-length KANK1 by using streptavidin pull 
down assays from HEK293T cells combined with mass spectrometry. The dynamic hub protein dynein 
light chain LC8 is indicated in magenta.
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Motif Amino Acid Score Volume and Polarity Score Anchor position Domain/Re
KQTSTQTV 4.40512020847 3.81781411385 710 L2
KDIAVLLY -4.27251437923 2.99714089756 1319 Ankr
ASRGVNTE 14.1163162559 2.56244688388 651 L2
KCGGLQSG -3.89925393974 1.89403932799 913 L2
VDKATMAQ 6.06371597875 1.2883301759 506 L2
AAVGTLVE 5.88192439883 1.09794067001 430 CC
NDPKALTS -9.18768184629 0.757971709289 1106 L2
AMLGVMTE 4.37552830403 0.567299121236 448 CC
SPLSSQTS 1.89828504053 0.335619907221 921 L2
RIQKLLAE -15.1516989697 0.319858683199 834 L2
LRYVINLA -22.3071031163 -9.15023701789 1156 L2
LKTNLNLK -26.2124514995 -8.49550109297 621 L2
MLSACNLL -23.4704563211 -7.14247333534 1094 L2
TLSPVNLT -23.3603010088 -7.11536882242 954 L2
GYTPIMLA -21.7542493136 -6.93377108619 1201 Ankr
DGSTALSI -25.9850082565 -6.55668856918 1305 Ankr
TLSSINSV -17.4425035214 -6.02771766544 874 L2
NFAKAQSP -8.49364355494 -5.87775902612 1330 Ankr
TIKRLNIQ -15.5414075389 -5.68285442138 62 KN
DADVCNVD -16.9285014605 -5.45752990196 1188 Ankr
EIVKLLLA -25.3396190515 -5.41020434233 1286 Ankr
TIPVLQVK -29.5695615082 -5.38052119239 288 CC
QMGSLNSQ -13.0379953663 -5.13846522519 863 L2
SLSSSNSD -8.93528990214 -4.6040682999 96 L1
GVGQININ -14.5638336792 -4.51870112053 765 L2
QRAASQIN -0.777013237736 -4.47245574952 313 CC
GVGTLLSG -25.7743957962 -4.40482476106 742 L2
AASQINVC 1.46756240813 -4.15324186163 315 CC
CGADVNIQ -4.73644669574 -4.02143801302 1261 Ankr
EIVKLLLD -19.715548254 -4.0188659333 1181 Ankr
IMLAALAA -18.8753271785 -3.99630449256 1205 Ankr
MRFCLNTL -16.192411308 -3.96157841422 1116 L2
TLLKTNLN -18.4125258311 -3.86984649027 619 L2
VEAVVQTR 0.391053420821 -3.86666488972 521 L2
YRLEVQLR -8.80241566945 -3.75355981742 475 CC
LIARSQVT -6.07138159546 -3.65102204893 112 L1
GCGDVNAK -20.8378814042 -3.58321607772 1227 Ankr
EQQTLLAE -20.2856561679 -3.54465160986 841 L2
GQTALMLA -22.3225984213 -3.35226590794 1239 Ankr
AGNASQLE -6.13002174328 -3.17544490575 331 CC
LKQELQAA -13.058025824 -3.09142215207 493 CC
SVTEAMLG -10.1877780757 -2.9771814272 444 CC
VNDLTLLK -21.0034724027 -2.68326497939 615 L2
IGVGTLLS -7.6974097162 -2.37644799928 741 L2
VHQFTNTE 5.80068039995 -2.3612700651 685 L2
CTNTCLST -6.53240348527 -2.24475827679 700 L2
GSLNSQLI -7.46999930589 -2.13748140489 865 L2
SAIPAMVG -10.8789215629 -2.11793812752 1135 L2
IVKLLLAQ -22.0559106941 -2.10198307554 1287 Ankr
GSTALMCA -7.2304286617 -2.00998908067 1272 Ankr
NAKASQAG 1.48829833076 -1.91388217977 1232 Ankr
MVKGLLAC -16.6710406321 -1.85101438484 1254 Ankr
IESCTNTC 5.44430698384 -1.78457802135 697 L2
QLISTLSS -3.93459246236 -1.75775822277 870 L2
AEQQTLLA -4.64752933972 -1.74526372771 840 L2
TSTESLSS -2.33553518337 -1.59631154647 92 L1
CETGSNTE 9.79893977879 -1.32905590894 605 L2
VEAAVMAV -6.76739853765 -1.30167083314 663 L2
TEAVSQVE -0.889356841358 -1.27249797964 657 L2
KAGDILSG -11.3841517174 -1.15908916465 19
RQLVSQLK -19.4581817129 -1.06816889539 304 CC
GHHAVNIE -4.73977210317 -1.02697375132 1054 L2
TETATLIE 1.54697170598 -0.860920963179 691 L2
TQEGTLSP -13.9599543325 -0.818970409638 950 L2
TSVETNSV -1.05044857819 -0.438858110393 545 L2
STPVTNVS -4.70577279974 -0.435791779311 254 L1
RVKDINSS -2.08347749921 -0.327383726473 728 L2
>KANK1-210 peptide: E  

Supplementary 
Table 1. LC8 
binding motifs 
in KANK1 (on the 
right)
Listed are 68 LC8 
binding motifs 
withing full-length 
KANK1 predicted 
by the LC8Pred 
algorithm. 
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Abstract

The cortical microtubule stabilizing complex anchors and stabilizes microtubules in close 
proximity to integrin-mediated cell-matrix adhesions. Microtubules play an essential 
role in the regulation and especially in the turnover of cell-matrix adhesions, which in 
turn is crucial for proper cell migration. KANK family proteins 1 and 2 can both bind 
to the major adhesion adaptor protein talin and thereby directly connect the cortical 
microtubule stabilizing complex to cell-matrix adhesions. Despite their similar structure 
and domain composition, KANK1 and KANK2 show distinct subcellular localizations. 
However, the factors responsible for these different localizations are unknown. Here, we 
show that the localization of both KANKs is talin-dependent. Moreover, by using wound 
healing assays we examined the role of both KANK proteins in cell migration. We found 
that KANK2 depletion negatively affects migration speed in a cell-type-specific manner. 
Yet, the exact mechanism how cell motility is affected requires further investigation.
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Introduction
Cell migration is one of the essential cell functions. In multicellular organisms, it is 
required for fundamental processes such as embryonic development, immune responses 
to infections, tissue repair and renewal (Ridley et al., 2003; Vicente-Manzanares and 
Horwitz, 2011). Yet, cell migration can also be involved in pathological processes like 
inflammatory diseases or cancer, in particular cancer metastasis which accounts for 90% 
of all cancer-related deaths (Bravo-Cordero et al., 2012). Most animal cells migrate in an 
integrin-dependent manner thereby the precise spatiotemporally regulated formation and 
disintegration of the integrin-mediated adhesions is crucial (Ladoux and Nicolas, 2012). 
Integrin-dependent cell migration process consists of four steps that are constantly 
repeated: i) Formation of cell protrusions at the leading edge of the cell. This process is 
mediated by actin filaments, which polymerize at the leading edge and thereby push the 
plasma membrane (PM) out (Pollard and Cooper, 2009). ii) The protruded PM adheres 
to the extracellular matrix (ECM) via integrin receptors spanning through the PM 
(Bachir et al., 2014; Barczyk et al., 2010). iii) After the cell-matrix adhesions have been 
stabilized the cell body is translocated in the direction of migration through actin-myosin 
II- (actomyosin-) dependent contraction (Vicente-Manzanares and Horwitz, 2011). iv) 
Finally, at the rear of the cell the old cell-matrix adhesions have to detach to allow the 
cell to move forward.
The life cycle of integrin-mediated cell-matrix adhesion complexes begins with the 
heterodimeric α/β-integrin receptors (integrins). These integrins cluster into small 
short-lived nascent adhesions (NAs) at the leading edge of the cell and bind to ECM 
components such as fibronectin (Bachir et al., 2014). In a force-dependent (actomyosin-
dependent) manner a portion of these NAs evolves into mature integrin-mediated cell-
matrix adhesion complexes, the so-called focal adhesions (FAs) (Vicente-Manzanares et 
al., 2007; Wolfenson et al., 2009). With their cytosolic tails, integrins bind to FA adaptor 
proteins such as talin (Geiger and Yamada, 2011; Parsons et al., 2010). Talin connects 
the integrins with the actin cytoskeleton thereby functioning as molecular clutch of the 
cell that transduces forces (Case and Waterman, 2015). Besides the mature FAs that 
can mostly be found at the cell periphery there exist another group of mature adhesion 
complexes, the so called fibrillar adhesions (FBs). These FBs are enriched in tensin, 
another adaptor protein, and α5/β1-integrins (Pankov et al., 2000). They usually appear 
as elongated stretches or arrays of dots in the central part of the cell (Geiger and Yamada, 
2011; Zaidel-Bar et al., 2004). FBs derive from the distal end of FAs and translocate in 
an actomyosin-dependent manner towards the cell center (Zamir et al., 1999; Zamir et 
al., 2000). 
The microtubule (MT) cytoskeleton plays an important role in regulating the dynamics 
of cell-matrix adhesion complexes (Etienne-Manneville, 2013). MTs can serve as 
molecular tracks for the intracellular transport of “building material” to and away from 
FAs (Stehbens and Wittmann, 2012). Besides, they can influence the actin-FA interplay 
by regulating Rho GTPase signaling (Seetharaman and Etienne-Manneville, 2019). MT 
plus ends are usually anchored and stabilized in close proximity to FAs by the CLASPs 
(CLASP1 and 2), ELKS, liprins and LL5β-containing cortical MT stabilizing complex 
(CMSC) (Lansbergen et al., 2006; Mimori-Kiyosue et al., 2005; van der Vaart et al., 
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2013).
Recently, two members of the kidney ankyrin repeat domain-containing (KANK) protein 
family have been identified as novel binding partners of the FA adaptor protein talin that 
can connect FAs and the CMSC (Bouchet et al., 2016; Sun et al., 2016). The KANK 
protein family consists of four human homologs (KANK1 – 4) (Zhu et al., 2008). All 
four human KANK proteins share a specific structure with three distinct domains (Figure 
1). At their N-terminus, all KANKs contain the so-called KANK N-terminal (KN) 
domain which mediates binding to talin (Bouchet et al., 2016; Sun et al., 2016). At their 
C-terminus, they possess the highly conserved ankyrin repeat domain which mediates 
binding to the kinesin-4 KIF21A (Guo et al., 2018; Pan et al., 2018; van der Vaart et al., 
2013; Weng et al., 2018). Located in the central region of the KANK proteins, between 
the KN and the ankyrin repeat domain, are the coiled coil (CC) domains. There exist 
four conserved CC domains (CC1 – 4) among the KANK family, the composition and 
number of which vary among the family members (Zhu et al., 2008). Van der Vaart et 
al. have shown that the CC1 domain binds to liprins, mainly liprin-β1, thereby bringing 
KANKs to the cortex (van der Vaart et al., 2013). Besides their role as linker between 
FAs and the CMSC, KANKs have been described as potential tumor suppressors in 
various types of cancer (Fan et al., 2020; Gu and Zhang, 2018; Guo et al., 2014; Kim et 
al., 2018; Sarkar et al., 2002).
In the present study, we focus on the differences between (human) KANK1 and KANK2, 
their subcellular localization and their involvement in cell migration. We show that 
KANK2 is predominantly located at elongated central adhesions in a talin-dependent 
manner. When KANK2 binding to talin is perturbed, KANK2 is retained at the cell 
periphery. Furthermore, we observed that loss of KANK2 in the breast cancer cell line 
SUM159PT leads to reduced migration velocity and diminished wound closure whereas 
the depletion of both KANK1 and KANK2 in HeLa cells does not affect cell migration.

Results
KANK2 localizes to central (elongated) adhesions in a talin-dependent manner
Despite their similar domain organization, endogenous KANK1 and KANK2 are 
distinct in their subcellular localization in various cell lines such as HeLa cells (cervical 
adenocarcinoma) and SUM159PT cells (anaplastic breast carcinoma). KANK1 
predominantly localizes to the cell periphery where it clusters around FAs. Nonetheless, 
to a small degree it can also be found at central adhesion structures (Figure 1B-C). On 
the other hand, KANK2 is predominantly located in the central area of the cell, where 
it forms elongated structures that colocalize with (elongated) talin-positive adhesions. 
This localization in elongated stretches is strongly pronounced in SUM159PT cells 
where KANK2 structures can extend to several micrometers in length (Figure 1C). 
Yet, KANK2 can also be found in the cell periphery where it clusters around FAs, like 
KANK1 (Figure 1C).
To better understand what determines the localization of KANK2 to central adhesion 
structures, several KANK2 mutants were generated that were lacking distinct domains 
such as the KN or the coiled coil domains. These N-terminally bioGFP-tagged KANK2 
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Figure 1. Human KANK family proteins an overview and the subcellular localization of KANK1 and 
KANK2 in human cellsnxzc
(A) Schematic overview of the four human KANK proteins. All four human KANK homologs possess at 
the N-terminus a highly conserved KANK N-terminal (KN) domain (blue). In the central region there are 
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constructs were expressed in HeLa cells that were depleted of endogenous KANK2 by 
CRISPR/Cas9-mediated knockout (HeLa-K2-KO cells) as described previously (Yu et 
al., 2019). Like endogenous KANK2, overexpressed full-length KANK2 (K2-FL-wt) 
localized to talin-positive central adhesion structures and to the cell periphery (Figure 
2B). Interestingly, it seemed that peripheral localization was more pronounced with 
overexpressed GFP-K2-FL-wt compared to endogenous KANK2. This might suggest 
that endogenous KANK1 and KANK2 compete for the peripheral binding sites around 
FAs.
The deletion of the KN domain from KANK2 (K2-ΔKN) led to more diffuse distribution 
of the construct throughout the cytoplasm. Moreover, the K2-ΔKN structures that could 
be found were exclusively located at the cell periphery (Figure 2D). In these patches 
K2-ΔKN strongly colocalized with liprin-β1, to which KANK family proteins can bind 
via the KANK CC1 domain (Supplementary Figure S1). On the other hand, the removal 
of the two coiled coil domains of KANK2, either separately or simultaneously, did not 
affect the localization of KANK2 to central adhesions (Figure 2E-G). Yet, it seemed that 
the removal of the CC domains affected the clustering of KANK2 around the peripheral 
FAs (Figure 2E-G; see also Chapter 4). Loss of the CC1 domain or both CC1 and CC3 
resulted in tight clustering around the FA rim and these constructs did not colocalize 
with liprin-β1 anymore (Supplementary Figure S1). Yet, the deletion of the CC3 domain 
alone (K2-ΔCC3) also led to more tight clustering around peripheral FAs, and even 
partial overlap with the FAs (Figure 2F). Nonetheless, the K2-ΔCC3 construct could still 
colocalize with liprin-β1 as it still possessed the CC1 domain (Supplementary Figure 
S1).
These results suggested that the localization of KANK2 to central adhesion structures 
depends on the KN domain and thus likely on binding to talin. Therefore, another 
KANK2 construct was generated carrying a mutation in the KN domain (K2-FL-4A: 42-
LDLD-45 = 42-AAAA-45). It was shown previously that mutation of the LDLD motif 
of the KN domain perturbs the talin-KANK interaction (Bouchet et al., 2016). Like the 
K2-ΔKN construct, the K2-FL-4A construct localized exclusively to the cell periphery 
but was more dispersed than KANK2 constructs with an unimpaired KN domain (Figure 
2H). At the periphery, K2-FL-4A strongly colocalized with liprin-β1-containing patches 
(Supplementary Figure S1). Interestingly, in contrast to the KANK2 construct lacking the 
KN domain, K2-FL-4A showed less diffuse distribution throughout the cytoplasm. Using 
pulldown assays with the bioGFP-tagged KANK2 constructs as bait we tested whether 
they could bind to talin and found that this was the case for all KANK2 constructs, 
except for the K2-ΔKN (Figure 2I). The K2-FL-4A construct was not included in this 
pulldown (Supplementary Figure S5), yet since its subcellular distribution mimics that 
of K2-ΔKN it is likely that the mutation of the LDLD motif abolished binding to talin.
Concluding from these data, it appears that the localization of KANK2 to talin-positive 
central adhesion complexes is mediated by its interaction with talin. Furthermore, it 
seems likely that KANK2 is not required for the formation of these central adhesions 

