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UNIVERSITY OF TURKU 
Faculty of medicine  
Cell biology and anatomy  
Drug research doctoral programme 
Turku Bioscience Centre  
MITRO MIIHKINEN: Novel insights into filopodia function – A focus on 
integrin and F-actin regulation 
Doctoral dissertation 236 p, November 2021 

ABSTRACT 

Filopodia are actin-rich cell protrusions that are extended from the plasma membrane 
by different cell types in order to sense the surrounding environment. In cancer cells, 
the emergence of filopodia supports metastasis, while in neuronal cells filopodia help 
to form synapses by probing adjacent cells for suitable presynaptic partners. 
Filopodia can make contact with the extracellular matrix with small, integrin-
mediated adhesions located at their tips. During cancer invasion, recognition of the 
extracellular matrix by filopodia not only supplies migrating cells with guidance cues 
but has also been linked with increased colony growth at the metastatic site. In 
neuronal cells, inhibition of integrin activity has been shown to negatively impact 
synapse formation. Although both filopodia and integrin-positive adhesions have 
roles in metastasis or in synaptogenesis, filopodial adhesions remain under-studied 
cellular structures and there exists minimal literature on how these adhesions are 
regulated or how they function. The objective of this study was to reveal novel 
regulatory mechanisms of filopodia by studying two integrin and filopodia linked 
proteins: myosin-X and SHANK3. The work presented here provides fundamental 
information on how 1) integrins are activated at filopodia tips, 2) which integrin-
linked proteins are recruited to adhesions at filopodia providing a road-map to 
classify these adhesions and 3) how SHANK3, an F-actin network organizer and 
filopodia regulator, modulates the crosstalk between integrin and F-actin via direct 
and conformationally regulated binding with F-actin. The thesis also provides novel 
methodology in the form of a high-end biochemical binding assay (4) where protein 
binding to integrin tails can be interrogated in the presence of a lipidic membrane. 

KEYWORDS: Filopodia, integrins, myosin-X, SHANK3, assay development  
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TURUN YLIOPISTO 
Lääketieteen tiedekunta 
Solubiologia ja anatomia  
Lääketutkimuksen tohtoriohjelma 
Turku Bioscience  
MITRO MIIHKINEN: Solun filopodien toiminta 
Väitöskirja 236 sivua, lokakuu 2021 

TIIVISTELMÄ 

Filopodit ovat solukalvon pullistumia, joita täyttää sisältäpäin solun aktiinitukiranka. 
Filopodit syntyvät solukalvon pullistuessa ulospäin aktiinitukirangan vaikutuksesta 
ja solut käyttävät niitä ympäristönsä aistimiseen käyttämällä filopodien kärjissä 
sijaitsevia tarttumisreseptoreja - integriinejä. Syövän leviämisen aikana solujen kyky 
tunnistella ympäröivää soluväliainetta tarjoaa solulle tarkkaa tietoa sen ympäristöstä, 
ohjaten solun kulkua vaikeassa 3-ulotteisessa soluväliaineen verkostossa. Toisaalta 
hermosolut käyttävät filopodeja naapurisolujensa (tai ympäröivän kudoksen) 
tarkasteluun hermoliitosten muodostusprosessissa. Vaikka filopodit ja integriini-
reseptorit ohjaavat sekä syövän leviämistä ja aivojen normaalia toimintaa, filopodien 
välittämien integriini-positiivisten soluadheesioiden synty tunnetaan huonosti. 
Lisäksi filopodien soluadheesioiden säätely sekä vaikutukset solun toiminnalle ovat 
heikosti ymmärrettyjä tapahtumasarjoja. Tämän väitöskirjatyön tarkoituksena oli 
ymmärtää filopodien solullisia säätelyketjuja paremmin tutkimalla kahta 
integriineihin ja filopodeihin aiemmin liitettyä proteiinia: myosiini-X ja SHANK3. 
Tässä väitöskirjatyössä esitetyt tulokset tuovat täysin uutta tietoa seuraavista 
tapahtumista: 1) miten filopodit muodostavat adheesioita soluväliaineen kanssa 2) 
mitkä solun adheesioproteiinit sijoittuvat filopodien kärkiin adheesiomuodostus-
prosessin aikana sekä 3) kuinka SHANK3 proteiini säätelee samanaikaisesti solun 
aktiinitukirankaa ja integriiniaktiivisuutta. Lisäksi väitöskirja sisältää menetel-
mällisen julkaisun uudesta biokemiallisesta koeasetelmasta, jonka avulla voidaan 
paremmin tutkia solun proteiinien sitoutumista integriinireseptoreihin solukalvon 
läheisyydessä.  

AVAINSANAT: filopodi, integriinit, myosiini-X, SHANK3, uudet koeasetelmat.  
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1 Review of the literature 

1.1 Cellular movement 

1.1.1 Cellular movement in health and disease 
Cell migration is one of the fundamental requirements for multicellular life. While 
the well-coordinated and balanced movement of cells and embryonic tissues 
completely restructures the developing embryo, pathological cell migration drives 
undesirable events such as cancer metastasis (Scarpa and Mayor 2016; Horwitz and 
Webb 2003). Early in embryonic development, the appearance of a small groove in 
the epiblast layer of the embryo marks the beginning of an event known as 
gastrulation. In gastrulation, the collective and individual movements of epiblast 
cells form a three-layered sandwich-like structure sealing the cell faith for each cell 
in a layer-specific manner. The cells in the three germ layers (called endo- meso- 
and ectoderm) will later give rise to different adult tissues predefined by their site of 
origin (Solnica-Krezel and Sepich 2012). To contrast the early cell migration events 
of an embryo, cell migration of nerve endings in the brain or in the body starts after 
10–12 weeks of development but continues well into adulthood in restricted brain 
regions such as in the hippocampus (Ghashghaei, Lai, and Anton 2007). Axon 
pathfinding in the brain provides a stunning example of directional cell migration 
where the nerve fibers (axons) sent out by neuronal cells use external cues to navigate 
and reach their correct targets – sometimes crossing the midline to the opposite 
hemisphere of the brain (Stoeckli 2018). 

Once cells start to differentiate into specific lineages, programs driving cell 
migration are turned off (F. Wu et al. 2020, 1). The immune system, however, offers 
the most striking example of dynamic cell migration in adult animals as leukocytes 
patrol the body for recognizable pathogens. Although most adult cells are mainly 
static, trauma or injury in a tissue can re-activate transcriptional programs driving 
coordinated movement of cells to seal wounds (Schäfer and Werner 2007), build blood 
vessels (Hashiya et al. 2004) or supply newly repaired tissue neuronal connections 
(Llorens-Bobadilla et al. 2015). Wound healing is one of the best-studied cell 
migration processes where both skin and blood vessel epithelium move as uniform 
sheets to close the wound and supply the newly generated tissue with sufficient blood 

https://www.zotero.org/google-docs/?broken=UaTWFM
https://www.zotero.org/google-docs/?broken=UaTWFM
https://www.zotero.org/google-docs/?broken=xe6eQC
https://www.zotero.org/google-docs/?broken=VKa6Bq
https://www.zotero.org/google-docs/?broken=CVZT2j
https://www.zotero.org/google-docs/?broken=Yztn4F
https://www.zotero.org/google-docs/?broken=b4nafP
https://www.zotero.org/google-docs/?broken=uMNv5O
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flow. Interestingly, one of the hallmarks of cancer is the tumour’s ability to support 
angiogenesis – the formation of new blood capillaries - to supply the tumour with 
nutrients (Hanahan and Weinberg 2011). Angiogenesis, like wound healing, has been 
extensively studied for its physiological importance and distinct morphology where 
vascular endothelial growth factor (VEGF-A) causes characteristic morphological 
features of a migrating blood vessel where leader cell, studded with extensions called 
filopodia guide the cells in the vessel stalk (Gerhardt et al. 2003). 

Whereas tumour cells can induce cell migration of their neighbouring cells, the 
invasion and metastasis of cancer cells themselves largely dictates the prognosis of 
the patient. Metastasis is a highly cell migration dependent event where cancer cells 
can re-activate some of the evolutionary programs gaining motility (Hanahan and 
Weinberg 2011). Thus, the mechanisms of cell migration and how cancer cells move 
are fundamental aspects in understanding cancer biology. 

1.1.2 Collective versus single-cell migration 
Cells during development and in cancer can move as individuals (McDole et al. 
2018; Jacquemet et al. 2013) or as collective sheets (Omelchenko, Hall, and 
Anderson 2020; Jacquemet et al. 2017). Cells migrating collectively are less 
sensitive to cell intrinsic factors in their migration and the migration is rather defined 
by the interactions cells make with their neighbours. Thus, collectively migrating 
cells display many population-level characteristics, such as collective polarization, 
mechanical coupling and decision making (Ladoux and Mège 2017).  

Although, most cell migration events in vivo during development or in patients 
samples are collective, cancer dissemination has been classically characterized as 
migrating single cells where carcinoma cells activate epithelial-to-mesenchymal 
transcriptional (EMT) program to promote E-cadherin downregulation while 
obtaining a spindle-like, pro-migratory, mesenchymal phenotype. Initially identified 
by developmental genetics, EMT is driven by a set of transcription factors (Snail, 
Slug, Twist, and Zeb1/2) and supported by frequently observed downregulation of 
E-cadherin in human carcinomas (Hanahan and Weinberg 2011). Lately, however, 
as collective cell migration has been recognized as a tumour invasion mechanism 
(Y. Yang et al. 2019) and cancer cells with varying levels of EMT have been reported 
to metastasize (Pastushenko et al. 2018), a hybrid EMT has been coined as a term to 
explain the spectra of mild to strong EMT phenotypes observed in cancer.  

What defines collective migration has been a topic of extensive study. In some 
collectively migrating cell systems, such as during sprouting angiogenesis, leader 
cells localised at the tip of the sprouting vessel guide cell migration of the collective 
pack in a VEGF-dependent manner. The VEGF gradient has been shown to 
upregulate filopodial protrusions in leader cells and the loss of these protrusions 

https://www.zotero.org/google-docs/?broken=yJJUcy
https://www.zotero.org/google-docs/?broken=W9nSxz
https://www.zotero.org/google-docs/?broken=ikEsxQ
https://www.zotero.org/google-docs/?broken=ikEsxQ
https://www.zotero.org/google-docs/?broken=UXG8xG
https://www.zotero.org/google-docs/?broken=UXG8xG
https://www.zotero.org/google-docs/?broken=EIOtTC
https://www.zotero.org/google-docs/?broken=EIOtTC
https://www.zotero.org/google-docs/?broken=r4LykJ
https://www.zotero.org/google-docs/?broken=xoagUD
https://www.zotero.org/google-docs/?broken=UQeO92
https://www.zotero.org/google-docs/?broken=ZQOOS0
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leads to defected blood-vessel formation. The leader-follower cell polarity is clearly 
observed in other systems as well, such as in invading lung cancer spheroids. Here, 
the epigenetic rewiring in leader cells during collective migration support the 
migration of the whole sheet as the leaders upregulate thin, pro-migratory 
protrusions such as filopodia and shape the ECM in front of the migrating cell sheet 
(Summerbell et al. 2020). Interestingly, and similar to leader cells, also individually 
migrating cells upregulate can upregulate filopodial protrusions as a response to 
chemokine gradients, indicating that filopodia formation can support both individual 
and collective migration (Meyen et al. 2021). 

Leader cell position is not necessarily fixed. The cells that sense the highest 
chemotactic gradient will become leader cells but competition within the monolayer 
for the leader-cell position have been reported. In fact, exchange of leader cells at 
the tip of sprouting angiogenic endothelial cells have been thought to be a 
cooperative strategy to maximize cell interaction with the chemogradient (Jakobsson 
et al. 2010; Riahi et al. 2015). The expression of certain proteins such as Keratin-14 
has been shown to give cells an advantage in the competition of the leader cell 
position as breast cancer cells with high Keratin-14 expression will polarize to the 
leading edge and guide collective migration (Hwang et al. 2019) 

Even though the leader-follower identities can be observed during collective 
migration, the confinement-promoted collective migration of neural crest cells does 
not rely on actively functioning leader cells (Szabó et al. 2016; Szabó and Mayor 
2016). Also seemingly unrelated cell types such as fibroblasts have been shown to 
situate themselves at the front of collectively migrating cell sheet guiding the 
migration. (Labernadie et al. 2017). Single cell and collective migration are 
schematically presented in Figure 1. 

 
Figure 1. Cells can migrate in either single cells (left) or in collective fashion (right). Although 

increased cell-cell interaction can promote collective cell migration in some settings, it 
is not a general requirement for collective migration. Direction of migration is shown by 
the red arrow. Adapted from (Jiang et al. 2021). 

https://www.zotero.org/google-docs/?broken=tpfaei
https://www.zotero.org/google-docs/?broken=j7aLH0
https://www.zotero.org/google-docs/?broken=i9mNjp
https://www.zotero.org/google-docs/?broken=644X9i
https://www.zotero.org/google-docs/?broken=FlvcpD
https://www.zotero.org/google-docs/?broken=FlvcpD
https://www.zotero.org/google-docs/?broken=0oLeR6
https://www.zotero.org/google-docs/?broken=Tt7v9H
https://www.zotero.org/google-docs/?broken=Tt7v9H
https://www.zotero.org/google-docs/?broken=AR5eO8
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1.1.3 Different modes of cell migration 
Collective cell migration has implications in many areas in biology, but historically 
it has been easier to isolate and study systems that migrate as single cells. A lot of 
focus has thus been given to look at single cell migration systems. Although cells 
plated on 2D coverslips have revealed a multitude of conceptual advances into how 
cells traverse on top of a surface, it has become eminent that ECM and its 
dimensionality by large regulates cellular movement (Yamada and Sixt 2019; Rhee 
2009). Single fibroblast cells on a 2D coverslip often display a stereotypical mode 
of migration that’s characterized by repetitive cellular extension, contraction and 
release of the trailing edge where cells can extend their membrane using one of the 
four possible protrusions: lamellipodia, filopodia, membrane blebs or invadopodia 
(Ridley 2011). How cells extend their plasma membrane defines the different 
extremes of how migration modes are defined. Noteworthy, the existence of 
filopodia does not relate to any specific migration mode but filopodia can be detected 
in cells despite their mode of migration (Petrie and Yamada 2012). Different 
migration modes are depicted in figure 2. 

 
Figure 2. Examples of different migration modes used by cells. Whereas mesenchymal migration 

is heavily dependent on adhesion, amoeboid migration is characterized by weak 
adhesion with the surrounding ECM but depends on other factors such as compression 
of the ECM. Lobobodial protrusions are regulated by intracellular pressure. Adapted 
from (Conway and Jacquemet 2019). 

Mesenchymal migration driven by lamellipodia extension is the classical mode of 
migration described first in microscopy studies in the 1970’s (Abercrombie, 
Heaysman, and Pegrum 1970). Later studies have shown that it is also characterized 
by protease activity at the leading edge and reliance on integrin-mediated cell 
adhesion (Wolf et al. 2013). On the contrary, amoeboid migration is mostly 

https://www.zotero.org/google-docs/?broken=WRtBnd
https://www.zotero.org/google-docs/?broken=WRtBnd
https://www.zotero.org/google-docs/?broken=i5vfLX
https://www.zotero.org/google-docs/?broken=WeSOT8
https://www.zotero.org/google-docs/?broken=kL2fOI
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characterized by low adhesion to the surrounding substrate and named after high 
resemblance to the movement of protist unicellular amoebas (Y.-J. Liu et al. 2015). 
Although displaying low-adhesion properties, ameoboidally migrating cells rely on 
contractility but are only seen in 3D or under confinement (Wyckoff et al. 2006). 
During lopobodic movement, intracellular pressure driven membrane blebs propel 
the plasma membrane forward to exert pulling forces on the cell (Yamada and Sixt 
2019). The complex structure of the non-cellular constituent of a tissue, the ECM, 
poses a challenge for the migrating cell. Depending on the composition and 
morphology of the ECM, cells have been known to adapt their migration accordingly 
(Wolf et al. 2013). In addition, setting restrictions for a cell, such as inhibition of 
protease activity, cells have been observed to change using more ameboid migration 
mode instead of mesenchymal in a process termed as mesenchymal to ameboid 
transition (MAT) (Wolf et al. 2003).  

Although different protrusions can define locomotion modes used by a cell in 
simpler settings, In vivo, many cell types can rapidly and flexibly interconvert itself 
between these definitions or display multiple protrusion types. (T.-L. Liu et al. 2018; 
Petrie and Yamada 2012). Although definitions of distinct migration modes are 
useful, it can be difficult to classify in vivo migrating cell into only one of these 
categories. Figure 3 shows a sketch of an immune cell and its outer boundaries while 
it is navigating in a tissue. 

 
Figure 3. A sketch of an immune cell migrating in vivo. Although different protrusion types are well 

defined in simpler settings, in vivo migrating cells may flexibly use multiple protrusions 
while moving inside a tissue. Adapted from a microscopy study (Liu et al., 2018). Orange 
lines display the outlines of the moving cell. Also other cells, such as cancer cells, that 
navigate adult tissues do not strictly fit into just one classical migration modes. 
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1.1.4 Pathways driving pro-migratory protrusions 
Most protrusions are driven via F-actin network assembly. In cellular protrusions 
and overall, the shape of cellular F-actin network is largely regulated by F-actin 
nucleating factors and the type of nucleator involved largely defines the 
morphological features of the actin network it nucleates (Rottner et al. 2017). The 
classical actin nucleators are Arp2/3 complex (branched network) and formin family 
of nucleators (linear bundles). In addition, proteins such as Spire or Cobl having 
WH2 domains in tandem repeats have been implicated in actin nucleation but it is 
also argued they only play auxiliary roles in these processes (Dominguez 2016). To 
regulate lamellipodial actin network formation, Arp2/3 complex needs to unite with 
nucleating promoting factors (NPF), mainly WASP (Wiskott–Aldrich syndrome 
protein) family proteins to stimulate Arp2/3 complex function (Padrick et al. 2011). 
Although Arp2/3 complex is a classical branched network nucleating factor, its 
association with Dip NPF has been reported to promote the formation of de novo 
linear filaments that could then function as mother filaments for branched network 
nucleation (Balzer et al. 2019). To contrast Arp2/3 complex-driven branched actin 
network formation, formin-family of actin nucleators nucleate linear actin bundles. 
Formins are shaped as a circular dimer that stays attached with the extending 
branched F-actin end protecting the end from de-polymerization and promoting 
further extension of the end from profilin-bound G-actin monomers (Breitsprecher 
and Goode 2013).  

Upstream of most actin nucleating factors are a protein family of Rho-family 
GTPases. Although there are 20 Rho-family GTPases most of which can shape F-
actin network, Rac1, Cdc42 and RhoA are the three most studied Rho-family 
GTPases in the context of cell migration (Ridley 2011). In a migrating cell, Rho 
GTPases form a complex signaling network but when expressed alone Rac1, Cdc42 
or RhoA can induce the formation of lamellipodia, filopodia or stress fiber structures, 
respectively. Expression of Rac1 drives lamellipodia formation through its binding 
with WAVE complex leading to Arp2/3 complex activation whereas multiple 
pathways supporting filopodia formation by Cdc42 have been reported (J. Peng et 
al. 2003, 42; Krugmann et al. 2001, 42; Bohil, Robertson, and Cheney 2006). In 
summary, dozens of proteins are known to bind actin and control essentially every 
step of F-actin assembly and disassembly (Pollard 2016) and their dynamics are 
regulated by cell intrinsic and external factors via GTPases. Even though specialized 
labs have made massive progress in the field, systems view models of how actin 
binding proteins collectively orchestrate F-actin network assembly are lacking.  

https://www.zotero.org/google-docs/?broken=2VIqRi
https://www.zotero.org/google-docs/?broken=mSTFcY
https://www.zotero.org/google-docs/?broken=0cn28h
https://www.zotero.org/google-docs/?broken=G8PMUb
https://www.zotero.org/google-docs/?broken=G8PMUb
https://www.zotero.org/google-docs/?broken=0nYH4p
https://www.zotero.org/google-docs/?broken=enb26v
https://www.zotero.org/google-docs/?broken=enb26v
https://www.zotero.org/google-docs/?broken=Z2FW0I


Review of the literature 

 19 

1.1.5 Integrin receptors as mediators of cell-ECM 
attachment 

The extracellular matrix (ECM) is an intricate meshwork of fibrous and other 
proteins that together form a structurally stable scaffold for cells to adhere to (Yue 
et al. 2014). The core matrisome (proteins in the extracellular matrix) consists of 
~300 proteins, some of which function as ligands for cell-ECM adhesion (Hynes et 
al. 2012). Collagen and fibronectin are two of such proteins (Yue et al. 2014, Hynes 
et al. 2012). Although cell-cell adhesion is often a defining factor for collectively 
migrating cells, cell-ECM adhesion drives cytoskeletal rearrangements and 
promotes cellular protrusions while maintaining friction between the cell and 
extracellular substrate. Integrins are key mediators of ECM and cytoplasmic F-actin 
networks owing to their ability to interact with ECM ligands outside of the cells and 
to connect to the actin cytoskeleton via proteins recruited to their intracellular 
domains (Bachmann et al. 2019). In addition to mediating cell adhesion, active 
integrin receptors control migration, survival and differentiation of cells via their 
downstream signaling pathways (Watt and Fujiwara 2011; Kechagia, Ivaska, and 
Roca-Cusachs 2019). 

Integrin family of transmembrane receptors are key adhesion receptors to 
mediate cell-ECM attachment during cell migration. The family consists of multiple 
α and β subunits form obligate heterodimers with each other. In a tissue-specific 
manner human cells express a subset of 24 different integrin heterodimers with 
distinct preferences and affinities for different ECM ligands. Integrin receptors have 
a large extracellular head, a single-pass transmembrane receptor and a small 
carboxy-terminal tail where the extracellular head defines binding specificity toward 
ECM ligands while the tail recruits intracellular adaptor proteins to drive cell 
adhesion formation (Humphries, Byron, and Humphries 2006). For most integrin 
heterodimers, the conformation of the receptor and extracellular domains define the 
adhesive state of the molecule with inactive conformation having a low affinity 
towards the favourable ECM ligand (Sun, Costell, and Fässler 2019a). In addition, 
integrin receptors are constantly recycled between the plasma membrane and 
cytoplasmic pools which regulates their availability (Sahgal et al. 2019; Ratcliffe et 
al. 2016). 

The conformation of an integrin receptor is dynamically controlled by both 
cytoplasmic adaptor proteins and ECM ligand availability (Takagi et al. 2002) where 
talin is the best studied cytoplasmic adaptor protein for integrin receptors. Talin 
binding to integrins induces conformational activation of the receptor (Shattil, Kim, 
and Ginsberg 2010). Talin is recruited to the plasma membrane through direct or 
indirect interactions with small GTPase Rap1 where its binding to β-integrin tails 
promotes separation of α-β integrin tails with the simultaneous extension of the 
extracellular integrin domains (Shattil, Kim, and Ginsberg 2010; Lagarrigue, Kim, 
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and Ginsberg 2016; Gingras et al. 2019, 1). Once activated by talin, a versatile group 
of cytoplasmic proteins are recruited to talin/integrin complex coupling the ECM-
bound receptor with cellular F-actin network (Humphries et al. 2007). Individual 
receptors are also clustered together forming adhesive plaques (Welf, Naik, and 
Ogunnaike 2012). During cell migration, new adhesions form at the very front of the 
cell in lamellipodia or filopodia. Named as nascent adhesions, the newly formed 
adhesions will stay attached to the ECM and maturate over time while the cell 
simultaneously crawls forward (Geiger and Yamada 2011). While the cell moves 
forward, the integrin-tail binding complex changes and individual receptors are 
clustered together to form focal adhesions and in some cases fibrillar adhesions 
(Welf, Naik, and Ogunnaike 2012; Georgiadou et al. 2017). The maturation of these 
adhesions is not orchestrated by cytoplasmic integrin tail adaptors alone but requires 
cell-generated forces (actomyosin contraction) as Blebbistatin treatment prevents 
focal adhesion formation (Pasapera et al. 2010). The disassembly of focal adhesions 
is perhaps a less-studied phenomenon but seems to be calcium and microtubule 
dependent (D’Souza et al. 2020; Yue et al. 2014). Also proteolysis of talin via calpain 
is implicated to contribute to adhesion disassembly (Dourdin et al. 2001; A. 
Huttenlocher et al. 1997). Adhesion turnover can be increased in a FAK-mediated 
manner by transiently decreasing Rho activity or decreased by inhibiting 
microtubule polymerization leading to large adhesions (X. Wu, Kodama, and Fuchs 
2008; Ren et al. 2000; Schober et al. 2007) 

1.1.6 Integrin adhesome 
The dynamic complex assembled around activated integrin cytoplasmic tails is 
called the adhesome, or integrin-mediated adhesion complex (IAC), and consists of 
potentially hundreds of cytosolic proteins. There exists curated mass-spectrometry 
and literature-based network models of the integrin adhesome (Winograd-Katz et al. 
2014; Horton et al. 2016; 2015). To simplify this, efforts towards mapping the “core” 
adhesome has been done. These core adhesome components are proteins that are 
linked to fibronectin-bound integrin tails over a wide range of conditions in a cell 
type nonspecific way and consist of a list of 60 proteins (Horton et al. 2015). 
Whereas the adhesome work was done by purifying the ECM-bound adhesion 
complexes, lately proximity proteomics has been employed to study integrin-
associated protein networks in intact cells. By using already validated IAC proteins 
as bait, recent work using BioID (Roux et al. 2018) has provided more depth into 
structure and composition of integrin-associated protein networks (Chastney et al. 
2020). Proximity-biotinylation offers a toolkit for integrin biology to restrict mass 
spectrometry into a single type of adhesion in a cell - a major advantage over other 
adhesion purification methods.  
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Recent work has shown that filopodial adhesions are distinct from any other 
adhesions in a cell when classified based on the core adhesome components 
(Jacquemet et al. 2019, 130). Because integrin adhesome is dependent on the type of 
ECM and integrin receptor, future research will likely map integrin adhesome for 
specific integrin receptors or specific adhesions under changing conditions, such as 
on different ECM matrices (Horton et al. 2016). 