the coiled coil domains (black). There are four conserved CC domains (CC1 – 4), the composition and 
number of which vary among the KANK family members. At the C-terminus, there is the highly conserved 
ankyrin repeat domain which consists of five ankyrin repeats (grey). (B-C) Subcellular localization of 
endogenous KANK1 and KANK2 (both green) together with endogenous talin1 (magenta) in HeLa (B) 
and SUM159PT (C) cells.
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Figure 2. Subcellular localization of KANK2 and different KANK2 mutants in HeLa KANK2-KO cells
(A) Schematic overview of full-length KANK2 and the different KANK2 mutants. (B) Quantification of 
the KANK2 localization in HeLa-KANK2-KO cells. The KANK2 localization is represented as a ratio of 
the GFP-KANK2 signal in the central part of the cell divided by the KANK2 signal at the cell periphery 
(first 5 μm). The results were plotted as fraction of the control condition (K2-FL-wt) average value The 
results are represented as mean ± SD; ns, not significant; **** p < 0.0001 (Ordinary One-Way-ANOVA 
(Dunnett’s Multiple Comparison Test) (8 – 11 cells were analyzed per condition). (C-H) Localization of 
the indicated KANK2 constructs in HeLa KANK2-KO cells. Cells were transiently transfected with GFP-
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since they can still be found in cells knockout for KANK2 that are expressing KANK2 
constructs that cannot bind to talin (Figure 2D and 2H).

Disruption of the MT cytoskeleton causes re-localization of KANK2 at the cell 
periphery
For a long time, it has been known that MTs play an essential role in the regulation of 
FA dynamics and especially in the disassembly of FAs (Stehbens and Wittmann, 2012). 
Further, it has been described that MT plus-ends are anchored and stabilized in the 
vicinity of FAs (Lansbergen et al., 2006; Mimori-Kiyosue et al., 2005; van der Vaart et 
al., 2013). Moreover, it has been shown that nocodazole-induced depolymerization of 
MTs leads to increased FA assembly (Ren et al., 1999) whereas the re-growth of MTs 
after depolymerization results in accelerated FA disassembly (Ezratty et al., 2005).
Since MTs are so important to FAs and as KANKs link FAs to the CMSC, we were 
interested in how the MT cytoskeleton affects the localization of KANK2 to central 
adhesion structures. To address this question, nocodazole washout experiments were 
performed. HeLa cells were first incubated with nocodazole for 3 hours and afterwards 
the cells were either directly fixed (no washout) or the nocodazole-containing medium 
was removed and the cells were incubated in normal medium for 5, 15 or 45 minutes 
and then fixed. Subsequently, fixed cells were stained for endogenous KANK2 and talin 
(Figure 3). A control staining for α-tubulin to verify the effect to the nocodazole treatment 
was also performed. The non-treated control HeLa cells showed a normal radial MT 
network (Figure 3). KANK2 localized predominantly to talin-positive central adhesions 
and also clustered around peripheral FAs (Figure 3B), as described above. On the other 
hand, nocodazole treatment caused a complete loss of the MT network, and this led to 
an increase in FA size in these cells (Figure 3C). Interestingly, these cells possessed 
hardly any talin-positive central adhesions. In line with this observation, KANK2 could 
only be found clustered around the peripheral FAs and was almost completely absent 
from the central region of the cell (Figure 3). Removal of the nocodazole resulted in MT 
(re-) polymerization. Already 5 minutes after the washout, the first MTs could already 
be seen. At 15 minutes after washout the MT network was almost comparable to that 
in the non-treated control situation and 45 minutes after washout the MT network was 
completely restored. Corresponding to the recovery of the MT cytoskeleton, KANK2 
and talin-positive adhesions re-appeared in the central region of the cell (Figure 3). In 
contrast to KANK2, the subcellular localization of KANK1 was not affected by the 
nocodazole-induced depolymerization of MTs (Supplementary Figure S2).
Concluding from these data, it appears that the localization of KANK2 at central adhesions 
is MT-dependent. Yet, it has been shown that the disruption of the MT cytoskeleton leads 
to dramatic changes in the composition and maturation of FAs. Depolymerization of MTs 
leads to the release of the Guanine Nucleotide Exchange Factor H1 (GEF-H1) which is 
usually bound to the MT lattice and inactive (Krendel et al., 2002; Ren et al., 1998). Free 

tagged KANK2 constructs (green). Subsequently, cells were fixed and stained for the endogenous FA 
protein talin (magenta). The red insets represent peripheral adhesion complexes whereas the blue insets 
represent central areas of the cell. (I) Pulldown assay using bioGFP-tagged KANK2 constructs as bait to 
pull down talin from HEK293 cells. The red dashed double line indicates where a lane was cut out (for the 
original membranes/gels see Supplementary Figure S5).
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Figure 3. Nocodazole washout experiments in HeLa cells.
(A) Localization of endogenous KANK2 in HeLa cells treated with nocodazole (10 μM for 3 hours). After 
the incubation with nocodazole, the cells were either directly fixed (no washout) or the nocodazole-
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GEF-H1 can locally activate the Rho GTPase RhoA, which in turn results in strongly 
increased actomyosin contractility and thereby causes a change of the intracellular forces 
(Chang et al., 2008). Ng et al. have shown that these intracellular force changes lead 
to a switch in the maturation state of adhesion complexes thereby favoring FAs over 
FBs (Ng et al., 2014). They could demonstrate that nocodazole treatment caused α5/β1 
integrins, integrins that are usually enriched at the centrally located FBs, to redistribute 
to peripheral FAs (Ng et al., 2014). This change in the composition and distribution 
of adhesion complexes might explain the low abundance of talin-positive adhesions 
in the cell center of our HeLa cells, especially as the central adhesions in HeLa cells 
were always small puncta instead of pronounced elongated FBs that can be found in 
fibroblast-like cells such as SUM159PT. Thus, it is possible that the redistribution effect 
is so strong in HeLa cells that there are hardly any talin-positive central adhesions left in 
nocodazole-treated cells. Yet, further research needs to be done to fully understand the 
role of the MT cytoskeleton on the localization of KANK2 and the appearance of talin-
positive central adhesions.

Knockdown of KANK2 but not KANK1 leads to reduced wound healing and 
migration speed in SUM15PT cells
Recently, it has been shown that KANK1 plays an important role as linker between 
FAs and the CMSC and that removal of KANKs or the perturbation of the talin-KANK 
interaction leads to dispersion of the CMSC at the cortex as well as MT overgrowth. Yet, 
despite these effects on MTs and the CMSC a direct effect of KANK depletion on FAs 
in HeLa cells, such as changes in their size or number, has not been overserved by us 
(Bouchet et al., 2016). Nonetheless, Sun et al. have described that depletion of KANK2 
led to increased migration velocity in mouse fibroblasts (Sun et al., 2016) whereas Gee 
et al. have reported that depletion of KANK2 in cultured mouse podocytes resulted in 
reduced migration velocity (Gee et al., 2015). Therefore, we wanted to examine how the 
depletion of KANK1 and 2 affects cell migration in the human cell lines we study. To 
analyze this, we performed wound healing assays using HeLa cells that were depleted of 
KANK1 or KANK2 or both via siRNA-mediated knockdown. After applying the wound, 
the HeLa cells were allowed to migrate for 24 hours and afterwards they were fixed and 
stained with phalloidin and DAPI to delineate the cell outlines and nuclei and to measure 
which part of the wound area was covered by cells. After the initial experiment, it seemed 
that single depletions of either KANK1 or KANK2 in HeLa cells did not affect wound 
healing. On the other hand, it seemed that the simultaneous double knockdown of both 

containing medium was removed and the cells were incubated in normal medium and subsequently fixed 
at the indicated timepoints (5, 15, or 45 minutes) after nocodazole removal. The left panel shows cells 
stained for the FA marker phospho-FAK (magenta) and alpha-tubulin (green) to verify the effect of the 
nocodazole treatment on the MT network. The right panel shows cells stained for endogenous KANK2 
(green) and talin (magenta). (B) Quantification of the KANK2 localization in HeLa cells. The KANK2 
localization is represented as a ratio of the KANK2 signal in the central part of the cell divided by the 
KANK2 signal at the cell periphery (first 5 μm). The results were plotted as fraction of the control condition 
(non-treated) average value. The results are represented as mean ± SEM; ns, not significant; **** p < 
0.0001; * p < 0.05 (Ordinary One-Way-ANOVA (Dunnett’s Multiple Comparison Test)) (19 – 20 cells were 
analyzed per condition). (C) FA size represented as mean ± SD; ns not significant; **** p < 0.0001; ** p 
< 0.01 (Ordinary One-Way-ANOVA (Dunnett’s Multiple Comparison Test)) (108 - 444 FAs in 6 - 11 cells 
were analyzed per condition).
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Figure 4. Effects of KANK1 and 2 depletion on cell migration in HeLa and SUM159PT cells
(A) Wound healing assay using HeLa cells. HeLa cells were either transfected with control siRNA 
(siLuciferase) or with siRNAs against KANK1 (siKANK1) or KANK2 (siKANK2) or both (siKANK1 & 
2). The application of the wound was timed so that cell migration occurred 48 - 72 hours after siRNA 
transfection. The cells were allowed to migrate for 24 hours. Subsequently, the cells were fixed and 
stained with phalloidin (green) and DAPI (blue) to delineate the cell outlines and nuclei. The control panel 
on the left shows the wound area directly after applying the wound (t = 0 hours). The panels on the right 
show representative wound areas 24 hours after monolayer wounding (t = 24 hours). Dotted red lines 
represent the boarders of the wound area. (B) Quantification of the covered wound area after 24 hours. 
Covered wound area is represented as mean ± SD; ns, not significant; *** p < 0.001 (Ordinary One-Way 
ANOVA (Dunnett’s Multiple Comparison Test)) (7 – 8 wound areas were analyzed per condition). (C) 
Wound healing assay using SUM159PT cells. The SUM159PT cells were treated as HeLa cells in (A); 
yet, SUM159PT cells were already fixed 15 hours after applying the wound. The control panel shows 
control cells that were directly fixed after applying the wound (t = 0 hours). The panels on the right show 
representative wound areas 15 hours after applying the wound. Dotted red lines represent the boarders 
of the wound area. (D) Quantification of the covered wound area after 24 hours. Covered wound area 
is represented as mean ± SD; ns, not significant; **** p < 0.0001 (Ordinary One-Way ANOVA (Dunnett’s 
Multiple Comparison Test)) (21 – 24 wound areas were analyzed per condition). (E) Migration velocity 
of SUM159PT cells that were either transfected with control siRNA (siLuciferase) or with siRNA against 
KANK2 (siKANK2). Cells were sparsely seeded on uncoated glass coverslips and allowed to migrate 
freely; **** p < 0.0001 (unpaired t-test) (22 – 23 cells were analyzed per condition). (F) Quantification of 
the directionality of migration of SUM159PT cells migrating on uncoated glass and treated as in (E). The 
directionality is the ratio of the Euclidian distance between the start and end point of the migration track 
divided by the total length of the migration track; * p < 0.05 (unpaired t-test) (12 - 13 cells were analyzed 
per condition). (G) Migration velocity of SUM159PT cells treated as in (E) and migrating on Fibronectin- 
(FN-) coated glass coverslips; **** p < 0.0001 (Ordinary One-Way ANOVA (Dunnett’s Multiple Comparison 
Test)) (20 – 21 cells were analyzed per condition). (H) Quantification of the directionality of the migration 
of SUM159PT cells migrating on FN-coated glass and treated as in (E); ns, not significant (Ordinary 
One-Way ANOVA (Dunnett’s Multiple Comparison Test)) (20 - 21 cells were analyzed per condition). The 
migration velocity and directionality are shown as box and whiskers plots (box represents 25th – 75th 
percentiles; whiskers represent Min and Max; the line represents the median).
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KANKs significantly reduced wound closure (Figure 4A-B). However, in a follow-up 
experiment there was no difference in wound closure between control cells and double 
knockdown cells (Supplementary Figure S3). Since HeLa cells are not an optimal model 
system for studying cell migration, we decided to switch to the more motile SUM159PT 
breast cancer cell line.
Monolayer wound healing experiments were repeated with the SUM159PT cells. 
Knockdown of only KANK1 in SUM159PT cells did not affect wound healing. Yet, 
depletion of KANK2, either alone or in combination with KANK1, caused a significant 
decrease in wound closure (Figure 4C-D). This effect could be reproduced in several 
follow-up experiments as well as when using two different siRNAs against KANK2 
(Supplementary Figure S3). Thus, it seemed that knockdown of KANK2 negatively 
affected cell migration. Next, SUM159PT cells were seeded sparsely on uncoated 
glass coverslips to freely migrate overnight, and every 5 minutes an image was taken; 
afterwards, the tracks of single migrating cells were analyzed. Depletion of KANK2 
indeed reduced the migration velocity of single cells compared to the control cells (Figure 
4E). Moreover, when looking at the directionality of the cell migration by comparing the 
total length of the migration track to the Euclidean distance between the starting and end 
point of the migration track, cells depleted of KANK2 migrated along a less straight path 
compared to control cells (Figure 4F). However, it is known that the substrate can have 
a strong impact on cell-matrix adhesions and the cellular behavior (Fusco et al., 2015). 
Therefore, the glass coverslips were coated with fibronectin (FN) to study the influence 
of the substrate on cell migration in KANK2-depleted cells. The overall migration 
velocity was increased for SUM159PT cells migrating on FN-coated glass. Yet, the loss 
of KANK2 still led to a significant reduction of the migration speed compared to control 
cells (Figure 4G). Interestingly, there was no difference in the directionality of migration 
on FN-coated glass (Figure 4H).
Taken together, these results indicate that removal of KANK2 negatively affects cell 
migration in SUM159PT cells whereas removal of KANKs does not seem to affect cell 
motility in HeLa cells. Further, single cell migration experiments showed that the loss of 
KANK2 in SUM159PT cells leads to reduced migration velocity. The effect of KANK2 
depletion on directionality was less clear, as it appeared substrate-dependent.