Microscopy has been used to generate spatial models of an integrin adhesion. 
iPALM microscope based in interference as a physical phenomenon, can obtain 
images with a z-resolution in tens of nanometers and by imaging integrin, known 
cytosolic adhesome proteins (FAK, paxillin, talin, vinculin, zyxin, VASP, α-actinin) 
and actin, the distance of each component from the underlying glass-surface and 
from each other has been mapped in a “vertical” integrin adhesion model for 
different cell types. Comparison of the studies show how differences in adhesion 
architecture translate into differences in integrin adhesion function. How unique 
adhesions such as adhesions in filopodia are vertically organized is not understood 
(Stubb et al. 2019; Kanchanawong et al. 2010). 

1.1.7 Integrin conformational switch: regulatory mechanisms 
governed by intracellular regulators 

Integrin conformation affects the adhesiveness of the majority of integrin 
heterodimers and is under strict regulation. In the absence of activating signals, many 
key adhesome proteins adopt an autoinhibited form to prevent premature integrin 
activation (Khan and Goult 2019). Integrin activation, i.e. obtaining the highly-
adhesive conformation, is a result of multiple signaling pathways integrated down to 
talin and kindlin whose binding to β-integrin tail constitutes the final steps of integrin 
activation (Shattil, Kim, and Ginsberg 2010; Bachmann et al. 2019). Both talin and 
kindlin are known to adopt a autoinhibitory conformation. Talin adopts a head-to-
tail autoinhibited conformation where its membrane and integrin binding domains 
are embedded inside the molecule while binding sites for Rap1 adapter RIAM, 
remain accessible supporting Rap1/RIAM-mediated membrane localization of 
inactivated talin (Dedden et al. 2019). Release of talin head-to-tail inhibitory clasp 
reveals integrin binding FERM domain of the molecule and the opening of the clasp 
together with stretching of molecule reveals binding sites for adaptor proteins such 
as vinculin (Goult et al. 2009; Atherton et al. 2019). Integrin co-activator kindlin 
forms a trimeric autoinhibition complex when not bound with integrins (Li et al. 
2017). Also many other integrin adhesion molecules such as vinculin have been 
known to obtain auto-inhibited conformation (X. Peng et al. 2011, Khan and Goult 
2019)).  
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Advanced microscopy studies reveal that autoinhibited proteins such as talin and 
vinculin can be first recruited to the sites of nascent adhesions by paxillin, where the 
release of talin auto-inhibition and subsequent binding to integrin and vinculin leads 
to engagement of integrin receptors to actomyosin traction machinery (Atherton et 
al. 2019). Interestingly, talin is observed to be a core component of the filopodia-tip 
complex and suggested to activate integrin receptors at filopodia tips (Lagarrigue et 
al. 2015). However, talin’s role in filopodia tip adhesions remains to be poorly 
characterized. Furthermore, Rap1-interacting adapter molecule RIAM also adopts a 
switchblade type of auto-inhibition where an inhibitory sequence at its N-terminus 
masks the Rap1-binding and potentially restricts integrin activity. The opening of 
the structure has not been well characterized but has been thought to be relieved via 
phosphorylation by FAK kinase (Chang et al. 2019). Talin autoinhibition can also 
be relieved via proteolytic cleavage. For example, recent work shows that talin 
undergoes calpain-mediated proteolysis that’s important for adhesion maturation and 
growth signaling (Saxena et al. 2017). Finally, post-translational modifications are 
likely to contribute to regulation of autoinhibition. For example, talin head has a long 
loop which regulates integrin binding and integrin activation and is likely controlled 
via phosphorylation (Kukkurainen et al. 2020). 

Integrin cytoplasmic tails are important hubs of regulation as the binding of 
cytoplasmic adaptors such as talin regulates integrin active-inactive conformation. 
The cytoplasmic tails are short sequences of tens of amino acids and share conserved 
motifs for protein-protein interactions. The differences in cytoplasmic tail sequences 
result in recruitment of diverse molecular complexes between different integrin 
heterodimers and facilitate heterodimer specific integrin signaling (Morse, Brahme, 
and Calderwood 2014). The short and conserved motifs in both α and β-integrin tails 
have been a focus of intensive studies as they recruit key proteins that regulate 
integrin function across the integrin family. Whereas most β-integrin tails contain 
two NPxY motifs for talin and kindlin binding, the α-tail GFFKR motif recruits 
adaptors that either support integrin inactivation (Rantala et al., 2011) or regulate 
integrin endocytosis (De Franceschi et al. 2016; Pellinen et al. 2006). Figure 4 shows 
how different cytoplasmic proteins bind integrin tails. The phosphorylation of 
tyrosine or threonine residues in β-integrin tails adds to the complexity as 
phosphorylation has been shown to alter the binding of subsets of integrin tail 
binding proteins by e.g. increasing Dok1 binding 100-fold (Oxley et al. 2008, 1; 
Takala et al. 2008; J. Liu et al. 2015). Although, the functional consequences of 
negatively charged lipid membrane in talin-mediated integrin activation are 
appreciated, how the plasma membrane supports integrin-receptor function after its 
activation remains understudied. 
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Figure 4. Integrins can adopt a closed bent conformation (right) or an elongated active 

conformation, where the movement of ectodomains is accompanied by a separation of 
both transmembrane domains and intracellular tails (left). The activation status is 
regulated by integrin tail binding proteins. Because of the small size of integrin tails and 
large number of interactors, there exists competition between cytoplasmic proteins 
binding to integrin tails. Red box on the right displays some of the integrin tail interactors 
and their respective binding sites in α5 (yellow) of β1 (purple) integrin tails. Important 
motifs for integrin function have been highlighted in green and red colour. Adapted from 
(Morse et al., 2014). A more recent review about integrin mediated cell adhesion lists a 
large number of established cytoplasmic proteins which directly interact with integrin 
cytoplasmic tails (Bachmann et al. 2019). 

1.2 Lipid-membranes as a signaling platform  

1.2.1 Cellular lipids 
The plasma membrane sets the outer boundaries for cells across all domains of life. 
In addition to maintaining essential differences between the inside and outside of a 
cell, the plasma membrane and other membrane compartments are important 
signaling platforms essential for many elementary cell signaling pathways. By 
concentrating otherwise soluble signaling pathway components together, different 
cellular membranes can increase cell signaling kinetics while also 
compartmentalizing functionalities (Casares, Escribá, and Rosselló 2019). Cells use 
significant amount of their genes and resources to synthesize thousands of different 
lipid molecules and the related metabolic pathways (van Meer, Voelker, and 
Feigenson 2008; Han 2016) 

Despite having different functions, all biological membranes have a common 
structure of a very thin (~5 nm in thickness) double layered film composed of lipids 
and embedded or otherwise attached proteins. As the majority of lipids in cell 
membranes are amphiphilic, the bilayer structure is attributable to this special 
property of membrane lipids that causes lipids to spontaneously assemble bilayered 
structures even in isolation and in vitro. Bilayer lipidic membranes in eukaryotic 
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cells are composed of a mixture of different phospholipids. Whereas the bulk of lipid 
membranes are constituted by phosphatidylcholine, sphingomyelin, 
phosphatidylserine, and phosphatidylethanolamine, other lipids such as inositol 
phospholipids have important signaling roles in cells (van Meer, Voelker, and 
Feigenson 2008, 20). 

Although bilayered membranes can form spontaneously, living cells have 
protein machinery to sort their membranes leading to asymmetrical bilayers where 
(in the case of the plasma membrane) the outside leaflet differs from the inner 
membrane leaflet. Since phospholipid head groups are hydrophilic, phospholipids 
hardly ever transfer between leaflets spontaneously - rather, they are transferred by 
ATP consuming flippases, floppases and via energy independent mechanisms by 
scramblases that promote bidirectional movement of lipids and  thus the collapse of 
lipid asymmetry (Hankins et al. 2015). Resulting of the collective function of lipid 
transferring proteins is an inner-outer leaflet segregation of phospholipids where the 
bulk of phosphatidylcholine (PC) and sphingolipids are contained in the exoplasmic 
leaflet, whereas phosphatidylserine (PS), phosphatidylethanolamine (PE), 
phosphatidylinositol (PI), and phosphoinositides are predominantly located in the 
cytosolic leaflet (Ikeda, Kihara, and Igarashi 2006; Hankins et al. 2015). This lipid 
asymmetry regulates many aspects of cellular behaviour from apoptosis where the 
loss of membrane asymmetry is recognized by phagocytes (Manno, Takakuwa, and 
Mohandas 2002) to cell migration supported by phosphoinositide species and second 
messengers either located at or generated from the inner leaflet of the plasma 
membrane (Senning et al. 2014; Howe, Baldor, and Hogan 2005).  

Although phosphoinositides comprise less than 1 % of total lipid mass, they have 
key regulatory roles in many fundamental cell biological processes such as cell 
migration. At the plasma membrane they are concentrated at the inner leaflet where 
they function as docking sites for numerous different signaling cascades and as a 
source for soluble second messengers, IP3 and diacylglycerol (DAG) (Berridge 
2016). Their reversible head group phosphorylation gives rise to different PI 
isoforms with distinct functions in eukaryotic cells (Prestwich 2004). Cytosolic 
proteins are known to interact with phosphoinositides in multiple ways that differ in 
their specificity for different phosphoinositide species. PH (pleckstrin homology) 
domain is the most studied phosphoinositide binding domain with a cleft to bind 
phosphoinositides with high specificity. For example, the PH domain of myosin-X 
binds PtdIns(3,4,5)P3 with high specificity, but exhibits little to none binding towards 
PI3P (Plantard et al. 2010). In addition to PH domains as lipid binding entities, 
variety of other lipid binding domains exist creating a versatile machinery for 
cellular proteins to interact with different phosphoinositide isoforms. These domains 
are shown in Table 1. 
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Table 1. Examples of lipid-binding domains. 

Domain Example protein Reference 

C2 Syndecan2 Corbin et al 2007 

PH Myosin-X Plantard et al 2010 

PX SNX9 Yarar et al 2008 

FYVE PIKfyve Sbrissa et al 2002 

PTB Dab2 Alajlouni et al 2011 

FERM Talin Bouaouina et al 2012 

BAR IRSP53 Prevost et al 2015 

PHD ING2 Gozani et al 2003 

C1 PKC Giorgione et al 2006 

ANTH Sla2p Sun et al 2005 

ENTH Epsin Rozovsky et al 2012 

1.2.2 Lipid environments inside a cell 
Distinct lipidic environments coexist inside a cell. Animal cells have tens of different 
membrane-limited organelles, each with their distinct lipid composition (Aguilera-
Gomez and Rabouille 2017). Different lipid environments together with the versatile 
repertoire of lipid-binding domains compartmentalize cellular proteins and resulting 
signaling pathways (Gagnoux-Palacios et al. 2003; Meer and Kroon 2011). 
Disturbing lipid equilibrium by e.g. inhibiting phosphoinositide kinases or 
phosphatases has major effects on cellular function as proper membrane recognition 
by cellular proteins is interrupted. As an example, interfering with PtdIns(3,4,5)P3 
levels at the plasma membrane by targeting PTEN or PI3K family kinases affects 
cell migration and, again, energy balance by affecting PI3K-Akt-mTOR pathway 
(Lee, Loh, and Yap 2015; Matsuoka and Ueda 2018) 

On the other hand, the deletion or inhibition of PIKfyve, an endosomally located 
phosphoinositide kinase (1-phosphatidylinositol 3-phosphate 5-kinase) prevents 
endocytic traffic into lysosomes and formation of autolysosomes thus preventing 
cellular energy metabolism by restricting autolysis (Kim et al. 2016).  

To contrast lipid segregation between organelles, lipids in single membrane 
leaflets can partition forming distinct domains termed lipid rafts that affect signaling, 
trafficking and lateral sorting of proteins. Due to this spontaneous organisation inside 
a single membrane leaflet, lipid rafts can offer cells an energetically free way of 
organising and compartmentalizing signaling. Integrin family receptors have been 
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shown to be recruited into lipid raft domains via cell adhesion molecule CD24 where 
it likely activates Src signaling (Baumann et al. 2012; Gagnoux-Palacios et al. 2003; 
Runz et al. 2008). According to the lipid raft hypothesis, preferential interaction 
between sterols and certain phospholipids laterally induce formation of packed 
lipids. Endocytic vesicle pathways between Golgi/ER and the plasma membrane are 
thought to present a gradient in raft forming ability due to their membrane 
composition (Levental, Levental, and Heberle 2020). The plasma membrane is 
highly enriched in the components needed for lipid raft formation having 30–40 
mol% cholesterol and 10–30% sphingolipids. Lipid segregation in artificial 
membranes can be seen, they likely don’t recapitulate every aspect in cellular 
membranes as these can incorporate hundreds of different lipids. Although lipid rafts 
have also been seen in isolated membrane blebs (Baumgart et al. 2007, 20), they 
have been largely elusive to visualize under a microscope (Levental, Levental, and 
Heberle 2020). Fundamental understanding of how lipids organize inside a 
membrane has been hindered by the lack of experimental model systems that could 
capture the essence of cellular membrane together with cellular proteins. However, 
recent advances in creating membranes with e.g. robust asymmetry will likely pave 
the way for understanding lateral lipid segregation and its underlying chemico-
physical properties 

1.3 Filopodia 

1.3.1 Filopodia formation and function 
Filopodia are sensory organelles that extend from the plasma membrane of a cell. 
Their ability to sense the surrounding matrix or the surfaces of neighbouring cells is 
underlain by the set of plasma membrane receptors that they harbour. Among the 
receptors that localize to filopodia tips are integrins that create a special integrin-
positive adhesion type that is different from other cell-ECM adhesions cells make by 
shape and function (Galbraith, Yamada, and Galbraith 2007). The activation of 
filopodial adhesions have been described to affect both filopodial function but also 
biological outcomes such as muscle-tendon attachment where integrin activation 
downregulates filopodia leading to proper muscle-tendon bonding (Richier et al. 
2018). Whereas a single actin filament is unable to deform the plasma membrane, 
filopodia are created through an extension of intracellular F-actin bundle, the forces 
of which are large enough. An elongating F-actin bundle can generate forces larger 
than 50 pN to create membrane curvature (Mogilner and Rubinstein 2005). This 
leads to a characteristic slender outlook of these protrusion with only 0.1–0.3 μm in 
diameter.  
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Classically, two models explaining filopodia formation have been proposed: In 
the first model, the convergent elongation model, Arp2/3 complex nucleated 
branched actin network at the lamellipodia is reorganized by oligomeric proteins that 
can bring together several actin filaments. In the second model, the tip nucleation 
model, filopodia are formed directly from formin mediated actin nucleation. In this 
model, formins induce filopodia via their ability to both nucleate and promote 
elongation of linear actin networks. The two models, however, are not mutually 
exclusive and both Arp2/3 complex and formin driven actin nucleation can under the 
right conditions lead into formation of filopodia (C. Yang and Svitkina 2011). Past 
reviews discuss how the full arsenal of actin bundling proteins should be assessed 
when predicting the versatility functions of filopodia in epithelial cells (Khurana and 
George 2011). To build up on this ideology, thorough experimental studies arrived 
at a model where a combination of multiple actin-regulatory proteins are 
stochastically recruited to filopodia tips to ensure stringent filopodia formation and 
where the stochasticity likely underlies much of the heterogeneity observed around 
filopodia (Dobramysl et al. 2021). Contrary to normal situations where a multi-
component system likely organises actin network in order to favor filopodia 
formation, high expression of a handful of proteins have been known to efficiently 
induce filopodia formation. Fascin and myosin-X are perhaps the most widely 
studied due to their upregulation in invasive carcinomas (Machesky and Li 2010; 
Arjonen et al. 2014; Cao et al. 2014). However, whether these proteins require 
accessory components to support their filopodia formation potential has not been 
thoroughly investigated. 

Although similar elements such as the existence of plasma membrane receptors 
that mediate the substrate recognition exist in filopodia in different cell lines (Mao 
et al. 2018; Hongquan Zhang et al. 2004), depending on the cell and the context, the 
activation of filopodial receptors will likely have very different consequences: 
Whereas migrating cells use filopodia for making contacts with the underlying ECM, 
neuronal cells use filopodia to sense neighbouring cells and act as precursors for 
neuronal dendrites during synaptogenesis (Fiala et al. 1998). Still separate from 
synaptogenesis, axon pathfinding during development is highly dependent on 
filopodia structures as indicated by both their abundance in migrating growth cones 
and knock-out studies proving the importance of filopodia regulators in neural 
development. Taken together, an accumulating body of evidence suggests that 
filopodia are sensory organelles for different cell types that mediate sensory 
information leading to different outcomes depending on the context and cell type. 
The similarities in pathways between cell types indicate partly conserved 
mechanisms in the downstream signaling from filopodia protrusions. 
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1.3.2 Filopodia as synaptic precursors 
Neuronal cells are an interesting cell type as they form at least two types of filopodia 
along their plasma membrane: During embryonic development, the extending axons 
form highly dynamic filopodia at their leading edge while the axon navigates the 
forming brain tissue for synaptic partners (Leondaritis et al. 2015). In addition to 
axonal filopodia, filopodia forming at the dendrites of neuronal cells will form a 
basis for new nerve connections before and after birth (Spence et al. 2019). The rapid 
synaptogenesis that reaches its pinnacle at 2-3 years of age in humans facilitates the 
development of complex cognitive tasks and adaptation to environment 
(Huttenlocher 1979). While both axonal and dendritic filopodia have a stick-like 
morphology, the F-actin networks they extend from are very different. Whereas 
axonal filopodia originate from a lamellipodial F-actin network (very similar to 
cancer cells or epithelial cells), dendritic filopodia do not have this type of F-actin 
mesh at their base but rather extend directly from the fairly linear dendrite base. 
Before synaptogenesis, neuronal cells respond to cellular activation by upregulating 
dendritic filopodia that will then sense the surrounding space for presynaptic 
terminals. Upon contact, dendritic filopodia get stabilized by local calcium signaling 
leading to synaptogenesis (Maletic-Savatic et al. 1999). Calcium signaling has been 
shown to be important for filopodia stabilization in cancer cells as well, although the 
exact calcium-dependent pathways seem not to be exactly the same (Jacquemet et 
al. 2016). Transient dendritic filopodia have been classically hard to study, however, 
electron microscopy studies of a developing hippocampus in vivo have been 
supporting a role for filopodia in synapse formation early on (Fiala et al. 1998). Since 
this, sensory-dependent synapse forming filopodia have been characterized at least 
in the fly brain (Sheng et al. 2018). Although some of the factors needed for dendritic 
filopodia formation and stability have been mapped (Kayser et al. 2008, Chen et al. 
2010, Wu et al. 1998), how the recognition of a neighbouring neuron leads to 
formation of a synapse is still obscure. In particular, how the F-actin network 
completely reshapes itself from linear bundles in filopodia into shapes present in a 
chemical synapse is not completely understood. It has been shown, however, that 
removal of F-actin or some of the known F-actin binding proteins expressed in these 
cells are essential for re-shaping the network during synaptogenesis (Zhang et al. 
2001, Nelson et al. 2013). Knowledge of the molecular components involved in 
shaping the chemical synapse are essential in understanding how synapse formation 
takes place after cell-cell recognition between correct neurons. Although not covered 
here in depth, it is to be noted that neuro-muscular junctions likely resemble regular 
synapses in their need for F-actin restructuring. Similar to post-synaptic neurons, 
muscle cells have been reported to bear numerous filopodia on their cell surface - 
capable of intimate interaction with innervating motoneuron axons (Ritzenthaler et 
al. 2000).  
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1.3.3 Filopodia regulation 
It has been long recognized that the majority of GTPases have profound effects on 
the F-actin architecture. As filopodia protrusiveness depends on the F-actin bundle 
elongation at the vicinity of the cell edge, signaling events that support this type of 
linear bundling of F-actin can upregulate filopodia. More specifically, activation of 
Cdc42 GTPase has been linked with increased filopodia formation and considered 
as one of the most important hubs in filopodia regulation. Other GTPases that affect 
filopodia formation do exist: for example small GTPase Rif has been shown to 
increase filopodia formation via its binding with mDia1/2 formins (Goh et al. 2011; 
Pellegrin and Mellor 2005). Since Cdc42 has been under an extensive scrutiny due 
to its effects on cell polarization, filopodia formation and migration, a few pathways 
how Cdc42 supports filopodia function have been reported. Multiple formin proteins 
such as mDia2/3, FMNL1 and Daam1 have been reported to function as Cdc42 
effectors (Kühn and Geyer 2014). In addition, Cdc42 contributes to filopodia 
formation from branched actin mesh via its binding with N-Wasp (Rohatgi, Ho, and 
Kirschner 2000). Molecular motor myosin-X promotes F-actin convergence at the 
cell edge to initiate filopodia formation from branched actin network (Tokuo, 
Mabuchi, and Ikebe 2007). Interestingly, also myosin-X has been shown to be a 
Cdc42 effector extending the downstream effector network for Cdc42 but whether 
the two proteins interact has not been studied (Bohil, Robertson, and Cheney 2006). 
Membrane deformation is a crucial aspect of filopodia formation. I-BAR domain 
containing proteins such as IRSP53 are well known to sense membrane curvature 
and tubulate membranes. The activity of IRSP53 is reciprocally regulated by 14-3-3 
scaffold and Cdc42 (Kast and Dominguez 2019). In addition to allosteric changes to 
IRSP53 induced by Cdc42 binding, Cdc42 promotes formation of IRSP53:Mena loci 
(Krugmann et al. 2001) and IRSP53:VASP complex formation at the leading edge 
supporting actin polymerization in filopodia (Disanza et al. 2013). Other GTPases 
such as TC10 and RhoT have also been reported regulating filopodia-like process 
formation, although these proteins lack in depth validation (Abe et al. 2003). 

Upstream of GTPases, plasma membrane receptors can signal filopodia 
formation. Developmentally, perhaps the best studied filopodia-system in vivo has 
been sprouting morphogenesis where soluble factors such BMP or VEGF can 
stimulate filopodia formation in the tip cells of migrating epithelium where filopodia 
seem to increase migration velocity (Gerhardt et al. 2003). In addition to sprouting 
morphogenesis, in long-range, filopodia-dependent migration by single primordial 
germ cells where external Cxcl12 gradient regulates filopodia distribution and 
dynamics (Meyen et al. 2021) providing examples where soluble external stimuli 
can both induce and regulate filopodia via a cell surface receptor. Other cellular 
receptors such as integrins have been shown to regulate filopodia formation as 
blocking integrin function with an antibody leads to short and distorted filopodia 

https://www.zotero.org/google-docs/?broken=7pedji
https://www.zotero.org/google-docs/?broken=7pedji
https://www.zotero.org/google-docs/?broken=E1hVB9
https://www.zotero.org/google-docs/?broken=LuhuiW
https://www.zotero.org/google-docs/?broken=LuhuiW
https://www.zotero.org/google-docs/?broken=6ePDLQ
https://www.zotero.org/google-docs/?broken=6ePDLQ
https://www.zotero.org/google-docs/?broken=rh3hzD
https://www.zotero.org/google-docs/?broken=8Ua4Sd
https://www.zotero.org/google-docs/?broken=3iSL9W
https://www.zotero.org/google-docs/?broken=F3IIvH
https://www.zotero.org/google-docs/?broken=wjDmak
https://www.zotero.org/google-docs/?broken=esvhew
https://www.zotero.org/google-docs/?broken=Pwbfmz
https://www.zotero.org/google-docs/?broken=Whl5hd
https://www.zotero.org/google-docs/?broken=xLdnIo


Mitro Miihkinen 

 30 

(Arjonen et al. 2014). Opposite to integrin blockage, integrin signalling has been 
shown to regulate filopodia functions (Jacquemet et al. 2016). Interestingly, a 
trimeric G-protein Gs, previously only associated with cAMP signaling, has been 
only lately shown to work upstream of Cdc42 in filopodia induction in a competitive 
manner with the cAMP signaling. Gs protein links filopodia formation with G-
protein linked receptors indicating that filopodia function is a result of integrated 
signal from multiple receptors (Castillo-Kauil et al. 2020). While phosphoinositide 
lipid species residing in the plasma membrane affect much of receptor function, 
curved membranes with phosphoinositide species have been shown to stimulate actin 
polymerization and filopodia formation in in vitro systems (Jennifer L. Gallop et al. 
2013). Given that many filopodia localizing proteins do have a phosphoinositide 
binding PH domain (Jacquemet et al. 2019, 130), the plasma membrane likely affects 
much of the biology related to filopodia. While this remains largely unexplored, 
phosphoinositides have been reported to activate myosin-X as defective PIP binding 
by myosin-X localizes the protein inside the cell in Rab7-positive vesicles (Plantard 
et al. 2010). 

Although many proteins have been studied in the context of filopodia initiation 
and function, there are a handful of proteins whose overexpression is known to 
efficiently induce filopodia formation. In addition, these proteins are mechanistically 
well defined in how they act to support filopodia structures. Myosin-X, IRSP53 and 
fascin are three of the most widely studied filopodia-inducing proteins. However, 
due to the small size and fast dynamics, determining the filopodia proteome in full 
has been historically challenging. There have, however, been attempts to assess 
filopodial proteins using mass spectrometry using: 1) Exploitation of high-affinity 
ligand-receptor interaction to pull down dendritic filopodia, 2) dendritic filopodia 
localizing BioID, 3) Removal of protruded areas for mass spectrometry (Choi et al. 
2018) and using laser microdissection to isolate filopodia for mass spectrometry 
(Gordon and Gousset 2021). Also, other high-throughput set-ups such as phenotypic 
screens or microscopy screens to identify new filopodia-linked proteins (Jacquemet 
et al. 2019; Jarsch et al. 2020) have been made. The realisation that filopodia from 
different origins might have different proteomes and functions calls for better 
strategies to classify filopodia by their function or by the proteins localised in them. 

1.3.4 Myosin superfamily in filopodia formation and function 
Myosin superfamily is a large family of actin binding molecular motor proteins with 
wide-ranging functions. Myosins can be divided into subclasses based on their 
structure of functionality (Hartman et al. 2012). Myosins classified as 
unconventional myosins (i.e. having a FERM domain) are especially linked with 
filopodia or stereocilia – a cellular protrusion necessary for hearing and highly 
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analogous with filopodia. Myosin-X is the archetype of an unconventional myosin 
and its mere expression has been linked with filopodia formation. Other 
unconventional myosins do exist: Recessive mutations in myosin-VII have been 
linked to deafness in humans and mice (X. Z. Liu et al. 1997). Also congenital 
profound deafness has been linked with myosin-XV (Anderson et al. 2000) 
suggesting that both these myosins are needed to support the unique actin network 
assembly at the inner ear stereocilia. Interestingly, myosin-X knockout is only semi-
lethal suggesting that to some extent other myosins can replace for the lack of 
myosin-X but even alive pups exhibit birth defects in their digit formation and e.g. 
neural tube closure (Heimsath et al. 2017). Given that myosin-X is a filopodia-
inducing protein and neural tube closure is a filopodia intensive event (Pyrgaki et al. 
2010), defects in neural tube closure upon myosin-X knockout are not surprising. 
All myosin motors are unidirectional in the sense that they processively walk toward 
branched ends of actin filaments. The only pointed-end directed motor, MYO6, can 
however induce filopodia formation when engineered with a branched-end directed 
motor (Masters and Buss 2017), indicating that myosin N-terminal domain coupled 
to myosin motor is enough to induce filopodia formation. However, since myosin-X 
does not have N-terminal domain (Sebé-Pedrós et al. 2014), it seems that a dimeric 
myosin head domain is sufficient to induce filopodia formation most likely according 
to the convergent elongation filopodia formation model where existing actin 
filaments are brought together by actin proteins capable of binding two actin 
filaments at the same time (Tokuo, Mabuchi, and Ikebe 2007). Because of their plus-
end directed movement, multiple reports show myosin dependent cargo transport to 
filopodia tips. Myosin-X has been shown to transport VE-cadherin to filopodia tips 
via its FERM domain to support initial cell-cell contacts (Almagro et al. 2010). Also 
other cargo such as F-actin elongation factor Mena/VASP have been reported to bind 
myosin-X (Tokuo and Ikebe 2004). Importantly, all isolated unconventional myosins 
exist in a monomeric form but only one dimerization aiding protein for Myo7a has 
been reported (R. Liu et al. 2021, 7) 

Intriguingly, not every myosin family member can induce filopodia formation 
but due to their +end directionality, other myosins such as Myo3a can contribute to 
filopodia-tip directed cargo transport (Salles et al. 2009). Interestingly, Myo3a 
belongs to a class-III myosins, characterized by an N-terminal kinase domain and IQ 
repeats (Sebé-Pedrós et al. 2014). Mutations in Myo3 have been linked to hearing 
loss defects due to its function in inner ear stereocilia. Like some unconventional 
myosins, Myo3 localizes to stereocilia tips where it regulates stereocilia length 
crucial for hearing (Ebrahim et al. 2016). How Myo3 supports filopodial function 
via its filopodia-tip localized kinase domain is not known. Altogether, excluding a 
few studies little is known how kinases phosphorylate proteins in filopodia tips 
(Robles, Woo, and Gomez 2005). It has been suggested however that starvation 
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induced phosphorylation would alter myosin-dependent cargo recruitment to 
filopodia tips (Shneyer et al. 2017). Another myosin, Myo5 does not affect filopodia 
formation but as a multipurpose transport myosin it has been reported to affect 
filopodia extension at least in chick neuronal cells (F. S. Wang et al. 1996). Lastly 
non-muscle myosin II does not localize to filopodia tips but it has been shown to be 
the responsible myosin to mediate force mediated cell-ECM attachment at filopodia 
tips (Alieva et al. 2019). Figure 5 shows the domain structures of different myosin 
proteins discussed in this chapter. 

 
Figure 5. Domains of selected myosin superfamily members. Myosin head domain is the defining 

domain for the superfamily while other domains largely define much of the functional 
aspects of each myosin family member. FERM domain containing myosins (7, 10, 15) 
are considered as unconventional myosins. Adapted from (Sebé-Pedrós et al. 2014). 

1.4 Cancer dissemination 

1.4.1 Filopodia and cancer 
Collective evidence of filopodia driving cancer progression exists and surprisingly 
many of the filopodia-regulating proteins have been linked to poor survival in 
different patient cohorts and the pivotal role for filopodia in cancer cell invasion is 
highlighted by loss-of-function studies of multiple filopodia regulators. While actin 
bundling protein fascin is expressed at low levels in a healthy epithelium, it is 
upregulated in many carcinomas (Machesky and Li 2010). High fascin expression 
often correlates with poor prognosis (Li et al., 2008; H. Zhang et al. 2006; Hashimoto 
et al. 2005). In addition, fascin is a part of a gene signature that positively correlates 
with lung metastasis in breast cancer (Arjonen, Kaukonen, and Ivaska 2011; Minn 
et al. 2005) and is regulated by Slug, a known EMT inducer (A. Li et al. 2014). 
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Interestingly, fascin expression is lost in metastatic colon cancer indicating that these 
tumours might undergo mesenchymal-to-epithelial transition upon metastasis 
(Vignjevic et al. 2007). 

Another critical filopodia regulatory, myosin-X, is upregulated by mutant p53 
and correlates with poor survival in breast and pancreatic cancer (Arjonen et al. 2014, 
Cao et al. 2014) The overexpression of myosin-X drives filopodia formation and 
increased invasion while silencing of myosin-X in mouse models prevents systemic 
cancer spread lowering metastatic burden (Arjonen et al. 2014). Similarly, fascin 
downregulation has been shown to increase survival and lower metastatic burden in 
pancreatic cancer (A. Li et al. 2014). Interestingly, downregulation of fascin or 
Myosin-X has been shown to prevent trans-mesothelial migration in ovarian cancer 
even though pharmaceutical inhibition of lamellipodia or invadopodia had no impact 
on trans-mesothelial migration indicating that filopodia are important protrusions 
overcoming anatomical barriers during cancer invasion (Yoshihara et al. 2020). The 
pivotal role for filopodia in cancer cell invasion is highlighted by loss-of-function 
studies of multiple filopodia regulators (A. Li et al. 2010; Arjonen et al. 2014; Zhong 
et al. 2018). In addition, the emergence of RhoA-dependent filopodia (here termed 
as microspikes) correlate with increased invasion in ovarian cancer (Jacquemet et al. 
2013). In addition, a targeted inhibition of fascin inhibits invasion in different cancer 
cell models (F.-K. Huang et al. 2015) 

Filopodia formation inducing formin family of proteins are also known to be 
upregulated by many cancers. FMNL2 formin is expressed in metastatic colorectal 
cancer but not in non-metastatic ones (Zhu, Liang, and Ding 2008). FMNL1 on the 
other hand is upregulated in renal cell carcinoma where its expression correlates with 
tumour stage and metastases (M.-F. Zhang et al. 2020). Although multiple formins 
regulate glioblastoma migration, only INF2 expression has been shown to correlate 
with poor prognosis (Heuser et al. 2020). Formin mediated filopodia have been also 
directly visualized in micrometastases where they support lung colonization via 
integrin signaling. The filopodia in these cells are upregulated via Rif-mDia axis and 
support micrometastatic growth likely through active β1-integrin distributed along 
filopodia shafts (Shibue et al. 2012). Also basal-like breast cancers express formin 
proteins that might contribute their invasiveness (Heuser et al. 2018) 

It is likely that myosin-X, fascin or otherwise upregulated filopodia drive the 
progression in subsets of other cancer types as well. Better knowledge of filopodia 
function, implicated proteins and proper patient stratification will be a key in 
understanding filopodia-driven metastasis in its full breadth. 
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1.4.2 Mechanisms of cancer dissemination 
Cancers of epithelial origin, carcinomas, invade the basement membrane to migrate 
into the surrounding tissue and intravasate into blood or lymphatic vessels. Entry 
into the blood circulation facilitates cancer cell dissemination to distant parts of the 
body where extravasated cancer cells enter the distant organ and colonize to give rise 
to metastasis. In addition to this, some cancers have been shown to disseminate along 
neurons (Amit, Na’ara, and Gil 2016). Although, anatomy of blood vessels does 
partly affect cancer dissemination, it does not fully explain the organotropism 
clinically evident for many cancers. For example, brain, liver and kidneys all receive 
10–20% of total blood flow but display very different patterns of metastasis between 
each other (Budczies et al. 2015; Obenauf and Massagué 2015). For breast cancer, 
bone, liver, brain and lung are common sites for metastasis (Gerratana et al. 2015). 
Modeling approaches using humanoid blood circulation models suggest that blood 
flow would account for around 40% of where cancer metastasizes (Font-Clos, 
Zapperi, and La Porta 2020). 

An extensive amount of clinical data shows that different tumours display organ 
tropism in their metastatic growth. Although some aggressive tumours are able to 
form secondary tumours virtually everywhere, there exists a preference for certain 
organs, where metastatic lesion growth is supported by suitable stroma and soluble 
factors. Also, bi-directional cross-talk with other cells in the metastatic niche is now 
recognized as a fundamental aspect of metastatic growth. A general overview of the 
metastatic cascade is given in Figure 6, where cells from primary tumour first invade 
locally, intravasate into blood vessels finally extravasating at the target organ. Active 
cell migration drives metastasis at multiple points before and after reaching to blood 
or lymph vasculature. 

Breast cancer with its well defined subtypes offer a framework to scrutinise 
cancer dissemination as the cancers from the same tissue of origin display subtype-
dependent organotropism (Chen et al. 2018). Besides a small fraction of non-
metastatic in-situ tumours, most breast cancers will spread if left untreated. Invasive 
breast cancers can be roughly categorized by the part of the breast where the tumour 
is first initiated. More than 80% of invasive breast tumours start from the milk ducts 
(ductal carcinomas) where the rest of cancerous growth is initiated at milk producing 
lobules (lobular carcinoma) (Chen et al. 2018). Although predictions of the disease 
based on these histological differences can be made, breast cancers are further 
divided into categories by their gene expression profiles to sufficiently predict 
metastatic risk and select a treatment plan (Dai et al. 2015). As an example, HER2+ 
tumours have higher probabilities for brain metastasis than luminalA/B tumours 
(Chen et al. 2018). 

Next-generation DNA sequencing and transcriptomic analyses comparing 
primary tumour with metastases at different sites have provided fundamental 
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knowledge of genetic alterations and gene expression changes during metastases. 
Importantly, metastasis at different sites show organ specific gene expression 
signatures that are fundamentally different between organs (Chen et al. 2018). Bone-
guided NF-kb activated cancer cells upregulate osteoblast RANKL secretion and 
increase osteoclast-dependent bone resorption (Thomas et al. 1999; Casimiro et al. 
2013; Monteiro et al. 2013). Different from bone metastases, CXCR4/CXCL12 
signaling increases extravasation of cancer cells in the liver (Wendel et al. 2012) 
where claudin2-mediated a2β1 and α5β1 integrin upregulation supports cancer cell 
interaction with the fibrous liver tissue (Tabariès et al. 2012). Interestingly, αvβ3 
integrin has been reported to support bone metastasis formation (Kwakwa and 
Sterling 2017) suggesting that integrin family receptors are essential not only for 
active cell migration processes but also for cell-ECM coupling at metastatic niche. 

 
Figure 6. Illustration of a carcinoma invading through a basement membrane finally occupying 

distant organs and expanding in the new environment. Adapted from (Schroeder et al. 
2012). 

1.4.3 Integrin receptors in cancer 
Integrin expression and function are frequently affected in cancer. Altered integrin 
expression patterns have been observed with many cancer types and integrins have 
been linked with metastatic progression of cancer at multiple steps (Anna 
Huttenlocher and Horwitz 2011; Hamidi and Ivaska 2018; Raab-Westphal, Marshall, 
and Goodman 2017). Different cancers display specifically altered integrin 
expression patterns and their cancer-subtype specific functions can even be opposite 
(De Arcangelis et al. 1999). For example, whereas α3β1 is required for breast 

https://www.zotero.org/google-docs/?broken=wLopba
https://www.zotero.org/google-docs/?broken=RGqrsA
https://www.zotero.org/google-docs/?broken=RGqrsA
https://www.zotero.org/google-docs/?broken=gy02M9
https://www.zotero.org/google-docs/?broken=NB9Cj8
https://www.zotero.org/google-docs/?broken=pW4uHs
https://www.zotero.org/google-docs/?broken=pW4uHs
https://www.zotero.org/google-docs/?broken=HFpb3Z
https://www.zotero.org/google-docs/?broken=HFpb3Z
https://www.zotero.org/google-docs/?broken=HFpb3Z
https://www.zotero.org/google-docs/?broken=xIfYPm


Mitro Miihkinen 

 36 

tumorigenesis, α2β1 is a tumour suppressor and increased recycling of α5β1 
correlates with invasiveness in 3D. Thus, the mere expression of a single integrin 
gene is not a good measure for cancer aggressiveness. 

It is also well recognized that integrin receptors cross-talk with growth factor 
receptors to support their oncogenic signaling (Ivaska and Heino 2011) and can 
activate TGFβ – a driver for EMT but also driver for immunological suppression (M. 
Liu et al. 2020; Xu, Lamouille, and Derynck 2009; Campbell et al. 2020).  

Integrin trafficking between the plasma membrane and intracellular 
compartments is known to be dysregulated by cancer cells. Normally, integrin 
receptors are endocytosed via multiple mechanisms and routed to Rab5 positive 
endosomes to be recycled back to the plasma membrane via two individual routes 
known as the short and long loops (Franceschi et al. 2015; Hamidi and Ivaska 2018). 
Pathway components supporting integrin recycling along the long-loop pathway 
induce cancer cell invasion (Bridgewater, Norman, and Caswell 2012). For example, 
gain-of-function p53 mutant induces α5β1 integrin recycling correlating with 
cancer metastasis (Muller et al. 2009) and driving the formation of invasive 
protrusions (Jacquemet et al. 2013; Paul et al. 2015). Increased integrin recycling 
machinery has also been shown to predict lymph node metastasis and poor prognosis 
in patients at least in pancreatic cancer (Dozynkiewicz et al. 2012). 

Although ligand-independent functions for integrins have been described 
(Petridou and Skourides 2016), integrin-ECM coupling is crucial for invasion and 
pro-survival signaling and thus integrin repertoire should most likely mirror the 
extracellular matrix at metastatic site. Breast cancer among others can metastasize 
in the brain which is known to be an ECM-poor tissue when compared to e.g. 
mammary tissue. From openly available RNA sequencing data comparing primary 
breast tumours with brain lesions, it is evident how breast cancer cells that 
successfully metastasize to brain, upregulate multiple collagen genes suggesting that 
breast cancer cells need to create a collagen rich metastatic niche for themselves in 
order to metastasize into ECM poor parts of the body, such as brain (Iwamoto et al. 
2019). 

Multiple reagents against integrin receptors have been developed: Antibodies 
that can block integrin function or detect their activation status (Byron et al. 2009), 
PET-tracers to visualize integrin upregulating tumours (Notni et al. 2017) or integrin 
function blocking peptides that compete with endogenous ligand binding (Reardon 
and Cheresh 2011). Even with a strong long-standing focus on integrin cancer 
biology and promising preclinical results, clinical trials have yet failed to show 
effectiveness of integrin function blockage in treating cancer. On top of the complex 
nature of integrin receptor function and regulation, poor pharmacological profile of 
integrin function blocking drugs and clinical trial design have been contemplated as 
potential explanations for negative results from clinical trials (Alday-Parejo, Stupp, 
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and Rüegg 2019). Despite massive promise, integrins still remain to be exploited 
pharmacologically in cancer although their inhibition clearly shows effect in other 
diseases such as pulmonary fibrosis (John et al. 2020). 

1.4.4 Plasma membrane signaling in cellular movement and 
cancer 

As previously discussed chapter 1.2, the ubiquitous plasma membrane not only limits 
the cells but functions as a signaling platform for many different signaling cascades. 
In cellular movement and cancer, different roles for different phosphoinositide 
isoforms have been posed. Many studies have pinpointed PtdIns(3,4,5)P3 as key 
regulator for cellular movement but also for PI3K-Akt pathway, a nutrient sensing 
pathway often dysregulated in cancer, where PI3-kinase dependent PtdIns(3,4,5)P3 

upregulation drives Akt translocation from cytoplasm to the plasma membrane. Akt 
independently, invading cancer cells depend on integrin-mediated cell-matrix 
interactions where integrin activator talin is first recruited to the plasma membrane 
via Rap1/RIAM complex or directly via Rap1 (Lagarrigue, Kim, and Ginsberg 2016; 
Gingras et al. 2019). Following membrane recruitment, talin makes contact with 
negatively charged phosphoinositides with its positively charged patch increasing 
integrin binding avidity and likely positioning the molecule for efficient integrin 
activation (Chinthalapudi, Rangarajan, and Izard 2018). More broadly, the presence 
of phosphoinositides at the plasma membrane has been shown to support the function 
of all major plasma membrane receptor classes: 1) Integrin adhesions 
(Chinthalapudi, Rangarajan, and Izard 2018) 2) Cadherin adhesions (Wood et al. 
2017) 3) growth factor receptor signaling 4) GRPC receptor signaling (Yen et al. 
2018) 5) ion channels (Hille et al. 2015) and developing drugs for PtdIns(3,4,5)P3 
binding domains to treat cancer has been a topic of intensive study. PH domain 
inhibition of BRAG2 (nucleotide exchange factor) or Akt have been reported to 
inhibit cancer via lowered Arf GTPase or lowered Akt-pathway activation 
(Nawrotek et al. 2019), respectively. Interestingly, phosphoinositide PtdIns(3,4,5)P3

 

is reported to be restricted at leading edge of migrating cells or alternatively, in 
neuronal cells, to the tips of growing axons (S.-H. Shi, Jan, and Jan 2003; Matsuoka 
and Ueda 2018). Even more specifically, pathways that regulate phosphoinositide 
formation, mainly PI3K-PTEN signaling axes, have been shown to regulate filopodia 
(J. L. Gallop 2020). Although the exact mechanism(s) of how phosphoinositides 
would regulate filopodia function are not known, the spatial restriction of PIP 
metabolism has been noted to drive the formation of pro-metastatic protrusions 
(Nacke et al. 2021) and axonal filopodia have been shown to extend from 
phosphoinositide-rich patches (Ketschek and Gallo 2010). Also the activity of key 
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filopodia regulators such as myosin-X does depend on their ability to bind 
phospholipids via their PH domain (Plantard et al. 2010). 

Despite their central role supporting cancer related processes, no PH domain 
inhibitors have reached the clinics yet possibly due to suboptimal metabolics profile 
or due to off-target effects. Although the plasma membrane lipid composition has a 
pivotal role in signal transduction and cellular function, mechanistic understanding 
of this cross-talk is lagging behind largely because of lack in experimental systems 
where different components of the membrane could be modulated with ease. 

To summarise the review, the existence of filopodia has been acknowledged 
around 100 years but due to the small size of these stick-like, thin protrusions, their 
research has been relatively slow. Still today, filopodia are defined morphologically, 
rather than by their function or proteome. Today’s high-resolution optical imaging 
coupled with modern mass-spectrometry and biochemical approaches do offer 
means to study these organelles with an unprecedented accuracy but the field still 
remains under-studied. What is understood is that these protrusions can arise from 
very different cellular backgrounds. However, how different cells use filopodia and 
how variable filopodia are between different cell types are questions that still lack 
scientific rigor. In addition, more detailed questions, such as how (and which) 
different proteins at filopodia come together to regulate these protrusions. Finally, 
the plasma membrane is an ever crucial constituent creating boundaries for each cell 
but also for every filopodium. What roles does the plasma membrane have for 
filopodial function are big questions that likely intersect with many points at the 
filopodial life cycle. 
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2 Aims 

1 Cells sense ECM using integrin receptors located in filopodia. Dissecting the 
pathways that regulate adhesion formation at filopodia via quantitative high-
resolution microscopy and complementary approaches was the first aim of this 
thesis. 

2 Different cell-ECM adhesion structures are defined by the intracellular 
proteins that they recruit to the adhesion site. Although the proteins 
(=proteome) that associate with integrin-positive adhesions have been under 
tight scrutiny, which adhesion molecules localize to filopodial adhesions has 
not been known. Defining filopodial adhesions by their cytoplasmic proteins 
was the second aim of this thesis. 

3 Integrin mediated cell adhesion is a key regulator of cellular protrusion, 
including filopodia. SHANK3 was recently identified as a key regulator of 
integrin activity. Because of its key role in integrin regulation the second aim 
was to study the biological role of SHANK3 in the context of dendritic 
filopodia or filopodia extended by cancer cells. 

4 The plasma membrane affects the function of all major classes of plasma 
membrane receptors, including integrins. Developing an in vitro assay to study 
plasma membrane effects on receptor biology was the third aim of this thesis. 
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3 Materials and Methods 

3.1 Cells 
Original publication I and III: CHO (Chinese hamster ovary) cells were grown in  
α-MEM medium (Sigma-Aldrich), supplemented with 5% fetal bovine serum (FBS, 
Gibco) and 2 mM L-glutamine (Sigma-Aldrich). 1% (vol/vol) penicillin/ 
streptomycin (pen/strep, Sigma-Aldrich) was added to prevent bacterial growth in 
original publication III. HEK293 (human embryonic kidney) and U2OS (human 
osteosarcoma) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, 
Sigma-Aldrich) supplemented with 10% FBS, 2 mM glutamine and in the case of 
original publication III, 1% pen/strep. 

All cell lines except U2OS were purchased from ATCC. U2OS cell line was 
provided by DSMZ (Leibniz Institute DSMZ-German Collection of Microorganisms 
and Cell Cultures, Braunschweig DE, ACC 785) 

3.2 Transient transfections 
Original publication IV: To probe EGFP-tagged protein binding to (proteo-)liposomes, 
HEK293 cells in a 10 cm dish were transfected at ~70% confluency. For this, 12 μg of 
the plasmid was mixed with 250 μl of Opti-MEM (Gibco). After 5 minutes of 
incubation in a room temperature, a recently prepared pre-mix of polyethylenimine 
(PEI) and Opti-MEM (20 μg of PEI and 250 μl of Opti-MEM) was combined with the 
plasmid. The resulting 500 ul mixture was then incubated further for 30 minutes (still 
at room temperature). The transfection reagent added into the cell culture medium and 
cells expressing the plasmid of interest were used 24–48 hours later. In other original 
publications (I–III), transient transfections for cell lines CHO, HEK293, and U2OS 
were done using Lipofectamine 3000 (Thermo Fisher Scientific Inc, # L3000-015) and 
following manufacturer’s instructions. Primary neurons were transfected using two 
methods: at DIV16 using Lipofectamine2000 (Thermo Fisher Scientific Inc, 
#11668019), or at DIV7-9 using calcium phosphate method. In the case of 
Lipofectamine, manufacturer’s instructions were followed. In the calcium phosphate 
method, cOmplete Neurobasal medium was collected from wells one hour before 
transfection and replaced with pre-warmed transfection medium (MEM+GlutaMAX). 
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Plasmid DNA was diluted into a 2.5 M CaCl2 solution (in MilliQ). While continuously 
mixing, an equal amount of 2x Hepes buffered salt solution was added drop by drop 
into the reaction tube. The reaction tube was incubated in a room temperature for 30 
minutes and then divided into cells. After two hours, cells were washed seven times 
with 1×Hank’s Balanced Salt Solution (HBSS) to remove CaCl2 solution. Finally, 
neurobasal medium was added back on the cells. 2x Hepes buffered salt solution 
contains: NaCl 274 mM; KCl 10 mM; Na2HPO41.4 mM; D-Glucose 15 mM; Hepes 
42 mM; adjusted to pH 7.05 with NaOH. 