Depletion of KANK2 does not affect FAs nor the formation of the CMSC in 
SUM159PT cells
Next, we wanted to understand how the depletion of KANK2 causes reduced migration 
speed in SUM15PT cells. Since the migration speed was reduced upon removal of 
KANK2 it seemed possible that the disassembly of FAs might be negatively affected by 
knockdown of KANK2. Therefore, we analyzed the size and number of FAs in KANK2-
depleted SUM159PT cells, but observed no significant changes (Figure 5E-F). This is 
in line with our previous findings on the removal of both KANK1 and 2 in HeLa cells 
(Bouchet et al., 2016). The interaction between KANK1 and talin is required for proper 
formation of the CMSC around FAs (Bouchet et al., 2016). To test whether the formation 
of the CMSC was affected by removal of KANK2 in SUM159PT cells, we analyzed the 
clustering of the CMSC proteins CLASP2 and liprin-β1 at the cell periphery (cell edge) 
and found no differences between KANK2-depleted and control cells (Figure 5A-D). 
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Concluding from these data, it seems that the removal of KANK2 from SUM159PT cells 
does not affect FAs nor the formation of the CMSC. Thus, it is likely that the reduction 
of migration speed upon KANK2 depletion does not result from a direct effect on FAs 
and their disassembly.

Discussion
In this study, we have looked at the differences between KANK1 and KANK2 with a 
particular interest in KANK2 and its predominant localization to (talin-positive) central 
adhesion structures. We found that this localization is mediated by binding to talin and 
that disruption of this interaction leads to re-localization of KANK2 to the CMSC at the 
cell periphery. Interestingly, we saw that when overexpressing full-length KANK2 in 
HeLa K2-KO cells the localization of full-length KANK2 around peripheral FAs was 
more pronounced compared to endogenous KANK2 (Figure 2B). Usually, KANK1 is the 
predominant KANK family member located at the cell periphery around FAs whereas 

Figure 5. Loss of KANK2 does not affect FAs nor the CMSC in SUM159PT cells
SUM159PT cells were either transfected with control siRNA (siLuciferase) or with siRNA against KANK2 
(siKANK2). The cells were fixed 48 – 72 hours after siRNA transfection and stained for endogenous 
liprin-β1 (A) or CLASP2 (C) (both green) and the FA marker phospho-tyrosine (magenta). (B) Quantification 
of peripheral clustering of liprin-β1 in cells treated as in (A). The peripheral clustering is the ratio of 
the liprin-β1 signal at the cell periphery (first 5 μm) divided by the liprin-β1 signal in the adjacent cell 
area (second 5 μm). The results were plotted as fraction of the control condition (siLuciferase) average 
value (7 cells were analyzed per condition). (D) Quantification of peripheral clustering of CLASP2 in 
SUM159PT cells treated as in (C). The peripheral clustering of CLASP2 has been quantified as in (B) 
(7 cells were analyzed per condition). (E) Size of FAs in SUM159PT cells either transfected with control 
siRNA (siLuciferase) or with siRNA against KANK2 (siKANK2) (886 – 992 FAs in 19 – 20 cells were 
analyzed per condition). (F) Number of FAs per cell in SUM159PT cells treated as in (E) (19 – 20 cells 
were analyzed per condition). All values are presented as mean ± SD; ns, not significant (unpaired t-test).
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KANK2 is more concentrated at central adhesions. Previously, it has been shown by 
us that clustering of KANK1 around peripheral FAs is also mediated by binding to 
talin. Furthermore, by using fluorescence polarization assays we could demonstrate that 
the highly homologous KN domains of both KANK1 and 2 bind equally well to talin 
rod domain R7 (Bouchet et al., 2016). Thus, it is likely that the different subcellular 
localizations of KANK1 and 2 are caused by hitherto unknown interaction partners 
or other factors. It is known that the composition of FAs and central FBs differs, for 
example FBs are supposed to be enriched in tensin and α5/β1-integrins and poor in 
tyrosine-phosphorylated proteins whereas peripheral FAs are rich in αV/β3 integrins and 
tyrosine-phosphorylated proteins (Geiger and Yamada, 2011; Ng et al., 2014; Pankov 
et al., 2000). Therefore, it could be that KANK2 interacts with FB proteins, such as 
tensin, that are less abundant at peripheral FAs (Supplementary Figure S4). Another 
possibility might be that the two distinct talin isoforms (talin1 and 2) are responsible for 
the segregation of KANK1 and 2, as it appears that talin2 is slightly more concentrated in 
the cell center in HeLa cells compared to talin1 (Supplementary Figure S4).  Nonetheless, 
this seems less plausible since endothelial cells, such as HUVECs, only express talin1 
and KANK2 is strongly accumulated at the thin elongated central adhesions in HUVEC 
cells (see Chapter 6 General Discussion). Another factor that might contribute to distant 
subcellular localizations of KANK1 and 2 are differences in intracellular forces at the 
distinct cell-matrix adhesions. It has been shown that talin(1) is under less tension in 
central adhesions compared to peripheral adhesions (Kumar et al., 2016). More recently, 
it has been shown that the interaction between talin’s rod domain R7 and the KN domain 
of KANK1 is force-regulated. Yu et al. have demonstrated that the R7/KN interaction 
can withstand forces in the pN range and that under shear-force geometry the interaction 
becomes more stable with increasing force until a maximum is reached (catch-bond 
behavior) (Yu et al., 2019). Thus, it is possible that intracellular forces might play a role 
in the subcellular distribution of KANK1 and KANK2.
Further, we saw that the removal of the coiled coil domains from KANK2 did not affect 
its localization to central adhesions but caused more tight clustering around peripheral 
FAs, and even partial overlap with them, as we have seen with KANK1 (see Chapter 4).
Morea over, we still found talin-positive central adhesions in HeLa K2-KO cells that 
were expressing KANK2 constructs that could not bind to talin anymore. Consequently, 
we assume that KANK2 is not essential for the formation of these central adhesions.
The MT network is a crucial element for regulating the dynamics of FAs (Stehbens and 
Wittmann, 2012); especially for their disassembly as studies have demonstrated that the 
nocodazole-induced depolymerization of the MT cytoskeleton perturbs FA disassembly 
and usually leads to an increase in FA size (Ezratty et al., 2005). Our nocodazole 
washout experiments with HeLa cells have demonstrated that upon disruption of the MT 
network KANK2 could almost exclusively be found at the cell periphery around FAs. 
Interestingly, also the appearance of the talin-positive central adhesions seemed to be 
affected by the nocodazole treatment as we could only find few of them in nocodazole-
treated HeLa cells. Yet, as we mentioned above, this reduction of central talin-positive 
adhesions is probably due to the RhoA-mediated hyperactivation of myosin II which 
leads to massive changes in the intracellular forces at adhesions (Chang et al., 2008). 
The nocodazole-induced disruption of the MT cytoskeleton leads to the release of the 
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MT-associated GEF-H1, which activates RhoA (Chang et al., 2008; Krendel et al., 2002; 
Ren et al., 1998). Furthermore, it has been demonstrated by Ng et al. that the changes 
in intracellular forces result in a switch in the maturation state of adhesion complexes 
favoring FAs and subsequently to redistribution of adhesion components (Ng et al., 
2014), thereby likely causing the re-location of talin to the cell periphery.
Cell migration is a fundamental cellular process that is required for various aspects of 
animal life such as embryonic development, immune responses, tissue renewal and 
repair. Yet, perturbed cell migration is often associated with pathological processes such 
as inflammatory diseases or cancer, especially metastasis of cancer (Ridley et al., 2003; 
Vicente-Manzanares and Horwitz, 2011). FAs play an essential role in cell migration 
since their formation at the leading edge and their breakdown at the rear end of the cell 
require fine spatiotemporal coordination of dozens of proteins (Friedl and Wolf, 2010). 
Recently, it has been shown that KANK2 can affect cell migration. Sun et al. showed that 
depletion of mouse KANK2 in mouse fibroblasts led to accelerated cell migration (Sun 
et al., 2016); whereas Gee et al. have described that loss of mouse KANK2 in cultured 
mouse podocytes leads to reduced cell migration (Gee et al., 2015). More recently, it was 
shown that knockdown of KANK2 in the melanoma cell line MDA-MB-435S negatively 
affected cell migration (Paradžik et al., 2020). In our wound healing experiments, we 
saw that removal of both KANK1 and KANK2 did not affect migration of HeLa cells. 
Yet, when using the more motile breast cancer cell line SUM159PT, we observed 
that depletion of KANK2 caused reduced wound closure. In single cell migration 
experiments, we could confirm that cell migration velocity was reduced in KANK2-
depleted SUM159PT cells compared to control cells. Yet, how exactly the removal of 
KANK2 reduces migration velocity remains unclear. We never observed any significant 
effects on FAs, neither in size nor number which is in line with the observations of  
Sun et al. and Paradzik et al. who also did not see any effects on FA size or number 
upon KANK2 depletion (Paradžik et al., 2020; Sun et al., 2016). Further, the removal 
of KANK2 from SUM159PT cells did not affect the formation and clustering of the 
CMSC components such as liprin-β1 or CLASP2 around FAs. Therefore, KANK2 likely 
affects cell migration via a heretofore unidentified mechanism. As mentioned previously, 
Sun et al. have reported that depletion of KANK2 led to more cell migration. Since 
they also saw that KANK2 mediates FA sliding, a process in which mature FAs slide 
towards the center of the cell and which has been associate with reduced migration speed 
(Smilenov et al., 1999), they suggested that the positive effect on cell migration resulted 
from reduced FA sliding upon KANK2 depletion (Sun et al., 2016). Yet, we did not see 
any effects of KANK2 removal on the formation of central adhesions (see also Chapter 6 
General Discussion). In contrast to Sun et al., two other aforementioned studies showed 
that loss of KANK2 reduced cell migration (Gee et al., 2015; Paradžik et al., 2020). 
However, both studies were not able to decipher how exactly KANK2 engages with 
cell migration. Paradzik et al. solely suggested that probably KANK2’s association with 
αV/β5-integrins, the main type of integrin receptors present in FAs in MDA-MB-435S 
cells, might be important since the knockdown of KANK2 mimicked the same effects on 
migration as removal of αV integrins (Paradžik et al., 2020). 
Taken together, the exact mechanisms underlying the effects of KANKs (KANK2) on 
cell migration remains obscure. Due to the contradicting data on the effects of KANK 
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family proteins on cell migration it is likely that there is more than one mechanism 
through which KANK proteins could affect cell motility. Moreover, it also seems likely 
that these mechanisms are cell type specific. Thus, further research needs to be done to 
clarify these open questions also with regard to the different roles that different KANK 
family members might play.
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Experimental Procedures
Cell culture and DNA/siRNA transfections
HeLa cells were cultured in DMEM medium; SUM159PT cells were cultured in RPMI 
1640 medium; and HEK293T cells were cultured in DMEM/F10 (1:1; v/v) medium. For 
the KANK2 rescue experiments the same HeLa KANK2-knockout cell line was used 
as described previously (Yu et al., 2019), this cell line was cultured in DMEM medium. 
All media were supplemented with 10 % (v/v) fetal calf serum and with Penicillin/
Streptomycin (100 units/mL penicillin and 100 μg/mL streptomycin). All cell lines were 
grown at 37 °C in humidified incubators at 5 % CO2 atmosphere. The cell lines were 
routinely checked for mycoplasma contamination using the Mycoalert assay (Lonza, 
LT07-518).
Transfection of DNA and siRNA into HeLa cells and of DNA into Hek293T cells 
was performed as previously described (van der Vaart et al., 2013). HeLa cells were 
transfected with siRNAs using HiPerFect (Qiagen). SUM159PT cells were transfected 
with siRNAs using Lipofectamin RNAiMAX (ThermoFisher) following the instructions 
of the manufacturer. The siRNA-transfected cells were analyzed 48 – 72 hours after 
transfection. HeLa and SUM159PT cells were both transfected with DNA constructs 
using FuGene6 (Promega). The cells were analyzed 24 hours after the transfection. 
Hek293T cells were transfected with DNA using polyethyleneimine (PEI). The cells 
were harvested for pulldown assays 24 hours after the transfection.

DNA constructs and siRNAs
The BioGFP-tagged KANK2 fusion constructs were made using PCR-based 
amplification of different KANK2 fragments, pBioGFP-C1 vector and Gibson Assembly 
mix (New England Biolabs) as described previously (Bouchet et al., 2016). The same 
siRNAs against KANK1 and KANK2 were used as described previously (Bouchet et 
al., 2016): control siRNA (siLuciferase) GTGCGTTGCTAGTACCAAC; siKANK1 
CAGAGAAGGACATGCGGAT; siKANK2 #1 ATGTCAACGTGCAAGATGA; 
siKANK2 #2 TCGAGAATCTCAGCACATA.

Antibodies and Immunofluorescence staining
Cell fixation and staining were performed as previously described (van der Vaart et 
al., 2013). In brief, cells seeded on (12 mm) glass coverslips for immunofluorescence 
staining were allowed to attach overnight. The following day, the cells were either fixed 
with 4 % PFA in PBS for 15 minutes at room temperature (phalloidin staining) or with 
ice-cold methanol for 7 minutes at -20 ºC (staining for KANK1; KANK2; liprin-β1; 
CLASP2, phosphor-tyrosine; and talin). After one-time washing with PBS, the cells were 
permeabilized for 4 minutes at room temperature (RT) using permeabilization buffer (0.2 
% TritonX-100 (Sigma) in PBS). Thereafter, the cells were blocked in blocking buffer 
(0.05 % Tween-20 (Sigma) and 2 % BSA (Carl Roth) in PBS) for 1 hour at RT. After 
blocking, the cells were incubated with primary antibodies diluted in blocking buffer for 
1 hour at RT. After incubation, the cells were washed 5-times for 2 minutes with wash 
buffer (0.05 % Tween-20 in PBS); followed by 1 hour incubation with the fluorescently 
labeled secondary antibodies diluted in blocking buffer. The cells were washed 5-times 
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for 2 minutes with wash buffer and afterwards, dehydrated using first 70 % and then 
100 % ethanol (the dehydration step was left out in case of phalloidin staining). Finally, 
the cells/coverslips were mounted on glass slides using Vectashield mounting medium 
(Vector laboratories, H-1000) or DAPI-containing Vectashield mounting medium (Vector 
laboratories, H-1200) for the wound healing assays.
Commercially available antibodies against alpha-tubulin (Sigma, T5168), KANK1 (Atlas 
antibodies, HPA005539), KANK2 (Atlas antibodies, HPA015643), phosphotyrosine 
(Sigma, PT-66), talin (clone 8d4, Sigma, SAB4200694); Talin1 (clone 97H6, BioRad, 
MCA4770), Talin2 (clone 68E7, Abcam, ab105458) and tensin1 (Sigma, SAB4200283) 
were used. The rabbit antibody against liprin-β1 was self-made (van der Vaart et al., 
2013). The CLASP2 antibody was described before (Lansbergen et al., 2006). Alexa-405, 
Alexa-488 and Alexa-594 conjugated goat antibodies against rabbit and mouse IgG were 
purchased from Invitrogen.