3.3 Mice and rats 
Primary hippocampal neurons were isolated from Sprague-Dawley rats and Wistar 
Unilever outbred rats (strain HsdCpb:WU, Envigo, Horst, The Netherlands). Shank3 
αβ-deficient mice have been described before (Schmeisser et al., 2012) and were 
provided by Tobias Boeckers (Univ. of Ulm, Germany). 

Timed, pregnant animals were housed in individual cages, with access to food 
and water ad libitum. All animal experiments were approved by, and conducted in 
accordance with, the Turku Central Animal Laboratory regulations and followed 
national guidelines for Finnish animal welfare, or regulations of the Animal Welfare 
Committee of the University Medical Center (Hamburg, Germany) under permission 
number Org766. 

3.4 Plasmids 

Table 2. Plasmids used in original publications I–IV. 

Plasmid Application 
Original 
publication Source 

Jun–α5 (pD441-HMBP) Bacterial expression IV Original plasmid 
Fos–β1 (pGEX-4T) Bacterial expression IV Original plasmid 

BTK-PH–EGFP Mammalian expression IV Addgene 51463 

PLC(δ1)-PH–EGFP Mammalian expression IV Addgene 21179 

EGFP-2xFYVE Mammalian expression IV Addgene 140047 

talin FERM–EGFP  
(mouse Talin 1-433) 

Mammalian expression IV Ben Goult 

His-tagged talin FERM Bacterial expression I, IV Ben Goult 

SHANK3-mRFP  
(in pmRFP-N3) 

Mammalian expression III Hans-Jürgen 
Kreienkamp (University 
of Hamburg, GE) 

GFP-SPN (Shank3) Mammalian expression III Johanna Ivaska 
(University of Turku, FI) 
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Plasmid Application 
Original 
publication Source 

GFP-SPN (Shank3) 
Q37A/R38A 

Mammalian expression III Original plasmid 

GFP-SPN (Shank3) R12C Mammalian expression III Johanna Ivaska 
(University of Turku, FI) 

GST-SPN (Shank3) Bacterial expression III Johanna Ivaska 
(University of Turku, FI) 

GST-SPN (Shank3) 
Q37A/R38A 

Bacterial expression III Original plasmid 

SUMO-SPN-ARR Bacterial expression III Johanna Ivaska 
(University of Turku, FI) 

GST SPN-ARR WT Bacterial expression III Johanna Ivaska 
(University of Turku, FI) 

GST SPN-ARR N52R Bacterial expression III Original plasmid 

GFP-Shank3  
(in pHAGE vector) 

Mammalian expression III Hans-Jürgen 
Kreienkamp (University 
of Hamburg, GE) 

GFP-Shank3 (in pHAGE 
vector) N52R 

Mammalian expression III Original plasmid 

GFP-Shank3 (in pHAGE 
vector) Q37A/R38A 

Mammalian expression III Original plasmid 

SPN-ARR N52R-mRFP Mammalian expression III Original plasmid 

SPN-ARR WT-mRFP Mammalian expression III Hans-Jürgen 
Kreienkamp (University 
of Hamburg, GE) 

RFP control plasmid Mammalian expression III Clontech 

pEGFP-C3-Rap1Q63E Mammalian expression III Bass Baum and 

Myo10-mCherry Mammalian expression III Addgene 139780 / 
Staffan Strömblad 

kindlin-2-GFP Mammalian expression III Maddy Parsons (King’s 
College London, UK) 

mRuby-Lifeact Mammalian expression III Addgene 54560 

EGFP-C1 Mammalian expression I–IV Clontech 

EGFP-FERM (Myo10) Mammalian expression I Original plasmid 

His-tagged FERM (Myo10) Bacterial expression I Original plasmid 

EGFP-FERM ITGBD 
(Myo10) 

Mammalian expression I Original plasmid 

EGFP-MYO10 ΔFERM Mammalian expression I Original plasmid 

mScarlet-I-MYO10 ΔFERM Mammalian expression I Original plasmid 

EGFP-MYO10TF Mammalian expression I Original plasmid 

EGFP-MYO10 ITGBD Mammalian expression I Original plasmid 

EGFP-MYO10 ΔF2F3 Mammalian expression I Original plasmid 

EGFP-MYO10 ΔF3 Mammalian expression I Original plasmid 
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Plasmid Application 
Original 
publication Source 

eGFP-TNS1 Mammalian expression II Johanna Ivaska 
(University of Turku, FI) 

eGFP-TNS2 Mammalian expression II Johanna Ivaska 
(University of Turku, FI) 

eGFP-TNS3 Mammalian expression II Johanna Ivaska 
(University of Turku, FI) 

eGFP-TNS4 Mammalian expression II Johanna Ivaska 
(University of Turku, FI) 

GFP-Sharpin Mammalian expression II Johanna Ivaska 
(University of Turku, FI) 

GFP-MDGI Mammalian expression II Johanna Ivaska 
(University of Turku, FI) 

GFP-FAK-FAT Mammalian expression II David D. Schlaepfer (UC 
San Diego Health, US) 

GFP-FL-FAK Mammalian expression II David D. Schlaepfer (UC 
San Diego Health, US) 

EFHD2-GFP Mammalian expression II Dirk Mielenz (University 
of Erlangen-Nuremberg, 
DE) 

CAAX-GFP Mammalian expression II Gregory Giannone 
(Bordeaux University, 
FR) 

EGFP-Talin-1 Mammalian expression II Ben Goult (University of 
Kent, UK) 

mCherry-Talin-2 Mammalian expression II Ben Goult (University of 
Kent, UK) 

pDsRedC1-Kindlin-1 Mammalian expression II Ben Goult (University of 
Kent, UK) 

FMNL2-GFP Mammalian expression II Robert Grosse 
(University of Marburg, 
DE) 

FMNL3-GFP Mammalian expression II Henry Higgs (Geisel 
School of Medicine at 
Dartmouth, US) 

PPFIA1-GFP Mammalian expression II Guido Serini (University 
of Torino, IT) 

pEGFP-C1-Lamellipodin Mammalian expression II Matthias Krause (King’s 
College London, UK) 

pEGFP-C2-Myo15a Mammalian expression II Jonathan Bird (NIH, 
Bethesda US) 

GFP-ICAP-1 Mammalian expression II Daniel Bouvard 
(University of Grenoble, 
FR) 

GFP-KANK1 Mammalian expression II Reinhard Fassler (Max 
Planck Institute of € 
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Plasmid Application 
Original 
publication Source 

Biochemistry, 
Martinsried, DE) 

GFP-KANK2 Mammalian expression II Reinhard Fassler (Max 
Planck Institute of € 
Biochemistry, 
Martinsried, DE) 

GFP-KANK3 Mammalian expression II Reinhard Fassler (Max 
Planck Institute of € 
Biochemistry, 
Martinsried, DE) 

GFP-KANK4 Mammalian expression II Reinhard Fassler (Max 
Planck Institute of € 
Biochemistry, 
Martinsried, DE) 

BTK-PH-EGFP Mammalian expression II Matthias Wymann 
(University of Basel, 
Switzerland) 

PLC(d1)-PH-EGFP Mammalian expression II Matthias Wymann 
(University of Basel, 
Switzerland) 

EGFP-tagged tandem FYVE Mammalian expression II Harald Stenmark (Oslo 
University Hospital) 

GFP-Cas-wt Mammalian expression II Daniel Rösel (Charles 
University in Prague, 
Czech Republic) 

GFP-CasdeltaCCH Mammalian expression II Daniel Rösel (Charles 
University in Prague, 
Czech Republic) 

GFP-CasdeltaSH3 Mammalian expression II Daniel Rösel (Charles 
University in Prague, 
Czech Republic) 

GFP-Cas-deltaCCH-
deltaSH3 

Mammalian expression II Daniel Rösel (Charles 
University in Prague, 
Czech Republic) 

Kindlin-2-GFP Mammalian expression II Maddy Parsons (King’s 
College London, UK) 

Ezrin-GFP Mammalian expression II Maddy Parsons (King’s 
College London, UK) 

Vinculin-GFP Mammalian expression II Maddy Parsons (King’s 
College London, UK) 

Moesin-GFP Mammalian expression II Buzz Baum (University 
College London, UK) 

Lifeact-mTurquoise2 Mammalian expression II Joachim Goedhart 
(University of 
Amsterdam, NL) 

Integrin alpha5-GFP Mammalian expression II Rick Horwitz (Allen 
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Plasmid Application 
Original 
publication Source 

institute for cell science, 
US) 

mEmerald-Alpha-Actinin-19 Mammalian expression II Addgene 53989 
mEmerald-Fascin-C-10 Mammalian expression II Addgene 54094 

pGFP Cas Mammalian expression II Addgene 50729 

mEmerald-Cofilin-C-10 Mammalian expression II Addgene 54047 

mEmerald-Coronin1B-C-10 Mammalian expression II Addgene 54049 

pGFP CrkII Mammalian expression II Addgene 50730 

mEmerald-Cortactin-C-12 Mammalian expression II Addgene 54051 

mEmerald-mDia1-C-14 Mammalian expression II Addgene 54156 

mEmerald-mDia2-C-14 Mammalian expression II Addgene 54158 
mEmerald-Migfilin-C-14 Mammalian expression II Addgene 54181 

pEGFP-IQGAP1 Mammalian expression II Addgene 30112 

mEmerald-LASP1-C-10 Mammalian expression II Addgene 54141 

EGFP-EPLIN alpha Mammalian expression II Addgene 40947 

EGFP-EPLIN beta Mammalian expression II Addgene 40948 

mEmerald-PINCH-C-14 Mammalian expression II Addgene 54229 

mEmerald-MyosinIIA-C-18 Mammalian expression II Addgene 54190 
mEmerald-MyosinIIB-C-18 Mammalian expression II Addgene 54192 

mEmerald-Palladin-C-7 Mammalian expression II Addgene 54213 

mEmerald-Parvin-C-14 Mammalian expression II Addgene 54214 

GFP-PTEN Mammalian expression II Addgene 13039 

mEmerald-Paxillin-22 Mammalian expression II Addgene 54219 

mEmerald-TES-C-14 Mammalian expression II Addgene 54276 

mEmerald-VASP-N-10 Mammalian expression II Addgene 54297 

mEmerald-Zyxin-6 Mammalian expression II Addgene 54319 
E-cadherin-GFP Mammalian expression II Addgene 28009 

pEGFP C1-Eps8 WT Mammalian expression II Addgene 74950 

GFP-P4M-SidM Mammalian expression II Addgene 51469 

pcDNA3.1-6His-MyoX Mammalian expression II Addgene 47607 

ARP3-GFP Mammalian expression II Addgene 8462 

mScarlet-MYO10 Mammalian expression II Original plasmid 

pEGFP-CasCCHD Mammalian expression II Original plasmid 

mEmerald-MYO7A Mammalian expression II Original plasmid 
mEmerald-BAIAP2 Mammalian expression II Original plasmid 

mEmerald-PDLIM5 Mammalian expression II Original plasmid 

mEmerald-FERMT2 Mammalian expression II Original plasmid 
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Plasmid Application 
Original 
publication Source 

mEmerald-FHL2 Mammalian expression II Original plasmid 

mEmerald-FHL3 Mammalian expression II Original plasmid 

mEmerald-PDLIM7 Mammalian expression II Original plasmid 

mEmerald-PLS3 Mammalian expression II Original plasmid 

mEmerald-TRIP6 Mammalian expression II Original plasmid 

mEmerald-ALYREF Mammalian expression II Original plasmid 
mEmerald-ANXA1 Mammalian expression II Original plasmid 

mEmerald-BRIX1 Mammalian expression II Original plasmid 

mEmerald-DIMT1 Mammalian expression II Original plasmid 

mEmerald-FAU Mammalian expression II Original plasmid 

mEmerald-HP1BP3 Mammalian expression II Original plasmid 

mEmerald-PCOLCE Mammalian expression II Original plasmid 

mEmerald-POLDIP3 Mammalian expression II Original plasmid 

mEmerald-SERPINE1 Mammalian expression II Original plasmid 
mEmerald-SORBS1 Mammalian expression II Original plasmid 

mEmerald-TGM2 Mammalian expression II Original plasmid 

mEmerald-P4HB Mammalian expression II Original plasmid 

mEmerald-PDLIM1 Mammalian expression II Original plasmid 

mEmerald-SYNCRIP Mammalian expression II Original plasmid 

mEmerald-NISCH Mammalian expression II Original plasmid 

mEmerald-PRSS23 Mammalian expression II Original plasmid 
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3.5 Antibodies, lipids and other reagents 

Table 3. Antibodies used in original publications I–IV. 

Antigen 

(Clone) or 
(manufacturer, 
identifier) Species Application 

Original 
publication 

β1 integrin clone 12G10 mouse IF I–II 

β1 integrin clone HUTS21 mouse IF I 
β1 integrin clone 9EG7 rat IF I 

β1 integrin clone 4B4 mouse IF I-II 

β1 integrin clone mab13 rat IF I 

β1 integrin clone P5D2 mouse IF I 

β1 integrin Abcam, 
Ab183666 

rabbit WB IV 

ɑ5 integrin clone PB1 hamster IF I, III 

ɑ5 integrin Merck Millipore, 
AB1949 

rabbit WB IV 

TLN1 clone 97H6 mouse WB I 

TLN2 clone 68E7 mouse WB I 

TLN1 clone 8D4 mouse IF II 

β-actin antibody AC-15 mouse WB I, III 

Paxillin antibody 349 mouse IF I 

AP2μ clone EP2695Y rabbit WB I 

myosin-X Novus Biologicals, 
22430002 

rabbit WB I 

GFP Abcam, Ab290 rabbit WB I 

pan-kindlin Abcam, ab68041 rabbit WB I 

Non-muscle 
myosin IIA heavy 
chain 

Poly19098 rabbit IF III 

Phospho myosin 
light chain 

Cell Signaling 
Technology, 
#3674 

rabbit IF III 

BCAR1 Santa Cruz 
Biotechnology, 
SC-20029 

mouse IF/WB II 

FAK1 clone 77 mouse IF II 

Pxn clone 349 mouse IF II 

Phospho-
p130Cas 

Cell Signaling, 
4011 

rabbit IF II 

ILK clone EPR1592 rabbit IF II 
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Table 4. Lipid reagents used in original publication IV. 

Name Application Original publication 
PC (L-α-phosphatidylcholine) ProLIF IV 

PA (L-α-phosphatidicacid) ProLIF IV 

Cholesterol (5-cholestene-
3α,20α-diol/20α-
hydroxycholesterol) 

ProLIF IV 

PI(4,5)P2 (L-α-
phosphatidylinositol-4,5-
bisphosphate) 

ProLIF IV 

PI(3,4,5)P (1-stearoyl-2-
arachidonoyl-sn-glycero-3-
phospho-(1′-myo-inositol-
3′,4′,5′-trisphosphate) 

ProLIF IV 

PI(3)P (1,2-dioleoyl-sn-glycero-
3-phospho-(1′-myo-inositol-3′-
phosphate) 

ProLIF IV 

Biotin conjugated PE (1-oleoyl-
2-[12-
biotinyl(aminododecanoyl)]-sn-
glycero-3-
phosphoethanolamine) 

ProLIF IV 

3.6 siRNA-mediated gene silencing 
Protein expression of selected proteins were suppressed by using 50–100 nM siRNA 
(Qiagen) together with Lipofectamine 3000 (Thermo Fisher Scientific) using 
Lipofectamine instructions. Control siRNA was Allstars negative control siRNA 
(Qiagen,Cat No./ID: 1027280). 

Table 5. siRNA reagents used in original publications I. 

Target gene siRNA name Manufacturer Cat. # 
Control siRNA Allstars Qiagen 1027280 

ACTN1 Hs_ACTN1_5 Qiagen SI00299131 

ACTN1 Hs_ACTN1_2 Qiagen SI00021917 

TNS3 Hs_TENS1_1 Qiagen SI00134372 

TNS3 Hs_TNS3_2 Qiagen SI02778643 

TNS1 Hs_TNS_3 Qiagen SI00134106 

TNS1 Hs_TNS_4 Qiagen SI00134113 

siFERMT1 Hs_C20orf42_5 Qiagen SI0426918 

siFERMT1 Hs_C20orf42_7 Qiagen SI04307219 

siFERMT1 Hs_C20orf42_8 Qiagen SI04352978 
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Target gene siRNA name Manufacturer Cat. # 
siFERMT2 Hs_FERMT2_1 Qiagen SI04952542 

siFERMT2 Hs_FERMT2_3 Qiagen SI04952556 

CIB1 Hs_CIB1_5 Qiagen SI02657102 

CIB1 Hs_CIB1_7 Qiagen SI03164476 

SHARPIN Hs_SHARPIN_2 Qiagen SI00140182 

SHARPIN Hs_SHARPIN_5 Qiagen SI03067344 

ITGB1BP1 Hs_ITGB1BP1_5 Qiagen SI03129385 

ITGB1BP1 Hs_ITGB1BP1_8 Qiagen SI04332832 

TLN1 Hs_TLN1_2 Qiagen SI00086968 

TLN1 Hs_TLN1_3 Qiagen SI00086975 

TLN2 Hs_TLN2_3 Qiagen SI00109277 

MYO10 Hs_MYO10_5 Qiagen SI04158245 

MYO10 Hs_MYO10_6 Qiagen SI04252822 

MYO10 Hs_MYO10_7 Qiagen SI05085507 

SDC4 Hs_SDC4_1 Qiagen SI00046816 

SDC4 Hs_SDC4_2 Qiagen SI00046823 

ANXA1 Hs_ANXA1_6 Qiagen SI02624174 

ANXA1 Hs_ANXA1_7 Qiagen SI02776886 

ANXA1 Hs_ANXA1_8 Qiagen SI02780239 

RAPH1 Hs_RAPH1_2 Qiagen SI00698642 

RAPH1 Hs_RAPH1_5 Qiagen SI04300982 

RAPH1 Hs_RAPH1_6 Qiagen SI04348190 

AHNAK1 Hs_AHNAK_1 Qiagen SI03138954 

AHNAK1 Hs_AHNAK_5 Qiagen SI04157503 

AHNAK1 Hs_AHNAK_6 Qiagen SI04208498 

EPB41L3 Hs_EPB41L3_10 Qiagen SI05113668 

EPB41L3 Hs_EPB41L3_5 Qiagen SI03207491 

EPB41L3 Hs_EPB41L3_6 Qiagen SI04157629 

FLNA Hs_FLNA_5 Qiagen SI02654722 

FLNA Hs_FLNA_8 Qiagen SI04145428 

FLNA Hs_FLNA_9 Qiagen SI04206468 

BCAR1 Hs_BCAR1_5 Qiagen SI02757734 

BCAR1 Hs_BCAR1_6 Qiagen SI02757741 
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3.7 Isolation and culture of primary hippocampal 
neurons 

Newborn Sprague-Dawley rats were sacrificed by decapitation and their hippocampi 
were placed into media containing 1 M Na2SO4, 0.5 M K2SO4, 1 M MgCl2, 100 mM 
CaCl2, 1 M Hepes (pH 7.4), 2.5 M Glucose, 0.5% Phenol Red (dissection media). 
After the removal of meninges, hippocampal pieces were collected and placed into 
dissection media containing 10% KyMg. After washing hippocampal tissue was 
treated with papain for 15 minutes (10 U/ml, #3119, Worthington) at 37°C. The 
papain treatment was repeated two times after which papain was deactivated using 
10 mg/ml trypsin inhibitor (Sigma, T9128). This was done for 2 × 5 min at 37⁰C. 
The tissue was homogenized by gently pipetting up and down and the cultures were 
plated on poly-d-lysine coated coverslips in Neurobasal-A medium (Thermo Fisher 
Scientific). The Neurobasal-A medium was supplemented with 2 mM glutamine, 50 
U/ml penicillin, 50 μM streptomycin and B27 Neuronal supplement (Gibco, Thermo 
Fisher Scientific). 

4–5 month old, pregnant Wistar rats were sacrificed on day E18 of pregnancy 
using CO2 anesthesia and followed by decapitation. Neuronal cultures were prepared 
from 14–16 embryos regardless of their gender. The cultures were prepared by 
dissection of hippocampal tissue, followed by enzymatic digestion (with trypsin) and 
mechanical dissociation. Primary cell cultures were maintained on a poly-D-lysine 
coated glass coverslips and in a Neurobasal medium supplemented with 2% B27 
Neuronal Supplement, 1% GlutaMAX and 1% pen/strep (Gibco, Thermo Fisher 
Scientific). 

Neuronal cultures from Shank3 αβ-deficient mice were prepared in a similar 
manner but since these neuronal cultures are more fragile in vitro, the pregnant mice 
were sacrificed at E17 and neuronal analyses were done at DIV 14. 

3.8 SDS–PAGE, quantitative western blotting and 
coomassie-staining 

Recombinant proteins, cell extracts or pulldown/immunoprecipitation samples were 
resuspended in reducing Laemmli sample buffer. Samples were run on a gradient gel 
with gel percentage of 4-20 % using precast Mini-PROTEAN® TGX™ protein gels 
(Bio-Rad, #456-1093, #456-1094, #456-1095, #456-1095). For western blotting 
purposes, protein were transferred from the gel to a nitrocellulose membrane using 
Trans-Blot Turbo Transfer Pack (Bio-Rad, #170-4158, #170-4159). Nitrocellulose-
membrane with transferred protein were blocked using any blocking buffer or 
buffered milk: 1X TBS, 0.1% Tween-20 with 5% (TBST) w/v nonfat dry milk. 
Blocked membranes were incubated with primary antibodies overnight in +4°C in a 
tube roller and with secondary antibodies conjugated with a fluorescent dye in room 



Materials and Methods 

 51 

temperature for one hour. The membrane was washed for 15 minutes with TBST 
between and after adding the antibodies and imaged using Odyssey Li-cor imager. 
Alternatively to fluorescence detection, membranes stained with antibodies coupled 
to HRP-tag, signal was detected using WesternBright ECL Western Blotting 
detection kit (#K-12045-D20, Advansta) together with Bio-Rad Chemidoc imager. 
SDS-PAGE gels were stained using instant blue stain from Biotop (#ISB1L). 

3.9 siRNA screen 
Glass-bottom 96-well plates (Cellvis, P96-1.5H-N) were coated first with poly-D-
lysine (10 ug/ml in PBS, overnight +4°C, Sigma-Aldrich, A-003-M) followed by 
bovine fibronectin (10 ug/ml in PBS, overnight +4°C). After washing the plate with 
PBS, EGFP-MYO10 expressing U2-OS cells that were siRNA silenced 48 hours 
before were seeded into fibronectin coated wells. Cells were let to adhere and spread 
for 2 hours in full culture medium before fixing the samples with 4% 
paraformaldehyde (PFA, Thermo Scientific, 28906). Cells not used for microscopy 
were subjected to lysis, RNA extraction and Taq-Man qPCR to quantify silencing 
efficiency. After washing the microscopy samples with PBS, autofluorescence was 
quenched using 1M Glycine in PBS followed by more washes and staining the 
samples with DAPI (0.5 μg/ml in PBS, Thermo Fisher Scientific, D1306) and 
phalloidin-Atto647N (1:400 in PBS, Thermo Fisher Scientific, 65906). Washed 
samples stored in PBS were then manually imaged using a spinning-disk confocal 
microscope using a 40x water objective. Image analysis was performed in an 
automated way using Fiji (Schindelin et al., 2012). After background subtraction and 
normalization, bright Myo10 puncta were detected by using a ‘Findmaxima’ plugin 
from Michael Schmid. Intracellular Myo10 spots were excluded from analysis by 
creating a mask based on F-actin staining. The remaining spots per field of view 
were included in the analysis. 

3.10 RNA extraction, cDNA preparation and Taq-
Man qPCR 

Cellular RNA was extracted using a NucleoSpin RNA extraction kit from Macherey-
Nagel (cat. no. 740955.240C). RNA was reverse transcribed into cDNA using a 
high-capacity reverse transcription kit from Applied Biosystems (Thermo Fisher 
Scientific, 43-688-14). Universal probe library (Roche) together with appropriate 
DNA primers for polymerase (designed using ProbeFinder, version 2.53, Roche) and 
ordered from IDT were used to detect amplification of mRNA molecules of interest. 
Taq-man master mix (Thermo Fisher Scientific, 4444557) was used to prepare qPCR 
reactions according to manufacturer’s instructions. Reactions themselves were 
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analyzed using 7900HT fast RT-PCR System (Applied Biosystems). Relative 
mRNA expression of genes were calculated with the 2-ΔΔCT method by comparing 
genes of interest to GAPDH mRNA expression to normalize between conditions and 
experiments. 

3.11 Generation of the filopodia maps 
To image cells with structured illumination microscope, U2-OS cells expressing 
EGFP-Myo10 were seeded on MatTek glass-bottom dishes (MatTek Corporation, 
coverslip#1.7), precoated with fibronectin. After 2 hours of spreading the cells were 
fixed with 4% paraformaldehyde and 0.25 % of Triton X-100 for 10 minutes in room 
temperature. After washing and quenching the samples with 1 molar Glycine in PBS 
(30 min at room temperature), samples were incubated with the appropriate primary 
antibodies (1:100 dilution, 1 hour at room temperature). After washes the same 
treatment was repeated using a secondary antibody coupled to a fluorescent Alexa 
dye. Samples were washed three times with PBS before placing them in +4°C in 100 
nM SiR-actin solution (in PBS; Cytoskeleton; catalogue number:CY-SC001). Prior 
to imaging, samples were washed three times and mounted in Vectashield (Vector 
Laboratories). After imaging the samples with a structured-illumination microscope, 
data was analyzed using scripting-packages described in Jacquemet et al., 2019. 
Briefly, brightness and contrast of each image was automatically adjusted and a 1-
pixel width line intensity profile was manually drawn on each filopodia from base-
to-tip fashion. The base of the filopodium was defined as an intersection between 
filopodium and lamellipodium. The line intensity profiles of each visible filopodia 
were exported from Fiji using Multi Plot function and further analyzed using R 
where the line intensity profiles were compiled and their lengths were normalized 
into 40 bins. In heat maps style plots the median value of each bin was used to display 
the brightness of staining at that point and using the percentage of filopodia whose 
tips were positive for active β1 integrin were quantified. Heat map style plots were 
created by compiling line intensity profiles from hundreds of filopodia. Filopodia 
length data were directly extracted from these line intensity profiles. 

3.12 Quantification of filopodia numbers and 
dynamics 

In both cases U2-OS cells expressing EGFP-MYO10 plasmid were seeded on glass-
bottom dishes pre-coated with fibronectin (MatTek Corporation). Seeded cells were 
let to adhere and spread for 2 hours and to analyze the number of filopodia formed 
by each cell, samples were fixed (4% paraformaldehyde) and stained for F-actin 
using either SiR-actin (SiR-actin (100 nM; Cytoskeleton;catalogue number: CY-
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SC001) or phalloidin-Atto647N (1:400 in PBS, Thermo Fisher Scientific, 65906). 
Images were acquired with a spinning-disk confocal microscope and the amount of 
extracellular MYO10 puncta were manually calculated from each image. To track 
filopodia dynamics, live cells were imaged with Zeiss LSM880 microscope in 
normal culture media supplemented with 50 mM HEPES. Imaging was done at 37°C 
in the presence of 5% CO2 and pictures were taken every 5 seconds over the 
20 minute time-frame. The lifetime of MYO10 puncta was tracked using a Fiji 
plugin TrackMate (Tinevez et al., 2017). There, the LoG detector (estimated bob 
diameter = 0.8 mm; thresh-old = 20; subpixel localization enabled) and the simple 
LAPtracker (linking max distance = 1 mm; gap-closing max distance = 1 mm; gap-
closing max frame gap = 0) were used. 

3.13 Sample preparation for light microscopy 

Samples for light microscopy were prepared in different ways depending on 
the study and cell type 

Primary neurons isolated from the brains of rats and mice were grown on glass 
coverslips and were fixed using 4% paraformaldehyde at DIV indicated in figure 
legends. Paraformaldehyde fixation was followed by permeabilization with 0.1–
0.5% Triton X-100 and finally samples were blocked using 10% horse serum (in 
PBS). After blocking, the auto-fluorescence was quenched using 1 M glycine in PBS 
for 30 minutes. Samples were immuno-stained with primary antibodies (30 minutes 
at room temperature), followed by washes and 30 minute incubation with a 
fluorescently labelled secondary antibody. After washes samples were imaged using 
a confocal microscope. 

To prepare light microscopy samples for other than primary cells, 35 mm #1.5 
glass-bottom dishes (Cellvis, #D35-14-1.5-N) were coated with bovine plasma 
fibronectin (Merck-Millipore, #341631, diluted to 10 μg/ml in PBS) (Original 
publication III). In the case of original publication I-II, glass-bottom dishes were first 
coated with poly-d-lysine and then with bovine plasma fibronectin using 10 μg/ml 
fibronectin solution in PBS. Coating for either poly-d-lysine or fibronectin was 
always done over-night in +4°C. Cells were plated on coated dishes at a reasonable 
confluency in a media suitable for each cell line and fixed using 4% 
paraformaldehyde and 0.1–0.25% Triton X-100. 4% paraformaldehyde/0.1–0.25% 
Triton X-100 solution was either poured directly onto the cells or a stronger solution 
was added into the culture medium to reach the wanted end concentration. Cells were 
fixed for 5–10 minutes in a room temperature and quenched using 1 M glycine in 
PBS for 30 minutes. Samples were stained similarly with neuronal samples and 
imaged using a confocal of structural-illumination microscope. 
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3.14 Integrin activity assay 
Integrin activity levels were recorded by probing the cell surface with a labelled 
fibronectin fragment as previously described (Bouaouina, M., et al., 2012). CHO 
cells transiently transfected with an expression construct were detached using 
Hyclone® HyQTase (Thermo Fisher Scientific Inc, #SV300.30.01). HyQTase was 
replaced with warm, serum-free CHO culture media and Alexa Fluor 647-labelled 
fibronectin 7–10 fragment was added with and without EDTA (negative control) was 
added. Cells were let to bind fibronectin fragments for 40 minutes in a room 
temperature. Tyrode’s buffer (10 mM Hepes-NaOH pH 7.5, 137 mM NaCl, 2.68 
mM KCl, 0.42 mM NaH2PO4, 1.7 mM MgCl2, 11.9 mM NaHCO3, 5 mM glucose, 
0.1% BSA) was used for washing of the cells and the fibronectin bound cells were 
fixed using 4% paraformaldehyde (in PBS) for 10 minutes in room temperature. 
Total α5-integrin levels were measured either staining the same set of fibronectin 
bound samples (original publication IV), or a separate corresponding set with PB1 
anti-α5 antibody that was later stained with an appropriate fluorescent secondary 
antibody. Fluorescence intensity of bound fibronectin and total α5 integrin was 
recorded using BD LSRFortessa™cell analyzer (BD Bioscience). Integrin activity 
index was defined as AI = (F–F0)/(FPB1), where F was the geometric mean 
fluorescence intensity of fibronectin 7–10 fragment and F0 the mean fluorescent 
intensity of fibronectin 7–10 fragment in EDTA-containing negative control. FPB1 
was the total α5 integrin level measured also as a geometric mean fluorescence 
intensity. 

3.15 Micropatterning 
Creating micropatterning with a crossbow shape has been described earlier in 
publication (Azioune et al. 2009). Briefly, 50 µl/ml fibronectin and either 1:200 
dilution of 555-labelled BSA or 647-labelled fibrinogen were then used to coat the 
micropatterns. Cells were plated on micropatterns and fixed after 3–4 hours of 
spreading as described above. 

3.16 Microscopy based cell spreading assay 
Cells transfected with fluorescent plasmids were detached using trypsin and plated 
on fibronectin coated imaging plates. Cells were fixed with 4% paraformaldehyde 
after a sufficient amount of spreading time (indicated in figure legends). The 
spreading of the cells was recorded by imaging the bottom plane of each cell. ImageJ 
was used manually to measure the area of each transfected cell. 
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3.17 Recombinant protein expression and 
purification of soluble proteins 

Competent E. coli BL-21 was used as a production strain to express the recombinant 
proteins and all the expression plasmids had an IPTG-inducible promoter. 
Transformed bacteria were grown in 37°C in LB broth supplemented with selection 
antibiotics (ampicillin or kanamycin depending on the expression construct). After 
bacterial cultures reached large enough optical density at 600 nm (1>OD600>0.6), 
protein expression was induced by adding 0.1–0.5 mM of IPTG into the culture 
medium. After induction, culture temperature was lowered to 18-23°C and kept there 
overnight. Bacteria were harvested by centrifugation at 6000 x g for 15–20 minutes 
and depending on the protein of interest, resuspended in either TBS buffer (original 
publication I) or 50 mM Tris-HCl buffer with 150-300 mM NaCl (original 
publication III). Both resuspension buffers also contained a small spoonful of 
lysozyme from chicken egg white (Sigma-Aldrich, #L6876-5G), 1x BugBuster 
(Merck Millipore, #70584-4), cOmplete™ protease inhibitor tablet (Roche, 
#5056489001) and 2 μl/ml DNAse (Sigma-Aldrich, #11284932001). In addition, 
buffer in original publication III contained 1% Triton X-100. After 30 minutes of 
rotation in 4°C, the lysate was cleared from debris by centrifugation at 20 000 x g 
for 1 hour in 4°C. 

For His-tagged FERM domains in original publication I, the lysate was ran 
through an equilibrated Protino 2000 packed Ni-TED column (Macherey Nagel). 
After washing and elution steps indicated in the column manual, Imidazole was 
removed by dialyzing the protein with Thermo Scientific Slide-A-Lyzer™ Dialysis 
Cassettes. In case a non-tagged version of the protein was purified, a His-tagged 
TEV protease (Sigma) was used overnight (+4°C, rotation) to cleave the tag when 
protein was bound to the column beads. Subsequent purification step was then added 
to remove cut His-tag and the protease by again using Protino 2000 packed Ni-TED 
column. 

For purification of other proteins (Original publication III), protein was first 
bound to either Glutathione Sepharose® 4B (for GST-tagged proteins, GE 
Healthcare, #17-0756-01) or Protino Ni-TED resin (for SUMO-tagged proteins, 
Macherey-Nagel, #745200.5) (1 hour in rotation, +4°C), before transferring the resin 
into a gravity column (Talon® 2 ml Disposable Gravity Column, Clontech, 
#635606-CLI). The resin was washed five times with an ice cold washing buffer 
containing 50 mM Tris-HCl and 150-300 mM NaCl. Wash buffers were derived 
from this buffer by adding 1 mM DTT (Sigma-Aldrich, #D0632-5G) and 0.1% 
triton-X. In addition either 250 mM imidazole (His-tagged protein) or 30 mM 
reduced glutathione (GST/SUMO tag) was added to elute the protein of interest. 
After elution the pH was adjusted to 7–7.5 and protein was dialyzed using Thermo 
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Scientific Slide-A-Lyzer™ Dialysis Cassettes. Protein purity was estimated using 
SDS-PAGE and InstantBlue Protein Stain (Expedeon, #ISB1L). 

3.18 Whole-mount immuno-SEM 
EGFP-Myo10 expressing U2-OS cells were plated on fibronectin coated coverslips 
and let to spread for 2 hours before fixing the samples using 4% paraformaldehyde 
(in 0.1 M HEPES, pH 7.3) for 30 minutes in room temperature. Samples were 
washed and autofluorescence was quenched using a buffer of 50 mM NH4Cl (in 
0.1 M HEPES). Non-specific binding was blocked using 2% BSA in 0.1 M HEPES. 
After washing, samples were labelled for 30 minutes in room temperature using an 
appropriate primary antibody (1:10 antibody dilution in 0.1 M HEPES). Gold-
conjugated secondary antibodies were used to stain the samples in 1:50 dilution (0.1 
M HEPES, 30 nm gold particles, BBIsolutions, EM.GAF30, 30 minutes). After 
labelling samples with nano-gold antibodies, samples were washed and post-fixed 
using 2.5% glutaraldehyde and 1% buffered osmium tetroxide. Post-fixing, samples 
were dehydrated and dried using hexamethyldisilazane. Dried samples were 
mounted on scanning-electron microscope stubs and sputter-coated with carbon. FEI 
Quanta FEG 250 microscope with SE and vC detectors was used to acquire 
micrographs of the samples by using an acceleration voltage of 5.00 kV and a 
suitable working distance (from 7.7 to 10.9 mm). 

3.19 Integrin tail pull-downs 
Pre-washed streptavidin coupled magnetic beads (MyOne Streptavidin C1, 
Invitrogen,65001) were incubated on ice for 30 minutes with the appropriate biotin-
tagged integrin-tail peptides (LifeTein). U2-OS cells were washed and subsequently 
lysed using a lysis buffer of 40 mM HEPES, 75 mM NaCl, 2 mM EDTA, 1% NP-
40, a cOmplete™ protease inhibitor tablet(Roche, 5056489001) and a phosphatase-
inhibitor tablet (Roche, 04906837001). Debris was removed by centrifugation at 
13000 x g for 10 minutes at +4°C. Cleared samples were incubated with magnetic 
beads coupled to integrin-tail peptides in rotation for 2 hours at +4°C. Washing 
buffer of 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% (v/v) NP-40 was used to wash 
magnetic beads 3–4 times before resuspending the beads to 4x Laemmli sample 
buffer and eluting bound complexes by heating the samples 3–10 minutes at +90°C. 
The following integrin tail peptides were used in the study: β1-integrin tail 
(KLLMIIHDRREFAK-FEKEKMNAKWDTGENPIYKSAVTTVVNPKYEGK), 
α2-integrin tail (WKLGFFKRKYEKM), α2-integrin tail mutant 
(WKLGAAKRKYEKM), α5-integrin tail (KLGFFKRSLPYG-
TAMEKAQLKPPATSDA) 
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3.20 GFP pull-down 
EGFP tagged FERM domain construct expressing U2-OS cells were lysed using a 
lysis buffer of 20 mM Hepes, 75 mM NaCl, 2mM EDTA, 1% NP-40, cOmplete™ 
protease inhibitor tablet (Roche, cat. no. 5056489001) and a phosphatase-inhibitor 
tablet (Roche cat. no. 04906837001). Samples were cleared with a centrifuge 
(13000 x g, 10 min +4°C) and GFP‐Trap‐A beads (Chromotek) were added. To bind 
GFP-tagged proteins, beads were rotated in +4°C for two hours followed by 3–4 
washes with 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% (v/v) NP-40. Dry beads 
were resuspended into 4x Laemmli sample-buffer and formed complexes were 
eluted by heating the samples 3–10 minutes at +90°C. 

3.21 Microscale thermophoresis 
Thermophoresis is a directed movement of a molecule along a temperature gradient 
which may become affected by any change (such as binding of another molecule) in 
the molecule’s chemical microenvironment.  

To measure binding between integrin tails and recombinant proteins, His-tagged 
proteins were labelled from the tag using Monolith His-Tag LabelingKit RED-tris-
NTA (NanoTemper, MO-L008). While keeping the labelled protein at a 20 nM 
concentration and probing the labelled protein with a range of integrin tail peptides 
at increasing concentrations, thermophoresis of tagged proteins were analyzed by 
using Nanotemper NT.115 device. Kd values were derived from the data using 
quadratic equation where [AL] is the concentration of the formed complex: 

[AL]=1/2*(([A0]+[L0]+ Kd)-(([A0]+[L0]+ Kd) 2 -4*[A0]*[L0])1/2) 

Here, Kd is the dissociation constant, [A] the concentration of the free fluorescent 
molecule, [L] the concentration of the free ligand. [A0] is the known concentration 
of the fluorescent molecule and [L0] the known concentration of an added ligand. 

Alternatively to the quadratic fit, binding was also expressed as a change in 
fluorescence. Normalized fluorescence was used as a measure of the binding and is 
defined as a ratio of MST signal (=fluorescence) before and after IR laser activation: 

Fnorm=F1/F0 

3.22 Dendritic spine analysis 
Maximum intensity projections of neuronal images were used to assess dendritic 
spine morphology from primary rat hippocampal cells and at least 16 spines per cell 
were randomly selected for analysis. The neck length was measured by drawing a 
line from the base of the neck to the stem of the spine head. Head diameter was 
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measured by drawing a line between the most distant points in the spine head. From 
these measurements, the ratio of head diameter:neck length was drawn. Either 
ImageJ or Neurolucida Explorer (MBF Bioscience, Williston, DC, USA) were used 
to assess spine density on the neuron. In an analysis of shank3 αβ full knockout 
neurons, spines were manually divided into classes depending on their 
morphological features and whether they had a visible neck and a separate bulbous 
head (spine) or no apparent head at all (filopodia). 

3.23 Co-immunoprecipitation 
A 1:1 equimolar mixture of purified, Fos–β1 and Jun–α5 membrane proteins were 
subjected to co-immunoprecipitation by incubating the protein mixture with 
antibodies recognizing β1 and α5 cytoplasmic tails. 1 μg of antibody was incubated 
with the protein mixture and at +4°C for 2 hours and in a buffer containing 50 mM 
Tris-HCl pH 7.5, 150 mM NaCl, 600 μM TCEP plus 0.1% DDM. The formed 
complexes between the protein and antibody were then isolated using Protein-G 
beads from GE healthcare. The complexes were let to bind to the beads over a time 
of 2 hours at +4°C, while keeping the samples in constant rotation. Bead-bound 
complexes were then washed with the buffer above, suspended into Laemmli sample 
buffer, heated, separated with SDS-gel electrophoresis, transferred to a nitrocellulose 
membrane and analyzed using standard western blotting techniques.  

3.24 Pulldown using affinity beads 
GFP and RFP-tagged proteins were pulled down from a cell lysate using GFP-Trap® 
agarose, RFP-Trap® agarose and RFP-Trap® magnetic agarose (ChromoTek, 
#GTA-100, RTA-100 and RTMA-100) beads. U2OS or HEK293 cells were 
transfected with a preferred GFP/RFP expression construct and 24-48 hours later 
were lysed using IP lysis buffer (40 mM HEPES-NaOH, 75 mM NaCl, 2 mM EDTA, 
1% NP-40 and cOmplete protease (Roche) and phos-stop phosphatase inhibitor 
tablets (Roche)). After clearing the lysate by centrifugation, 20-30 μl of beads were 
added directly to the lysate and samples were rotated in +4°C for 1-2 hours. The 
formed complexes were washed 3–4 times with a buffer containing 20 mM Tris-Hcl 
(pH 7.5), 150 mM NaCl and 1% NP-40. Finally, samples were resuspended in a 
reducing 4X Laemmli sample buffer and heated for 3-10 min at 95°C. 

GST or SUMO-tagged proteins were pulled down similarly to GFP/RFP-
proteins and by using 20 mM Tris-HCl (pH 7.5), 150 mM NaCl and 1% NP-40 as a 
wash buffer. Depending on the application, samples were analyzed using SDS-
PAGE and/or western blot. 



Materials and Methods 

 59 

3.25 Flotation assay 
Fos–β1 and Jun–α5 were reconstituted in liposomes (equimolar amounts of both 
proteins) which were then combined with 1:1 ratio of 60% Sucrose solution. The 
resulting 30% solution was added to the bottom of an ultracentrifuge tube and 
decreasing amounts of sucrose layers were gently added on top of each other in the 
tube. The gradient formed this way was ultra-centrifuged overnight at 20 000 x g at 
+4°C. The gradient fractions were retrieved at the inverse order and analyzed using 
SDS-PAGE. 

3.26 β/γ-actin disassembly assay 
β/γ-actin disassembly assay has been described before (Kremneva et al., 2014). 
Briefly and with slight modifications, both 1 or 2 μM GST-tagged SPN domain and 
and 0.8 μM cofilin-1 were diluted in G-buffer (5 mM Hepes pH 8, 0.2 mM CaCl2, 
0.2 mM ATP, 1 mM DTT) and mixed with polymerized pyrene actin (4 μM). The 
reaction was initiated by adding 6 μM vitamin D binding protein [DBP] (Human 
DBP, G8764, Sigma). The final buffering conditions were 20 mM HEPES pH 8, 100 
mM KCl, 1 mM EGTA, 0.2 mM ATP across all samples. Agilent Cary Eclipse 
Fluorescence Spectrophotometer with BioMelt Bundle System (Agilent 
Technologies) was used for measurements with excitation wavelength of 365 nm 
(Ex. Slit = 5 nm) and emission wavelength of 407 nm (Em. Slit = 10 nm). 

3.27 Protein structure visualization and structure-
based superimpositions 

Pymol (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC) 
was used for all protein visualizations with available protein structures from protein 
data bank (rcsb.org). Pymol’s align function was used to perform sequence 
alignment followed by structural superimposition. In low-homology cases, Pymol’s 
cealign function was used to perform structural superimpositions. Pymol was used 
under a professional licence for academics. 

3.28 Multiple sequence alignment 
Geneious R8 platform (https://www.geneious.com) and MUSCLE multiple 
sequence alignment algorithm embedded inside was used for aligning multiple 
protein sequences. 

https://www.geneious.com/
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3.29 Zebrafish microinjections 
To study the effects of shank3 mutagenesis in the fish, endogenous shank was 
silenced using with 3.5 ng of either control morpholino oligo, or an oligo targeting 
shank 3a and/or shank3b (shank 3a: 5’-AGAAAGTCTTGCGCTCTCACCTGGA, 
shank 3b: 5’-AGAAGCATCTCTCGTCACCTGAGGT). Morpholino oligos were 
injected into 1-4 cell stage embryos together with in vitro transcribed shank3 mRNA 
(WT and mutant). The injection was done by using a NanojectII microinjector 
(Drummond Scientific). Following the injections, embryos were placed +27.5°C in 
a E3 medium containing 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM 
MgSO4 and supplemented with penicillin and streptomycin. 

3.30 Zebrafish motility assay 
A day before injections, 30 μg of Pronase was added on embryos to facilitate 
hatching. Embryos were transferred into a 96-well plate (one per well) at two days 
post fertilization. Daniovision instrument (Noldus IT) was used to track embryo 
motility (30 fps for 60 minutes). First a baseline was recorded by measuring embryo 
motility throughout three light/dark cycles (5 min light/5 min dark). Then the 
program was run again with 20 mM pentylenetetrazole (PTZ, Sigma-Aldrich) added 
to the wells to stimulate embryo movement. EthoVision XT software from Noldus 
IT was used for quantification. The first 20 minutes of baseline measurements were 
removed and the remaining 40 minutes was used for analysis. Minimum and 
maximum movement filters were used to (0.2 mm minimum filter / 4 mm maximum 
filter) and total distance, average speed and fraction of time spent moving were 
quantified. 

3.31 Zebrafish eye pigmentation assay 
For eye pigmentation analysis of microinjected zebrafish embryos, 30 hpf embryos 
were dechorionated using forceps. Embryos were anaesthetized with 160 mg/ml 
Tricaine and a Zeiss AxioZOOM stereo-microscope was used for imaging. Eye 
pigmentation analysis was performed using ImageJ where images were inverted and 
the background was removed. Signal intensity from the eye was recorded after 
manual segmentation of the eye using a line selection tool. 

3.32 Membrane protein purification 
E. coli (Rosetta-strain) transformed with Jun–α5 and Fos–β1 protein expression 
vectors were grown at 25°C in LB broth containing ampicillin and chloramphenicol. 
After measuring that the optical density at 600 nm of the bacterial culture had 
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reached 0.6, protein expression was induced by adding a final concentration of 
0,5 mM of Isopropyl-β-D-thiogalactoside. After this, the temperature was lowered 
to 25°C and bacteria were incubated for 5 hours to translate Jun–α5 and Fos–β1 
proteins. Bacteria were harvested by centrifugation 4000 x g for 20 minutes and the 
pellets were snap-freezed using liquid nitrogen for storage. After storage, the pellets 
were let to thaw gently and then resuspended in a buffer containing 50 mM Tris-HCl 
pH 7.5, 150 mM NaCl, 600 μM TCEP, 500 μM PMSF, 2 mM AEBSF, a cOmplete 
protease inhibitor tablet (Roche), 0.1 mg/ml DNAse (Roche), 1 mM β-
mercaptoethanol (Sigma), 5 mM MgCl2 and lysozyme (Sigma). A cell disruptor was 
then used to lyse bacterial cells. Cell debris was removed by centrifugation at 27 000 
x g (JA 25/50 rotor for 20 min at +4°C) and after collecting supernatant, cell 
membranes were harvested again by 1 hour centrifugation at 278 000 x g in +4°C 
using a Ti50.2 rotor. The membrane fraction was resuspended in a buffer containing 
50 mM Tris-HCl pH 7.5, 150 mMNaCl, 600 μM TCEP, 500 μM PMSF, 1 mM 
AEBSF. After resuspending the fraction, a teflon homogenizer was on the sample 
followed by addition of 300 mM sucrose and flash freezing using liquid nitrogen. 
After storage in -70°C and in order to remove the membrane lipids, the homogenized 
membrane fractions were incubated with n-dodecyl-β-D-maltoside (DDM) 
(Anatrace) at a 5:1 (w:w)ratio for 2 h at +4°C. This was done in agitation and 
followed by a centrifugation at 244 000 x g (Ti50.2rotor for 50 min at +4°C) to 
remove any debris from lipid membranes. Supernatant was collected and incubated 
with Nickel Sepharose beads (GE healthcare, 2 hours in +4°C) followed by 1x with 
a buffer of 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 600 μM TCEP, 1 mM AEBSF, 
+0.5% DDM. Second wash was performed using a buffer of 50 mM Tris-HCl pH 
7.5, 150 mM NaCl, 600 μM TCEP, 1 mM AEBSF and either 0.05% DDM (for Fos–
β1) or 0.1% DDM (for Jun–α5). Soluble membrane proteins were then eluted using 
an elution buffer consisting of 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 
AEBSF, 0.05% DDM and 250 mM imidazole. Eluted proteins underwent a second 
round of purification where GST-tagged Fos–β1 protein was incubated with 
glutathione–Sepharose beads (GE healthcare) and MBP-tagged Jun–α5 was 
incubated with Dextrin–Sepharose beads. Proteins were incubated with the beads for 
60 min at +4°C and then washed with 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 600 
μM TCEP, 1 mM AEBSF. The buffer was also substituted with either 0.05% DDM 
(for Fos–β1) or 0.1% DDM (for Jun–α5). Then, a buffer with 50 mM Tris-HCl pH 
7.5, 150 mM NaCl, 1 mM AEBSF, 0.05% DDM and either 30 mM glutathione (for 
Fos–β1) or 20 mM maltose (for Jun–α5) was used to elute bound membrane proteins 
which were finally snap-freezed using liquid nitrogen and stored in -80°C. A yield 
of approximately 1 mg of protein per 1 liter of culture volume was obtained using 
this technique. 
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3.33 Bio-Beads™ preparation and dosing 
To prevent blocking flow cytometric devices, Bio-Beads™(Bio-Rad) were first sifted 
to remove small sized beads that would have been difficult to remove otherwise. Beads 
were subjected to 8 washes (5 times with methanol, 3 times with milliQ water) after 
which beads were left to sediment and used in added volumes of 15 μl when preparing 
(proteo-)liposomes. 15 μl of beads prepared this was corresponds to 3 milligrams in 
weight and the sedimented beads were collected from the bottom of the tube by using 
a 200 μl pipette tip with an increased opening (cut tip). 