Coating 2-well-chambered cover glasses with fibronectin
For the live-cell migration experiments, 2-well-chambered cover glasses (LabTek, 
155380) were coated with human fibronectin (FN, PromoCell, C-43060) using a FN/
PBS solution (10 μg FN per mL). Of the FN/PBS solution, 250 μL were added to each 
chamber of the cover glasses. The cover glasses were gently shaken to evenly distribute 
the FN/PBS solution. Subsequently, they were incubated at 37 °C and 5 % CO2 in a 
humidified incubator for 3 hours. After incubation, the remainder of the FN/PBS solution 
was carefully removed, and the chambers were washed 4-times by gently rinsing them 
with PBS. Subsequently, the FN-coated cover glasses were directly used for seeding 
cells in them.

KANK2 rescue experiments
HeLa cells knockout for KANK2 (HeLa-K2-KO cells) were seeded on 12 mm glass 
coverslips (10,000 – 15,00 cells per coverslip) and allowed to attach overnight. The 
following day, the medium was refreshed, and the cells were transfected with DNA (0.5 
µg DNA/well) using FuGene6 (Promega) transfection reagent. The cells were incubated 
with the DNA/FuGene6 mixture overnight. The following day (~24 hours after the DNA 
transfection), the cells were fixed for immunofluorescence staining.

Nocodazole washout experiments
HeLa cells were seeded on 12 mm glass coverslips (10,000 – 15,000 cells per coverslip) 
and allowed to attach overnight. The following day, the medium was removed, 
subsequently the cells were either incubated in fresh medium containing nocodazole (10 
μM) or normal medium (non-treated control situation) for 3 hours at 37 °C in 5 % CO2. 
After incubation, the cells were either directly fixed (non-treated control and no washout 
condition), or the nocodazole-containing medium was removed and the cells were 
washed 5-times with cold PBS on ice (to prevent premature re-polymerization of MTs). 
Afterwards, normal medium was added, and the cells were incubated at 37 °C in 5 % 
CO2 for 5, 15 or 45 minutes. Subsequently, the cells were fixed for immunofluorescence 
staining.
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Wound healing assays
HeLa and SUM159PT cells were trypsinized and ~150,000 cells per well were 
seeded in 6-well culture plates and transfected using 20 nM per siRNA per well using 
HiPerfect (HeLa cells, Qiagen) or Lipofectamin RNAiMAX (SUM159PT cells, Thermo 
Fisher) transfection reagent and adding the siRNA/transfection reagent mix to the cell 
suspension. The cells were allowed to attach and to incubate in the siRNA/transfection 
reagent-containing medium overnight. The following day, the cells were washed 2-times 
with PBS and trypsinized. For the wound healing migration assay silicone-made 
culture-inserts 2 well (ibidi, # 80209) were used. The inserts were placed on 18 mm 
glass coverslips. The coverslips with the inserts were placed in 6-well culture plates. 
Subsequently, the trypsinized cells (~24 hours after siRNA transfection) were added to 
each of the two wells of the insert: 47,000 cells per well for SUM159PT cells and 50,000 
cells per well for HeLa cells. The cells were allowed to attach overnight at 37 °C and 5 
% CO2 in a humidified incubator. The following day, the inserts were carefully removed, 
and the cells were washed 2-times by gently rinsing the wells of the 6-well culture plate 
with PBS. Afterwards, 2mL of appropriate cell culture medium were added to each of 
the wells. The cells (~48 hours after siRNA transfection) were then allowed to migrate 
for 15 hours (SUM159PT cells) or for 24 hours (HeLa cells) at 37 °C and 5 % CO2 in 
a humidified incubator. Except for the control cells, the control cells were immediately 
fixed for immunostaining after removal of the culture-inserts and used as reference for 
the wound area. After incubation, the cells were directly fixed for immunofluorescence 
staining. The cells were stained for phalloidin and with DAPI to delineate the cell 
outlines and nuclei respectively.

Live-cell migration experiments
SUM159PT cells were transfected with siRNA as described above. The following day 
(24 hours after siRNA transfection, the cells were washed 2-times with PBS, then fresh 
cell culture medium was added, and the cells were allowed to incubate for another 24 
hours at 37 °C and 5 % CO2 in a humidified incubator. Subsequently, the cells (48 hours 
after siRNA transfection) were trypsinized and sparsely seeded in 2-well-chambered 
cover glasses (LabTek, 155380); 20,000 cells were added per well. The cover glasses 
were either uncoated or coated with FN as described above. Then, the cells were allowed 
to attach for 6 – 8 hours. Thereafter, the 2-well-chambered cover glass was placed on the 
phase contrast microscope as described below and every 5 minutes an image was taken 
of the cells overnight (~12 hours).

Microscopy and image analysis
Images of fixed cells were either collected with a Nikon Eclipse Ni upright wide field 
fluorescence microscope and a Nikon DS-Qi2 CMOS camera (Nikon), using Plan Apo 
Lambda 100x N.A. 1.45 oil objective (Nikon) and Nikon NIS (Br) software (Nikon). 
Alternatively, images were collected with a Nikon Eclipse 80i upright wide field 
fluorescence microscope and a CoolSnap HQ2 CCD camera (Photometrics) using a Plan 
Apo VC 100x 100x N.A. 1.40 oil objective, a Plan Fluor 10x N.A. 0.30 objective, or 
a Plan Fluor 4x N.A. 0.13 objective (all Nikon) and Nikon NIS (Br) software. Nikon 
Intensilight C-HGFI was used as a light source. For imaging of blue, green and red 
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fluorescence the filter sets ET-BFP2 (49021), ET-GFP (49002), and ET-mCherry (49008) 
(all Chroma) were used respectively.
Phase-contrast live cell imaging of migrating SUM159PT cells was performed on a 
Nikon Ti microscope equipped with a perfect focus system (Nikon), a super high pressure 
mercury lamp C-SHG1 (Nikon), a Plan Fluor DLL 10x NA 0.3 (Ph1), a CoolSNAP HQ2 
CCD camera (Photometrics), a motorized stage MS-2000-XYZ with Piezo Top Plate 
(ASI) and a stage top incubator model INUBG2E-ZILCS (Tokai Hit) to keep cells at 37 
˚C and 5 % CO2 atmosphere. The microscope setup was controlled by Micro-manager 
1.4 software (Edelstein et al., 2014).
For presentation, images were adjusted for brightness and contrast using ImageJ 1.50b 
(NIH).
For analysis of FA size and number, the FA images were reduced for background (rolling 
ball radius 20 pixels), subsequently the FA outlines were obtained by thresholding 
(default setting) and using Analyze Particles in ImageJ (only FAs bigger than 0.25 
μm2 were included in the analysis). Statistical analyses were performed using Prism 7 
software (GraphPad).
For analysis of KANK2 localization (rescue and nocodazole washout experiments), and 
cell edge clustering of CLASP2 and liprin-β1, background reduction was applied (rolling 
ball radius 20 pixels) and images were adjusted for brightness and contrast. The KANK2 
localization was quantified as ratio of the integrated density of the (GFP-)KANK2 signal 
at the center of the cell (cell outline shrunken by 5 um) to the integrated density of 
the (GFP-)KANK2 signal at the cell periphery (first 5 um). The results were plotted as 
fraction of the control condition average value.  The cell edge clustering of CLASP2 
and liprin-β1 were calculated as ratio of the integrated density of the CLASP2/liprin-β1 
signal at the cell periphery (first 5 µm) to the integrated density of the signals at the 
adjacent cell area (second 5 µm) as described before (Bouchet et al., 2016). The results 
were plotted as fraction of the control condition (siLuciferase) average value. The cell 
outline was defined by applying Gaussian Blur (ball radius 5 pixels) and thresholding. 
Statistical analyses were performed using Prism 7 software (GraphPad).
For analysis of the wound healing assays, the control situation (directly fixed after insert 
removal) was used to create a mask of the uncovered wound area with the adjacent cell 
areas. To analyze what percentage of the wound area was covered by cells, a Gaussian 
blur (ball radius 2 pixels) was applied to the images of the other conditions (15 or 24 
hours after insert removal), afterwards the images were thresholded, and subsequently 
the mask of the wound area was fitted on the images and the percentage of wound area 
covered by cells was calculated. Statistical analyses were performed using Prism 7 
software (GraphPad).
For analysis of the live-cell migration assays, the plugin MTrack J for ImageJ (Meijering 
et al., 2012) was used to track and analyze the migration path of single cells. Statistical 
analyses were performed using Prism 7 software (GraphPad).

Pulldown assay using bioGFP-tagged KANK2 constructs
Streptavidin-based pulldown assays of biotinylated KANK2 constructs expressed using 
bioGFP-tagged-KANK2 in HEK293T cells was performed as previously described (van 
der Vaart et al., 2013). In brief, HEK293T cells were seeded in 10 cm plastic culture dish 
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to ~80% confluence, the cells were allowed to attach overnight. The following day, the 
cells were transfected with the bioGFP-tagged KANK2 constructs, biotin-ligase BirA, 
and GFP-tagged Talin1 (5 μg DNA per construct) using PEI. The DNA/PEI suspension 
was added to the cells dropwise. Thereafter, the cells were incubated for 24 hours at 
37 °C in 5% CO2 atmosphere in humidified incubators. After incubation, the cells 
were harvested on ice using ice-cold PBS and a spatula to scrape them from the dishes. 
The harvested cells were pelleted and subsequently lysed using a non-ionic detergent-
based lysis buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 1 mM EDTA, protease 
inhibitor cocktail (Roche), 1 % Triton-X100) for 10 minutes on ice. Afterwards, the 
suspension was centrifuged at 13,200 rpm at 4 °C for 15 minutes. The streptavidin beads 
(ThermoFisher, 11206D) were blocked in lysis buffer supplemented with 5% chicken 
egg white (Sigma) for 30 minutes at RT. Thereafter, the lysates were incubated with 
the streptavidin beads for 2 hours at 4 °C, except for 7 % of each lysate that was kept 
as “input” control. DTT-containing SDS-PAGE protein sample buffer was added to the 
input control. After incubation of the lysates with the streptavidin beads, the beads were 
washed 5 times using the lysis buffer and a magnetic “DynaMag” rack (ThermoFisher, 
12321D). Thereafter, DTT-containing SDS-PAGE protein sample buffer was added to 
the beads.
The following SDS-PAGE and Western blot analysis were performed according to 
standard procedures. A commercially available antibody against GFP (Abcam, ab6556) 
was used. For the detection, near infrared fluorescence technology was used (Li-Cor 
Biosciences, Odyssey system), using infrared dye conjugated goat antibodies against 
mouse and rabbit (Li-Cor Biosciences).
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Supplementary 
Figures
Supplementary Figure S1, 
related to Figure 2. 
(A-F) HeLa cells knockout for 
KANK2 (HeLa-K2-KO cells) were 
transiently transfected with same 
GFP-tagged KANK2 constructs 
(green) as used in Figure 2. The 
cells were fixed 24 hours after the 
DNA transfection and stained for 
endogenous liprin-β1 (magenta) 
and the FA marker phospho-
tyrosine (blue). The red insets 
represent peripheral adhesion 
complexes whereas the blue 
insets represent central areas in 
the cell.
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Supplementary Figure S2, related to Figure 3. Disruption of the MT cytoskeleton by nocodazole 
does not affect the subcellular localization of KANK1
(A) HeLa cells were treated as in Figure 3. The fixed cells were stained for endogenous KANK1 (green) 
and talin (magenta).

Thesis_20201116.indd   162Thesis_20201116.indd   162 16/11/2020   09:4016/11/2020   09:40



5

Differences between KANK1 and KANK2 and their role in cell migration

163

Supplementary Figure S3, related to Figure 4. Control wound healing assays using HeLa and 
SUM159PT cells
(A) Follow-up wound healing experiment using HeLa cells that were either transfected with control siRNA 
(siLuciferase) or with siRNAs against KANK1 and KANK2 (siKANK1 & 2). The same procedure was 
followed as in (Figure 4-A) and the fixed cells were stained for phalloidin (green) and DAPI (blue) to 
visualize the cell outlines and nuclei. The control panel on the left shows the wound area directly after 
applying the wound (t = 0 hours). The panels on the right show representative wound areas 24 hours 
after applying the wound (t = 24 hours). Dotted red lines represent the boarders of the wound area. (B) 
Quantification of the covered wound area; ns not significant (unpaired t-test) (8 – 14 wound areas were 
analyzed per condition). (C) Control wound healing experiment using SUM159PT cells and using two 
different siRNA against KANK2 (siKANK2 #1 and siKANK2 #2). The same procedure was followed as in 
(Figure 4-C) and fixed cells were stained for phalloidin (green) and DAPI (blue). Dotted red lines represent 
the boarders of the wound area. (D) Quantification of the covered wound area 15 hours after applying the 
wound; **** p < 0.0001 (Ordinary One-Way ANOVA (Dunnett’s Multiple Comparison Test)) (13 – 15 wound 
areas were analyzed per condition). All covered wound areas are presented as mean ± SD.
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Supplementary Figure S4. Subcellular localization of endogenous KANKs, tensin1 and talin2 in 
HeLa cells
(A) HeLa cells were fixed and stained for endogenous KANK1, KANK2 or tensin1 (green) and endogenous 
talin2 (magenta). Tensin1 is thought to be mainly concentrated at central (fribrillar) adhesions. However, 
in HeLa cells it shows strong co-localization with talin2, both at the cell periphery and in the cell center.
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Supplementary Figure S5, related to Figure 2I. Original membranes of bioGFP-KANK2-Talin 
pulldown.
(A) Original blots of the Talin membranes/gels. The dashed red boxes indicate the bands that are shown 
in Figure 2I. (B) Original blots of the membranes/gels of the bioGFP-KANK2 constructs. The dashed red 
boxes indicate the bands that are shown in Figure 2I. In both (A) and (B), the lane of KANK2-FL-4A was 
not included since it seems that the cells did not express the bioGFP-K2-FL-4A construct properly. The 
band of KANK2-FL-4A should be at the same height as bioGFP-KANK2-FL-wt. Yet, neither in the input 
nor in the pulldown such a band can be seen.
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General Discussion
In this thesis, we tried to gain more insight on the KANK family proteins and their 
role as mediators of the cross-talk between microtubules (MTs) and integrin-mediated 
cell-matrix adhesions. In Chapter 1, we provided an overview of the current literature 
about KANK family proteins. In Chapter 2, we established KANK1 as novel binding 
partner of the adhesion protein talin. Moreover, we could show that the talin-KANK1 
interaction is essential for the correct formation of the cortical MT stabilizing complex 
around focal adhesions and the stabilization and growth inhibition of MTs at the cortex 
(Chapter 2). Subsequently, we looked at the talin-KANK1 interaction in more detail 
(Chapter 3). We could demonstrate that the talin-KANK1 interaction is force-regulated. 
In Chapter 4, we tried to identify what factors/domains recruit KANK1 to the periphery 
of focal adhesions and prevent them from overlapping with focal adhesions. We showed 
that the long linker region L2 of KANK1 can sequester the talin-binding KN domain of 
KANK1 to the adhesion periphery. Moreover, we established the dynamic hub protein 
dynein light chain LC8 as new interaction partner of KANK1 (Chapter 4). Last but not 
least, we tried to better understand the differences between KANK1 and KANK2 and 
what role they might play in cell migration (Chapter 5). In this final chapter, we will 
discuss our findings, put them in a broader context and make some suggestions for future 
experimental work.

KANK proteins: new talin binding partners and mediators of microtubule – focal 
adhesion cross-talk
The tight connection of cells to the extracellular matrix (ECM) is crucial for multicellular 
organisms as it contributes to tissue integrity (by keeping cells in place) but also to 
cell motility (by allowing cells to transduce forces and translocate). Cells usually use 
the heterodimeric α/β-integrin transmembrane receptors (integrins) to bind to the ECM 
(Bachir et al., 2014; Barczyk et al., 2010; Winograd-Katz et al., 2014). In the five 
decades since the first description of cell-matrix adhesions, more than 180 proteins have 
been identified as components of the so-called integrin adhesome (Winograd-Katz et al., 
2014). The most well-characterized integrin-mediated cell-matrix adhesion structures 
are focal adhesions (FAs). The actin cytoskeleton in combination with myosin II 
(actomyosin) and the forces generated by them are of great importance for the formation, 
maturation and maintenance of adhesions (Burridge and Guilluy, 2016). Nonetheless, 
MTs are as essential for cell-matrix adhesions as the actomyosin network (Garcin and 
Straube, 2019). MTs are hollow cylindrical structures consisting of 11 – 15 laterally 
organized protofilaments depending on the cell type and species (Aher and Akhmanova, 
2018). These protofilaments consist of α/β-tubulin heterodimers that are longitudinally 
arranged in head-to-tail fashion thereby creating intrinsic polarity of the protofilaments 
and consequently of the whole MT (Akhmanova and Steinmetz, 2015). This intrinsic 
polarity of MTs results in two distinct ends of MTs: the fast-growing highly dynamic 
plus end (β-tubulin is exposed) and the slow-growing minus end (α-tubulin is exposed) 
(Akhmanova and Steinmetz, 2015; Desai and Mitchison, 1997). Two diverse groups of 
proteins affect and regulate the dynamics of MTs: i) The MT-associated proteins (MAPs) 
can bind to the MT lattice or track and concentrate at the growing MT plus end (plus 
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end-tracking protein, +TIPs). A unique MAP is the Guanine Nucleotide Exchange Factor 
H1 (GEF-H1) which is usually bound to the MT lattice and thereby inactive (Ren et al., 
1998). GEF-H1 is released and activated upon MT disruption, it can then activate the 
GTPase RhoA (Chang et al., 2008). ii) Motor proteins, such as kinesins and dyneins, 
walk along the MT lattice towards either the plus end (mainly kinesins) or the minus 
end (mainly dyneins). Thereby, the motor proteins transport cargo vesicles along their 
way (Bachmann and Straube, 2015). Besides, motor proteins can also directly affect 
the dynamics and stability of MTs. For example, members of the kinesin-8 family, such 
as KIF19A, have been known to depolymerize MTs from their plus ends (Niwa et al., 
2012). On the other hand, motor proteins such as kinesin-4 family member KIF21A, can 
inhibit MT growth (van der Vaart et al., 2013).
It has been shown that MTs play a crucial role in FA turnover (Stehbens and Wittmann, 
2012). By using live-cell fluorescence microscopy it could be demonstrated that MTs 
are targeting FAs in migrating fibroblasts (Kaverina et al., 1999; Kaverina et al., 1998). 
Moreover, it was shown that nocodazole-induced MT depolymerization leads to increased 
FA and actomyosin fiber assembly (Ren et al., 1999) whereas the re-growth of MTs leads 
to massive FA disassembly (Ezratty et al., 2005). The CLIP-associated proteins 1 and 
2 (CLASP1 and 2) accumulate at and stabilize the MT plus ends at the leading edge of 
migrating fibroblasts (Akhmanova et al., 2001). Later, it was found that CLASPs also 
attach MT plus ends to LL5β- and ELKS-containing patches at the cell cortex in the 
vicinity of FAs (Lansbergen et al., 2006; Mimori-Kiyosue et al., 2005). Almost a decade 
later, it was shown that liprins (liprin-α1 and β1) as well as kinesin-4 KIF21A are also 
components of these cortical MT stabilizing complexes (CMSCs) (van der Vaart et al., 
2013). Besides, the study also revealed that KANK1 and KANK2 are also accumulated 
in the CMSC by binding to liprins (mainly liprin-β1). It was also shown that the KANKs 
recruit KIF21A to the CMSC via their ankyrin repeat domain. KIF21A inhibits MT 
growth thereby preventing MT overgrowth at the cortex (van der Vaart et al., 2013). Yet, 
the link connecting the CMSC to FAs was still missing.
Through combination of pulldown assays and mass spectrometry analysis, we were able 
to identify KANK1 as new binding partner of the FA protein talin (Chapter 2) (Figure 1). 
Moreover, we showed that KANK1 binds via its KN domain to the talin rod domain R7. 
Around the same time, another group discovered the same binding mode for KANK2 
(Sun et al., 2016). The talin-KANK1 interaction is required for proper assembly of the 
CMSC around FAs. We could show that the disruption of this interaction, either by 
siRNA-mediated depletion of KANK1 and KANK2 or by point mutations in the KN 
domain or in the rod domain R7, caused dispersion of the CMSC components at the cell 
cortex and MT overgrowth with MTs growing parallel to the plasma membrane (PM) 
(Chapter 2).

Does KANK depletion affect FAs?
As mentioned before, it has been reported that MT targeting of FAs is associated with 
increased rates of FA disassembly (Ezratty et al., 2005; Kaverina et al., 1999; Krylyshkina 
et al., 2003). Therefore, one would think that the disruption of the CMSC would affect 
cell-matrix adhesion complexes. As MTs are no longer anchored in close proximity to 
FAs and since their growth is not inhibited anymore, one would likely assume that the 
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Figure 1. The KANK family proteins and the relationship between the CMSC and FAs at the cell 
cortex
(A) Schematic overview of the four human KANK homologs. All four human KANK proteins possess 
a similar structure with three distinct domains. At the N-terminus, there is the KANK N-terminal (KN) 
domain (blue). In the central region there are the coiled coil domains (black). There are four conserved 
CC domains (CC1 – 4), the composition and number of which vary among the family members. At the 
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disassembly of adhesion complexes must be perturbed. Yet, we never saw any direct 
effects on FAs (nor in their size nor number) when depleting KANK family proteins in 
different cell types (see also Chapter 3 and Chapter 5). This is in line with findings of other 
groups that also did not observe any significant effects on FAs upon depletion of KANK 
proteins (Paradžik et al., 2020; Sun et al., 2016). In contrast to that, a recently published 
study reported that the removal of KANK family proteins (KANK1 and KANK2) did 
affect FAs. Rafiq et al. showed that depletion of KANK1 and KANK2 in the fibrosarcoma 
cell line HT1080 mimicked the effects of nocodazole-induced MT depolymerization on 
FAs leading to bigger FA. Moreover, they reported that these effects on FAs were caused 
by the release of GEF-H1 from MTs upon KANK removal in HT1080 and HUVEC 
cells as they observed less decoration of MTs with GEF-H1 (Rafiq et al., 2019). As 
mentioned previously, free active GEF-H1 (e.g. released due to nocodazole-induced MT 
depolymerization) stimulates RhoA activity, thereby promoting actomyosin contractility 
which in turn affects FAs (Chang et al., 2008). However, we were not able to reproduce 
these findings in our different cell lines, among them HT1080 and HUVEC cells as 
used by Rafiq et al. In our KANK-depleted cells, the MT integrity was not affected by 
the loss of KANK family proteins (except for the overgrowth at the cortex) which is in 
line with the observations of Rafiq et al. Yet, in contrast to their work, we did not see a 
significant displacement of GEF-H1 from MTs upon KANK depletion (Figure 2). They 
suggested that the uncoupling of MTs from adhesion complexes (by removal of KANK 
family proteins and thereby perturbing the talin-KANK interaction) might change MT 
dynamics: For example, MT plus end could exhibit higher frequencies of catastrophes 
and rescues thereby causing a higher turnover of GEF-H1. This increased turnover of 
GEF-H1 would consequently lead to higher GEF-H1 activity and stimulation of cell 
contractility. Yet, there have been no reports to support this hypothesis so far. Therefore, 
further research needs to be done to gain more insight into the effect of KANK family 
proteins on the activity of GEF-H1.

Is there redundancy among KANK family proteins?
One point that we did not address in Chapter 2 was whether there is redundancy among 
the KANK family proteins and whether other KANK homologs such as KANK2 – 4 
could rescue the connection to talin as well as the formation of the CMSC.
From our studies, we know that the potential candidate needs to fulfill three requirements 
to be suitable to substitute KANK1 and rescue the CMSC localization to the vicinity of 
FAs. First, it should bind to talin. From our work and from that of others, it is known that 
KANK1 (Chapter 2 and Chapter 3) and KANK2 (Sun et al., 2016) bind to talin via their 
KN domains. All four human KANK homologs possess the KN domain which is highly 
conserved (Zhu et al., 2008). Moreover, sequence analysis revealed that the LDLD-motif 
which is required for the binding to talin is conserved among the KANK family members 

C-terminus, there is the highly conserved ankyrin repeat domain, which consists of five ankyrin repeats 
(grey). (B) Schematic overview of the CMSC in close proximity to a FA at the cortex, reproduced from 
Chapter 1 Figure 4. Plus ends of MTs are anchored at the plasma membrane by CLASPs (CLASP1 and 
CLASP2), ELKS, liprins (α1 and β1, dark violet), and LL5β-containing plaques of the CMSC. CLASPs 
stabilize MT plus ends. KIF21A inhibits MT growth and thereby prevents overgrowth of MTs at the plasma 
membrane. KANK family proteins link the CMSC to FAs by directly binding to the FA protein talin and by 
binding to CMSC components such as liprins. Moreover, KANKs recruit KIF21A to the CMSC.
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Figure 2. Endogenous GEF-H1 in different cell lines that are depleted of KANK proteins
(A) Immunofluorescence staining of endogenous GEF-H1 (green) and α-tubulin (magenta) in HUVEC 
cells. (B) Immunofluorescence staining of endogenous GEF-H1 (green) and α-tubulin (magenta) in 
HT1080 cells. The right panels in (A) and (B) show the plotted fluorescence intensities of the GEF-H1 
(green) and α-Tubulin (magenta) along the line indicated by the dashed red arrow in the inset. The 
fluorescence intensities were normalized to the maximum intensity of the corresponding channel.

(Figure 3). Therefore, it is highly likely that all four KANKs can bind to talin. 
Second, the proteins should bind to liprins in order to provide a scaffold for recruiting 
the other CMSC proteins such as ELKS and LL5β. In a previous study by our lab, it was 
shown that binding to liprins is mediated via the KANK coiled coil domain 1 (CC1) (van 
der Vaart et al., 2013). There are four different coiled coil domains (CC1 – 4) conserved 
among the KANK family of which the number and composition vary (Zhu et al., 2008). 
Yet, the important CC1 domain can only be found in KANK1 – 3. Thus, it is likely that 
KANK4 , which only contains the CC3 domain, cannot substitute KANK1 and rescue 
the CMSC as it is unlikely that it can function as scaffold to recruit ELKS and LL5β.
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Third, a useful though perhaps not an essential function is binding to KIF21A to prevent 
MT overgrowth at the cortex. It was shown by our group that this recruitment happens 
via the highly conserved ankyrin repeat domain (van der Vaart et al., 2013). In addition 
to that, several groups have extensively studied the KIF21A-KANK-ankyrin repeat 
interaction. They found that the KIF21A-binding domain is conserved in both KANK1 
and KANK2 and that both can bind to KIF21A (Guo et al., 2018; Pan et al., 2018; Weng 
et al., 2018). On the other hand, the corresponding regions in KANK3 and KANK4 
contain some substitutions that make them less negatively charged at the interface which 
is important for interaction with KIF21A. Moreover, by using in vitro binding assays 
Weng et al. found that the ankyrin repeat domains of KANK3 and KANK4 could not 
bind to the KANK-binding peptide of KIF21A (Weng et al., 2018). Taken together, 
it seems less likely that KANK3 or KANK4 could rescue all the CMSC functions as 
they probably cannot recruit KIF21A to the cortex. Since only KANK2 fulfills all three 
aforementioned requirements, it is possible that KANK2 could substitute KANK1 and 
thereby recue the CMSC. This is supported by the fact, that we and others have picked 
up KANK2 as interaction partner of “integrin adhesome” proteins (Paradžik et al., 
2020; Sun et al., 2016; van der Vaart et al., 2013). Besides, we and others have observed 
KANK2 clustering around FAs at the cell periphery. However, it predominantly localizes 
at central (fibrillar) adhesions – which will be discussed later (see also Chapter 5).
All in all, with our work we have provided the missing link between cell-matrix adhesions 
and cortical MT attachment complexes. However, more research needs to be done to 
decipher the exact mechanisms and functions of KANK family proteins as mediators of 
the cross-talk between MTs and FAs and to understand whether KANK proteins affect 
the activity of GEF-H1.