3.34 Liposome and proteoliposome reconstitution 
Throughout the study, different lipid membranes were compared to a control 
membrane composed of 73% (w/w) Egg-PC, 10% (w/w) Egg-PA, 15% (w/w) 
cholesterol and 2% (w/w) of lipids with biotin-tag. In the cases where 
phosphoinositides were included in the lipid membrane, this was done with the 
expense of Egg-PA. By doing this the percentage of negatively charged lipids was 
kept at a constant 10%. 

In the beginning the stock lipids were dissolved in an organic solvent which was 
removed under a stream of nitrogen to prevent oxidation of the lipids. The residual 
solvent was removed in a vacuum-drier for at least 20 minutes. The mix of lipids 
was resuspended in milliQ water at 10 mg/ml and vortexed heavily. The prepared 
lipid mixes were then aliquoted and stored in -20°C. 400 μg of total lipids were used 
for each liposome/proteoliposome reconstitution by solubilizing lipids in Triton X-
100 (Triton X-100:lipid ratio of 2.5, w/w). This was done in a total volume of 400 μl 
and by using a reconstitution buffer (50 mM Tris-HCl pH 7.0, 150 mM NaCl and 
600 μM TCEP). Constant stirring at room temperature was applied until the milky-
white solution started to clear indicating total lipid solubilization. The solution was 
cooled down to +4°C and was supplemented with 1 mM EDTA, 5 mM AEBSF 
protease inhibitors as well as GST–Fos–β1 and/or MBP–Jun–α5 proteins in the case 
of proteoliposome preparation. The solution was stirred for 15 minutes in +4°C 
before gradual addition of pre-washed Bio-Beads: 

Table 6. Gradual addition of Bio-Beads removes detergents leading to formation of 
(proteo)liposomes. Original publication III. 

Bio-Beads (mg) Time (min) 
3 0 
3 90 
12 180 
30 over-night 
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3.35 Isolation of detergent-free cell lysate 
To obtain detergent-free cell lysate, HEK293 cells expressing a EGFP tagged protein 
of interest were washed three times with ice-cold PBS and 400 μl of detergent free 
buffer (10 mM Tris-HCl pH 7.5, 250 mM sucrose, 1 mM EDTA, 1 mM MgOAc, 
20 μM ATP plus complete protease and PhosSTOP phosphatase inhibitor tablets, 
Roche) was added for every 10 cm dish. After scraping the cells, the cell extracts 
were passed through a 0.5 mm needle with a syringe (5x times) and sonicated on ice 
for 5 minutes. The sonicated cell extracts were further ultracentrifuged at 
100 000 x g (1 hour at +4°C). The membrane depleted supernatant was then used for 
experimenting with liposomes and/or proteoliposomes. 

3.36 Calculation of EGFP concentration within cell 
lysates 

A serial dilution of fluorescein (1–256 nM) was measured using a BioTEK Synergy 
H1 hybrid plate reader to obtain a standard curve. Similarly, a serial dilution of 
EGFP-protein containing cell lysate was measured in relation with the fluorescein 
standard curve and EGFP-protein concentration was calculated using Equation 1. 
The majority of values for quantum yields and extinction coefficients have 
previously been analyzed and published (Song et al., 2000; Zhang et al., 2014) and 
the extinction coefficient values for EGFP-fusion proteins were calculated using the 
ExPASy ProtParam tool at http://web.expasy.org/protparam. 

During a passage of light through a sample, the fluorescence intensity or number 
of excited molecules in that sample can be determined by Lambert-Beer law 
(Equation 1) and its derivatives: 

 

Here I corresponds to the light intensity passing through the sample and I0 to the 
incident radiation. ελ is the excitation coefficient at a certain wavelength, c being the 
concentration and l the length of the light path (sample thickness). For samples with 
low concentration this can be expanded to equation 2: 

 

The emission intensity (Fλ) for a specific molecule at a given wavelength is given 
by Equation 3. Since the detection depends heavily on the detector and other factors 
contributing to a constant detection error, the fraction of the wavelength that is 
detected (fλ) is compensated by a factor j depending on the measurement set-up. 

 

http://web.expasy.org/protparam
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By solving the linear system of equations for both EGFP-labelled molecule and 
fluorescein standard we obtain the following expressions: 

 

 

Here sub-indices indicate the sample. Using the calibration curve obtained from a 
Fluorescein titration series measurements we can now obtain the incident radiation 
Io for our EGFP sample. Here the cExt/FExt is the inverse of the slope when FExt is 
linearly fitted against cExt. 

3.37 Flow cytometry-based binding assay 
By using Lambert-beer law and its derivatives (Equations 1–5) we calculated the 
concentration of EGFP-tagged protein in the cell lysate. By doing this, known 
amounts of EGFP-tagged protein binding to (proteo-)liposomes were measured. The 
concentration of EGFP-tagged protein was adjusted by addition of a detergent-free 
buffer (50 mM Tris-HCl pH 7.0, 150 mM NaCl and 600 μM TCEP). 150 μl of 
detergent-free cell lysate was added with 60 μl of (proteo-)liposomes and 90 μl of 
reconstitution buffer (50 mM Tris-HCl pH 7.0, 150 mM NaCl and 600 μM TCEP). 
For proteins to bind liposomal surfaces, the mixture was stirred in +4°C for 4 hours. 
After 4 hours 2 μl of SA beads were added into each sample and stirred for additional 
30 minutes. Finally, EGFP-binding to (proteo-)liposomes was recorded using BD 
LSRFortessa™ cell analyzer (BD Bioscience). 

3.38 Flow cytometry settings, data acquisition and 
analysis 

When data-acquisition was performed all flow-cytometry settings were kept constant 
when measuring samples that would be compared between each other. Fluorescence-
activated cell sorter LSRFortessa™flow cytometer (BD Biosciences) was used for 
data acquisition and operated with a dedicated BD FACSDiva™software. 

EGFP has fluorescence properties of excitation/emission, 488/509. Thus, a 488 
laser line together with a set of filters was used to detect excitation from EGFP-
protein bound (proteo-)liposomes. The filter set used was composed of a 505 nm 
long-pass filter and a narrower 530/30 nm filter. 

Cy5 dye has fluorescence properties of excitation/emission 565/670. To detect 
this dye, we employed a 532 nm laser line and a filter set composed of a 635 nm 
long-pass filter and a 670/30 nm filter. 
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Before starting the experiments, the population corresponding to the streptavidin 
bead/liposome/protein complex was made visible by adjusting photomultiplier 
(PMT) tube voltages. At the same time the cell population was fit into the linear 
range of the instrument. Both background fluorescence from beads and fluorescence 
from sample complex were fitted into a single detection window and evaluated as a 
FSC-A versus SSC-A scatter plot. Here the count rate was typically between 20-200 
events/second. 

For subsequent analysis, Flowing software (by Mr Perttu Terho, Turku Centre 
for Biotechnology, Finland; www.flowingsoftware.com) was used. In the analyses, 
the population corresponding to sample-complex (beads/liposomes/protein) were 
selected and this population was further assessed for its fluorescence intensity. 
Median values for fluorescence were used for data analysis and plotting of the 
fluorescence data. 

3.39 Kd fitting for EGFP-tagged proteins isolated 
from cell lysates 

Since PC lipids extracted from chicken eggs produced a high background, synthetic 
POPC was used for any quantitative measurements. A basal mix of POPC (80.5% 
w/w), cholesterol (15% w/w), biotinylated lipid (2% w/w) was spiked with either 
PI(3,4,5)P3 (2.5% w/w) (in the case of BTK-PH–EGFP) or with PI(3)P (2.5% w/w) 
(in the case of 2xFYVE-EGFP). These were prepared as described before. Control 
liposomes were used to assess the amount of non-specific binding that was then 
subtracted from the final result. In the control liposome mix, POPC amount was 
increased to 83% to compensate for the lack of any phosphoinositides in the forming 
liposomes. Serial dilutions of lysate with decreasing concentrations of EGFP-tagged 
protein were probed against liposomes. EGFP-tagged protein binding to 
phosphoinositide containing liposomes and control liposomes was assessed using 
flow cytometry and the non-specific binding from control liposomes was subtracted 
before the theoretical maximum fluorescence value (Fmax) was estimated by curve-
fitting using equation 6:  

 

Here F is the background-subtracted fluorescence value and [P] protein 
concentration. The fluorescence values from different samples were then normalized 
to Fmax to yield occupancy values as shown in equation 7: 

 

http://www.flowingsoftware.com/
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Here [Pbound] marks the concentration of the protein bound to phosphoinositides 
and [PIPtotal] is the maximum available binding sites (molecules) in the liposome. 
Finally, the dissociation constant (Kd) for the molecular interaction between EGFP-
protein and phosphoinositide was calculated using the following equation (equation 
8): 

 

3.40 Kd fitting for recombinant His-tagged talin 
FERM 

The purification of His-tagged talin FERM domain has been done before (Elliott et 
al., 2010). To measure recombinant protein binding to proteoliposomes, His-tagged 
talin FERM domain was labelled with Alexa-Fluor488-Maleimide (dye:protein 
ratio 1:10). This was done overnight in a buffer consisting of 50 mM Tris pH 
7.0, 150 mM NaCl, 600 μM TCEP. To remove unbound dye, the labelled 
protein was dialyzed in a buffer consisting of 50 mM Tris pH 7.4, 150 mM, 
NaCl, 600 μM TCEP. To measure binding, labelled recombinant protein was 
let to bind to proteoliposomes 2 hours in room temperature before addition of 
streptavidin beads. The binding to both phosphoinositide-containing 
proteoliposomes and control liposomes was assessed using Fortessa FACS 
like before and background subtracted data was curve-fitted to assess the 
theoretical maximum fluorescence value (Fmax) like in chapter 4.38. 
Occupancy values (𝜃𝜃 = F / Fmax ) were calculated like in chapter 4.38 and finally 
Hill’s equation (equation 9) was used to assess dissociation constant (Kd): 

 

Here [P] is the protein concentration and n is Hill’s constant which in the best fit-
scenario was 1.368. 

3.41 Affinity capture of biotinylated proteins 
Cell culture plates were pre-coated with 10 µg/ml fibronectin like described before 
and BioID-construct expressing U2-OS cells were seeded on fibronectin coated 
plates in a media containing 50 μM biotin for 20–24 hours. After washing cells with 
cold PBS, cells were lysed and debris was removed by centrifugation at 13 000 x g 
at +4°C for 2 minutes. Biotinylated proteins were let to bind to prewashed 
streptavidin beads (MyOne Streptavidin C1, Invitrogen) for 1–1.5 hours while in 
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rotation in +4°C. Beads were washed using a panel of different washing buffers like 
described previously in Roux et al., 2012. Briefly, panel consisted of four washing 
buffers: buffer 1 (2% SDS in dH2O), buffer 2 (0.1% deoxycholate, 1% Triton X-100, 
500 mM NaCl, 1 mM EDTA, and 50 mM Hepes, pH 7.5), buffer 3 (250 mM LiCl, 
0.5% NP-40, 0.5% deoxycholate, 1 mM EDTA, and 10 mM Tris, pH 8.1), buffer 4 
(50 mM Tris, pH 7.4, and 50 mM NaCl). After washing, beads were resuspended in 
Laemmli sample buffer and bound proteins were eluted by heating for 5–10 minutes 
at +90°C 

3.42 Mass-spectrometry analysis of biotin-enriched 
proteins 

Affinity captured biotinylated proteins were separated on a SDS-PAGE gel (Mini-
PROTEAN TGXTM precast gels, 30 μl wells, Bio-Rad) and stained using Instant 
Blue Protein Stain (Expedeon) for 15–30 minutes. To ease peptide detection, 
samples were first separated on a gel and the whole lane consisting of each sample 
was cut into equal size slices. The slices were washed using a solution of 50% 100 
mM ammonium bicarbonate and 50% acetonitrile until all blue color was vanished. 
Gel slices were washed with 100% acetonitrile for 5–10 minutes and then rehydrated 
in a reducing buffer containing 20 mM dithiothreitol in 100 mM ammonium 
bicarbonate for 30 min at 56°C. Proteins in gel pieces were then alkylated by washing 
the slices with 100% acetonitrile for 5–10 minutes and rehydrated using an alkylating 
buffer consisting of 55 mM iodoacetamide in 100 mM ammonium bicarbonate 
solution (covered from light, 20 min). Finally, gel pieces were washed with 100% 
acetonitrile followed by washes with 100 μl 100 mM ammonium bicarbonate after 
which slices were dehydrated using 100% acetonitrile and fully dried using a vacuum 
centrifuge. 0.01 μg/μl trypsin solution was used to digest the proteins (37°C 
overnight). After trypsinization, an equal amount of 100% acetonitrile was added 
and gel pieces were further incubated in 37°C for 15 minutes followed by peptide 
extraction using a buffer consisting of 50% acetonitrile and 5% formic acid. The 
buffer with peptides was collected and the sample was dried using a vacuum 
centrifuge. Extracted, dried peptides were stored in -20°C. Prior to LC-ESI-MS/MS 
analysis, dried peptides were dissolved in 0.1% formic acid. Samples dissolved in 
formic acid were analyzed using a nanoflow HPLC system (Easy-nLCII; Thermo 
Fisher Scientific) connected to a Q Exactive mass spectrometer (Thermo Fisher 
Scientific) with a nano-electrospray ionization source. Peptides were first loaded into 
a trapping column and separated in a C18 column (75 μm × 15 cm, ReproSil-Pur 
5 μm 200 Å C18-AQ; Dr. Maisch HPLC GmbH) by using a mobile phase of 0.1% 
formic acid in water and 0.1% formic acid in acetonitrile/water in 4:1 volumetric 
ratio. To elute peptides a linear acetonitrile gradient from 6% to 39% was applied 
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for 20 minutes 0.1% formic acid as a solvent. With a mass-range of 300–2000 m/z, 
a survey full-scan MS spectra was acquired and the ten most intense peptide ions in 
each survey in a scan were isolated and further fragmented using higher energy 
collision dissociation (HCD). Mascot search engine was used to cross-reference 
sample data against human proteome. Total spectrum counts were normalized to the 
molecular weight of the protein and to the total detected spectra in the sample and 
protein enrichment was assessed by comparing samples to control. 
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4 Results 

4.1 Myosin-X and talin modulate integrin activity at 
filopodia tips (original publication I) 

4.1.1 Myosin motor coupled FERM domain is an essential 
requirement for integrin activity at filopodia tips 

Although integrin-positive adhesions have been known to exist in filopodia, only a 
few studies have looked at them indirectly using tools such as optical tweezers. We 
set out to map the requirements for integrin activation in filopodia by coupling super-
resolution microscopy with well documented integrin antibodies targeting either 
active or inactive integrin species. We carefully mapped the distribution of active 
and inactive integrin species along the base-to-tip axis in myosin-X positive 
filopodia. As documented before, these filopodia showed pronounced numbers of 
active integrins towards their tips whereas inactive integrin was distributed more or 
less equally along the filopodia covering the plasma membrane (Figure 1). Although 
the striking localization of active integrin in filopodia tips was to be expected, as 
integrin receptors have been considered as Myosin-X cargo and thus hypothesized 
being actively trafficked unidirectionally towards filopodia tips, the uniform 
distribution of inactive integrin was surprising (Figure 1). 

Since the myosin-X’s integrin binding site has been documented to reside inside 
the FERM domain, we wanted to assess the effects of deleting FERM region in 
myosin-X for integrin distribution in filopodia. There exists two good quality 
crystallography structures of myosin-X MyTH-FERM domains so by comparing the 
crystal structures with myosin-X cDNA sequence, we deleted the MyTH-FERM 
region entirely (Figure 3A). Unexpectedly, cells expressing the new Myo10dFERM 
were completely devoid of active integrin receptors at filopodia tips whereas the 
inactive pool of integrin remained unchanged (Figure 3F–G). 

U2-OS cell line is a convenient model for filopodia research as normally these 
cells don’t extend any filopodia after completion of their initial spreading on 
fibronectin matrix. However, overexpression of myosin-X expression induces 
prominent filopodia in these cells. This is opposite to many other cell lines, such as 
MDA-MB-231 or DCIS.com cells that express myosin-X at higher levels and readily 
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make filopodia after spreading on fibronectin. Nonetheless, because the U2-OS cell 
line does express small amounts of myosin-X, we wanted to make sure the 
endogenous myosin-X expression does not hamper our analysis of integrin activation 
in filopodia in a rescue experiment where we expressed Myo10 or Myo10dFERM in 
U2-OS cell line silenced for endogenous myosin-X. Reassuringly, expressing 
Myo10 or Myo10dFERM against silenced Myo10 background did not change any of 
the findings but a comparison between siCTRL versus siMyo10 showed a slight 
reduction in integrin activation in filopodia tips indicating that integrin activation in 
filopodia would be dose dependent (Figure S3).  

Since myosin-X MyTH4-FERM region has four subdomains we wanted to 
narrow down which subdomains are needed for integrin activity in filopodia. Again, 
by taking advantage of existing crystal structures of myosin-X’s MyTH4-FERM, we 
were able to engineer subdomain deletion mutants for myosin-X (Figure S5A). By 
doing this we found that the deletion of F3 subdomain in the FERM region showed 
a marked decrease in integrin activity in filopodia (Figure S5D). Because the F3 
subdomain also harbours the β integrin binding site, we expected that the loss in 
integrin activity would be due to diminished integrin binding by myosin-X. Because 
the exact binding site was not known, we decided to superimpose myosin-X MyTH-
FERM structure with talin FERM, whose integrin binding function has been well 
studied in the past. By introducing two single amino acid mutations into myosin-X, 
we were finally able to interfere with myosin-X’s integrin binding function (Figure 
4B-C). The mutant, named Myo10ITGBD, also showed a marked decrease in its ability 
to support activate integrin receptors at filopodia tips (Figure 4G-H) indicating that 
myosin-X’s integrin binding is essential for integrin activation at filopodia tips.  

4.1.2 Myosin-X FERM domain has a unique capacity to bind 
both α and β integrin tails 

The interaction between myosin-X and β integrin tails, mainly β-5 and β-1 was first 
discovered using myosin-X FERM domain as a bait in a yeast 2 hybrid screen 
(Hongquan Zhang et al. 2004). Since myosin-X’s integrin binding function is 
essential for integrin activation at filopodia, we wanted to study this interaction in 
detail. By using a highly sensitive method, microscale thermophoresis, we tested 
how a panel of integrin tail peptides interact with either myosin-X or talin FERM 
domain. We purified a recombinant myosin-X MyTH-FERM domain and talin 
FERM domain with affinity chromatography and labeled its 6xHis tag with a 
fluorescent dye (Figure S6C). We then titrated a panel of different integrin tail 
peptides and tested their binding with either of the purified domains in solution. 
Interestingly, although myosin-X binds β integrin tails with moderate affinity (25.1 
μM), talin showed higher affinity towards β integrin tails indicating that it can 

https://www.zotero.org/google-docs/?broken=knMyJ2
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outcompete myosin-X at β integrin tails (Figure 6A-B). This is credible especially 
as it is well documented how talin FERM domain makes contacts with the plasma 
membrane via positively charged patch on its surface further increasing the binding 
avidity (Gingras et al. 2019; Franceschi et al. 2019; Goult et al. 2010). Unexpectedly, 
myosin-X’s MyTH-FERM domain also bound to α-integrin tails indicating that 
myosin-X could potentially crosslink both α and β integrin tails (Figure 6C). 
Although by using the previously characterized integrin binding deficient myosin-X 
mutant was unable to discriminate between α and β integrin tail binding, we were 
able to find that myosin-X binds GFFKR motif in α integrin tails as mutations in this 
area in α2 integrin (GAAKR mutation) showed diminished myosin-X binding 
(Figure 6D–E). We compared α2 wild-type integrin with GAAKR mutant in CHO 
cells with null endogenous expression of collagen binding integrins and saw a 
remarked decrease in filopodia formation upon GAAKR mutation indicating that this 
region of α2 integrin is crucial for filopodia formation (Figure 6F). How myosin-X 
supports filopodia function via its double integrin tail binding function remains 
unclear and will hopefully be a topic for a follow-up structural analysis of myosin-
X MyTH-FERM coupled with both α and β integrin tails.  

4.1.3 Only a minimal set of proteins are recruited to filopodia 
tips via Myosin-X FERM domain 

Although, we have shown that myosin-X supports integrin activity via its integrin 
binding function, an alternative hypothesis would have been that instead of direct 
integrin binding, myosin-X would support integrin activity by recruiting important 
cargo molecules to filopodia tips via its MyTH-FERM domain. The FERM domain 
of myosin-X has been described as a protein-protein interaction hub and a cargo 
binding site of myosin-X. By over-expressing a panel of known filopodia tip 
localizing together with myosin-X wild-type or myosin-X with MyTH-FERM 
deletion, we wanted to assess whether myosin-X FERM domain deletion has an 
impact on the filopodial proteome. Unexpectedly, from the six filopodia-tip 
localizing proteins, none showed altered localization when compared in myosin-X 
wild-type or myosin-X FERM domain deleted expressing cells (Figure S4). Even the 
localization of VASP, that has been previously described as a myosin-X cargo 
molecule together with Mena (Tokuo and Ikebe 2004), didn’t change indicating that 
either the Mena/Vasp complex binds elsewhere in myosin-X or it has alternative 
ways to get recruited to filopodia tips. 

Since the deletion of MyTH-FERM domain in myosin-X had minimal effects on 
filopodia proteome, we wanted to study myosin-X FERM interactors by using 
proximity proteomics. We generated a myosin-X-BioID where BioID part was 
inserted to the C-terminus of myosin-X next to myosin-X’s FERM domain in an 
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attempt to characterize better the cargo molecules that make contact with myosin-X 
FERM (Figure 7A). We confirmed that the fusion protein localizes to filopodia tips 
similarly to wild-type protein (Figure 7B) and that it can biotinylate cellular proteins 
(Figure 7C-D). Although not indicated in any of the publications in this thesis, we 
were able to analyze biotinylated proteins using mass spectrometry yielding a hitlist 
for potential myosin-X FERM interactors. From these, we focused on lamellipodin, 
a RIAM family member. By imaging lamellipodin and myosin-X in live cells, it was 
obvious that the two punctae move together during filopodia elongation and 
retraction, indicating that these two proteins form a stable complex (Figure 7E). We 
confirmed the interaction between lamellipodin with myosin-X FERM domain in 
pull-down experiments using different myosin-X constructs (Figure 7F-G). 
Collectively, these data indicate that Lamellipodin forms a complex of high affinity 
with myosin-X FERM domain, as these two proteins seem to form a stronger 
complex than previously documented lamellipodin/talin (Figure 7F). Moreover, 
pulldown experiments indicated that myosin-X/lamellipodin interaction is lost upon 
FERM deletion which was further confirmed by microscopy (Figure 7G). 
Altogether, our unpublished data shows that myosin-X FERM forms a stable 
complex with Lamellipodin and that myosin-X FERM domain is essential for 
Lamellipodin recruitment to filopodia tips. 

 
Figure 7. ► Proximity proteomics identifies Lamellipodin as a novel Myosin-X FERM 

binding cargo. A) Cartoon showing the structure of EGFP-Myo10-BioID construct. 
BioID was inserted into C-terminal end of Myo10 gene, next to Myo10 FERM 
domain. B) Transient transfection of either EGFP-Myo10 or the BioID variant. U2-
OS cells expressing these plasmids were plated on fibronectin in the presence of 50 
μM Biotin and fixed using paraformaldehyde. Samples were stained for biotin using 
Streptavidin-Alexa conjugate and DAPI. C) Cells treated similarly than in A) were 
lysed and the lysis was analyzed on western blot for biotinylation of cellular proteins. 
Streptavidin-Alexa conjugate was used for staining. D) Biotinylated proteins from 
EGFP-Myo10-BioID lysate were enriched by adding streptavidin beads. The pull-
downs were analyzed on a westernblot by staining for biotin using Streptavidin-
Alexa conjugate. E) EGFP-Lamellipodin (Lpd) and mScarlet-Myo10 were 
transfected into U2-OS cells, plated on fibronectin and imaged live using Zeiss880 
confocal. F) EGFP-tagged FERM domains from talin1 or Myo10 (and EGFP control) 
were transfected into U2-OS cells. Cells expressing these plasmids were lysed and 
EGFP-tagged proteins together with their binding partners were pulled down using 
GFP trap beads. Binding with Lamellipodin was assessed in a western blot. G) 
Similarly to F), full-length EGFP-Myo10 plasmid or plasmid with a FERM deletion 
were expressed in U2-OS cells. EGFP-tagged proteins were pulled down and the 
binding to Lamellipodin was assessed using western blot. H) EGFP-Lamellipodin 
(Lpd) was transfected into U2-OS cells together with WT mScarlet-Myo10 or FERM 
deletion plasmid. Cells were plated on fibronectin in DMEM media supplemented 
with serum, let spread for 2 hours, fixed using paraformaldehyde and followed by 
permeabilization using 0.5% Triton-X100. Lamellipodin recruitment to filopodia tips 
was assessed by an antibody staining for endogenous Lamellipodin (Lpd). Cells 
were imaged with a structured-illumination microscope (SIM) microscope. 
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4.1.4 Myosin-X FERM domain slightly inhibits integrin 
activity 

Since myosin-X supports filopodial integrin activity via its integrin binding site, we 
wanted to address whether over-expression of myosin-X’s MyTH-FERM could 
promote integrin activation. By using talin FERM with known integrin activity 
promoting function as a control, we performed FACS experiments designed to 
analyze integrin activity in suspended cells. Unexpectedly, expression of talin FERM 
domain significantly increased integrin activation in multiple cell lines whereas 
myosin-X’s MyTH-FERM expression had a slight inhibitory effect on integrin 
activation (Figure 5A–C). To confirm our finding, we also performed spreading 
assays both with xCelligence and by plating cells and imaging the area they occupy 
(Figure 5D–F). As integrin activity is correlated with cell spreading, we saw 
decreased cell spreading upon myosin-X MyTH-FERM expression indicating 
inactivated integrin receptors. It is tempting to speculate that myosin-X could indeed 
keep integrin receptors inactive prior to their activation by talin also in filopodia tips. 
This, however, is difficult to study as there exists a large pool of inactive integrin 
receptors already even in filopodia generated by other filopodia-inducing proteins 
such as FMNL3 (Figure S2).  

4.2 Filopodome mapping identifies BCAR1 as a 
mechanosensitive regulator of filopodia stability 
(original publication II) 

4.2.1 Filopodia-mapping defines classes of core and 
accessory filopodia proteins 

Given the abundance of lipidic membranes around filopodia tip adhesion, we 
mapped 80 putative regulators of either filopodia tip adhesion or protein-lipid 
association on their ability to localize to filopodia. To effectively screen for filopodia 
localization, a large library of GFP-tagged proteins were co-transfected together with 
Myo10 into U2-OS cells that were later plated on fibronectin and imaged by using 
structural illumination microscopy (SIM). The localization of GFP-tagged protein in 
filopodia was assessed by obtaining a base-to-tip line intensity profile from each 
recorded filopodium. Strikingly, only 15 of 38 adhesion-linked proteins described 
before in the consensus adhesome (Horton et al. 2015) localized to filopodia (Figure 
1C, Data S2), however, multiple established filopodia-tip complex proteins such as 
Lamellipodin (RAPH1) and talin (TLN1/2) showed remarked localization towards 
filopodia tips validating the model system and image analyses setup (Figure 1C, 
Figure 2). Whereas some of the established filopodia-linked proteins such as myosin-
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X (Myo10) and talin-1 (TLN1) occupy filopodia tip almost 100% of time, roughly 
half of the proteins detected in filopodia did not either localize to filopodia or only 
localized to filopodia fraction of the time (Figure 1C). Based on this analysis of 
probabilities, there exists three subclasses of proteins 1) not localizing to filopodia 
2) localizing to filopodia most of the time and 2) accessory proteins that can localize 
to a subset of filopodia generated by cells. This indicates versatility in the 
mechanisms of how these proteins are recruited to filopodia. Interestingly, paxillin 
(PXN), a key adaptor for focal adhesions, only occupies filopodia ~30% of the time 
and seems to be recruited there later during the filopodium life-cycle (Video S2). 

4.2.2 Filopodia are enriched with phosphoinositides 
To analyse domain architecture of filopodia-localizing proteins, a protein domain 
enrichment analysis was performed by using DAVID platform (Figure 3A) (D. W. 
Huang, Sherman, and Lempicki 2009). Interestingly, a protein domain enrichment 
analysis indicated that Pleckstrin homology (PH) domain, FERM domain and Src 
homology 3 domain (SH3) were enriched in proteins localizing to filopodia tips. The 
strong enrichment of lipid binding PH domain among filopodia-linked proteins 
mapped here led us to hypothesize that phosphoinositide metabolism could be a key 
orchestrator for normal filopodia function. 

PH-domains of PLCγ, FYVE, P4M, BTK and TAPP have strong preference for 
PI(4,5)P2, PI(3)P, PI(4)P, PI(3,4,5)P3, and PI(3,4)P2, respectively. GFP-tagged 
versions of these domains were used to map distributions of different 
phosphoinositide species in filopodia similarly with previous analysis by 
coexpressing the GFP-tagged probes with myosin-X in a U2-OS cell model. To 
assess filopodia tip enrichment, plasma membrane dye was imaged as one control. 
Whereas PI(3)P and PI(4)P species were detected mainly at sites outside of filopodia 
such as vesicular structures, PI(4,5)P2 and PI(3,4,5)P3 showed marked localization 
to filopodia. This localization was, however, rather homogenous and similar to the 
plasma membrane indicating that these phosphoinositide species might not be 
differentially regulated in filopodia with respect to plasma membrane in general 
(Figure 3B-C). Interestingly, PI(3,4)P2 phosphoinositide showed strong enrichment 
towards filopodia tips indicating that this species might be specifically generated in 
filopodia tips to regulate the function of these protrusions (Figure 3B-E). 
Importantly, the prominent enrichment of PI(3,4)P2 phosphoinositide species was 
further confirmed in live cells and in cell lines expressing endogenous filopodia 
(RAT2 cells) (Figure 3D-E). Live cell imaging of PI(3,4)P2 probe shows that this 
phosphoinositide species is quickly generated during filopodia elongation and stays 
at the filopodia tip throughout the life-cycle of the protrusion (Video S1). How 
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exactly PI(3,4)P2 enrichment takes place at filopodia tips and how this might regulate 
the organization and function of the filopodia tip complex remains to be determined 

4.2.3 Filopodia adhesion is different from other adhesion 
classes in a cell 

Cell-ECM adhesions are highly dynamic and undergo force-dependent changes as 
the cell moves forward. The advancement of an adhesion from nascent adhesion to 
fibrillar adhesion are well visualized by the cytoplasmic protein assemblies that 
associate with these adhesions. To form an adhesion, integrin receptors need to first 
be activated by talin even in filopodia (original publication I). The mapping of 
filopodia localizing proteins clearly indicated the presence of multiple proteins 
known to directly or indirectly be key integrin activity regulators (talin1/2, 
kindlin1/2, ICAP-1), indicating that these proteins are either required for integrin 
activation or fine-tune integrin activation at filopodia tips. This was further 
supported by the high probability of these proteins to localize to filopodia tips and 
labelled here as filopodia core proteins (Figure 1C). However, proteins known to 
associate with more mature adhesions with high force transmission seem to be absent 
from filopodia that are known to be “low force” regions when compared with regions 
with bigger and more mature adhesions. TNS1–3 PDLIM1/5/7, TRIP6, zyxin 
(ZYX), and palladin (PALLD) all known to associate with bigger adhesions were all 
classified as non-filopodia localizing proteins or accessory proteins (Figure 1C, 
Figure 2). As nascent adhesions closely resemble filopodia adhesions by their small 
size, proteins known to accumulate at nascent adhesions were of specific interest. 
Importantly, we found that nascent adhesion proteins such as paxillin (PXN), FAK 
(PTK2), or arp3 (ACTR3) only to be classified as accessory proteins in filopodia. 
This indicates that filopodia tip adhesions are more simplistic than nascent adhesions 
and could maturate into nascent adhesions after appropriate cell signals. In fact, live 
cell imaging reveals that unstable filopodia are devoid of paxillin and paxillin is only 
detected in filopodia tips after filopodia get stabilized onto the substrate (Figure 5A; 
Video S2). Followed by filopodia stabilization and paxillin detection at the filopodia 
tip, paxillin forms clusters in filopodia shafts which will then give rise to focal 
adhesions once the lamellipodia beneath advances (Figure 5A; Video S2). 

4.2.4 BCAR1 is a novel mechanosensitive component of 
filopodia tip complex 

BCAR1 (protein name p130Cas) is an adaptor protein known to localize to focal 
adhesions. Whereas BCAR1 has been suggested to get recruited to FAs via PXN or 
PTK2 (Donato et al. 2010; Y. Wang and McNiven 2012), both of these proteins are 
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absent from most filopodia whereas BCAR1 seems to be a stable filopodia-tip 
complex protein occupying >90% of filopodia measured (Figure 1C). It also seems 
to localize strongly to filopodia tips in live cells regardless of filopodia stability 
(Video S3). Importantly, to rule out any over-expression artefacts, we stained for 
endogenous BCAR1 indicating that it highly localizes to filopodia tips together with 
myosin-X (Figure S3A). BCAR1 has been implicated as a mechanosensitive protein 
that gets phosphorylated by Src upon mechanical stretch (Sawada et al. 2006). 
However, BCAR1’s filopodia tip enrichment seemed unaltered upon Src, PTK2 or 
cellular contractility inhibition (Figure S3C). Although, the filopodia-tip localization 
is not dependent on Src activity, phospho-specific antibodies against BCAR1 detect 
the phosphorylated protein at filopodia tips indicating that the phosphorylation status 
may play a role in ECM recognition by filopodial adhesions.  

BCAR1 constructs lacking either SH3 or CCHD (C-terminal Cas Homology 
Domain) domains have been reported localizing poorly to focal adhesions. We tested 
a panel of SH3 and/or CCHD deletion constructs for their ability to localize at 
filopodia tips. Importantly, whereas SH3 domain seems unimportant for filopodia 
tip localization, constructs missing CCHD domain were completely absent from 
filopodia tips (Figure 5F). To confirm the filopodia-tip targeting role of BCAR1 
CCHD domain, we fused the domain with a fluorescent protein. As expected, 
BCAR1 CCHD domain exhibited strong filopodia tip enrichment whereas its 
structural homolog, PTK2 FAT domain was absent from filopodia (Figure 5F). Data 
here strongly indicate that BCAR1 CCHD domain is needed for both focal adhesion 
and filopodia tip targeting of BCAR1. 

We next wanted to analyze how BCAR1 silencing would affect filopodia 
function. Interestingly, silencing BCAR1 using siRNA resulted in strong increase in 
filopodia formation in two different cell lines indicating that BCAR1 could 
negatively affect filopodia formation (Figure 6A–C). This increase in filopodia 
formation was rescued by overexpression of full-length BCAR1 protein but not 
protein missing CCHD domain (Figure 6D). Filopodia in siBCAR1 cells were also 
more dynamic with a significant increase in short-lived filopodia and reduction of 
stable, long lived filopodia (Figure 6E). How filopodia can react to mechanical 
stimuli is not known, but an increase in substrate stiffness does downregulate 
filopodia formation (Figure 6G). Interestingly, phosphorylation status of BCAR1 at 
filopodia is stiffness dependent indicating that BCAR1 could be a key player in how 
filopodia sense and respond to changes in environmental stiffness. The exact kinases 
and downstream proteins in filopodia responding to BCAR1 phosphorylation, 
however, remain to be determined.  
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4.3 Conformational dynamics regulate SHANK3 
actin and Rap1 binding (original publication III) 

4.3.1 SHANK3 regulates filopodia and nests an actin 
binding site in its SPN domain 

Scaffolding protein SHANK3 is required for normal actin regulation in neuronal 
cells via its binding with multiple actin binding proteins. Previously, SHANK3 has 
been shown to regulate neuronal filopodia possibly via its N-terminally located SPN 
domain which also regulates integrin activity. We tested the effects of full-length 
SHANK3 and SHANK3 SPN domain with known integrin regulatory function on 
filopodia formation in U2-OS cancer cells induced to form filopodia by over-
expressing myosin-X. While SHANK3 expression dampened filopodia formation 
potentially by re-organizing actin networks in these cells (Figure 1B-C), SHANK3 
SPN domain alone exhibited strong and unexpected localization to stress fibers not 
evident for full length protein (Figure 1F–G). Since SHANK3 SPN domain adopts a 
similar fold to kindlin F0 domain with a known actin binding site (Figure 2A–B), we 
thus hypothesized that the strong F-actin colocalization of the SHANK3 SPN domain 
would be due to its previously unmapped F-actin binding site. In line with our 
previous observations, EGFP-tagged SPN domain pelleted with F-actin while an 
engineered SPN domain with designed Q37A/R38A mutation stayed in solution, 
indicating that these residues are essential for SHANK3 SPN actin binding (Figure 
2F). This was further supported by experiments where a loss of actin colocalization 
was clearly seen upon Q37A/R38A mutation (FIgure 2C–E). Finally, a recombinant 
wild-type GST-SPN pelleted with F-actin which could be significantly reduced by 
introducing recombinant protein with the actin binding deficient Q37A/R38A double 
mutation (Figure 2G–H). Altogether, the data strongly supports that SPN domain in 
isolation can directly bind F-actin and that residues Q37 and R38 are important for 
SPN F-actin binding. Furthermore, the data here shows that SHANK3 is a filopodia 
regulator not only in neuronal but in cancer cells as well. 

4.3.2 SHANK3 forms a closed structure where its actin 
binding site is tucked away at the interface formed by 
SPN and ARR 

Since SHANK3 SPN domain but not full length SHANK3 co-localize with F-actin 
structures (Figure 1), we hypothesized that F-actin binding site in full length 
SHANK3 is cryptic and available only under right conditions. SHANK3 has been 
previously described to regulate integrin activity indirectly by binding and 
sequestering Rap1 and the structure for SPN-ARR domains together has been 
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published. By inspecting the structure it is evident that the F-actin binding residues 
Q37 and R38 are hidden in the interface between SPN and ARR domain (Lilja et al. 
2017). To access the hidden F-actin binding site in SPN-ARR, we were able to 
pinpoint a key residue, N52, in the SPN-ARR interface that seemed to maintain the 
stability of the closed SPN-ARR conformation. Molecular dynamics simulations 
using an engineered SPN-ARR with a N52R mutation confirmed that this mutation 
was able to artificially destabilize the closed conformation and open the structure 
(Figure 4A–E). In lines with our thinking, opening the SPN-ARR structure through 
introduction of the N52R mutation led into a dramatic increase in actin colocalization 
(Figure 4F–G) and binding (Figure 4H-I). Since SPN domain is known to bind and 
sequester Rap1 GTPase to limit integrin activity, we performed molecular dynamics 
simulations of destabilized SPN-ARR N52R with and without Rap1. In the 
molecular dynamics simulations performed, Rap1 supported the maintenance of the 
closed conformation (Figure 4J–K). Together these data indicate that there exists 
crosstalk between SHANK3 integrin binding and F-actin binding function and that 
the presence of Rap1 GTPase could favour the closed conformation of SHANK3 
restricting its F-actin binding. 

4.3.3 SHANK3 GTPase and actin binding functions compete 
with each other 

Although residues necessary for Rap1 binding such as R12 (Lilja et al. 2017) reside 
on the other edge of the domain than actin binding Q37/R38 residues, we sought to 
find if F-actin binding affects integrin activation limiting function of this domain. 
By using an established FACS-based integrin activity measurements where cells 
expressing wild-type or Q37A/R38A SHANK3 SPN domain are stained for active 
and total integrin receptors, we saw that SPN domain not binding to F-actin 
(Q37A/R38A) more strongly inhibits integrin activity when compared to wild-type 
control (Figure 3A). We next sought to clarify whether adding Rap1 could compete 
with SPN’s ability to bind F-actin. Importantly, F-actin binding of SHANK3 SPN 
was largely lowered upon addition of Rap1 indicating that Rap1 binding to SPN can 
prevent SPN/F-actin interaction (Figure 3B–C). To conclude, the data here indicate 
that Rap1 binding to SPN can prevent SHANK3 SPN domain’s association with F-
actin and actin binding can somewhat restrict Rap1-mediated integrin activity 
modulation. Altogether it seems that although located at different sides of SPN 
domain, F-actin binding and Rap1 binding compete with each other for binding to 
SPN domain. 
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4.3.4 Shank3 actin binding regulates neuronal development 
While mechanistic studies show cross-talk between SHANK3 actin binding and its 
integrin regulatory functions, we wanted to test whether disrupting the actin binding 
with Q37A/R38A mutation in the full length SHANK3 would have consequences in 
vivo. Since SHANK3 has known regulatory functions organizing F-actin network 
inside neuronal dendrites, we expressed full length SHANK3 or its SPN domain and 
F-actin deficient mutant in wild-type rat primary hippocampal neurons. 
Interestingly, while SHANK3 expression promoted the appearance of high spine 
density neurons, the expression of SPN domain alone had negative effects on spine 
density (Figure 6A-B) indicating that SPN domain alone exhibits dominant negative 
effects over full-length SHANK3 and the full-length SHANK3 is needed to support 
normal spine development. 

To investigate how the SHANK3 actin binding affects neuronal development, 
we first expressed GFP-Shank3 N52R in wild-type rat hippocampal neurons. The 
expression of the mutant Shank3 with the actin-binding site exposed led to a dramatic 
increase of malformed spines appearing thin (filopodia-like) or stubby with the 
expense of downregulation of more mature, mushroom-shaped spines (Extended 
Data Fig.5D, Fig. 6D) indicating that the increased SHANK3 actin binding interferes 
with normal actin network regulation leading to malformed dendritic architecture.  

To rule out any effects from endogenous SHANK3, we next expressed wild-type 
SHANK3 or SHANK3 Q37A/R38A in Shank3αβ−/− rat knockout neurons. While 
SHANK3 wild-type expressing neurons exhibited normal morphology with rounded 
spine heads, SHANK3 Q37A/R38A expressing neurons had a lower spine density 
(Figure 6E) with a high appearance of filopodia-like thin spines (Figure 6F–G) 
indicating a developmental delay upon the loss of SHANK3 F-actin binding. 
Together these data indicate that normal SHANK3 actin-binding is needed to 
support neuronal development. 

Previous reports indicate that SHANK knockout in fish models lead to 
developmental defects that resemble ASD disorders as seen in humans (L. Wang et 
al. 2020; 2020). To take a step towards studying early neurodevelopment of animals, 
we expressed full-length SHANK3, SHANK3 Q37A/R38A or SHANK N52R in 
developing fish embryos with morpholino-silenced endogenous SHANK3. Whereas 
fish embryos expressing wild-type SHANK3, fish embryos with both mutants 
(Q37A/R38A and N52R) displayed dramatic loss in swim distance and abnormal 
swimming patterns (Figure 7C–D). Concordantly with rat and mouse neuronal cells, 
either impairing and enhancing SHANK3 actin binding had strong effects on 
neuronal development and animals expressing these SHANK3 mutants display a 
dramatic loss-of-function phenotype during early animal neurodevelopment. 
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4.4 ProLIF - quantitative integrin protein-protein 
interactions and synergistic membrane effects 
on proteoliposomes (original publication III) 

4.4.1 ProLIF is a novel flow cytometry based method for 
detecting protein-lipid interactions 

Methods to interrogate protein-protein interactions of transmembrane proteins in the 
context of the plasma membrane remain underdeveloped. We developed ProLIF, a 
highly quantitative method for simultaneous detection of protein-protein and 
protein-lipid interactions. 

Classically, protein-lipid interactions are probed by combining liposomes with a 
protein of interest and sedimenting the liposomes with ultracentrifugation followed 
by detection using a standard SDS-gel and/or western blotting. Instead of using semi-
quantitative detection from a gel, we wanted to take advantage of fluorescently 
labelled protein libraries common to a majority of cell biology labs. We hypothesized 
that by first letting a fluorescently labelled protein bind to a liposome surface and 
then coupling many of these protein-bound liposomes with a streptavidin bead, the 
fluorescent signal of a single streptavidin bead, when recorded using a flow 
cytometer, would be a result of the binding affinity between the fluorescent protein 
and lipid surface from the liposomes. 

To confirm that liposomes with a small fraction (2%) of biotinylated lipids could 
be captured by streptavidin beads and detected using flow cytometry, we let Cy5 
encapsulating liposomes with biotinylated lipids bind to streptavidin bead. The bead-
liposome complex was assessed with a standard flow cytometry run detecting first 
the particles using forward vs side scatter plot (FSC vs SSC) followed by emission 
and detection of the Cy5 label in the liposomes. We were easily able to record 
liposomes bound with streptavidin beads and importantly, this signal could be 
outcompeted by addition of free biotin (Figure 1B). We noticed that the streptavidin 
beads alone do emit a significant amount of autofluorescence (Figure 1C) and thus 
in the further experiments, we decided to include a beads only -sample to be able to 
subtract for bead-accounted autofluorescence. 

Since many proteins have lipid-binding PH domains with well characterized 
lipid-binding profiles, we wanted to test our hypothesis by letting different EGFP-
tagged PH domains bind liposomes with different compositions in our system. To 
overcome any protein purification difficulties, we over-expressed EGFP-tagged PH 
domains or EGFP alone in HEK273 cells and though detergent-free lysis and 
removal of membrane compartments using ultracentrifuge isolated the cytoplasmic 
compartment of these cells. By combining the detergent-free lysates with liposomes 
with a specific phosphoinositide species and 2 % of biotinylated lipids, we were able 
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to systematically show how different PH domains have different binding specificities 
using ProLIF (Figure 1D-G). 

4.4.2 The binding of cytosolic proteins to proteoliposomic 
surfaces can be quantitatively measured even with 
hard to purify proteins 

The idea of using the cytoplasmic compartment as a surrogate for purified proteins 
together with ProLIF is simple and overcomes difficulties in purification steps with 
many proteins. However, to be able to draw quantitative values out of ProLIF 
experiments, knowing the concentration of our fluorescent protein alone in the lysate 
is essential. Fortunately, fluorescence is a well studied phenomenon and in low 
concentrations there exists a logarithmic relation between an observed fluorescence 
of a molecule and its concentration. We thus hypothesized that it would be possible 
to accurately estimate the concentration of a fluorescent protein in a lysate by taking 
advantage of an external standard. By measuring the fluorescence of a titration curve 
of any fluorescent molecule (with known quantum yield, extinction coefficient and 
concentration) it is possible to accurately estimate the concentration of a fluorescent 
protein in a lysate. Via an elimination of variables from a system of equations 
depicting fluorescent properties of both the external standard and protein of interest, 
we arrive at a relatively simple linear equation described in the methods section. 

Because we wanted to show our calculations match experimental values, we next 
measured and calculated the concentration of recombinant GFP protein from its 
fluorescence intensity (Figure 3A). Importantly, the mathematical estimation based 
on fluorescence intensity can yield a standard curve closely resembling a standard 
curve measured experimentally (fluorescence vs concentration). By being able to 
estimate concentrations of fluorescent proteins in a lysate, lysates could be now 
titrated down and the binding of differing amounts of fluorescent protein to 
liposomes could be measured (Figure 3B-C). By measuring the binding of EGFP 
tagged BTK PH domain or 2xFYVE to PIP3 or PI(3)P, respectively, we were able 
to draw dissociation constants (Kd) values by fitting the data against Hill’s function. 
Importantly, the values yielded using ProLIF closely resembled values mentioned 
previously in literature further justifying our approach. 

4.4.3 Introduction of synthetic integrin receptors into ProLIF 
To make ProLIF suited for interaction studies for studies with membrane receptors, 
we designed synthetic integrin receptors that could be introduced into liposomes as 
integral membrane proteins. In these constructs the extracellular integrin domains 
were replaced with purification tags to aid purification of synthetic integrin receptors 
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from E. coli membranes. Put shortly, we were able to purify synthetic α5 and β1 
integrin receptors and incorporate them into liposomes yielding proteoliposomes 
(Figure 3A–D). We confirmed the existence of proteoliposomes with a gradient 
flotation assay where particles of different sizes are separated in a sucrose gradient. 
Importantly, we saw correctly sized particles that stained positively for integrin α5 
or β1 tail recognizing antibodies (Figure 3E). 

To take advantage of the integrin-positive proteoliposomes, and the modularity 
of the system, we wanted to know how the binding of talin head domain with integrin 
tails is affected by the surrounding plasma membrane. As suspected, talin head 
domain bound strongly with liposomes having β1 integrin but not with the ones 
having α5 integrin receptor as this domain has been documented binding β-integrin 
tails alone. Furthermore, as documented before, the addition of phosphoinositides 
into the proteoliposomes increased talin head binding to β1-positive proteoliposomes 
as this protein has a positively-charged surface (Figure 4A–D). Finally, we recorded 
the dissociation constant of talin head to β1-integrin containing proteoliposomes by 
using a recombinantly produced Talin head tagged with a fluorescent label 
(Kd = 0.77 μM, Figure 4E). It is important to note, that significantly weaker Kd values 
have been reported for talin/β1-integrin interaction when measured in solution (i.e. 
Kd 490 µM for β1A binding to talin1 F3; Anthis et al., 2009). Thus, the presence of 
the plasma membrane can highly increase the binding avidity of proteins when 
binding to receptor tails. These results together indicate that ProLIF is a quantitative 
and unprecedentedly modular in vivo assay that can be used even with proteins that 
are difficult to purify or proteins whose activity depends on proper post-translational 
modifications.
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5 Discussion (I–IV) 

Recognition of the ECM guides cellular behaviour during a variety of biological 
processes (Frantz, Stewart, and Weaver 2010). While it seems clear that cells achieve 
ECM recognition by expressing subsets of the 24 possible integrin heterodimers, 
how these receptors distribute and function in a cell is still not evident. A single cell 
spread on a simple fibronectin matrix displays multiple different adhesion types that 
vastly differ in their architecture and intracellular protein assemblies implying 
distinct functionalities for these adhesions. Although much resources and time have 
been invested into studying adhesive structures, such as the focal adhesion, a 
disproportionately little knowledge exists for smaller adhesions such as the one at 
the filopodium tip. In this thesis work, we have uncovered new regulatory 
mechanisms for 1) how adhesions at filopodia tips form, 2) which proteins and lipids 
occupy filopodia tip to regulate adhesion formation and integrin downstream 
signalling 3) how a specific set of cytoplasmic integrin-linked proteins define 
filopodial adhesions and 4) how neuronal cells shape their cytoskeleton during 
synapse formation when filopodia protrusions maturate into synapses. The work also 
presents a novel high-end binding assay for biochemical analysis of plasma 
membrane proteins. 