KANK proteins: the force-regulated interaction with talin and distinct subcellular 
localizations
Cell-matrix adhesions are not only responsible for anchoring cells to the ECM and 
keeping them in place; but they also have to transmit forces from the cell to the ECM 
and vice versa. In line with that, it has been known for a long time that forces play 
an essential role in the formation, maturation and maintenance of adhesions (Burridge 
and Guilluy, 2016). At the beginning of the life cycle of adhesions, when the nascent 
adhesions (NAs) consist of only a few clustered integrins, the so-called retrograde flow 
is the main force driving adhesion formation and maturation. This retrograde flow is 
mainly caused by (Arp2/3-driven) actin polymerization at the leading edge of cells 
(Yamashiro and Watanabe, 2014). During the maturation of adhesions, NAs evolve and 
become FAs, which are attached to actin filaments through talin which binds to integrins. 
Myosin II crosslinks the actin filaments thereby forming the contractile actomyosin 

Figure 3. Sequence alignment of the KN domains of all four human KANK proteins
The LDLD motif (bold) which mediates binding to talin is conserved among all four human KANK proteins.
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Figure 4, reproduced from Chapter 3 Figure 1A. Schematic overview of the geometry between talin 
rod domain R7 and KANK1 KN domain at the cell cortex.
KANK (blue) binds to rod domain R7 (orange) of talin (yellow) via its KN domain. At the same time, KANK 
is bound to liprins via its coiled coil domain. Consequently, KANK is anchored to the plasma membrane 
(PM). The FA protein talin is also bound to the PM by binding to integrins with its N-terminal talin head 
domain. Moreover, the talin rod is connected to contractile actin (actomyosin) filaments (red) that exert 
pulling forces on talin. Thereby, R7-KN interaction is subjected to force as well. The θ represents the 
possible range of angles that could exist for the R7-KN interaction. With two possible extreme geometries: 
θ = 90° would be a so-called zipping geometry which represents the weakest interaction, whereas θ = 
180° would be the so-called shear-force geometry representing the strongest interaction. The inset at the 
top is an enlargement of the R7-KN interaction.

cables (Pollard and Cooper, 2009). The forces generated by the actomyosin network are 
the crucial factor driving adhesion maturation and maintenance (Carlier et al., 2015; Case 
and Waterman, 2015; Pollard and Cooper, 2009). It has been shown that treatments that 
interfere with the actomyosin-driven contractility stimulate FA disassembly (Bershadsky 
et al., 1996). Besides, several adhesion proteins, such as talin and vinculin, are known 
to be mechanosensitive, with talin being the best well-described example (Atherton et 
al., 2016; Goult et al., 2018). Talin, the major focal adhesion adaptor protein, binds 
via its talin head domain to the cytosolic β-integrin tails (Calderwood et al., 1999). 
The talin rod, which consist of 13 rod domains (R1 – R13), contains two actin binding 
sites (ABS) (Gough and Goult, 2018; Hemmings et al., 1996). Moreover, the talin rod 
mediates binding to various other proteins among them vinculin. In total, there are 
eleven vinculin-binding sites (VBS) in the talin rod. However, these VBS are all buried 
within the different talin rod domains, which themselves are bundles of 4 – 5 α helices 
and are not accessible if no force is applied to the molecule (del Rio et al., 2009; Goult et 
al., 2013). It has been shown that when talin is engaged with integrins and actomyosin, 
actomyosin cables exert pulling forces on talin. These pulling forces stretch talin and 
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thereby cause conformational changes in the talin rod leading to the partial unfolding 
of the rod domains. Consequently, the hidden VBS become accessible and vinculin can 
bind to talin. This vinculin binding to talin is known to further strengthen talin-actin 
interaction (del Rio et al., 2009; Goult et al., 2013). Therefore, mechanical forces applied 
to FAs are essential for the maturation of the adhesion complex since they can lead to 
conformational changes of adhesion proteins thereby promoting the recruitment of new 
interaction partners. In Chapter 2, we showed that KANK1 and talin interact with each 
other via their KN and R7 rod domain respectively. Since talin is subjected to force due 
to actomyosin contractility and since KANK1 is anchored to the PM by binding to liprins 
via its CC1 domain, it seemed likely that the talin rod domain R7 – KANK1-KN (R7-
KN) interaction is exposed to mechanical force when actomyosin is pulling on the talin 
rod (Figure 4).
By using magnetic tweezers and a novel single molecule detector, comprised of the talin 
rod domain R7 and the KN domain of KANK1, we could show that under shear-force 
geometry a single R7/KN complex can withstand pulling forces of up to 10 pN (Chapter 
3). Moreover, these in vitro experiments revealed that the R7-KN interaction follows 
a complex catch-to-slip bond switching behavior. The lifetime of the R7/KN complex 
increases with increasing force (catch-bond behavior) until a maximum lifetime is reached 
around forces of 6 pN. Thereafter, the R7/KN lifetime decreases with increasing force 
(slip-bond behavior). For our cellular experiments, we used a fusion construct of the KN 
domain fused via the KANK1 linker domain to the membrane-anchoring CAAX-motif 
of GTP Ras (KN-L1+CAAX). We reasoned that the attachment of the KN domain to the 
PM could mimic shear force geometry at FAs. Thereby, we observed enrichment of the 
KN-L1+CAAX constructs at the FA rim. These data support our hypothesis that KANK 
proteins might accumulate at areas of FAs where the stability of the R7-KN interaction 
is maximized. Moreover, when using the ROCK inhibitor Y27632, which inhibits 
actomyosin contractility and thus ablates the pulling forces exerted on talin, we saw that 
both full-length KANK1 and the KN-L1+CAAX construct were re-distributed to the FA 
center. This was in line with previous observations of cells treated with ROCK inhibitor 
expressing full-length KANK1 (see Chapter 2) (Bouchet et al., 2016a). All in all, this 
study showed that the talin-KANK1 interaction can withstand forces in the physiological 
range for several seconds to minutes, thereby bolstering the interaction between talin 
and KANK1 at the periphery of FAs. Furthermore, the cellular experiments supported 
our hypothesis from previous studies suggesting that there might be a force-regulated 
component in the talin-KANK interaction that could affect the subcellular localization 
of KANK family proteins.

Are mechanical forces responsible for the distinct subcellular localizations of 
KANK1 and KANK2?
In Chapter 5, we looked closer at the differences between KANK1 and KANK2. We 
observed that both proteins showed distinct subcellular localization despite great 
similarity in their domain composition. We saw that KANK1 was mainly localized 
at the cell periphery, where it clustered around FAs. On the other hand, KANK2 was 
predominantly localized at the center of the cell where it co-localized with talin-positive 
(thin and elongated) adhesion complexes, which are likely fibrillar adhesions that will 
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be discussed later (see below). Yet, KANK2 could also be found at the cell periphery 
clustering around FAs. We found that this subcellular localization of KANK2 was likely 
mediated by talin binding since a KN-depleted KANK2 construct was exclusively enriched 
at the cell periphery in KANK2-depleted cells. At the cell periphery, KANK2 strongly 
co-localized with liprins while it was more dispersed around FA. These observations 
are in line with the observations of others (Sun et al., 2016) and they are similar to our 
observations of KANK1 constructs  lacking the KN domain, which also showed more 
diffuse localization at the cell periphery (Chapter 2). Deletion of the coiled coil domains 
caused KANK1 and KANK2 to accumulate strongly at the rim of peripheral adhesions 
(Chapter 2, Chapter 4 and Chapter 5). Yet, it did not affect the localization of KANK2 
at central adhesions (Chapter 5). The nocodazole-induced depolymerization of MTs 
led to the re-distribution of KANK2 to the cell periphery. Moreover, in the nocodazole 
treated cells, we could hardly find any talin-positive central adhesions. Nonetheless, 
as we already discussed in Chapter 5, this re-localization of talin could be due to the 
massive changes of the intracellular forces that were caused by the nocodazole-induced 
MT depolymerization. GEF-H1 is released upon MT depolymerization. Consequently, 
this results in a strong increase of cell contractility (Chang et al., 2008). This in turn leads 
to intracellular re-distribution of several adhesion proteins as the change in intracellular 
forces causes a switch in the FA maturation favoring FAs over fibrillar adhesions (Ng 
et al., 2014). Since we did not follow this further, we cannot be sure whether this 
change in intracellular forces is the cause of the talin re-localization. However, it would 
explain the enrichment of KANK2 at the cell periphery upon nocodazole treatment. 
From our experiments, we could only conclude that binding to talin is important for 
the subcellular localization of both KANK1 and KANK2. Yet, which other factor(s) 
might be responsible for the different preferences of the two KANK proteins remains 
obscure. Yet, with regard to our findings in Chapter 3 that the talin-KANK1 interaction is 
force regulated and that binding to talin first becomes more stable with increasing force 
until a maximum is reached, one could think of a force-dependent mechanism for the 
subcellular localizations of KANK1 and KANK2. It was shown that talins at peripheral 
adhesions are subjected to much higher tensile forces compared to talins in central 
adhesions (Kumar et al., 2016). Thus, it could be possible that KANK2, for example, 
binds preferentially to talin molecules that are exposed to less force (at the cell center) 
compared to KANK1 that might bind preferably to talins that are subjected to higher 
tension (at the cell periphery). In case of loss of the binding to talin, for example in KN-
depleted KANK constructs, the constructs become enriched at the cell periphery due to 
their binding to liprins via their CC1 domain.

Does KANK1 self-association contribute to KANK1 clustering around FAs?
In our previous studies, we saw that the KN domain alone strongly overlapped with the 
FA signal whereas full-length KANK1 clustered broadly around FAs. Interestingly, we 
also saw that removal of the coiled coil domains led to more tight clustering of KANK1 
around FAs (at the FA rim). In Chapter 4, we tried to gain further inside in how the 
different domains of KANK proteins affect the localization of KANK1 around FAs. To 
our surprise, we discovered that neither the coiled coil nor the ankyrin repeat domains 
were responsible for keeping KANK1 protein out of FAs. We found that the hitherto 
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poorly described linker region L2 of KANK1 carries the potential to prevent the KN 
domain from penetrating into FAs. A KANK1 construct lacking both the coiled coil and 
the ankyrin repeat domains still clustered tightly around FAs. Moreover, we could show 
the same clustering at the FA rim with a fusion construct of the KN domain fused to the 
linker region L2 (KN+L2 construct). Interestingly, the linker region of KANK2 was not 
able to recruit the KN domain to the FA rim. Moreover, the linker region L2 of KANK1 
alone localized diffusely in the cytoplasm. We were not able to decipher the exact 
mechanism underlying the ability of the linker region L2 to promote the recruitment of 
KANK1 to the FA rim. Yet, we were able to show that the linker region L2 (of KANK1) 
can bind and thereby likely recruit and oligomerize KANK1. This observation is in 
accordance with a study from Medves et al. They have reported that a fusion gene of 
KANK1 and PDGFRβ formed oligomers through a region of KANK1 that is located 
in the long linker region L2 which they termed KANK oligomerization domain (KOD) 
(Medves et al., 2011). Moreover, for many years, it has been hypothesized by other 
groups that KANK proteins (mainly KANK1) are probably forming dimers or oligomers 
most likely mediated by their coiled coil domains (Kakinuma et al., 2009; Zhu et al., 
2008). However, we tested several different KANK1 constructs for their ability to bind 
to full-length KANK1. Surprisingly, the coiled coil domains were not able to bind to 
full-length KANK1. On the other hand, the constructs containing the linker region 
L2 were able to bind to KANK1. While we tried to understand how the linker region 
L2 keeps KANK1 out of the central part of FAs, we also identified a novel binding 
partner of KANK1: the dynamic hub protein dynein light chain LC8 (LC8). LC8 binds 
to the linker region L2 exactly in the KOD region. Nonetheless, LC8 is not required to 
recruit KANK1 to the FA rim as a KN+L2 construct in which all potential LC8 binding 
motif had been mutated was still able to cluster the KN domain at the FA rim. Another 
possibility was that the linker region L2 (of KANK1) might behave like an intrinsically 
disordered protein/region (IDP/R) and mediate the enrichment of KANK1 at the FA rim 
via phase separation. Yet, bioinformatical sequence and structural analyses showed that 
L2 displays more characteristics of an ordered protein region than of an intrinsically 
disordered protein. The analyses even indicated the existence of potential coiled coil in 
the L2 region. This potential coiled coil in the linker region L2 was also mentioned by 
Medves et al. It is located C-terminally of the KOD region and in their study, it seemed 
not to be involved in the oligomerization of the KANK1:PDGFRβ gene product (Medves 
et al., 2011). Yet, this is the current object of our ongoing research to further characterize 
the L2 region and to understand the exact mechanism that would explain how it recruits 
KANK1 to the FA rim and to find out whether the predicted coiled coil domain does play 
a role in this process.

Model of both mechanical forces and KANK1 self-association regulating the 
localization of KANK1 around FAs
Considering these findings showing the ability of the long linker region L2 of KANK1 to 
recruit KANK1 to the FA periphery (Chapter 4) and the findings that the talin-KANK1 
interaction is force regulated (Chapter 3), it is possible that both factors are contributing 
to the localization of KANK1 at FAs. It is likely this localization is both force-dependent 
and due to self-association/clustering leading to steric hinderance with actin fibers. It is 
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possible that different subpopulations of KANK1 proteins exist at FAs: First, KANK1 
proteins that are bound to talin rod domain R7 and that are attached to the PM by binding 
to liprins via their CC1 domain. These KANK1 proteins would be force regulated and 
kept at the rim of FAs due the force-dependent interaction. One could think that these 
KANK1 proteins bind more firmly and longer to talin than KANK1 proteins that are 
freely diffusing and are not bound to the PM via liprins (Figure 5A-B). These “force-
stabilized” KANK1 proteins would function as a bridge to recruit the whole CMSC 

Figure 5, reproduced from Chapter 4 Figure 6. Model illustrating different KANK1 subpopulations 
at FAs and how the KANK1 L2 region could prevent the KN domain from entering the FA core
(A) KANK1 proteins can interact with talin at FAs. (B - C) KANK1 proteins that are bound to both talin and 
liprins are likely subjected to mechanical forces which have a certain stabilizing effect on the talin-KANK1 
interaction. Consequently, these KANK1 proteins can dwell at FAs longer. Thereby, they can promote 
the recruitment and assembly of the CMSC. Moreover, some KANK1 proteins may not be subjected 
to mechanical forces that are located more broadly around FAs where they interact with other CMSC 
proteins such as liprins without interacting with talin. These 2nd layer KANK1 proteins likely function as 
a scaffold to recruit further proteins to the cell cortex. (D) Model how the KANK1 linker region L2 could 
prevent the KN domain from penetrating into the FA center. Due to its size and the absence of long-lasting 
interactions, the KN domain alone can easily access the tightly packed FA core and bind to talin proteins 
located at the FA center. On the other hand, when the KN domain is fused to the linker region L2, it is 
possible that the L2 region promotes the association and clustering with other L2 regions of other KANK1 
proteins. Consequently, the KANK1 proteins or their KN+L2 deletion mutants form clusters which in turn 
could be too bulky (steric hinderance) and thereby sequester the KN domain at the FA rim. It is possible 
that the hub protein LC8 (green circles) helps to stabilize the KN+L2 self-association.
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complex to the vicinity of FAs (Figure 5B-C). Second, KANK1 proteins that are not 
bound to talin but that are engaged with liprins and/or KIF21A and cluster somewhat 
further away from the FA complex. These KANK1 proteins could function as scaffold to 
recruit the bulk of (CMSC) proteins to the cortex. Moreover, via their long linker region 
L2, they could recruit more KANK1 to the cortex consequently further increasing CMSC 
accumulation (Figure 5C). One could even imagine that the dynamic hub protein LC8 
might be involved in this process. Even though we have seen that LC8 is not essential 
to enrich KANK1 at the FA rim, it could still be possible that LC8 helps to stabilize the 
KANK1 clusters. These KANK1 proteins would be mainly kept out of FAs due to their 
interactions with other proteins (Figure 5C). With regard to the KN+L2 constructs, they 
could interact with talin via their KN domain and get thereby recruited to FAs. The linker 
region L2 could cluster other KN+L2 constructs, as well as LC8 which in turn could 
further stabilize these clusters. Consequently, a big protein cluster would be created that 
is sterically excluded from the highly organized FA center (Figure 5D). In contrast to 
that, the KN domain alone and the KN+β-galactosidase chimera do not form clusters that 
are sterically excluded from the FA center. This likely allows them to penetrate into the 
FA core and engage with talin molecules at the FA center.
Nonetheless, so far, we have not looked at what happens to the KN+L2 localization 
at FAs when the pulling forces exerted on talin are relieved, for example by using the 
ROCK inhibitor Y27632. One could imagine that these constructs will probably start 
to overlap with the FA center like full-length KANK1. It is known that perturbing the 
forces exerted on FA causes dramatic changes in the FA organization and consequently 
promotes their disassembly (Bershadsky et al., 1996). These changes likely render the 
FA center more accessible and thereby allow KANK proteins to re-distribute to the FA 
center.
Besides, further research needs to be done on the role of KANK1 self-association and 
in particular the role of the linker region L2. It would be interesting to abolish L2’s 
ability to bind other KANK1 protein via mutational changes and see how this affects the 
clustering at FAs.

KANK proteins: role in cell migration and as tumor suppressors
According to the World Health Organization (WHO), cancer is the second leading 
cause of death worldwide with an estimated 9.6 million deaths in 2018 (World Health 
Organization, 2018). The majority (~90%) of cancer-related deaths are due to metastasis, 
the spreading of cancer and formation of new (secondary) tumors (Bravo-Cordero et al., 
2012). Metastasis is closely linked to cell migration as cancer cells have to leave the 
tumor, migrate and invade into other tissues to spread and form new tumors (Hanahan 
and Weinberg, 2011). Therefore, identifying and understanding the factors contributing 
to cell migration is crucial as it could provide new approaches to treat cancer and to 
prevent cancer metastasis.
Since KANK proteins link MTs to FAs, we were interested whether they might play a 
role in cell motility. Besides looking at the different subcellular localizations of KANK1 
and KANK2 in Chapter 5, we also performed wound healing assays to study their effects 
on cell migration. We found that depletion of both KANK1 and KANK2 in HeLa cells 
did not affect the wound closure. Yet, when we used the more motile breast cancer cell 
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line SUM159PT, we observed a strong negative effect of KANK2 depletion on cell 
migration. Wound closure was significantly decreased in KANK2-depleted SUM159PT 
cells compared to control or KANK1-depleted cells. In single cell migration experiments, 
we could confirm that removal of KANK2 led to reduced migration speed. As the 
migration velocity was reduced, one could think that FAs (especially their disassembly) 
might be affected by the loss of KANK2. Yet, we did not see any effects on FAs nor on 
the assembly of the CMSC at the cell cortex. However, as mentioned previously, these 
observations are in line with several other reports that also did not observe any changes 
in FAs upon KANK removal. Despite this consent regarding the effects on FAs among 
the different studies, there are striking differences regarding the effects on cell migration. 
We and others saw reduced cell migration when KANK2 was removed (Gee et al., 2015; 
Paradžik et al., 2020), whereas Sun et al. observed an increase in cell migration upon loss 
of KANK2 (Sun et al., 2016). It is important to mention that all studies used different 
cell types, such as different mouse or human cell lines, for their migration experiments. 
More importantly, none of the aforementioned reports, including ours, could identify 
the exact mechanism by which KANK2 was affecting cell migration. The first report 
on KANK proteins (actually KANK1-S, lacking the KN domain) described KANKs 
as potential tumor suppressors. Sarkar et al. showed that overexpression of KANK1-S 
in HEK293 cells that were implanted in mice perturbed the growth of this primary 
tumor and prevented the formation of secondary tumors whereas mice transplanted with 
control HEK293 cells suffered from tumor growth and metastases (Sarkar et al., 2002). 
Over the past 20 years, several other studies bolstered the idea of KANK proteins as 
tumor suppressors (Chen et al., 2017; Gu and Zhang, 2018; Guo et al., 2014; Kim et al., 
2018). Therefore, one could argue that our findings that depletion of KANK2 reduces 
cell migration would contradict the general notion of KANK proteins having a tumor 
suppressive potential. However, these aforementioned reports have focused primarily on 
anti-proliferation and pro-apoptotic effects of KANK1 overexpression in various cancer 
cells and did not include cell migration experiments. Besides, most of these studies 
focused on KANK1 and did not test the roles and effects of the other KANK family 
members. Thus, it seems likely that KANK proteins could suppress cell growth but also 
promote migration, especially since there are four KANK homologs. They (KANK1/
KANK1-S) could indeed have the tumor suppressive effects by stimulating apoptosis as 
described in various report (Chen et al., 2017; Gu and Zhang, 2018; Guo et al., 2014). In 
contrast, other KANK family members (KANK2) could affect cell migration.
Moreover, concluding from our data and that of others, it is likely that the effects of 
KANK proteins on cell migration might by cell type dependent. Yet, more research needs 
to be done to decipher the mechanism(s) how KANK proteins engage with cell motility. 
It could also be interesting to change the cell culture system and move from classical 
2D migration experiments to 3D migration using soft 3D matrices in which the cells 
are embedded. There have been multiple studies arguing that migration of cells through 
(soft) 3D matrices is more likely to mimic the actual physiological circumstances than 
migration experiment on (stiff) 2D surfaces (Petrie and Yamada, 2012; Yamada and Sixt, 
2019). The 3D environment could be very interesting with regard to the role of KANK 
proteins as linkers between MTs and cell-matrix adhesions. Previously, it has been shown 
by our group that MTs, especially their stability, play a distinct role in 3D cell migration. 
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Bouchet and Noordstra have demonstrated that the inhibition of catastrophes of the plus 
ends of MTs is critical to withstand compression at the pseudopod tip and thereby prevent 
the retraction of pseudopods of cells migrating through a soft 3D matrix (Bouchet et al., 
2016b). Thus, having a look at KANK proteins in a 3D cell culture system could provide 
new insights on their role in cell motility and their interaction with MTs.

KANK proteins in fibrillar adhesions
As mentioned previously cancer is the second leading cause of death worldwide according 
to the WHO (World Health Organization, 2018). Apart from forming metastasis, another 
hallmark of cancer cells is the ability to stimulate growth and expansion of the vascular 
network (angiogenesis) (Hanahan and Weinberg, 2011). Angiogenesis is essential for 
tumor growth as it provides the tumor with oxygen and nutrients (Folkman, 1971). It has 
been shown that in the absence of a vascular network, or when angiogenesis is perturbed, 
tumor growth is limited and tumor cells can become apoptotic (Holmgren et al., 1995; 
Parangi et al., 1996). Thus, control of angiogenesis seems to be a promising target for 
the treatment of cancer in addition to the common therapy strategies. The extracellular 
matrix (ECM) is of special interest in the process of forming vascular networks as it 
strongly affects and influences this process (Pickup et al., 2014). It has been shown that 
remodeling of the ECM is essential for the formation of a (new) vascular network and 
that these two processes are closely coupled to one another (Cseh et al., 2010; Pickup et 
al., 2014; Zhou et al., 2008).
One aspect of KANK family proteins that we have not looked at in Chapter 5 was the 
role or function that KANK proteins, especially KANK2, might play at the elongated 
central adhesions. These central KANK2-positive structures are especially pronounced 
in fibroblast-like cells such as the breast cancer cell line SUM159PT (Chapter 5) and 
endothelial cells such as human umbilical vein endothelial cells (HUVECs) (Figure 6A). 
When we stained HUVECs for endogenous KANK proteins, we saw that besides KANK2, 
the two family members KANK1 and KANK3 could also be detected. Interestingly, 
KANK3 was mainly concentrated at the long elongated talin-positive adhesions, just like 
KANK2, whereas endogenous KANK1 was predominantly localized at the cell periphery 
(Figure 6A) (Immunofluorescence stainings and image acquisition were performed 
as described previously (van der Vaart et al., 2013)). In contrast to its localization in 
HeLa or SUM15PT cells, endogenous KANK1 did not cluster tightly around peripheral 
adhesions but showed more dispersed distribution at the cell periphery (Figure 6A). This 
localization resembled the spread-out distribution of talin-binding deficient KANK1. 
Thus, it is likely that HUVEC cells are expressing the short KANK1 isoform (KANK1-S) 
which misses the first 158 amino acids of the long KANK1 isoform at its N-terminus, 
including the KN domain (Wang et al., 2005) (Figure 6B). To test this idea, we transiently 
transfected HUVECs with GFP-tagged KANK1-S and KANK1-L. Overexpression of 
GFP-tagged KANK1-S resembled the diffuse distribution of endogenous KANK1 in 
HUVECs whereas the GFP-tagged KANK1-L construct strongly accumulated at the thin 
elongated talin-positive central adhesions, like KANK2 and 3 (Figure 6C). Hence, it 
appears that HUVECs are mainly expressing the short KANK1 isoform.
The thin elongated (talin-positive) central adhesions appeared to be so-called fibrillar 
adhesions (FBs). FBs are cell-matrix adhesions that appear as elongated stretches or 

Thesis_20201116.indd   181Thesis_20201116.indd   181 16/11/2020   09:4016/11/2020   09:40



6

Chapter 6

182

Figure 6. Figure 6. Endogenous KANK proteins and tensin1 together with talin in HUVECs
(A) Subcellular localization of endogenous KANK1 – 3 and tensin1 (all green) together with talin (magenta) 
in HUVECs. The right panel shows the plotted fluorescence intensities of the KANK/Tensin1 (green) and 
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arrays of dots in the central part of the cell (Geiger and Yamada, 2011; Zaidel-Bar et 
al., 2004). FBs originate from the distal end of mature FAs, where they evolve into the 
thin elongated FBs by translocating centripetally to the cell center in an actomyosin-
dependent manner (Pankov et al., 2000; Zamir et al., 1999; Zamir et al., 2000). Tensins are 
a group of FA adaptor proteins that are highly conserved in mammals. It has been shown 
that tensins are the main regulators of FB formation (Bernau et al., 2017; Georgiadou et 
al., 2017). The tensin protein family consists of four family members (tensin1 – 3 and 
C-terminal tensin-like protein (CTEN)). The tensin proteins possess a phosphotyrosine-
binding (PTB) domain at their C-terminus which mediates binding to the cytoplasmic 
tail of β-integrins. Besides, tensins1 – 3 can also bind to the actin cytoskeleton with their 
N-terminal actin-binding domain (ABD), which is missing in CTEN (Lo, 2017). Tensin 
and talin both compete for the same binding site at β-integrins, the NPXY motif; yet, 
talin has a 100-fold higher binding affinity compared to tensin (McCleverty et al., 2007). 
Thus, under normal conditions talin is the major binding partner of β-integrins. It has been 
shown that talin binds to the unphosphorylated NPXY motif (Calderwood et al., 1999). 
However, the phosphorylation of the tyrosine (Y) residue of the NPXY motif strongly 
alleviates talin’s affinity for β-integrin whereas tensin’s binding affinity is not affected 
by tyrosine phosphorylation (McCleverty et al., 2007; Oxley et al., 2008). Therefore, 
it seems that the talin – tensin switch at β-integrins is regulated by a phosphorylation 
switch (McCleverty et al., 2007; Oxley et al., 2008). Furthermore, FBs and especially 
their actomyosin-dependent translocation to the cell center has been linked to remodeling 
of the ECM, in particular to fibronectin (FN) fibrillogenesis. The α5/β1-integrin-tensin 
complexes move extracellular dimeric FN and unfold it and thereby organize it into FN 
fibrils (Pankov et al., 2000). More recently, it was shown that tensins are negatively 
regulated by the AMP-activated protein kinase (AMPK) and that depletion of AMPK 
leads to higher levels of tensin1 and 3. This in turn results in increased activation of β1-
integrins and consequently to more FBs (Georgiadou et al., 2017). In HUVECs stained 
for endogenous tensin1, we saw that it was mainly located at the central FBs where it 
co-localized with talin (Figure 6B).

KANK depletion in HUVECs does not affect the formation of tensin-positive FBs 
nor FN fibrils but could affect endothelial migration
When we stained HUVECs for endogenous KANKs (KANK1 – 3), tensin1 and FN, we 
saw strong overlap of KANK2, KANK3 and tensin1 together with FN fibrils (Figure 
7A). To test whether KANK2 and KANK3, the two endogenous KANK proteins in 
HUVECs that are present at FBs, play are role in FN fibrillogenesis, we depleted them 
and also KANK1 via siRNA-mediated knockdown (Figure 7C). Around 48 hours after 
siRNA transfection, the transfected cells were trypsinized and re-seeded on uncoated 

talin (magenta) along the line indicated by the dashed red arrow in the inset. The fluorescence intensities 
were normalized to the maximum intensity of the corresponding channel. (B) Schematic overview of the 
two KANK1 isoforms. The short KANK1 isoform (KANK1-S, upper panel) is missing the first 158 amino 
acids, including the KN domain, at its N-terminus. (C) Subcellular localization of GFP-tagged KANK1-S 
(upper panel) and KANK1-L (lower panel) (both green) expressed in HUVECs stained for endogenous 
talin (magenta). The right panel shows the plotted fluorescence intensities of the GFP-KANK (green) and 
talin (magenta) along the line indicated by the dashed red arrow in the inset. The fluorescence intensities 
were normalized to the maximum intensity of the corresponding channel.
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glass coverslips and allowed to attach for 2 hours. By doing this, we wanted to prevent 
analyzing FN fibrils that were already made by the cells before the knockdown became 
effective. After the 2-hour incubation, cells were fixed and stained for endogenous 
tensin1 and FN. Yet, the removal of all three endogenously expressed KANK proteins 
did not affect the formation of FN fibrils in the KANK-depleted HUVECs compared to 
control HUVECs (Figure 7B). Despite these negative results with HUVECs cultured 
in 2D, we decided to test whether removal of KANK2 and KANK3 affects endothelial 
migration in soft 3D matrices, as it has been suggested by a study that KANK proteins 
might play an evolutionary conserved role in mammalian vascular development (Hensley 

Figure 7. Knockdown of endogenous KANK proteins in HUVECs
(A) Immunofluorescence staining of endogenous KANK1 – 3 and tensin1 (all green) together with 
fibronectin (magenta) in HUVECs. (B) Staining of endogenous tensin1 (green) and fibronectin (magenta) 
in control HUVECs that were transfected with siRNA against Luciferase (siLuciferase, upper panel) and in 
KANK1-3-depleted HUVECs (siKANK1&2&3, lower panel). The right panel shows the plotted fluorescence 
intensities of the KANK/Tensin1 (green) and fibronectin (magenta) along the line indicated by the dashed 
red arrow in the inset. The fluorescence intensities were normalized to the maximum intensity of the 
corresponding channel. (C) Control staining of endogenous KANK1-3 (green) together with talin in control 
HUVECs and KANK1-3-depleted HUVECs to confirm the knockdown.
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et al., 2016). Therefore, we performed so-called spheroid-based sprouting assays using 
KANK2- and 3-depleted HUVECs embedded in a soft 3D matrix made of collagen I as 
described previously (Martin et al., 2013). Interestingly, in a first pilot experiment, we 
found that the length of individual sprouts was not affected in KANK-depleted spheroids 
compared to control spheroids. However, the number of (primary) sprouts emerging from 
the spheroids was reduced in the KANK-depleted spheroids compared to the control 
spheroids. Consequently, this led to reduced cumulative sprout length of the KANK-
depleted spheroids (Figure 8). Nonetheless, it is important to mention that this was only 
a first pilot experiment and that further experiments are required to confirm whether the 
effect on sprout formation was a specific KANK-related effect, and not an unspecific 
side effect caused by the treatment of the cells with siRNAs and transfection reagents.

Figure 8. Spheroid-based sprouting assay in a soft 3D collagen I gel
(A) Examples of HUVEC spheroids 24 hours after seeding them in a soft 3D collagen I gel. The upper 
panel shows spheroids made of control HUVEC cells that were transfected with siRNA against Luciferase 
(siLuciferase). The lower panel shows spheroids made of KANK2- and 3-depleted HUVECs (siKANK2 & 
3). (B) Number of primary sprouts per spheroid. (C) Length of primary sprouts. (D) Cumulative length of 
primary sprouts. All values are shown as box and whiskers plot (box represents 25th – 75th percentiles; 
whiskers represent Min and Max; the line represents the median). ns not significant; **** p < 0.0001 
(unpaired t-test) ( (9 – 10 spheroids were analyzed per condition).