The essentials of filopodia tip adhesion (original publication I) 

While filopodia seem relatively simple protrusions, different cell types ranging from 
cancer cells to neurons will extend filopodia causing different cellular outcomes. It 
appears that filopodia induced in different ways have different characteristics that 
will affect their function, such as the evident lack of integrin activity in FMNL3-
positive filopodia (publication I, figure S2). Due to their lack in integrin activation, 
these filopodia seem unable to probe and adhere the surrounding ECM matrix 
(publication I-II). Integrin activation has been mainly studied in adhesions that are 
easily visualized, e.g. in focal adhesions where talin binding to integrin tails and to 
the plasma membrane will activate integrin receptor in a Rap1-mediated or 
independent manner - all depending on the cell type (Sun, Costell, and Fässler 
2019b). When viewed against this conviction, the requirement for Myosin-X in 
integrin activation at filopodia tips is surprising, as it represents the adhesion field a 
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previously unappreciated component required for integrin activity in filopodial 
adhesions (publication I). Most likely Myosin-X supports integrin activation via 
tethering the receptor to filopodium tip so that talin can then bind the tethered 
receptor. While it is true that filopodia tip is a unique compartment, it is tempting to 
speculate that perhaps the need for a tethering protein is a general requirement for 
integrin activation but only observed so far in filopodial adhesions. To study the 
requirements for cell adhesion initiation, filopodia tips could offer a great platform 
due to their narrow proteome when compared to cytoplasm (Spence et al. 2019). 
Although, we show that myosin-X/talin axis is crucial for integrin activation in 
filopodia (publication I), many other adhesion-linked proteins localize at filopodia 
tips as well (publication II). Kindlin, often termed as integrin co-activator, localizes 
at filopodia tips together with myosin-X and talin (publication II). Although, we saw 
no effects after kindlin1/2 silencing on filopodia number (publication I, Figure S1), 
whether kindlin silencing affects integrin activity in filopodia was not directly 
recorded. Kindlin’s role in filopodia would be an interesting topic for a further study, 
since, when compared to talin, little is known about how kindlin interacts with 
integrin tails (H. Li et al. 2017). 

Previous reports suggest that integrin activity can define cellular protrusiveness 
(Arjonen et al. 2014; Jacquemet et al. 2016). While global integrin inhibition does 
indeed seem to hinder filopodia formation, mutating myosin-X integrin binding site 
can lead to loss in integrin activity at filopodia tip without altering protrusiveness 
(publication I, Figure 4). This directly implies that adhesion at the filopodia tip is not 
required for filopodia formation or extension. Likely inhibition of integrin activity 
leads to decrease in focal adhesions that seem to be hot-spots for filopodia formation 
as individual filopodium seem to orientate according to the focal adhesion at their 
base (Stubb et al. 2020). Expanding on this ideology, inhibition of known focal 
adhesion regulators, such as CDK1 or myosin II, did not negatively affect filopodial 
adhesions further implying distinct regulation and function between filopodial and 
other cellular adhesions. It should thus be plausible to interfere with filopodial 
adhesions without affecting other cell-ECM contacts. The engineered mutant version 
of myosin-X provided here (publication I) does offer an exciting tool to interfere 
with filopodial integrin function and will hopefully be used further to interrogate 
filopodial adhesions. Introduction of this mutant to developing organisms or to 
cancer cells, should bring more insight into how filopodial adhesions regulate 
development and disease. It should also make it possible to study integrin 
downstream signaling in filopodia. Although we did not quantify if the engineered 
myosin-X designed to decrease integrin binding affects focal adhesion formation, a 
visual inspection of cells expressing this mutant implies that cells expressing the 
mutated form of myosin-X can very well form focal adhesions. Also, the highly 
punctate filopodial localization of myosin-X protein would indeed indicate that 
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myosin-X would regulate integrin receptors locally in filopodia. Although myosin-
X does not localize to focal adhesions, it does interestingly localise to retraction 
fibers (Lock et al. 2018). In mitotic cells, there exists a specific subset of adhesions, 
coined as reticular adhesion, that mediates cell-adhesion during mitosis. Since the 
emergence of these adhesions tether retraction fibers to the ECM substrate, it is 
plausible that myosin-X would regulate the activation status of αvβ5 integrin in these 
adhesions. This, however, remains to be confirmed, albeit that the interaction 
between myosin-X and β5 integrin tail has been already reported (Hongquan Zhang 
et al. 2004).  

We showed that myosin-X can unexpectedly bind both α and β integrin tails with 
high affinity (publication I, figure 6). This newly reported interaction with the α-
integrin tail was mediated by the highly conserved GFFKR motif present in most of 
the α-integrin tails (Thinn, Wang, and Zhu 2018). Related to reticular adhesions, also 
αv-integrin nests the GFFKR motif in its cytoplasmic tail indicating that myosin-X 
could also bind both integrin tails in these adhesions. Although, we were able to 
show that an intact GFFKR motif in the α-integrin tail is essential for filopodia 
formation (publication I, figure 6), future structural work will likely pinpoint the 
exact binding site for both integrin tails in myosin-X FERM domain as well as their 
consequences for filopodia function. It is possible that Myosin-X could stay attached 
with the α-integrin tail even during the events where talin binds β-integrin tail of the 
integrin. If α-integrin binding of myosin-X is a requirement for integrin activity in 
filopodia will be an interesting topic for a future study but in theory this kind of 
integrin/talin/myosin-X complex could further separate integrin tails and lead to 
fully active integrin receptor. Given these unique and novel properties of myosin-X, 
whether other unconventional myosins (Myo7 & Myo15) could also support integrin 
activation at filopodia tips remain to be resolved. However, it would appear that in 
the case of myosin-X alone, integrin activity at filopodia tips might be dose 
dependent (publication I, Figure S3D). Although, myosin-X expression level alone 
seems to correlate invasiveness in cancer, it would be interesting to study whether 
low levels of all three unconventional myosins would support cancer related 
processes similar to what has been described for myosin-X alone. 

Filopodia tip adhesion components (original publication II) 

Although it seems that filopodia induced in different ways can have different 
functionalities, stemming from the small size of these protrusions, there currently 
exists no road-maps to classify different filopodia over different cell types. However, 
integrin activation level alone draws a clear distinction between different filopodia 
and could potentially be used as a marker for ECM-sensing filopodia (publication I). 
Other proteins localising to filopodia tips, the filopodia-tip complex, would also offer 
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a basis of how filopodia could be classified. To make this generalizable, we 
performed a massive super-resolution microscopy screen to map proteins localizing 
at filopodia tips (publication II). Based on observations from this mapping, it seems 
that proteins can be recruited to filopodia tips in a filopodia-stability dependent 
manner. This indicates many different pathways for protein recruitment to filopodia 
tips. Our unpublished observations show that lamellipodin, a component of the 
filopodia-tip complex, forms a complex with myosin-X FERM domain resulting in 
lamellipodin’s punctate filopodial localization (Figure 7). Although not yet directly 
measured, this indicates that non-myosin induced filopodia, would not contain 
lamellipodin at their tips as a mere FERM deletion in myosin-X can prevent 
Lamellipodin’s filopodia tip localisation (Figure 7). Therefore, the filopodia-tip 
complex is likely a changing entity and a direct consequence of the pathways leading 
to filopodia initiation. Although, much work needs to be done to fully characterize 
the molecular compositions of different filopodia over different cell types, staining 
for active integrin and lamellipodin alongside with actin binding proteins such as 
formins and unconventional myosins would offer a good starting point for filopodia 
classification. Future work will hopefully take advantage of proximity proteomics to 
compare filopodia in different model systems such as in cancer cells, neuronal 
dendrites or in cell types where filopodia have been described as a basis to form 
specialized structures such as tunneling nanotubes (Gousset et al. 2013). Although 
we have not defined functional consequences of myosin-X/lamellipodin interaction, 
both MYO10 and Lamellipodin KO mice exhibit white belly patches due to 
imperfect melanoblast migration (Heimsath et al. 2017; Law et al. 2013), indicating 
that myosin-X dependent Lamellipodin recruitment to filopodia tips might be an 
important factor for the migration in this cell system.  

Filopodia can sense both ECM stiffness and topography (Chan and Odde 2008; 
Wong, Guo, and Wang 2014; Albuschies and Vogel 2013) but the molecular players 
in these events lack proper validation. In publication II we observed that paxillin gets 
recruited to filopodia tips after filopodia stabilization, slides down to filopodia shaft, 
eventually maturing into focal adhesion. It is tempting to speculate that paxillin 
spreading to filopodia shafts could be means for a cell to sense matrix alignment 
although highly speculative at this point. Related to ECM stiffness, mapping of 
filopodia-tip localizing proteins pinpointed BCAR1 (p130Cas) as a novel filopodia-
tip complex protein with previously reported mechanosensitive roles where it has 
been described to be phosphorylated upon stretching of the molecule (Donato et al. 
2010; Sawada et al. 2006). The presence of BCAR1 at filopodia, its stiffness 
sensitive phosphorylation status and filopodia’s previously appreciated role as force 
mediators highly indicate that BCAR1 would be stretched and phosphorylated at 
filopodia tips upon mechanical stress, possibly due to actin retrograde flow. 
Although filopodia have been shown to exert forces up to 2 nN, BCAR1’s force 
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requirement for stretching and activation are likely to be low making it potentially 
the first molecule at filopodia tips to respond to emerging forces (Hotta et al. 2014). 
Although we pinpointed CCHD domain as BCAR1 filopodia-tip targeting domain, 
later work will likely evaluate how BCAR1 protein stretching and phosphorylation 
affects filopodia function especially in the context of integrin activation.  

Neuronal filopodia: SHANK3 F-actin binding is essential for neuronal 
development (original publication III) 

Proper F-actin network function is essential during synaptogenesis where filopodia-
like dendrites maturate into synapses. Interestingly, many integrin receptors have 
been described to enrich at synapses, particularly at the postsynaptic densities (Lilja 
and Ivaska 2018). SHANK3 has been previously described as a negative regulator 
for integrin activity as well as a regulator for filopodia formation in neurites (Lilja et 
al. 2017). We were able to confirm that both SHANK3 expression and the expression 
of SHANK3 SPN domain alone affect filopodia formation in cancer cells indicating 
that SPN domain in SHANK3 is essential in fine tuning filopodia formation 
(publication II, Figure 1). Interestingly, the SPN-domain retains a previously 
overlooked F-actin binding function that is masked by SHANK3 folding as the ARR 
domain next to SPN hides the F-actin binding site between the two domains 
(publication II, Figure 4). Since the N-terminal SPN-domain has been described as 
an integrin activity regulator (through its binding with Rap1), the domain presents 
an intriguing platform where F-actin binding and integrin activity regulation 
intersect. Since the F-actin binding site and GTPase binding site are located on 
different sides of the SPN domain (publication II, Figure 4J), competition between 
these two exist on two levels: First of all, Rap1 binding favours SPN-ARR 
interaction embedding the F-actin binding site between these two domains 
(publication II, Figure 4K). In addition, the release of SPN domain from F-actin 
filaments seems to further increment the inhibitory function SHANK3 SPN domain 
has on integrin receptors (publication II, Figure 3), indicating that F-actin bound SPN 
domain can less efficiently inhibit integrin function than its free cytosolic form.  

Since SHANK3 can bind multiple actin binding proteins, SHANK3 has been 
thought to exert its effects on the F-actin network via these accessory proteins 
(Qualmann et al. 2004; Haeckel et al. 2008; L. Wang et al. 2020). Although we define 
and characterize the F-actin binding site in SHANK3 SPN domain, this raises a lot 
of questions, such as: What signals open the SPN-ARR fold? Although embedded 
between the domains or SPN and ARR, both SPN-ARR opening mutations N52R 
and F-actin binding mutation Q37A/R38A have effects on neuronal development 
indicating that proper control of SHANK3 actin binding is crucial for these processes 
(publication II, Figure 6). Unpublished data from us does indicate that a mere 
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phosphorylation does not regulate SPN-ARR interaction but the regulation of open-
closed conformations of SPN-ARR domains would like to be more complex. 
Although, the exact nature of the signal that opens SPN-ARR domains is unclear, 
the full-length SHANK3 with an engineered SPN-ARR opening mutation (N52R) 
strongly localizes to alpha-actinin rich areas in stress fibers (publication II, Figure 
5). This indicates that at least in these F-actin structures other cellular proteins can 
define how SHANK3 binds F-actin. Hypothetically, other F-actin binding proteins 
could first prime SHANK3 along an F-actin track and a correct SPN-ARR opening 
signal would then open the structure stabilizing the complex. Although a complex 
idea, cytoplasmic proteins can be highly orientation-sensitive when binding with the 
F-actin cytoskeleton. Thus, the guidance from accessory proteins would make F-
actin binding more efficient. This type of orientation-sensitivity has been described 
for some of the essential F-actin binding proteins such as fascin (Courson and Rock 
2010). Whereas α-fodrin binds closer to SHANK3 N-terminus, cortactin binding site 
is more C-terminally located (Böckers et al. 2001; Naisbitt et al. 1999). This type of 
double-binding from both ends of the molecule could potentially orient individual 
SHANK3 molecules in developing dendrites for proper F-actin binding function. 
Other opening signals such as mechanical stimuli might also play a role in SHANK3 
actin binding. Here, the double-bound, stretched SHANK3 would be forced to open, 
releasing its F-actin binding site from the cleft between SPN and ARR domains. 
Unfortunately, neuronal mechanobiology seems only to be an emerging field and 
how mechanics of the brain would regulate synaptogenesis or cognitive function are 
not known. However, a theory has been proposed where mechanically stretched 
actin-binding molecules would offer a place for memory storage in the brain due to 
their binary open/closed nature (Goult 2021). It is to be noted that although synapses 
are essential structures in memory formation, how memories are stored in the brain 
is still not understood. 

We have provided evidence how SHANK3 can function as an intersection of 
integrin and F-actin regulation. Importantly, like F-actin network function, integrin 
receptors have been implicated in synapse formation as well. At least α5-integrin has 
been described to be targeted to synapses upon glutamate stimulation whereas its 
depletion negatively affects the formation of dendritic protrusions, spines and 
synapses (Webb et al. 2007) and  although the role of integrin activation in nervous 
system is still understudied, activation of integrin receptors seems to favour synapse 
formation by increasing the number of filopodia in post-synaptic apical dendrites of 
CA1 pyramidal neurons (Y. Shi and Ethell 2006). It is important to note that Myosin-
X, a filopodial integrin activator, has been described to localize to filopodia tips in 
emerging filopodia-like dendrites (Lin et al. 2013). The localization of integrin 
receptors and myosin-X in these structures suggests that myosin-X dependent 
integrin activation can impact synaptogenesis. Since synaptogenesis occurs after 
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dendritic filopodia recognize a suitable presynaptic partner cell, the role, however, 
is likely different than in migrating cells. However, it is entirely possible that integrin 
activation in this system would function as a negative regulator for synaptogenesis, 
preventing dendrite maturation until a suitable presynaptic terminal is found. In this 
hypothetical model, myosin-X and SHANK3 could counterbalance each other 
leading to tightly regulated integrin activity in developing neuronal dendrites. 
Although this is highly hypothetical, the reported co-existence of these proteins in 
neuronal filopodia would indicate that SHANK3 and myosin-X associate with the 
same signaling network necessary with synapse development. Whether myosin-X 
dependent integrin activity is a requirement for normal synaptic development would 
be an interesting topic to study in adult neurons or during synaptic pruning in young 
animals. To my knowledge, whether successful synaptic pruning involves integrin 
activity regulation or SHANK3 is not known. Since myosin-X has been previously 
described to support dendritic filopodia by trafficking proteins such as VASP to 
filopodial tips (Lin et al. 2013), the notion how myosin-X might support integrin 
activation to counterbalance SHANK3 function will hopefully open new angles to 
address how integrins function during synaptogenesis. Although there do exist 
MYO10 knockout mice (Heimsath et al. 2017), any testing to define the cognitive 
abilities such as memory retention of these mice have not to my knowledge been 
done. 

ProLIF assay (original publication IV) 

Integrin activity regulates filopodia function and synaptogenesis, but much of 
integrin activity itself is fine-tuned by regulatory proteins that bind integrin 
cytoplasmic tails (Morse, Brahme, and Calderwood 2014). Although plasma 
membrane does affect integrin function, the assays that take this into consideration 
are underdeveloped. The ability to measure how plasma membrane affects cellular 
events led us to develop a novel method to accurate measure protein binding to 
lipidic membranes (called ProLIF, publication III). We selected flow cytometry as a 
detection method due to its supreme specificity and sensitivity over standard 
methods such as detection by western blot. Although we have demonstrated the 
sensitivity and accuracy of the method by using mere liposomes, the potential of the 
system is underlined in experiments where binding of fluorescently labelled 
cytosolic protein is probed against a proteoliposomic surface where synthetic 
integrin receptors are embedded in lipid surface. We introduced synthetic integrin 
receptors into proteoliposomes to be able to probe interactions in the adhesome field, 
where binding events are characterized by often weak interactions and clustering of 
complexes rather than strong interactions between two components alone. In 
addition, most of integrin biology has been researched using biochemical tools where 
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binding events with integrins are interrogated in solution without the presence of 
plasma membrane even though plasma membrane supports even the most 
rudimentary interactions e.g. integrin binding with talin (Anthis et al. 2009). Here, a 
part of talin FERM domain has been reported to make contacts with the plasma 
membrane via a positively-charged patch on the protein surface, strongly enhancing 
the overall avidity of the interaction. Thus, it is important to develop tools that allow 
the researcher to both tweak the membrane composition and integral proteins. 

Although we concluded that the system can be used with recombinant proteins, 
we took a step towards mammalian expression systems to preserve post-translational 
modifications as present in mammalian cells. By expressing fluorescently labelled 
proteins in HEK293 cells, we were easily able to generate enough protein for 
measurements with the system and by exploiting standard properties that fluorescent 
molecules have, we were able to make accurate predictions of the amount 
(concentration) of fluorescent protein we have in order to quantitatively measure 
binding of variety of different lipid-lipid and/or protein/lipid interactions of even 
synergistic nature. To further provide proof of the system’s modularity, we showed 
how talin-β1-integrin binding was strongly enhanced by the presence of either 
negatively charged phospholipids, β1-integrin tails or both at the proteoliposomes. 

The abundance of the plasma membrane is especially evident in filopodia where 
the plasma membrane area / cytoplasm ratio is perhaps the greatest in a cell. Maybe 
not surprisingly, over ⅓ of filopodia localizing cell-adhesion molecules have a lipid-
binding PH domain indicating that plasma membrane binding is an important feature 
of these protein’s function (original publication II). In addition, I hypothesize that 
once a cell adhesion complex starts forming in filopodia or elsewhere around an 
activated integrin receptor, many of the proteins would stay attached to the 
membrane while participating in the complex. In addition to integrin-linked proteins 
having a specific lipid-binding domain, talin is a good example of how a mere 
positive patch on the protein surface can provide more avidity for binding supporting 
integrin function. Although plasma membrane lipids support the function of 
essentially all receptors at the cell surface, the topic remains understudied. Over time, 
the modularity of ProLIF will hopefully be applied with other important receptors 
types such as growth factor receptors that, like integrins, also span the membrane 
only once. ProLIF could also be expanded into a multiplexed assay by taking 
advantage of different fluorophores along with a flow cytometry device with 
multiple channels to detect emission. Outside this detection system, ProLIF offers a 
proof-of-concept of how integrin receptors could be introduced into lipidic 
membranes and the use of such membranes could then be exploited with together 
mass-spectrometry techniques or potentially even with cryo-EM microscopy to yield 
atomic resolution images of complexes forming around integrin tails at the plasma 
membrane. 
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6 Conclusions 

The aim of this thesis in general was to investigate how integrin receptors and actin 
cytoskeleton come together to form a functional filopodia. By taking different 
approaches to study filopodia in different systems we were able to reach significant 
conclusions about how F-actin and integrin adhesions are regulated in filopodia in 
different model systems. I hope that the well conducted and documented studies will 
be used to further understand filopodia-linked biological processes and their 
regulation. This thesis book presents highly detailed studies of myosin-X (integrin 
binding protein) and SHANK3 (integrin regulatory protein) and integrin adhesion, 
all in the context of filopodia. The experiments provide new insight into integrin and 
F-actin network regulation in filopodia. The last publication displays a novel and 
modular binding assay that allows for quantitative detection of cytoplasmic proteins 
into integrin receptor tails in the context of plasma membrane. 

Original publication I 

We illustrate how activated integrins are mainly localized at filopodia tips although 
a large pool of inactive integrin receptors are situated throughout the filopodia shaft-
tip region. We further go on to show that Myosin-X FERM domain is crucial for 
localizing integrin activation to filopodia tips and that a full integrin activation at 
filopodia tips is only observed in the presence of talin and myosin-X. Based on high-
resolution imaging and detailed biochemical analysis we arrive at a conclusion where 
myosin-X tethers integrin receptors to filopodia tips in order for talin to activate the 
receptors. Importantly, talin can not activate integrin receptors at filopodia tips 
without the presence of myosin-X FERM domain. The study brings forward myosin-
X as a novel and essential component that’s needed for integrin activation in 
filopodia. 

Based on these results, we suggest a two-step model for integrin activation at 
filopodia tips: Myosin-X -dependent tethering of integrin receptors to filopodia tips, 
followed by integrin activation by talin. Unlike in other adhesions in a cell, the strong 
actin retrograde flow can be counterbalanced by myosin-X’s unidirectional motor 
activity tethering integrin receptors at filopodia tip and providing stability for talin 
to replace myosin-X at integrin tail. 
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Original publication II 

Integrin tail molecular interactions define cellular adhesion types. We aimed at 
classifying filopodial cell-ECM adhesions by mapping filopodia localizing cell 
adhesion molecules in a massive super-resolution screen.  

The study provides a road map to classify filopodial adhesions based on the 
filopodia-tip localizing proteins (the filopodome) and highlights the fact that not all 
proteins capable of localizing to filopodia tips equally do so. For example, paxillin 
is only recruited to filopodia tips after filopodia stabilization, whereas other proteins 
such as myosin-X or BCAR1 occupy filopodia tips regardless of filopodia stability. 
The study also reveals BCAR1 as a novel filopodia tip-localizing protein with a 
mechanosensitive role. In conclusion, filopodia mechanosensing can be orchestrated 
via proteins at filopodia tips and there likely exists multiple pathways of how 
different proteins are recruited to filopodia tips. The study provides the first ever 
extensive classification of filopodial proteins and will be an important resource for 
further filopodial and cell-ECM research. 

Original publication III 

We sought to investigate filopodia function via a known integrin regulatory protein, 
SHANK3. By using either SPN domain SPN-ARR domains together or full-length 
shank in cells or in vitro, we defined SHANK3 as a novel actin binding protein that 
binds F-actin via a hidden binding site in its SPN domain. Whereas the F-actin 
binding site is normally embedded between SPN and ARR domains, it does regulate 
F-actin as mutating this site in full length SHANK3 interferes with synaptogenesis 
by preventing dendrite maturation.  

This work provides evidence of how SHANK3 actin binding is modulated 
conformationally and how it directly affects F-actin network organization in 
developing dendrites. In addition, developing fish models show how point-mutations 
in the actin binding site of SHANK3 cause autism-linked phenotypes, congruent 
with data from in vitro and neuronal cell experiments.  

Original publication IV 

Plasma membrane is an abundant constituent that regulates function of all receptors 
embedded in it. We wanted to develop an accurate binding assay where the receptor 
would be embedded in its native plasma membrane lipidic environment. By 
engineering a synthetic integrin receptors without extracellular domain, we build a 
modular system where synthetic integrin receptors are reconstituted into 
proteoliposomes and probed with fluorescently-tagged proteins purified using 
prokaryotic expression systems or maybe more simply, just extracted from 
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mammalian cell lysate. We use known talin integrin interaction as means to show 
the functionality of our system where introducing either b-integrin or negatively 
charged phospholipids into the modular binding assay increases talin FERM domain 
binding as previously reported. We also provide vast evidence how the system can 
be quantitatively used to draw values such as dissociation constant for almost any 
bi-molecular interaction measured with ProLIF. 
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