Taken together, we conclude that in HUVECs KANK2 and KANK3 are strongly enriched 
at FBs. The recruitment of KANK2 and 3 to FBs is likely due to binding to talin as we 
showed in Chapter 5 for KANK2 in HeLa cells. Moreover, this is supported by the 
observation that the short isoform of KANK1 which lacks the first 158 amino acids, 
including the KN domain, cannot be found at FBs but is dispersed at the cell periphery. 
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In contrast to that, when overexpressing GFP-KANK1-L, which can bind to talin, we see 
strong accumulation of KANK1 at FBs just like endogenous KANK2 and 3. Nonetheless, 
the function of the KANK family proteins at FBs remains obscure, as the depletion of 
(all) endogenous KANK proteins did not affect the formation of talin-/tensin1-positive 
FBs nor the formation of FN fibrils. Yet, a first trial experiment with spheroid sprouting 
assays in collagen I-made 3D gel matrices suggested that removal of KANK2 and 3 might 
affect sprouting. Yet, this needs to be investigated more thoroughly to rule out unspecific 
side effects caused by the treatment of the cells with siRNAs and transfection reagents. 
However, with regard to the work of Hensley et al. who suggested that KANK proteins 
might have an evolutionarily conserved function in vascular development (Hensley et 
al., 2016), this seems to be an interesting lead worth to follow further.

Concluding remarks
In this thesis, we have combined biochemical and cellular experiments to gain more 
insight into the biochemistry of KANK family proteins and their role at the interface of 
cortical microtubule attachment complexes and integrin-mediated cell-matrix adhesions. 
We demonstrated that KANK1 directly binds to the adhesion protein talin and thereby 
recruits the cortical microtubule stabilizing complex to the vicinity of FAs. In addition 
to that, we also showed that the talin-KANK1 interaction is force regulated and that this 
interaction can withstand pulling forces in the physiological range for several seconds to 
minutes. Furthermore, we found that other factors, like the linker region L2 of KANK1, 
are contributing to the subcellular localization of the KANK proteins. Thus, it seems 
likely that the clustering of KANK proteins around FAs is likely regulated by both force 
and self-association/clustering of KANK1 proteins and binding partners. Besides, in our 
cell migration experiments we saw that KANKs proteins can also affect cell motility. 
All in all, the combined data from our studies emphasize the role of KANK family 
proteins (especially KANK1) as mediators of the cross-talk between MTs and FAs and 
as a scaffold for recruiting other proteins to the cell cortex to FAs. Yet, several open 
questions remain about KANK family proteins especially regarding their role in cell 
migration and the contradicting data on this. Moreover, it also remains to be resolved 
whether KANK proteins and their removal have a direct effect on FAs and whether they 
affect the activity of GEF-H1. Therefore, this thesis, with our insights on the interaction 
between talin and KANK proteins, should be seen as foundation for further research to 
better understand the interplay between cell-matrix adhesion (dynamics) and the MT 
cytoskeleton.
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Summary
In animals (multicellular organisms), the contact between cells and the extracellular 
matrix (ECM) is mediated through cell-matrix adhesion complexes. These complexes 
are essential for the integrity of tissues as they keep cells in their places. Yet, they are 
also important for cell motility. Thereby, cell-matrix adhesion complexes transduce the 
mechanical forces generated by the cell to the ECM and vice versa. As a result of that 
they promote movement of the cell.
Cell-matrix adhesions consist primarily of heterodimeric alpha/beta integrins, the 
adaptor protein talin and the cytoskeletal protein actin. Integrins span through the cell 
membrane and bind with their extracellular part to ECM proteins such as fibronectins or 
collagens. Inside the cell, integrins bind to talin which in turn binds to actin. Thereby, 
talin connects the ECM with the cytoskeleton and functions as a “molecular clutch”. 
Talin can change its conformation depending on the mechanical forces that are applied 
to it. Through these conformational changes other proteins can bind to talin and thereby 
be recruited to cell-matrix adhesions.
Microtubules, which are another part of the cytoskeleton, are built of alpha/beta-
tubulin dimers. These tubulin dimers associate with one another (head-tail interactions) 
and form protofilaments. Several protofilaments together form a hollow microtubule. 
Microtubules are polarized with a fast growing plus end and a slow growing minus end. 
Microtubules play an important role in the regulation of the formation and break down 
of cell-matrix adhesions. Furthermore, microtubules can function as transport tracks for 
building material and signaling molecules.
The plus ends of microtubules are anchored and stabilized at the cell membrane in close 
proximity to cell-matrix adhesion complexes by another specialized protein complex, 
the cortical microtubule-stabilizing complex (CMSC). The CMSC is formed by several 
proteins including KANK proteins. Especially KANK1 plays a crucial role in CMSCs. 
So far there are four KANK proteins (KANK1-4) known in humans. All KANK family 
proteins share the same structure: at their N-terminus the conserved KANK N-terminal 
(KN) domain can be found. At the C-terminus are five highly conserved ankyrin repeats 
(ANKR1-5) located. In the middle of the protein sit the coiled coil (CC) domains. In total 
there exist four different CC domains among the KANK family of which the composition 
and number can vary among the KANK proteins. Between the KN domain and the CC 
domains sits a short linker region L1 and a longer linker region L2 is located between the 
CC domains and the ankyrin repeats.
In this thesis, we analyzed the role of KANK proteins (mainly KANK1) in the interaction 
between cell-matrix adhesions and microtubules. We showed that KANK1 can directly 
bind to the cell-matrix adhesion protein talin and thereby link cell-matrix adhesions and 
the CMSC with one another. The talin-KANK1 interaction is required for the correct 
formation of CMSCs in the vicinity of adhesion complexes. Moreover, the loss of KANK 
proteins perturbs the organization of microtubules in the periphery of cells. Without 
KANK the CMSC is not formed as a result of that microtubules do not stop growing in 
the vicinity of adhesions but keep on growing (Chapter 2).
Furthermore, we discovered that the interaction between talin and KANK1 is regulated 
by mechanical forces. Using a molecular tweezer, we have demonstrated that the 
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connection between talin and the KANK1 KN domain gets stronger with increasing 
pulling forces. This connection reaches it most stable point at pulling forces of 6 pN. 
Thereafter, the talin-KANK1 interaction gets weaker when the applied pulling forces 
increase further. With our experiments in cells we could show that this force regulation 
affects the localization of KANK1 in cells. KANK1 proteins that are bound to talin and 
that are exposed to mechanical (pulling) forces show a strong preference for the rim of 
cell-matrix adhesion complexes (Chapter 3).
Another aspect that we looked at was which other factors might affect the localization 
of KANK proteins in cells, especially around adhesion complexes. We were able to 
show that the long linker region L2 of KANK1 plays an important role in recruiting 
KANK proteins to the rim of cell-matrix adhesion complexes. Yet, the exact mechanism 
how the L2 regions does this remains elusive. Besides, we were able to identify a new 
binding partner of KANK1, the dynein light chain protein LC8 (LC8) which binds to 
the linker region L2. However, the KANK1-LC8 interaction is not necessary to recruit 
KANK proteins to the rim of adhesion complexes. It rather appears that some sort of 
self-association mechanism of KANK1 proteins is responsible for the rim localization 
(Chapter 4).
Finally, we studied the differences between KANK1 and KANK2. We saw that KANK1 
localizes preferentially at the cell periphery around cell-matrix adhesion complexes 
whereas KANK2 can be mainly found at the central part of the cell. The factors that 
are responsible for the different distributions of KANK1 and KANK2 have not been 
discovered yet. Moreover, we analyzed the role of KANK1 and KANK2 in cell motility 
which seems to be cell line specific. In HeLa cells, we observed that the removal of 
both KANK proteins barely affected cell motility. Yet, when we removed KANK2 in 
the breast cancer cell line SUM159PT we saw a strong negative effect on cell migration 
whereas the removal of KANK1 did not (Chapter 5).
In this thesis, we have shown that KANK proteins, especially KANK1, can interact 
with several different proteins, such as the adhesion protein talin, through their different 
domains and regions. Hereby, our studies underline the complexity of the molecular 
mechanisms and physical forces which regulate the interaction between talin and KANK 
and in a broader sense between cell-matrix adhesion complexes and microtubules.
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Nederlandse samenvatting
In meercellige organismen is contact tussen cellen en de extracellulaire matrix (ECM) 
gefaciliteerd door aanhechtingscomplexen. Deze cel-matrix aanhechtingscomplexen 
zijn essentieel voor de integriteit van weefsels, doordat ze cellen op hun plaats houden. 
Ook zijn ze belangrijk voor de cel-motiliteit. Dit doen ze door mechanische krachten 
door te geven van de cel naar de ECM en andersom, en bevorderen hiermee verplaatsing 
van de cel.  
Cel-matrix aanhechtingscomplexen bestaan voornamelijk uit de heterodimere α/β-
integrines, het eiwit talin en het cytoskelet-onderdeel actine. Integrines zitten in de 
celmembraan en steken aan de buitenkant van de cel uit, waar ze aan ECM-eiwitten 
kunnen binden (bijvoorbeeld aan fibronectines of collagenen). Aan de binnenkant van 
de cel binden ze aan talin, die vervolgens aan actine bindt. Zo brengt talin de ECM 
samen met het cytoskelet en werkt het als een “moleculaire koppeling”. Afhankelijk 
van de mechanische krachten die op talin werken kan het zijn conformatie veranderen. 
Door deze conformatie veranderingen kunnen andere eiwitten aan talin binden en zo 
gerekruteerd worden naar cel-matrix aanhechtingscomplexen. 
Microtubuli, die onderdeel zijn van het cytoskelet, bestaan uit α/β-tubuline dimeren. 
Deze tubuline dimeren zijn met elkaar geassocieerd (kop-staart interacties) en vormen 
protofilamenten. Meerdere protofilamenten samen vormen een microtubule. Microtubuli 
zijn gepolariseerd met een snelgroeiend plus-eind en een langzaam groeiend min-eind. 
Microtubuli spelen een belangrijke rol in de regulatie van de vorming en de afbraak 
van cel-matrix aanhechtingscomplexen. Daarnaast kunnen MT ook als spoor gebruikt 
worden voor het transport van bouwmateriaal en signaalmoleculen.
De plus-einden van MT worden door een ander eiwitcomplex, het corticale microtubule-
stabilisatie complex (CMSC), gestabiliseerd en in de buurt van aanhechtingscomplexen 
aan de celmembraan gehecht. Het CMSC worden gevormd door verschillende eiwitten, 
waaronder KANK-eiwitten. Met name KANK1 speelt hierbij een belangrijk rol. In 
mensen zijn er voor zover bekend vier verschillende KANK-eiwitten (KANK1-4) 
gevonden. Alle KANK-eiwitten hebben dezelfde opbouw: aan de N-terminus zit het 
geconserveerde KANK N-terminale (KN) domein. Aan de C-terminale einden zijn de 
vijf ankyrin herhalingen (ANKR1-5) sterk geconserveerd en in het midden van het 
eiwit zittten nog coiled coil (CC) domeinen. In totaal bestaan er in de KANK-eiwitten 
vier verschillende “coiled coil” (CC) domeinen, waarvan de samenstelling sterk kan 
verschillen. Tussen het KN-domein en de CC-domeinen zit nog een L1 verbindingsstuk 
en een langer L2 verbindingsstuk tussen de CC-domeinen en ankyrin herhalingen.
In dit proefschrift hebben we de rol van KANK-eiwitten (vooral KANK1) en de 
interactie tussen cel-matrix aanhechtingen en microtubuli onderzocht. We laten zien dat 
KANK1 direct aan het aanhechtingscomplex-eiwit talin bindt en zo kan KANK1 de 
aanhechtingscomplexen en CMSCs aan elkaar koppelen. De talin-KANK1 interactie is 
nodig voor de juiste vorming van CMSCs in de buurt van cel-matrix aanhechtingen. 
Bovendien leidt het weghalen van KANK1 tot een verstoorde organisatie van microtubuli 
in de periferie van de cel. Zonder KANK1 wordt het CMSC-complex niet meer gevormd 
waardoor de groei van microtubuli niet kan worden gestopt en de microtubuli door 
blijven groeien (hoofdstuk 2).
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Wat we nog meer hebben ontdekt is dat de interactie tussen talin en KANK1 door 
mechanische krachten gereguleerd wordt. Met een moleculaire pincet hebben we laten 
zien dat de verbinding tussen het KN-domein van KANK1 en talin met toenemende 
trekkracht sterker wordt. Bij een trekkracht van 6 pN bereikt deze interactie zijn sterkste 
punt. Daarna wordt de talin-KANK1 verbinding zwakker als de trekkracht verder 
toeneemt. Met cellulaire experimenten hebben we aangetoond dat deze mechanische 
regulatie de lokalisatie van KANK-eiwitten beïnvloed. KANK-eiwitten die aan talin 
binden en waarop mechanische krachten werken, hebben een sterke voorkeur voor de 
buitenrand van de cel-matrix aanhechtingscomplexen (hoofdstuk 3).
Een ander aspect wat we hebben onderzocht is welke andere factoren de lokalisatie 
van KANK-eiwitten in cellen kunnen beïnvloeden, met name in de omgeving van 
aanhechtingscomplexen. Hierbij hebben we ontdekt dat het verbindingsstuk L2 
van KANK1 een belangrijke rol speelt om KANK-eiwitten naar de buitenrand van 
aanhechtingscomplexen te rekruteren. Het exacte mechanisme hoe L2 dit doet is nog 
niet bekend. Wel hebben we gezien dat een nieuwe bindingspartner van KANK1, het 
dynein “light-chain”-eiwit LC8 (LC8), aan L2 kan binden. Deze interactie tussen LC8 
en het KANK1-verbindingsstuk L2 is echter niet noodzakelijk om KANK-eiwitten naar 
de buitenrand van aanhechtingscomplexen te brengen. Zo blijkt dat een zelf-associatie 
mechanisme van KANK1-eiwitten hiervoor verantwoordelijk is (hoofdstuk 4).
Tot slot hebben we ook het verschil tussen KANK1 en KANK2 bestudeerd. We hebben 
gezien dat KANK1 zich voornamelijk aan de rand van de cel bevindt en KANK2 vooral 
in het midden. De exacte factoren die verantwoordelijk zijn voor de verschillende 
distributie van KANK1 en KANK2 hebben we nog niet kunnen identificeren. Verder 
hebben we gekeken naar het effect van KANK-eiwitten op cel-motiliteit en dit lijkt sterk 
afhankelijk te zijn van de cellijn. In HeLa-cellen heeft het weghalen van KANK1 en 
KANK2 weinig invloed, maar in SUM159PT borstkankercellen heeft een verlies aan 
KANK2 een negatief effect op de cel-motiliteit. Het weghalen van KANK1 heeft hier 
verder geen invloed op (hoofdstuk 5).
In dit proefschrift hebben we laten zien dat KANK-eiwitten, en met name KANK1, 
door hun verschillende domeinen en verbindingsstukken met verschillende eiwitten 
kunnen samenwerken, zoals met het aanhechtingseinwit talin. Onze studie onderstreept 
hiermee de complexiteit van de moleculaire mechanismen en fysieke krachten, die 
de interactie reguleren tussen talin en KANK en in de bredere zin tussen cel-matrix 
aanhechtingscomplexen en microtubuli.
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